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Preface
W

elcome to Science Without Walls: Science
in Your World. Science is the study of the
natural world—of its forces and energies (physics),
of its matter and components (chemistry), and of
its many and varied life forms (biology). Science
Without Walls treats science as fully continuous
and integrated. We do not dwell on the artificial
boundaries which separate and segregate the common basic science disciplines: chemistry, physics,
and biology. We also do not accept the common
erroneous belief that science is something special
or different from other fields of study. From the
minute we emerged from the womb, observing and
perceiving that new, strange, natural world around
us, we have all been scientists. We have all been
questioning, probing, perturbing, observing. We
have all been interacting with and trying to understand that natural world. That is science. The
best scientists are those who are the least encumbered, who in many respects are the most naive,
the most curious, the most questioning.
Science in Your World is the book’s subtitle because literally everything you do, everything you
sense and perceive, is facilitated by and constrained
by the natural world—the world of science.
Whether it is putting on or losing weight, driving
on an over crowded highway, having a baby, or
enjoying a sunset, these actions and activities can
be greatly enhanced and understood by approaching their observation and experience through the
tools and methods of science. Science is a way of
thinking, a way of questioning, a way of
understanding.
This book is intentionally very broad and begins very simply. The first eight chapters provide
a simple, straight forward, qualitative foundation.
The material then builds quickly, developing the
basic concepts in greater depth, all the while relating them to everyday life and experience.
The purpose of the book is to seduce you, to
convince you, that science is important, is useful,

and is very satisfying. The purpose is not to make
you change majors to one of the sciences, rather
the purpose is to help you become an even more
involved and responsible citizen. Although this
book and course were originally designed for university undergraduates in the fine arts and
humanities, they are also for those with a background in a particular area of science who would
like to know how that field or discipline connects
with the rest of the natural world.
The goal for most of us is “life, liberty, and the
pursuit of happiness.” We hope and expect our
political and economic systems, as well as our
health system, to help us achieve that goal. In a
democracy every citizen is expected to participate
in the analysis and assessment of problems and in
their solutions by voting on initiatives and referendums and by the election of their government
representatives.
Air, water, land, food, health, defense, transportation, clothing and shelter all have
technological components. Citizens must have
some degree of scientific and mathematical literacy. We need the ability to look at a problem or
issue, to dissect it, to try to deal with it critically,
objectively, and even quantitatively. This book
encourages you to deal with scientific and technological issues.
Once you have some basic appreciation and understanding of the scientific method, the rules of
the game, the stuff of the universe, and the magic
and beauty of life, you will appreciate not only
those topics but everything else that interests you,
far more fully and creatively. Whether you’re a
musician or a painter, a social worker or a nurse, a
pizza deliverer or a fry cook, a truck driver or a
skydiver, all of your activities and interests are dramatically enhanced when you have some
appreciation and understanding of the natural
world.
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Gestation
This book has had an unusual gestation. It began
ten years ago as part of my own education in attempting to design and develop an interactive,
hands-on science center/museum for the Utah
community. Over a five year period, I visited many
of the major science centers and museums
throughout the world and developed an admiration for the dedicated people who develop exhibits
and activities which permit science to be experienced and appreciated by the general public.
Much of my interest in education was stimulated by the writings of Howard Gardner of
Harvard University. His book The Theory of Multiple Intelligences and the major report Science for
All Americans (profiled in Chapter 5) led to the establishment at the University of Utah of the Center
for Integrated Science Education (now the Center
for Science Education and Outreach). The Center
has provided a mechanism to develop ideas and
concepts related to science education.
Thanks to some support from the Eisenhower
Grants Program, administered by the Utah State
Board of Regents, I had the opportunity to work
with groups of elementary, junior high, and high
school teachers from throughout the state in a series of short, workshop courses titled Integrated
Science Concepts and Themes. The ideas, input, and
enthusiasm of those wonderful teachers are, I
hope, captured in many of the chapters and sections of this book.
Five years ago I had the opportunity, as the Liberal Education University Professor at the
University of Utah, to develop the first version of
Science Without Walls: Science in Your World. Although that course was very different from the
book and television series which eventually
evolved, it served as a way to test many of the ideas
and approaches.
The Utah Higher Education Technology Initiative four years ago kindly funded a very naive
proposal to develop a television course titled Science Without Walls: Science in Your World. Over a
two-year period that course took shape. Kristy
Campbell and I, together with a very small and

dedicated staff, spent two years writing and producing Science Without Walls. This book is
essentially the print version of that telecourse, although the book can be used independently of the
video tapes. The extensive graphics in the book
attempt to substitute for the video which Kristy
and her staff so expertly assembled and edited.
Science Without Walls: Science in Your World has
been offered on a regular basis at the University
of Utah as a Liberal Education/Undergraduate Studies course. It began in September 1996 airing on
KULC Channel 9, Utah’s Learning Channel. The
course is also offered as a correspondence study
course through the University of Utah’s Division
of Continuing Education (1202 Annex Building,
Salt Lake City, UT 84112, 801-581-6461). Those
outside of the Channel 9 broadcast area interested
in taking the course may enroll via this correspondence study mechanism and can borrow the tapes
for the duration of the course.

Graphics, Videos, and Lab
As you read the book and study the graphics, you
will realize that I have leaned very heavily on two
very wonderful books: Hobson’s Physics: A Conceptual Approach, and Audesirk & Audesirk’s Biology:
Life on Earth. I have also leaned very heavily on a
number of individuals, writers and scientists who
have influenced me greatly. They are my personal
heroes and heroines, profiled throughout the book
and in Chapter 40 specifically. Richard Feynman,
Philip Morrison, Lynn Margulis, and Carl Sagan
have been particularly inspiring. I urge you to read
their books, see their videos, and otherwise become
familiar with their scientific contributions and
their unique personal philosophies.
The book includes a comprehensive Bibliography, including a listing of educational videos and
related materials. There is also an Appendix which
includes the unique manual for the Labless Lab developed for this course.
Science is an action word. You have to do science to experience it. Since we all left the womb
as scientists, it is important that we maintain those
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skills and interests. So even though this course was
born as a television course and there is no formal
“laboratory” available, you’ll see that you do indeed have laboratories all around you: your
kitchen, your bathroom, your garage. In fact, the
whole world around you is your laboratory. But it
does help to have a few tools, supplies, and materials. These have been packaged together into a
little kit called The Labless Lab for Science Without
Walls. If you are taking the course through a college or university, you will probably use the Labless
Lab, or a more formal laboratory, as part of your
studies. You are also free to acquire the Labless Lab
if you are reading this book for general interest.
The complete manual for the Labless Lab is included in the appendix. If you want to acquire the
Lab directly from the manufacturer, see the appendix for details.
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budget. I thank them and the many other folks
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with Leonardo on Wheels and the other wonderful
projects leading to interactive, hands-on science
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the original drafts.
Special thanks to Rod Millar, Robert Johnson,
Robert Olpin, Ray Kingston, Taizo Miake, Leonard
Shlain, Philip Morrison, James Lovelock, Lynn
Margulis and her aide Lois Brynes, Carl Sagan, and
the many others who provided help, guidance,
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Aaron Andrade for making sense of it all. Thanks
to other friends, students, colleagues, and family—
especially Barbara—for tolerating this intense
project over the past several years. Finally, thanks
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Chapters and Text
The book is presented as 40 short chapters, each
in the following format:
Teaser: Just a taste of what’s to come!
Questions: These are questions which many readers are likely to ask. You should ask questions as
you read and as you think about the topics. You
must read actively, not passively. Read for education and inspiration, not just for entertainment.
Education takes concentration, attention, focus,
commitment, and work. Be attentive, be curious,
be critical, be creative! Look for answers to your
questions in the readings and in your daily world.
Each chapter is designed to help you appreciate,
learn, understand, experience, and use various
principles, phenomena, and topics. But this learning and understanding won’t come from the
chapter alone. Homework, lab experiments, and
daily (hourly!) curiosity and observation are all
needed.
Text: The text was written to be easily understood
and easy to read. You can read it much as you
would a good, popular science book. The best advice is to read each chapter through quickly,
glancing at the figures and other material, mainly
to get an idea, an overview, of the subject. Then,
go back and read the same chapter again. This time
read it more slowly, for comprehension and for a
more complete understanding.
Text is written in the first and second person. I
am talking to you. We are engaged, involved, in a
conversation. Pretend we are together, talking. Although you are “listening,” speak up, ask
questions, try to interject as you read. Write your
questions in the margins. See if those questions
are answered or covered later in the chapter or in
following chapters. If they are not, try to learn the
answer for yourself through a little extra reading
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or ask some friends or acquaintances. If you’re very
curious and can’t find a suitable answer, simply
e-mail me at Joe.Andrade@m.cc.utah.edu or call
me at 801-581-4379.
Figures: Since the text is designed to be as readable
as possible, much of the technical material needed
for a more complete understanding is in the figures. They are very important. Although I refer to
them in the text, I don’t necessarily describe or
explain that graphic in the text. The explanation
of the graphic is in the caption of the figure. Many
of the graphics need to be studied. You may need
to study the figure and read the caption several
times. You will learn in Chapter 2 and again in
Chapter 33 that neural connections do not necessarily come easily. They take time, reinforcement,
persistence, and especially motivation. Get fired
up about what you are reading and what you are
studying. If you are fired up and motivated, the
learning will come more easily.
Connections: This section is to remind you that this
is Science Without Walls—that everything connects and interrelates. Find those connections and
associations for yourself. Look for these ideas, phenomena, laws, concepts, questions in your daily
(hourly!) activities. Remember, also, that this is Science in Your World. Keep a personal laboratory
book of your daily observations, ideas, questions,
etc. It should be your personal scientific journal
and diary.
Homework: Homework assignments include brief
questions to help enhance your understanding and
to extend what you are learning to situations in your
world. Some questions involve visits and interviews,
as well as more extensive reading and research. Access to the World Wide Web (WWW) will be very
helpful. Your instructor will give you specific assignment format requirements. Some advice: answer the
questions completely and clearly, and include all
sources and references which you used (including
WWW addresses). All homework assignments must
include sketches for clarity! Scientists, like artists,
like to draw, to enhance clarity and understanding.

Experiments: Most of the experiments described
involve only simple, everyday things likely found
on your desk or in your kitchen or bathroom. Most
of those things and some more specialized things
have been packaged, for your convenience, into
the Labless Lab for Science Without Walls. The
manual for the Labless Lab is reprinted in the appendix. If you are taking this course for credit
through a college or university, the Labless Lab
may be a required component and should be available through the same outlet through which you
purchased this book. You can obtain the Labless
Lab directly from:
Delta Education
Customer Service
5 Hudson Park Dr.
Hudson, NH 03051
(800) 258-1302

It is important to do the experiments. Science, like
art, is not a spectator sport. It is a participatory
sport. You must do to understand and appreciate
science.
Life is inherently risky—so you must be careful. Your experiments must be done in a safe and
responsible manner.
Scientists utilize a particular format in designing, doing, and analyzing experiments. Your
instructor will provide specific instructions for your
laboratory assignments and reports.
As a very minimum, your lab reports should
include:
• your name and social security number,
• mailing address, phone number, E-mail
address
• chapter number
• experiment number
• summary of experiment assignment
• hypothesis or objective
• experimental design—include sketches
• observations/results—include graphs and tables
• analysis/conclusion
• recommendation
• references and sources.
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Sources and References: As you get really interested
in a topic and want to read, see or do more, the
sources provided will help you. And, if you just
can’t get it from this book, then read and watch
some of the sources and references; often another
means of presentation or point of view makes all
the difference! So if at first you don’t succeed, try,
try… You get the idea! Sources and references can
also be of great help in your homework assignments and laboratory experiments. Refer to the
Bibliography for the full citations.

Finally... Thanks for being interested in science;
thanks for wanting to be an even more involved
and empowered citizen. Stay in touch!
Joe Andrade,
on Mill Creek,
Salt Lake City,
January, 1998
Email: Joe.andrade@m.cc.utah.edu
Internet: www.utah.edu/CSEO
Phone: (801) 581-4379
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1

The World of Science,
The World of Art
Science connects to nearly everything you sense and do.
We begin with Science and Art.

QUESTIONS
1

What is science?

2

How are the arts and the sciences similar?

3

What is creativity?

4

What is a hypothesis?

5

How can a hypothesis be used to design an experiment?

6

Why must verification precede celebration?

7

What does it mean to think rationally and objectively?

8

What are some issues and problems which call for rational and objective thinking?

9

What is cold fusion and how was it important?
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Science without Walls?!

Welcome to Science Without Walls, a science book
designed for folks who don’t have a strong science
background. The book is subtitled Science in Your
World, because a major objective is to provide you
with the motivation and the skills to use science in
your daily life—and to apply critical thinking and
analysis skills as a responsible and involved citizen.
Scientists and others who work on interdisciplinary projects often wonder why some of the topics
were not included in their undergraduate college
and university education or even in high school.
Subjects in school are often treated in a specific, piecemeal way—and never connected or integrated. That
is due to the way that colleges and universities are
organized.
Most universities do not teach science—you’re
not expected to learn science as a general or integrated subject. There are very few science courses in
most university catalogs, although there are lots of
biology, chemistry and physics courses. Science Without Walls is an integrated, interconnected, coherent
treatment of much of science—40 chapters organized in six parts (Figure 1-1). We begin in Unit I
by considering the nature of science, art, and tech-

40
35

5
You!
h
Earth

30

Science
Technology
Art

Biology

10

Physics
Chemistry
15

25
20
You are Here!

Figure 1-1 A map of the book: 40 chapters organized
in six units. The arrow means “You are Here.”

nology, their differences and their similarities. We
ask: how do we observe? How do we perceive? How
do we make sense of the world around us? We’ll get
a preview of the basic concepts and themes of the
sciences in order to develop a quick but sturdy foundation. We’ll then move into and through Physics,
Chemistry, Biology, and Earth, then conclude with
you—with Science in Your World! We’ll ask how these
topics and concepts relate to you and your daily life.
How can an objective, rational, problem solving attitude help you be a more involved and effective citizen?
We will cover a wide range of topics in a very
limited time, always trying to relate the topics to
each other and to your everyday world. We won’t go
into the depth in specific areas which you would get
in more discipline-based books. But, as you appreciate and learn many areas of science you may be
motivated to take some specific or discipline-based
courses which interest you.
The basic sciences (Figure 1-2) include the disciplines of Physics, Chemistry, Biology, and the Earth
Sciences. Mathematics is a language—the language of
science and engineering. Disciplines are organized areas
of knowledge; you can major and specialize in them.
Mathematics is a discipline and a tool—a language—
used by all basic and applied sciences. Engineering,
Technology, and Medicine are often called the more
“applied sciences” (Figure 1-3)—fields where science
is applied to practical problems and needs.
Physicists strive to formulate and understand the
fundamental laws, forces, energies in the universe—
the rules by which our natural world functions.
Chemists apply those fundamental physical laws
to atoms, molecules, gases, liquids, solids—to the
matter from which everything is made, including you
and me.
Biologists deal with life, with systems, which—
although subject to the physical and chemical laws—
live, reproduce, and die.
Earth Science and Environmental Science deal
with the applications of chemistry, physics, and biology to our planet, including the environment and the
biosphere. Earth Scientists use the laws of physics,
chemistry, and biology to understand the behavior of
our little planet and its various environments.
Mathematicians are the folks who formulate the
basic rules for patterns and numbers. All scientists
use mathematics.
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Physics

Physics
Chemistry

Chemistry

Biology

Biology

Earth and
Environmental
Science

Earth and
Environmental
Science

Engineering
Technolog
& Technolog
Medicine

Mathematics

Figure 1-2 The basic sciences.

Figure 1-3 The basic sciences plus the applied sciences.

Engineering is the application of science and
other types of knowledge to the solution of practical problems. Engineers also develop methods,
technologies and tools which scientists can use to
discover even more science. Engineering, science, and
mathematics are very synergistic and interrelated.
We will examine the scope, the breadth, of the
pure and applied sciences, emphasizing the relations
and connections between these various disciplines.

Light, color, and motion are branches of Physics.
Color involves stains, dyes, and pigments, things made
or processed by chemists. And some stains, dyes, or
pigments come from minerals and soils, part of the
Earth Sciences.
Basic or fundamental knowledge is generally represented in a University as Colleges (Figure 1-5).
Colleges have specific departments and degrees. More
applied knowledge and studies are usually organized
as professional colleges which are also divided into
specific departments and degrees (Figure 1-6).
Although “pure” Science and Art may seem to
be a small part of the overall University, they,

• The Visual Arts,

Form

• The Performing Arts, and
• Literature.

Figure 1-4 The elements of art.

Proportion

Color

Light

The Visual Arts are sometimes called the Spatial
Arts. They deal with patterns, perspective, and space.
The Performing Arts and Literature are sometimes
called the Temporal Arts because they deal with
time—past, present, and future.
The arts are based on light, color, sound, motion,
perspective, and proportion (Figure 1-4). Put these
together and you have design—or a composition—
a particular form or object of art.

Composition
Perspective

But this is not solely a science book. We also want to
connect science to other areas of study and knowledge. Science is often considered to be very different
from art, but we’ll see that science and art are really
very similar. For example, the World of Art includes:

Motion

Science and Art
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Architecture

Fine Arts

Humanities

Business

Figure 1-6
Applied colleges
and professions

Education
Engineering

Science

Social &
Behavioral
Sciences

Figure 1-5 Basic and Fundamental Colleges.

Health
Law
Medicine
Mines & Earth Science
Nursing
Pharmacy
Social Work

together with the Humanities and the Social Sciences, are the basis of much of our knowledge. All
disciplines, all professions, use these basic subjects—
they are the foundation upon which a university is
based (Figure 1-5). That’s why these basic subjects
are such a key part of undergraduate college or university education.
Scientists, artists, and engineers often think they
have little in common. Scientists and engineers are
generally considered to be objective, unemotional,
mathematical, logical, experimental; whereas artists
are often viewed as being creative, emotional, spontaneous, impractical, even unusual. Right?
Not quite. Scientists and engineers are also very
creative—generally the more creative, the more unusual they seem. And they can be pretty emotional,
too. And artists are often objective, mathematical,
logical, and highly experimental.
The similarities and connections between Science and Art are beautifully and entertainingly
developed in Art & Physics: Parallel Visions in Space,
Time, and Light, by Leonard Shlain, a physician-surgeon who realized later in life that he had not had a
very complete education. So he spent the next ten
years getting one and then wrote his remarkable
book (Figure 1-7). Space, time, and light are basic to
science—and basic to art.
Art helps you see things in a different way—in a
different “light.” The painter, Monet, said that “the
subject of every painting is light.” Light—and art—
help you see things you haven't seen before. Art is
creative, inspirational, emotional.

Fine Arts

Artists make observations of the world in which
we live, interpret them, and express these interpretations back to us. Leonard Shlain says: “Modern art
helps you see things you haven’t seen before—You
say, ‘Why, I haven’t seen anything like that before’—
that’s the point!”

Figure 1-7 In Art & Physics: Parallel Visions in Space,
Time and Light, Leonard Shlain writes of the connections
between science and art. (Sorry; due to copyright laws, I
can only show you a cartoon drawing of the cover!)
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THEN:

FIRST:
Question

Revise Question

Experiment

Revise Experiment

Observe

Analyze

Analyze

Figure 1-8 The Scientific Method.

Science helps us to understand, to make sense, of
the world in which we live. It helps us to understand ourselves—and so does art.

The Scientific Method
Scientists ask questions, design experiments, make
observations—and try to develop answers or understanding of the questions asked—and so do artists.
There are methods—sequences of steps—which scientists use in trying to understand the world
(Figure 1-8).
The general scientific method or process begins
with the formulation of a question, the design of an
experiment based on the question, the conduct of
the experiment, observation of the result, and an
analysis of those results. The scientist usually learns
something as a result of the process.

FIRST:

Conclude
and then try again!

Very different from the artist! Or is it? Is there an
“artistic method?” Sure—the general sequence
(Figure 1-9) is to question, design, create, observe,
think, analyze, learn, and revise the work accordingly. Artists, like scientists, have to be persistent
because their works often don't give them the effect
or perception they desire or expect—so they try
again—and again.
You have practiced science and used the scientific method from the very beginning—from birth
onwards. Babies and kids are very creative—always
probing, questioning, testing, experimenting, trying
to make sense of the world around them. That's exactly what scientists do, and so do artists. Scientists
get paid and sometimes artists do, too, for behaving
like toddlers. Scientists and artists tend to pursue
the process in a more organized fashion. They use

➥

THEN:

Question

Observe

Design

Think About

Create

Figure 1-9 The Artistic Method.

Analyze
Learn
Change Work Accordingly
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instruments and tools, they formulate their questions in more
sophisticated ways. But the basic process is similar to that of
little kids exploring and attempting to understand the
world around them.
A simplified statement of
the process is: “Guess, Test and
Guess Again!” Scientific experiments have to be repeatable,
reproducible, controlled, predictable. Science is rational,
objective, logical. But art is different. Each piece of art is
expected to be unique, special,
an individual interpretation or
vision. It is not necessarily expected to be reproducible,
controlled, or rational.
Both scientists and artists
perceive the world around
them using their senses
(Figure 1-10): vision, hearing,
balance, smell, taste, and touch
—they use those senses to make
observations. Scientists try to understand, explain,
simplify—and engineers apply, design, and build—
while artists try to express, represent, interpret,
present, often on a personal and emotional level.

SCIENTISTS/ARTISTS

SMELL
TASTE

VISION
HEARING

TOUCH
SENSES

BALANCE
OBSERVATION

Figure 1-10 Scientists and artists observe via their six
senses.

Figure 1-11 Cold fusion: 1989 University of Utah
press release (the complete text is at the end of this
chapter).

Artists and scientists present and represent the
world in very different ways. But they perceive it,
view it, observe it, in almost identical ways—by use
of those senses.
Both artists and scientists are generally very interested in their subject—dedicated, consumed, and
focused on probing and understanding their subject. There is no dull art or science—certainly not
for the individual artist or scientist doing it. Some
physicists think biology and chemistry are uninteresting —but that’s why they’re physicists! And some
biologists think physics is pretty uninspiring, which
is why they’re biologists.
In art courses, you do art. Although you can take
courses in art history, or theory, or aesthetics, most
art courses are “do” courses—you design, paint, sculpt,
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sketch, make music, sing, perform, dance.
And most science courses are, or should
be, do courses.

A Case Study: Cold Fusion
Scientists love to try each other’s experiments—to test each other's hypotheses.
The same experiment must “work”—
must give the same result—in many
different labs by many different scientists.
That’s why the University of Utah’s 1989
cold fusion episode was so controversial
and so instructive (Figure 1-11).
Fusion is the process by which two
small atoms somehow combine
(Figure 1-12) into a larger atom, releasing
a lot of energy. It is the basic energy source
of the sun and the stars. Fusion requires
very high temperatures to get the two little
atoms to somehow come together and release their fusion energy.
In 1989 two chemists at the University of Utah claimed that they were able
to produce fusion at room temperature,
hence the name cold fusion, through a mysterious process by which two little atoms
were somehow induced to fuse because
they were present in a very special metal
Figure 1-13 Cold fusion newspaper article, Deseret News, April 2, 1989.
structure. It was a very interesting hypothesis and one so revolutionary and so
incredibly significant that many of the
world’s physicists and chemists stopped what they
experiments in the days, weeks, months, and even
were doing and tried to duplicate the cold fusion
years which followed.

tiny
atom
fusion
reaction
tiny
atom

Figure 1-12 Cold fusion schematic.

larger
atom

lots of energy
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Cold Fusion was the major scientific subject of
1989 (Figure 1-13) and the early 1990s and will go
down in history as one of the major scientific media
events of the 20th Century. It is a good example of
how scientists, and some of the people around them,
can get carried away with their own hypotheses.
The reported cold fusion experiments were not
reproducible (Figure 1-14). Why? Probably because
the scientists involved were not critical enough of
their own experiments. After all, scientists are only
human! It is often quite difficult for even a very experienced scientist to remain totally rational and
objective about his or her ideas. The chemists who
first reported “cold fusion” were like artists who become very emotionally attached to their creation.
They did not detach their scientific observations and
analysis from their creative hypothesis. The Los
Angeles Times said, in early 1990 on the first anniversary of cold fusion, “verification must precede
celebration.” That’s how science should work!
A scientific experiment that works in only one
lab, or can be achieved by only one group, is not
proven. It is only after many different folks do the
same experiment with the same results that it becomes science fact.

Great and Difficult Hypotheses
This means some scientists have a very difficult life—
cosmologists, for example. You can’t really do
experiments on the birth of the universe—or the
birth and death of stars. The earthquake folks also
have a hard time. How do you do control experiments on earthquakes?
Fortunately, a lot of the toughest problems, those
for which experiments are difficult or impossible,
can be solved today with computer modeling and
simulation. Experiments about the origin of the
universe, weather, earthquakes, and explosions can
be simulated with modern computers. Many artists
are also involved in computer graphics and visualization.
The really creative part of science and of the arts
is to ask a novel, new and very interesting question.
In most areas of science you ask the question in such
a way that you can design and conduct a simple experiment with a definitive, easily interpretable
outcome (Figure 1-8), thus leading to a new level of
understanding about our world. Great artists also ask

Figure 1-14 Cold fusion newspaper editorial, 1990—
more than a year later.

great questions but scientists must ask “Mother Nature” answerable questions. People who ask really
new and great questions are often called geniuses,
and they often get Nobel Prizes.

Your Laboratories and Your Critics
Well, to conduct experiments, you’ll need a lab—
and you don’t have one. Right? Wrong. You do have
a lab—you have several labs. You have a kitchen and
a bathroom; you may have a garage or backyard. You
certainly have parks, trees, and the physical, chemical and biological worlds around you.
You can also get a “Labless Lab.” To make your
life a little easier, and this book more effective, we've
packaged a set of materials in a little box—a Labless
Lab. See the appendix for details. The stuff in the
Labless Lab—together with your kitchen, bathroom,
the out of doors, and your senses—enables you to
be an amateur scientist. You can do experiments and
activities involving all the major areas of science.
We said verification must precede celebration.
In art, quality must precede celebration. How do
you know quality? It takes experience. Both scientists and artists—indeed all of us—must be
authentically critical! You have to be your own worst
cr itic—and your own strongest supporter
(Figure 1-15)!
One of this book’s objectives is to help you to
think scientifically, rationally, objectively—to be able

Chapter 1 The World of Science, the World of Art 9

to separate hope and belief from facts and to separate fact from fantasy. Fantasy is a viable answer to
some human needs. But we must know the difference between hopes and facts. Our press, our media,
our advertisements often mix up fact and fiction—
fantasy and reality—we must keep them separate!

Next Stop:
In Chapter 2 we focus on how we perceive the worlds
of Science and Art—using our senses. We’re now at
the beginning of Unit I of the course (Figure 1-1).
We’ll cover a lot of material in a short time. So, you
must be alert, highly motivated, and focused. Do your
reading, do your experiments, observe, keep your
eyes open and your ears tuned—sniff, touch, taste,
and question! And to paraphrase James Taylor in his
popular song, “The Secret o’ Life” (below), “Enjoy
the ride.” Welcome aboard!
Since we’re only here for a little while,
we might as well show some style
Give us a smile, now... Isn’t it a lovely ride?
Sliding down and gliding down, oh...
Try not to try too hard
It’s just a lovely ride
Now the thing about Time is that
Time isn’t really real
It’s all on your point of view.
How does it feel for you?
Einstein said he could never understand it all
Planets spinning through space,
the smile upon your face
Welcome to the human race.
Isn’t that a lovely ride? Oh, yeah,
Sliding down and gliding down,
try not to try too hard
It’s just a lovely ride!

Excerpted from James Taylor’s song,
The Secret o’ Life (© 1993 Sony
Music Entertainment, Inc.)

Figure 1-15 You must be your own worst critic and
your own strongest supporter.
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CONNECTIONS
The arts tend to teach people how to be creative, how to look at things in a new light, in a
new way. There is great concern today that our
education system actually inhibits creativity by
encouraging and perhaps over-emphasizing
training or “utilitarian” learning: facts, figures,
and tools to prepare graduates for specific jobs
and tasks in the economy. This is of course useful—but one cannot focus on utilitarian learning
exclusively—creativity and problem solving
skills are also important.

Look for examples in the newspaper and in
other media which relate to this topic. How
can you encourage and enhance your personal
creativity and problem solving skills? How can
you enhance your ability to look at things “in a
new light”; to approach difficult problems in a
flexible and creative manner?
Chapter 39 deals with the subject in detail.
You may wish to read it now.

HOMEWORK
1

Pick a scientific or technical subject or concept which you find difficult or confusing. You
may wish to survey this book or a basic biology, chemistry, or physics book for topics and
ideas. Create a hypothesis which deals with that concept or topic, and formulate the
hypothesis in a scientific manner. Use your hypothesis to design a simple experiment
which could enhance or develop your understanding of the concept. Use a sketch or two.

2

Pick a scientific or technical issue reported recently in the newspaper. Include the clipping.
Read it carefully, trying to be critical and objective as you read. Any questions? Any hypotheses? What more information should be available before you can take a stand on that
particular issue?

3

The University of Utah's 1989 Press Release on cold fusion is reproduced on the next two
pages. After reading it, would you have invested in cold fusion? Why or why not? Would
you have recommended your state legislature allocate funds for continued research? How
much? Where should the funds come from? Now do a quick follow up report on cold
fusion. What is its status today, nearly ten years later?

'SIMPLE EXPERIMENT' RESULTS IN SUSTAINED
N-FUSION AT ROOM TEMPERATURE FOR FIRST TIME
Bre a kthroug h p roc e ss ha s p ote ntia l to p rovid e ine x ha ustib le sourc e of e ne rg y
SALT LAKE CITY -- Tw o scie n tists h a v e su cce ssfu lly cre a te d
a su sta in e d n u cle a r fu sion re a ction a t room te m p e ra tu re
in a c h e m istry la b ora tory a t th e Un iv e rsity of Uta h . Th e
b re a kth rou g h m e a n s th e w orld m a y som e d a y re ly on fu sion for a cle a n , v irtu a lly in e xh a u stib le sou rce of e n e rg y .

C o lla b o ra to rs in th e d isc o v e ry a re Dr. M a rtin
Fle isc h m a n n , Profe ssor of Ele c troc h e m istry a t th e Un iv e rsity of Sou th a m p ton , En g la n d , Dr. B. Sta n ley Pon s, Profe ssor
of Ch e m istry a n d Ch a irm a n of th e De p a rtm e n t of Ch e m istry a t th e Un iv e rsity of Uta h .
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"Wh a t w e h a v e d on e is to op e n th e d oor of a n e w re se a rch a re a ," sa y s Fle isch m a n n . "Ou r in d ica tion s a re th a t
th e d iscov e ry w ill b e re la tiv e ly e a sy to m a ke in to a u sa b le
te ch n olog y for g e n e ra tin g h e a t a n d p ow e r, b u t con tin u e d
w ork is n e e d e d , first, to fu rth e r u n d e rsta n d th e scie n ce a n d
se con d ly , to d e te rm in e its v a lu e to e n e rg y e con om ics."
Nu cle a r fu sion offe rs th e p rom ise of p rov id in g h u m a n ity w ith a n e a rly u n lim ite d su p p ly of e n e rg y . It is m ore
d e sira b le th a n th e n u c le a r fission p roc e ss u se d tod a y in
n u cle a r p ow e r p la n ts. Fu sion cre a te s a m in im u m of ra d ioa c tiv e w a ste , g iv e s off m u c h m ore e n e rg y a n d h a s a
v irtu a lly u n lim ite d fu e l sou rce in th e e a rth 's oce a n s.
Nu c le a r fu sion is a lso su p e rior to tra d ition a l e n e rg y
sou rc e s, su c h a s c oa l, g a s a n d oil, w h ic h a n p ollu te th e
e n v iron m e n t a n d e v e n tu a lly w ill b e d e p le te d . Usin g fu sion for e n e rg y w ou ld re d u c e or e v e n e lim in a te m a jor
c a u se s of a c id ra in , th e g re e n h ou se e ffe c t a n d U.S. d e p e n d e n ce on fore ig n oil.
Th e ir fin d in g s w ill a p p e a r in th e sc ie n tific lite ra tu re in
Ma y.
Scie n tists w orld w id e h a v e se a rch e d for m ore th a n th re e
d e c a d e s for th e a b ility to c re a te a n d su sta in n u c le a r fu sion re a c tion s, w h ic h a re th ou g h t to b e th e id e a l e n e rg y
sou rc e . In n a tu re , th e e n e rg y or sta rs, su c h a s th e su n , is
su p p lie d b y n u c le a r fu sion . All fossil fu e ls p re se n tly u se d
on e a rth a re sim p ly store h ou se s of ste lla r n u c le a r fu sion
e n e rg y . Prior to th e b re a kth rou g h re se a rch a t th e Un iv e rsity of Uta h , im ita tion n a tu re 's fu sion re a c tion s in a
la b ora tory h a s b e e n e xtre m e ly d ifficu lt a n d e xp e n siv e .
In th e Uta h re se a rch , th e e le ctroch e m ists h a v e cre a te d
a su rp risin g ly sim p le e xp e rim e n t th a t is e q u iv a le n t to on e
in a fre sh m a n -le v e l, c olle g e c h e m istry c ou rse . Con v e n tion a l n u c le a r fu sion re se a rc h re q u ire s te m p e ra tu re s of
m illion s of d e g re e s, like th ose fou n d in th e su n 's in te rior, to
c re a te a re a c tion . Th e Uta h re se a rc h , h ow e v e r, c re a te s
th e re a ction a t room te m p e ra tu re .
In th e exp erim en t, electroch em ica l tech n iq u es a re u sed
to fu se som e of th e c om p on e n ts of h e a v y w a te r, w h ic h
con ta in s d e u te riu m , a n d occu rs n a tu ra lly in se a w a te r.
Se a w a te r p rov id e d e sse n tia lly a n u n lim ite d sou rce of
d e u te riu m . Ev e n th ou g h it is p re se n t a t on ly on e p a rt in
38,000, on e cu b ic foot of se a w a te r con ta in s e n ou g h d e u te riu m to p rod u c e 250,000 BTU of e n e rg y , w h ic h is
e q u iv a le n t to th e e n e rg y p rod u c e d from 10 ton s of coa l.
Th e scie n tists kn ow th e ir e xp e rim e n ta l re su lt is fu sion in
a n e le ctrod e b e ca u se th e g e n e ra tion of e xce ss h e a t is p rop ortion a l to th e v olu m e of th e e le c trod e . "Th is g e n e ra tion
of h e a t con tin u e s ov e r lon g p e riod s, a n d is so la rg e th a t it
ca n on ly b e a ttrib u te d to a n u cle a r p roce ss," Fle isch m a n n
sa y s. "Fu rth e rm ore , sid e re a c tion s le a d to th e g e n e ra tion
of n e u tron s a n d tritiu m w h ic h a re e xp e c te d b y -p rod u c ts
of n u c le a r fu sion ." Th e d e v ic e th e re se a rc h e rs h a v e c on stru c te d p rod u c e s a n e n e rg y ou tp u t h ig h e r th a n th e
e n e rg y in p u t.
Pon s ca lls th e e xp e rim e n t e xtre m e ly sim p le . "Ob se rv a -

tion s of th e p h e n om e n on re q u ire d p a tie n t a n d d e ta ile d
e xa m in a tion of v e ry sm a ll e ffe cts. On ce ch a ra cte rize d a n d
u n d e rstood , it w a s sim p le m a tte r to sca le th e e ffe cts u p to
th e le v e ls w e h a v e a tta in e d ."
Th e re se a rch e rs' e xp e rtise in e le ctroch e m istry , p h y sics
a n d c h e m istry le d th e m to m a ke th e d isc ov e r. "With ou t
ou r p a rticu la r b a ckg rou n d s, y ou w ou ld n 't th in k of th e com b in a tion of circu m sta n ce s re q u ire d to g e t th is to w ork,"sa y s
Pon s.
So m e m a y c a ll th e d isc o v e ry se re n d ip ity , b u t
Fle isch m a n n sa y s it w a s m ore a ccid e n t b u ilt on fore kn ow le d g e . "We re a lize w e a re sin g u la rly fortu n a te in h a v in g
th e com b in a tion of kn ow le d g e th a t a llow e d u s to a ccom p lish a fu sion re a ction in th is n e w w a y ."
Th e id e a to a tte m p t th e in n ov a tiv e e x p e rim e n t w a s
se e d e d in th e la te 1960s w h e n Fle isc h m a n n c on d u c te d
re se a rc h on th e se p a ra tion of h y d rog e n a n d d e u te riu m
isotop e s. Th e re su lts w e re od d . His in te rp re ta tion of th e d a ta
in d ic a te d it w ou ld b e w orth lookin g for n u c le a r fu sion re a ction s.
La ter, in sep a ra te resea rch , Pon s looked a t isotop ic sep a ra tion in e le ctrod e s a n d w a s p u zzle d a t ce rta in re su lts. Th e
tw o p on d e re d th e d a ta a n d la te r d isc u sse d th e fin d in g s
on tw o m e m ora b le oc c a sion s, on c e w h e n th e y d rov e tog e th e r th rou g h Te xa s a n d la te r w h e n th e y took a h ike u p
Millcre e k Ca n y on on th e ou tskirts of Sa lt La ke City .
"Sta n a n d I ta lk ofte n of d oin g im p ossib le e xp e rim e n ts.
We e a c h h a v e a g ood tra c k re c ord of g e ttin g th e m to
w ork," sa y s Fle isc h m a n n . "Th e sta ke s w e re so h ig h w ith
th is on e , w e d e c id e d w e h a d to try it."
Th e re se a rch stra te g y w a s con cocte d in th e Pon s' fa m ily kitc h e n . Th e n a tu re of th e e xp e rim e n t w a s so sim p le ,
sa y s Pon s, th a t a t first it w a s d on e for th e fu n of it a n d to
sa tisfy cu riosity . "It h a d on e in a b illion ch a n ce of w orkin g
a lth ou g h it m a d e p e rfe ctly g ood scie n tific se n se ."
Th e tw o p e rform e d th e e xp e rim e n t a n d h a d im m e d ia te in d ic a tion th a t it w orke d . Th e y d e c id e d to se lf-fu n d
th e e a rly re se a rc h ra th e r th a n try to ra ise fu n d s ou tsid e
th e Un iv e rsity b e c a u se , sa y s Pon s, "W e th ou g h t w e
w ou ld n 't b e a b le to ra ise a n y m on e y sin ce th e e xp e rim e n t
w a s so fa rfe tch e d ."
Workin g la te in to th e n ig h t on w e e ke n d s a t Pon s' Un iv e rsity of Uta h la b ora tory , th e tw o im p rov e d a n d te ste d
th e p roce d u re th rou g h ou t a fiv e -a n d -a -h a lf y e a r p e riod .
"We h op e w e 'll b e a b le to w ork w ith oth e rs to d e v e lop
th is in to a u sa b le te c h n olog y for g e n e ra tin g h e a t a n d
p ow e r for th e w orld ," sa y s Fle isc h m a n n . "Th e p roc e ss is
cle a n a n d in d ica tion s a re it w ill b e e con om ica l com p a re d
to con v e n tion a l n u cle a r sy ste m s."
Fle isc h m a n n h a s w ritte n m ore th a n 240 a rtic le s in th e
e le ctroch e m ica l, p h y sics, ch e m istry a n d e le ctroch e m ica l
e n g in e e rin g fie ld s d u rin g h is 40-y e a r c a re e r, a n d is re g a rd e d a s on e of th e le a d in g e le ctroch e m ists in th e w orld .
He is a fe llow of th e Roy a l Soc ie ty of En g la n d . h e w a s
a w a rd ed a m ed a l for Electrochem istry a n d Therm od yn a m -
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ic s b y th e Roy a l Soc ie ty of Ch e m istry in 1979; th e Olin Pa lla d iu m Me d a l of th e Ele c troc h e m ic a l Soc ie ty in 1985;
a n d th e Bru n o Bre y e r a w a rd b y th e Roy a l Au stra lia n
Ch e m ica l Socie ty in 1988. He e a rn e d a d octora te in ch e m istry a t Lon d on Un iv e rsity in 1951.
He a n d Pon s h a v e colla b ora te d on 32 a rticle s.
Pon s h a s a u th ore d m ore th a n 140 a rticle s a n d le ctu re d
th rou g h ou t th e Un ite d Sta te s, Ca n a d a , a n d Eu rop e . He
e a rn e d a b a ch e lor of scie n ce d e g re e a t Wa ke Fore st Un iv e rsity , Win ston -Sa le m , N.C., in 1965 a n d a d oc tora te a t
the Un iversity of Southa m p ton , En g la n d , in 1979. He is orig in a lly from Va ld e se , N.C.

Workin g on th e p roje ct w ith th e tw o scie n tists is Un iv e rsity of Uta h g ra d u a te stu d e n t, Ma rv in Ha w kin s from
La J a ra , Colo.
The fusion techn olog y is ow n ed b y the Un iversity of Uta h
w h ich h a s file d p a te n t a p p lica tion s cov e rin g th e te ch n olog y . In form a tion a b ou t c om m e rc ia l a sp e c ts of th e
te ch n olog y ca n b e ob ta in e d from Dr. Norm a n Brow n , Dire c tor of th e Un iv e rsity of Uta h Offic e of Te c h n olog y
Tra n sfe r, 801-581-7792.
Th e re se a rch e rs a re g ra te fu l for th e e n cou ra g e m e n t of
th e Un ite d Sta te Office of Na v a l Re se a rch , th e ir re sp e ctiv e
u n iv e rsitie s, fa m ilie s a n d colle a g u e s.
###

EXPERIMENTS
1

Set up your personal lab book. Any blank pad or book will do. Most scientists use hardbound ones, like personal diaries or journals. Get one. Put your name and address on it.
Leave a few pages for a table of contents to help organize it. Now write down today’s date
and time. Observe something that interests you. Describe and sketch it. Do you expect it
to change? How? Can you formulate a hypothesis? Can you change its action or behavior?
How? What will be its response? There—another hypothesis!
Do an exercise like this everyday. Exercise your senses and brain to observe, question,
think, perturb, experiment—and record, write down, what you observe, think, and do.
As we move through the chapters, focus your daily observations and experiments on what
you’re reading, trying to see—to observe—those scientific principles and concepts in your
daily world.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Kemp, The Science of Art
Shlain, Art and Physics
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3

Patterns and Numbers:
Mathematics
Your favorite drummer, toddler, grandmother, and scientist...What do
they have in common? You guessed it! They know how to count, how
to deal with numbers and patterns.That’s mathematics, the language
of science. Read on!

QUESTIONS
1

How do numbers help us understand and express things objectively?

2

Why does the United States continue to use the English system of units?

3

Why have scientists and the rest of the world adopted the metric system?

4

What is scientific notation?

5

What are the most fundamental quantities?

6

Why do we need to be able to estimate or approximate?

7

What is a significant number?

8

What makes a number insignificant?

26 UNIT 1 Science, Technology and Art

Five Key Topics
Scientists report data and observations so that their
experiments can be understood and reproduced by
others. Most of science is based on the reproducibility of experiments in different laboratories at
different times, meaning that the recorded observations have to be objective, precise, and quantitative.
That of course means that scientists had to learn to
count. We all count. Whether we are counting pennies or dollars, watching the speedometer on our
car, or the pieces of pizza left for our hungry group,
we know how to count, add, subtract, multiply, and
divide. We call that arithmetic. Arithmetic is a part
of mathematics, the language of numbers and patterns—of order and relationships. For many,
mathematics is a subject and a passion in its own
right. It includes logic and statistics, geometry, algebra, and calculus. Most universities teach over a
hundred different mathematics and statistics courses.
For scientists, engineers, musicians, and architects,
mathematics is a tool—a tool to help them discover
the relationships, patterns, and order in the world.
It’s a tool to help them visualize and simulate or
model what might be going on.
We cannot do science without at least some
mathematics. Galileo said, “The great book of nature can be read only by those who know the
language in which it was written. And this language

ang
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Figure 3-2 We are all familiar with powers of ten in
the case of money, although nickels and quarters
complicate the process just a bit.
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Figure 3-1 The scientist’s time frame begins with the creation of our known universe, roughly 15 billion years ago.
Not too many people worry about what happened before then. Lots of people don’t worry about what happened
before the earth was formed, perhaps five billion years ago. Some scientists like to focus on more modern events,
perhaps the last hundred million years. If you are only interested in your immediate ancestors, then your time frame
can shorten to a million years or so.
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Figure 3-3 There has always been an anatomical
fascination with fives and tens.

is mathematics.” So, let’s take a quick ride through
parts of the world of mathematics.
We’ll remind ourselves of six key topics in
basic mathematics:
• Powers of Ten
• Metric and English System
• Units and Basic Quantities
• Significant Figures
• Decimals
• Volume.

Figure 3-4 In today’s economy, dollar bills are usually
more practical than pockets full of pennies.

Powers of Ten

First, Powers of Ten. Cosmologists count in units of billions of years in time and light years in distance (Figure
3-1). Geologists count in units of millions of years
in time and kilometers in distance—like going to
the bottom of the Grand Canyon, one mile down,
2 billion years into the past! You and I tend to worry
about minutes, days, and the next rent payment!
Everyone likes to count, particularly if they are
counting something desirable or valuable. Watch a
group of 4-year-old, poorly paid, little scientists counting pennies. You know the value, size, and weight of
a penny. You know its color and shape. Fortunately,
money, or currency, is counted around the world in
powers of ten. One penny, one dime, one dollar (Figure 3-2), ten dollars, one hundred dollars.
Most of us have ten fingers and ten toes (Figure
3-3). When you first learn to count, they are very
helpful tools. Maybe they still are! The abacus is a
great calculating device which essentially provides a
way to count with your fingers that’s faster than
counting on your fingers—it’s been around for thousands of years. The abacus was developed for
economic and financial applications—later came

slide rules, calculating machines, and the modern
electronic calculator and computer.
Here are a hundred pennies and a dollar bill (Figure 3-4). Now imagine a hundred dollars and a
hundred-dollar bill. One hundred dollars is one hundred pennies times one hundred dollars. That’s ten
thousand pennies, a big and heavy pile, impractical to
carry around. If you want to buy something for $100,
you certainly don’t want to have to pay for it with
ten thousand pennies. So we have ways of expressing
numbers—value—in various quantities or units:
1

10

100

1000

These are powers of ten. Since scientists often deal
with wide ranges of numbers, they use Scientific Notation, which is just an easy way to express Powers
of Ten.
Let’s use the penny as our basic unit. Ten pennies to a dime, 10 dimes to a dollar—that’s 100
pennies. One hundred pennies in a dollar; one hundred is ten times ten or ten squared. Ten dollars is
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ten times 100 pennies. Ten times ten squared is ten
cubed. We are now playing with exponents (Figure
3-5). 102 = 10 times 10 = 100, 10 3 = 10 x 10 x 10
= 1000. The elevated guy is called an exponent.
Here are some more examples:
• A3 is A times A times A
• A4 is A2 times A2 .
If A equals 10, then A3 is one thousand. Get the idea?
A thousand dollars is 103 dollars. How many
pennies?
$1000 x 100 pennies = 105 pennies.
That’s 100,000 pennies.
Dollars or cents are units. To know how many
pennies, we convert dollars to cents—a conversion
of units, converting from dollars to cents.
Scientific notation in powers of 10 lets us deal
with really big and really small numbers. For example, a million is 106. You and I don’t normally
have to work with numbers that big or bigger, at
least in terms of money. Your state does. Utah’s state
budget is several billion dollars a year. That’s 109 dollars or 10 11 pennies. Of course, if that person
becomes treasurer of the United States then she has
to start worrying about trillion dollar budgets. A
trillion is 1012, a thousand billion dollars. It’s a million million dollars: 1,000,000,000,000!

Figure 3-6 Uncle Sam’s debt and income are so large
that he doesn’t worry about pennies any more. We
only need to report our income and calculate our taxes
to the nearest dollar.

10 2
10 3
2 and 3 are exponents
Figure 3-5 The little number on the upper right of
another number is called an exponent. Exponents are
key to working in powers of ten, the basis of Scientific
Notation.

Scientists and economists use powers of ten, or
scientific notation, in order to cover an enormous
range of numbers simply.
A lot of people don’t worry about pennies anymore. Most checkout counters have a little cup so
you don’t have to worry about pennies either. You
can put your extra ones there and take a few if you

Figure 3-7 Nearly all currencies throughout the world
are based on powers of ten.
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Figure 3-8 The basis of the English system of units is
the king’s finger joint and his foot length!

need them. A penny has become almost insignificant. A nickel is still significant, and dollars are
certainly significant. On your friendly Federal and
State income tax returns you don’t need to worry
about pennies (Figure 3-6). You can do everything
to the nearest dollar. Pennies don’t have much significance to you or to the Internal Revenue Service.
So the good news is that money, or currency, is
primarily in powers of 10, whether you’re in Japan,
Germany, or Canada (Figure 3-7).

Metric and English System
What about length or distance? Well, it’s bad news
in the United States. We measure distance in feet,
in shoe sizes. One inch is the length of a finger joint
(Figure 3-8) and there are twelve of them in a foot.
If you’re 6 feet tall, how many inches? Well, multiplying by twelves is a lot harder than multiplying by

tens. You had to memorize your multiplication tables
so you could quickly answer problems like, 6 x 12.
Yes, that’s seventy-two inches tall. Oh yes, and there
are eight eighths in an inch—and don’t forget the
three feet in a yard—isn’t that the distance from some
queen’s nose to her extended thumb?
Nobody likes to deal with such cumbersome
numbers. That is part of the reason why much of
our nation is somewhat innumerate. Most people
don’t like to do arithmetic because the arithmetic
can be pretty cumbersome, unless we are dealing
with money where everything is in powers of ten.
In Europe and most of the rest of the world, they
don’t measure distances in inches, feet, yards or miles.
They use the meter, which is a bit longer than a
yard. And, they don’t have to deal with twelfths of a
meter, they only care about powers of ten. One onehundredth of a meter is a centimeter—a little less
than half an inch. A thousand meters is a kilometer,
a little more than half a mile. A thousandth of a
meter is a millimeter. In the metric system it’s really easy to go from millimeters to centimeters to
meters to kilometers. Powers of 10. In our system
it is really hard to go from miles to yards to feet to
inches. So, since scientists are basically simple folk,
they like to deal with numbers as easily as possible.
They always work in the metric system. So will we.
If you are not already used to it, just get used to it.
It’s so much easier than working with feet, pounds,
pints, and tablespoons!
The reason you are so familiar with the English
system of units is because that’s the way you were
brought up—your brain is already hard-wired to

Figure 3-9 We’re stuck with the English system of units because we were once colonies of England, but the English
have had the good sense to change. We haven't.
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appreciate those dimensions and quantities. But
you’re still young—a few good neural connections
and you’ll be thinking in the metric system. Even
good old England—from which we inherited the
cumbersome English system—is now going metric!
Although the old timers there are complaining and
moaning (Figure 3-9, previous page)!
You’re generally familiar with rulers, yardsticks,
and tape measures. Most modern ones are labeled
in both inches and centimeters. Get a cloth tape
measure labeled in millimeters, centimeters, and
meters, as well as in inches and feet. What is your
height in centimeters and meters? Your waist size?
If you were ordering clothes or pants in Europe you
would have to give your measurements in centimeters. Run around your house or apar tment
measuring everything in sight. Get a feeling for centimeters and meters versus feet and inches.
The world uses the metric system. The only major exception is the good old USA. We have insisted
that the rest of the world translate their easy, rational system into our cumbersome, complex, and
out-of-date system. It doesn’t make any sense. It’s
time we adopted a system that is far more rational
and easier to use (Figure 3-10).

numbers to represent certain things. You may be
interested in two books and three nails. If I asked
you to add two books and three nails (Figure 3-11)
and give me a number, you would shake your head
and worry about my sanity. I could ask you to add
four nails and two nails, and you would give me six
nails. But adding three nails and two books is a senseless problem. So we have to deal with units as well
as numbers, whether those units are nails or books,
centimeters or feet. In some cases you can convert
the units. Add 2 inches, 10 centimeters, and 1 millimeter. Those three quantities deal with distance, so
it makes sense to add them. Like quantities can be
added, even if they are expressed in different units.
You just have to be able to convert the units to a
common unit. For example, you can add units of time,
even if they are expressed in hours, days, and minutes.
The really basic units in science are distance (or
length), generally given in meters; mass, generally
given in kilograms; time; and temperature, given in
Celsius (C) degrees. Everything we do in science uses
these four basic units (Figure 3-12).

Units and Basic Quantities
Although mathematicians can be fascinated in numbers by themselves, the rest of us generally use

Figure 3-10 The growing internationalization of our
economy will eventually drive the United States to fully
adopt the metric system, so we might as well begin to
use and understand it now.

Figure 3-11 Two practical common units: books & nails.
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Significant Figures
How far do you live from the nearest library? If
you’re 10 kilometers from the library, you’d probably give me an answer to the nearest kilometer or
so. You wouldn’t give it to me in meters and you
certainly wouldn’t give it to me in millimeters. You
might give it to me in miles or in half miles, but
you wouldn’t give it to me in feet or inches. So we
tend to deal only with numbers that have significance.
Let’s add 1 kilometer, 100 centimeters, and 11
millimeters (Figure 3-13). These are all metric measures of distance so we can certainly add them up,
but they are in different units. First we convert them
all to a common unit. The smallest unit is the millimeter, so we could convert them all to millimeters.
How many millimeters in a kilometer (Figure 3-14)?
Well, there are a thousand meters in a kilometer, and
there are a thousand millimeters in a meter, so a
thousand times a thousand is a million or 106. Let’s
write it as a million. Now to the hundred centimeters. Since there are 10 millimeters in a centimeter,
that’s a thousand millimeters. Now the number is
11 millimeters. So how do you add up a million
millimeters, a thousand millimeters, and 11 millimeters? Well, you know that since they are all in
millimeters and you know how to do column addition, you right justify and add them up (Figure 3-13).
A million plus a thousand is a 1,001,000. When you
add 11 to that it is 1,001,011 (Figure 3-15). But
what does that really mean to you and me? A million is too big a number to have much everyday
recognition. Also, it is kind of silly to worry about
one millimeter when we are dealing in kilometers.
So that leads to two things that scientists and
engineers deal with: significant figures—not including any more information in a number than what
you can really justify or use—and estimates: approximate values of things,
You would not normally report the answer as
1,001,011 millimeters, but you might say, “a little
over a kilometer.” Maybe you’d say 1,001 meters. A
few millimeters error, for this example, is just not
significant, so why worry about it?

The Decimal

And this takes us to the concept of the decimal point.
We are very familiar with decimals from money and

Distance
or length
Mass

........... meter

(m)

.................... kilogram

(kg)

Time ..................... second (sec)
Temperature

... degrees

Celsius (°C)

Figure 3-12 The four really basic units or quantities in
all of science.

1 km

(= 1,000 m = 1,000,000 mm)

+ 100 cm (= 1,000 mm)
+ 11 mm (= 11 mm)
__________________________________
TO TA L

= 1,001,011 mm
1 km
1,001 m

Figure 3-13 Adding different length units in the
metric system.

1 kilometer (km) = 1,000 meters (m)
1 m = 1,000 millimeters (mm)
1 km = 1,000 m = 1,000,000 mm
Figure 3-14 Distance or length is a fundamental unit,
so length quantities can be added; however, they must
be expressed in a standard unit of distance such as the
millimeter.

Total = 1,001,011 mm
1 km
1,001 m
Figure 3-15 Once things are in common units, then it
is just grade school column addition—some arithmetic.
The decimal point is important. It provides a position
reference which allows us to interpret the relative
values of other numbers in the line.
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from our tax returns. Let’s say you don’t round off
to the nearest dollar, keep it in cents, but express it
in dollars. Exactly one dollar is $1.00. Ten cents or a
tenth of a dollar: $0.10. One cent, or one one-hundredth of a dollar is $0.01.
The position of the decimal point identifies the
unit we are using. Look at Figure 3-16: here it is in
dollars. To the left of the decimal, the first column
is dollars, the second column tens of dollars, the third
column to the left represents hundreds of dollars.
The first column to the right is tenths of a dollar
and the next column to the right is hundredths of a
dollar. Figure 3-17 shows that we could keep going
and talk about thousandths and ten thousandths of
a dollar, but these columns are just not significant
when dealing with money.

$
2

10 10

1

1

0 0

1

10 10

-1

-2

Figure 3-16 Dollars, decimals, and Powers of Ten.

ten cents
(tenths)

$

0 1 0

one cent
(hundredths)

$

0 0 1

thousandths

$

0 0 0 1 0

ten thousandths

$

0 0 0 0 1

Figure 3-17 You can have many different number
positions to the right (smaller values) or to the left
(larger values) of the decimal point. As you go more to
the right, those positions suggest greater accuracy or
precision in the number. If, for example, the price of
something is only given to the nearest cent, then the
numeral in the third or fourth position to the right of
the decimal is considered insignificant.

Example: the number 909.09 in dollar units is
nine hundred and nine dollars and nine one hundredths of a dollar. So if you are dealing with dollars
and your calculator (Figure 3-18) is giving you numbers to the far right which would represent
thousandths or ten thousandths of a dollar, those are
clearly insignificant.
Don’t let people snow you with numbers that
appear to be more accurate than they really are.
Don’t believe all of the numbers you see in your
calculator, as many of them may be meaningless. And,
of course, if you make a mistake in entering a number into your calculator; the final result will also be
meaningless. The old rule is: Garbage in, garbage
out. Numerical garbage, that is.

More Fundamental Units: Mass
We’ve dealt with distance (length) measurements, and
with money or currency. But now back to fundamental units. One of the fundamental units, together
with length and time, is mass.
You’re used to it in pounds. In the metric system, it’s kilograms. Bathroom scales measure in
pounds—up to several hundreds of pounds; supermarket produce scales tend to measure in ounces to
pounds, and your postal scale tends to measure in

Figure 3-18 Calculators are really good at giving you
a lot of numbers, most of which are insignificant.
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Figure 3-20 Your
fingertip is a pretty
good mass scale or
balance, particularly if
you calibrate it with
some little objects of
known mass.

1 kilogram (kg) = 1,000 grams (g)
1 kg

2.2 lb

1 pound (lb) = 454 g
1 lb = 16 ounces (oz)
1 oz

28 g

1 lb. ~ 500 gr. = 1⁄ 2 kg
1 oz. ~ 30 g
Figure 3-19 Mass is another fundamental quantity:
pounds and ounces in the United States, kilograms and
grams in the rest of the world.

+

–

x

÷

= equal to
approximately equal to

~ roughly equal to
ounces and fractions of ounces. If you are a truck
driver and you get on the scales on the highway,
there’s no point in measuring in ounces, or even in
pounds, because the trucks weigh many thousands
of pounds.
What is your weight in kilograms? What is a
pound in kilograms or grams (Figure 3-19)? There
are about 2.2 pounds in a Kg, which makes about
454 grams in a pound—let’s say there’s about 500
to keep it simple. So a pound is very roughly half a
kilogram. Since there are 16 ounces in a pound there
are 28 grams to the ounce—let’s keep it simple and
say 30. One gram is about 1⁄30 of an ounce. Now
look at boxes of food in your refrigerator or kitchen
cabinet and note their net weight—most are expressed in both English and Metric units.
Let’s do a little sensory calibration. Put a half gram
vitamin capsule on the end of your finger (Figure
3-20). Can you detect 500 milligrams—1⁄2 a gram?
Yes, and you can even detect 100 mg—about
one 300th of an ounce. Try this with your own vitamins and pills. You are a pretty sensitve mass detector!
We must now define some abbreviations, some
symbols. The first four in Figure 3-21 you know—
and the equals sign. The squiggly ones may be less
familiar: they mean approximately equal and very
roughly equal. The final one refers to a precise definition. Mathematicians and accountants need to be
very honest when they make an estimate or an approximation, so they use these symbols to make it
clear what they mean.

defined as
Figure 3-21 Common math symbols. Some of these
are not on calculators, but they are all very important.

Volume
Although mass is a key, fundamental measure, your
personal laboratory—your kitchen—doesn’t normally
have a device to measure mass or weight. In the
kitchen you measure stuff by volume. In our English system of units an ounce can refer to mass (28
grams), and a different kind of ounce—a liquid
ounce—refers to volume. This doesn’t happen in
the metric system. When we measure volume in the
metric system we use liters and milliliters—
thousandths of a liter (Figure 3-22, next page). A
liter is roughly a quart. And you know one quart is
32 ounces—liquid ounces!
You’re used to—you’ve been hard wired for—
our hodgepodge of English volume units: gallons,
quarts, pints, cups, tablespoons, and teaspoons. In the
metric system all you need are liters and milliliters—
awesome!
There are all kinds of things in your cupboard
measured in both pounds or ounces and in grams.
Become familiar with the differences in these two
systems of units. English (pounds and ounces) and
Metric (kilograms and grams). To really become familiar—to have a “gut” feel for the units and

34 UNIT 1 Science, Technology and Art

numbers—you have to deal with them enough times
that you develop new neural connections based on
those experiences, just as you’ve already done with
ounces, pounds, miles, and feet. Start looking at ever ything in ter ms of grams and kilog rams,
centimeters, meters, and kilometers, and milliliters
and liters.
When you buy gas remember that there are
roughly four liters to a gallon (Figure 3-23). Incidentally, gasoline in Europe is not sold in gallons. It
is sold in liters. It now costs about $1/liter for gas in
Europe. That would be about $4/gallon here. That’s
one of the major reasons why most of us drive everywhere rather than take a bus. That’s also one of
the major reasons why there is so little public transit
in most of the United States. Gasoline is so cheap
that it’s more convenient to drive a car. The next time
you fill up just remember that if you were in Europe
or Japan you’d be paying four times as much. That’s
why Europeans and Japanese prefer cars with good
mileage, whereas not everybody in the United States
is so inclined. Most of those big 4 x 4s we love so
much get only 12 to 15 miles per gallon. But those
very little cars get up to 40—and some even more!

1 liter ( l ) = 1,000 milliliters ( m l )
1 ( m l ) = 1 cubic cm (cc)
1 cm cube

Simple!
Figure 3-22 Volume is not a basic or fundamental
unit. A volume is a distance times a distance times still
a third distance. Volume is so common, however, that
we utilize special volume units which are based on the
more basic unit of length.

1 liter ( l ) ~ 1 qt. = 32 oz.
1 gal = 4 quarts
1 gal = 3.8 liters ( l )
Figure 3-23 More volume units and their conversions.
When you drive in Europe, you’ll buy gas in liters,
about a quarter of a gallon.

Bottom Line(s)
It turns out that almost everything that we’ll do in
science—all of the quantities and all of the units we
use—are based on distance (meters or cm), mass (kilograms or grams), time (usually in seconds), and, in
some cases, temperature (in degrees Celsius). Everything else can be expressed in terms of those basic,
fundamental quantities.
The bottom line? For now, five very important
topics and skills:
• Powers of 10
• Metric and English Systems
• Units and Basic Quantities

Figure 3-24
Mathematics is the
language of numbers
and patterns. Music is
the language of pitch
and time. They are
very closely related.

• Significant Figures
• Decimals and Estimation
We’ve touched on a tiny part of the World of Mathematics—the language of numbers and patterns.
Read, measure, weigh, and time everything around
you, don’t take your calculator (Figure 3-18) too literally, estimate whenever you can, and when you
hear music, think math—music and mathematics are
closely connected (Figure 3-24).
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CONNECTIONS
In your daily activities, observe and compare
the use of English and Metric Units—in cooking, in the purchase of gasoline, in the selection
of clothing, in the purchase of a bicycle or automobile tire, in purchasing goods and making

change. Develop a real familiarity with Metric
units—make the needed neural connections!
Chapter 6 (Scale) and Chapter 37 (Luck and
Risk) build upon and expand this chapter. It
might be helpful to quickly read them now.

HOMEWORK
1

Estimate the distance you live from the nearest university’s main administration building,
to an accuracy of about 100 meters. Is this distance different from the distance you must
actually cover in making a trip to the university? Explain—use a sketch, drawing or map.

2

Get a supermarket cash register tape of at least fifteen items. Quickly look at the column
of numbers and try to estimate the total. Round up, round down, and use various estimation tricks to get a rapid but reliable estimate. With a little practice you should be able to
estimate the total within a dollar or so for a $50 or more tape. Include the tape with your
answer. What “tricks” or strategies were effective in doing “accurate” estimation. Read
Innumeracy (see sources) for tips.

3

What is the year of your birth? Write it in Scientific Notation (for example, I was born in
1941; that is 1.941 x 103 or 19.41 x 102 or 194.1 x 101 or 1941 x 100—remember 100 = 1).

4

Express your weight in kilograms and your height in meters.

EXPERIMENTS
1

Set up a clothes hanger balance described in the Labless Lab manual in the appendix, and
calibrate it for an accuracy of approximately one gram. Use a calibrated weight to determine the weight of each of three types of paper clips. Explain and show how you did this.
Now weigh two different objects in your apartment or home which weigh in the range of
10-20 grams to an accuracy of 1 gram or less. Sketch and explain how you did this and
discuss any problems, questions, or concerns. How could you weigh an object that weighs
less than your lightest paper clip? How could you increase the sensitivity of the balance?

2

Find an old fashioned clock—one with both hands plus a second hand—that still works. It
should be large enough that you can measure the length of the second hand with a
centimeter ruler. You can also use the drawing below. Measure the projection (if this word
is unfamiliar to you, ask someone who has had geometry or trigonometry) of the seconds
hand on the horizontal axis as it goes around. If the projection points to the right, call that
positive. When it points to the left, call that negative. Plot the length of the projection (in
cm) as a function of time, say every five seconds, for at least three minutes. Draw a
smooth curve through the points on your graph. What do you see? Such a curve is called
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a sine curve (from trigonometry) and is important in many science phenomena. Would it
look any different if you had plotted the vertical projection? Explain. (Another way to
generate a sine wave is described in Chapter 15.)

y

+

12
second hand

Vertical
projection
9

3

x

horizontal
projection
6

5

-
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4

Extending
Your Senses
Your eyes are wonderful but limited. Scientists enhance and extend their
sight—and other senses—using special instruments and tools.

QUESTIONS
1

What are four key properties of light?

2

Which of these properties is key to the behavior of lenses?

3

Why is it so difficult to “see” in fog or in murky water?

4

How does a telescope work?

5

How do optical microscopes work?

6

What is diffraction? How does it limit microscopes?

7

How and why do fiber optics work?

8

What is a virtual image? Why can I see something that’s not real?
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Tools of Science
We observe, we sense, we perceive, and we know
how to count and work with numbers—so we’re
almost ready to start doing science.
We need to understand and even control our
senses—to separate what we observe from what we
perceive, and separate what we perceive from what
we believe. Admittedly, that’s difficult. But doing science requires such discipline and skepticism.
We also need to record, in writing, our observations and results. We need a lab book. It’s like a
journal or diary, but for scientific observations rather
than for feelings or emotions. Everything scientists
observe is recorded in their lab books—neat and
organized (Figure 4-1). Thomas Edison kept a lab
book. All scientists, engineers, and inventors keep a
lab book. Keep your own lab book. It doesn’t have
to be fancy, even a simple shirt pocket pad will do.
It does need to be neat, organized, and useful to you.
We must express our observations as quantitatively or numerically as possible. That helps make
our observations more recordable, more reliable, and
makes it possible for someone else to try to duplicate or reproduce our experiments.
Scientists use tools—tools which help them make
objective measurements. Tools help us control and

SCIENTISTS/ARTISTS

SMELL
TASTE

VISION
HEARING

TOUCH
SENSES

BALANCE
OBSERVATION

Figure 4-2 Your senses again. By now you are pretty
skeptical of their objectivity and you know their
limitations. In this chapter we begin to develop and use
tools which can extend and expand those senses.

calibrate our own senses, and extend our senses into
ranges where they are normally insensitive. There is
no point in having a sophisticated instrument which
makes a wonderful measurement which we cannot
see, hear, smell, touch, or feel. The measurement has
to be presented to one of our senses, or even to several of them (Figure 4-2), if the information is going
to enter our brain.

Figure 4-1 A typical page from one
scientist’s book. Lab books do not have
to be fancy. They just have to be neat
and legible. Most importantly, you and
others should be able to remember and
reconstruct the experiments or observations many months, years, or even
decades later, by simply referring to
what you wrote in your laboratory
notebook.
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Here are a few simple tools of science (Figure
4-3). You are familiar with all of them:
• A ruler, to make objective measurements of distance;
• A clock or watch to tell us what time it is, and
how much time has elapsed;
• A thermometer to measure temperature.
• A scale with which we measure mass—or more
accurately, weight.
When you step on your bathroom scale you probably know that what you are actually measuring is
not mass, but the gravitational attraction between
you and the planet—that’s your weight. We’ll get to
that later.
Your sense of vision detects photons emitted by,
or reflected by, the object or scene at hand. We see
photons only in the visible part of the spectrum, from
very deep blue (violet) to very rich red (Figure 4-4).
The three types of cone cells in our retina respond
to three different regions of that spectrum, providing us with the three primary colors, through which
we perceive all colors in the spectrum. When the
primary colors are roughly equally detected, then
we perceive that light as white. (This book is in black

Figure 4-3 Some of the very basic tools of science.
Distance is a fundamental measurement; we measure
it with rulers. Mass is a fundamental measurement; we
measure it via weight through balances, like postal
scales and produce scales (not shown). Temperature is
a fundamental measurement; you can measure it with
a thermometer. Time is also a fundamental measurement; we measure that with clocks and watches.

Figure 4-4 The electromagnetic spectrum, ranging
from very high energy rays on the top to very low energy
rays on the bottom. The part of that spectrum which
you can directly sense is the visible region. You can also
sense part of the infra red region through the temperature sensors on your skin. We cannot directly detect
most of the electromagnetic spectrum. For the other
parts of the spectrum, we need special tools and
instruments, like radio and television receivers (Hobson,
Physics, pg. 229).

Figure 5-5 A

40 UNIT 1 Science, Technology and Art

and white—to keep it cheap! Look this up in a biology book or encyclopedia so you can see it in color!)
Your eyes have an enormous adaptation range.
You can see in very bright light and even, given sufficient time for dark adaptation, in very dim light.
Your two eyes give you 3-dimensional vision and
the ability to estimate depth. That, coupled with
lighting differences, permit you to see shadow, texture, and many other subtleties in the image, which
painters have very effectively utilized in their artistic works.
In the case of your sense of hearing, the physical
signal detected is completely different. Although
both sound and light are waves, they are very different kinds of waves. Light can travel through a
vacuum, through essentially nothing. Sound, on the
other hand, requires a medium in which to travel.
Most of the sound we hear travels through air. A
good analogy is a Slinky (Figure 4-5). The coil, or
turn, put in motion, does not itself move all the way
to the end. The coil couples to the coil next to it,
and the coil next to it, and so on, each set of coils
sort of pushing their neighbors. The result is a wave
transmitted down the Slinky. That wave, of course,
has energy in it. When the wave gets to the other
end there is a slight difference in pressure. That’s
what sound is. We use a speaker or drum head (Figure 4-6) to generate pressure waves in air, which

Figure 4-6 A drum head is like a speaker cone in your
radio or television. You bang once on the drum and the
drum membrane is set in motion; it resonates. Each
cycle of the membrane pushes out a wave of slightly
compressed air molecules, just like the Slinky compresses coils (Giancoli, Physics, pg. 313).

Figure 4-5 A diagrammatic version of a Slinky. Assume
it's attached to a wall or that someone else is holding
the other end. Push rapidly in and back out again. You
have compressed a region initially at the left of the
Slinky which now moves to the other end. You have
just made and propagated a longitudinal wave. Get
your own Slinky and have some fun! (Hobson, pg. 197.)

move through the air, and are received by a detector, by your ear. From there they are transduced into
nerve signals which, after some processing, make their
way to the brain.
The amount of energy which sound waves transmit, and which your ear detects, is incredibly small.
If you’re young and your ears are in good shape, you
can probably detect sound frequencies or pitches in
the range of 30-15,000 cycles per second. That’s assuming the music is live. In transmitting the sound
to you through your television or radio, the frequency response, or fidelity (as in “hi-fi”), is affected
by lots of factors, so the frequency range coming

Figure 4-7 Sound actually travels pretty slowly, only
about 700 mph or so. If your two ears detect the same
sound at slightly different times, your ear/brain system
figures out for you where that sound is coming from.
You hear in stereo so that you can automatically figure
out locations and directions. Of course, your dog can
do this far better than you can.
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out of your TV or radio is usually much less. That’s
why “acoustic” music—unamplified music made by
real musical instruments—is so much fuller and richer
than sound produced by loud speakers!
Hearing is also a three-dimensional sense. You
have two ears and your brain knows that those ears
are on different sides of your head (Figure 4-7). The
brain takes the sound entering each ear, does some
processing and calculations, and compares the two
sounds. That’s why you know if the sound is to one
side of you or the other. That’s why true stereo surround sound is so impressive: because it’s so natural.
We’ll get to some of your other senses later.
We design instruments and tools to augment and
enhance our senses. We also build devices to sense
signals which we cannot detect, but which can be
transduced into a signal which we can detect. For
example. We can detect animals and people in the
dark by the heat—the infrared radiation—they emit
(Figure 4-8). You and I can’t directly see that heat,
but special infrared cameras can. They take pictures
and translate what they see into false colors, allowing us to see a translated heat image. Scientists and
engineers are clever enough to “sense” many other
things that they cannot directly sense or produce—
like the TV signals you hear and see.

Figure 4-8 Although you can sense heat, you cannot
see heat, but some animals can. We have learned how
to "see" heat images by using special cameras which
are sensitive to infrared radiation. Here you see a
hummingbird caught in flight by one of those cameras.
We use white to indicate hot and black to indicate cold.
But, the image is really formed from infrared radiation,
from the heat emitted from the different parts of the
hummingbird's body (courtesy of Santa Barbara Focal
Plane, Santa Barbara, CA).

Optics
Two key instruments which enhance what we can
see are the telescope and the microscope—instruments responsible for dramatic changes in our
perception and understanding of the natural world.
But to invent and discover telescopes and microscopes, we need some background in light and
optics. So, we need a lab—a kitchen. Let’s use yours
to do some kitchen optics.
Man is fascinated by light and its actions. If you
look at something through a transparent curved surface—like a cylinder—you see it magnified. But only
if it has water in it, without the water there is no
magnification (Figure 4-9). Air alone doesn’t work.
It has something to do with curvature and with water. You can put a water droplet on something and
see that it’s a magnifying glass (Figure 4-10, next
page). This observation probably led to an interest
in making more permanent magnifiers.

Figure 4-9 On the right, a transparent cylinder with just
air in it. On the left, an identical transparent cylinder full
of water. On the right, you can clearly read the newspaper behind the cylinder. On the left you see the paper
magnified and distorted due to the refraction of light.
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When man learned to shape and form glass many
thousands of years ago, he learned that you could
make curved glass surfaces which would make wonderful magnifiers. Extending our senses through the
process of optical magnification has been around for
thousands of years. So it isn’t too surprising that man
would take one lens, used as a magnifier, and try to
magnify the first magnified image with another lens,
discovering greatly enhanced performance.
For your own kitchen optics we’ll use a transparent container, water, milk, and a small laser pointer
or high intensity flash light.
Take a small transparent container with parallel
sides and filled with water. A small fish tank will
work. Now shine a beam of light down through the
surface (Figure 4-11). You can’t see the beam, except where it reflects from the bottom of the tank
and possibly light from the water surface. That’s because you can only see light that actually enters your
eye (remember Figure 2-6?). The light in the tank
is passing in front of you. There is no way for most
of that light to enter your eyes. So let’s make some
of the light move towards the viewer—towards you.
Make the water slightly murky by adding just the
slightest amount of milk. Light rays reflect off little
particles in the milk. It’s those little particles in the
milk that make it look white. The process is called
“scattering.” Now shine the light into and through
the now murky tank (Figure 4-12). The light is scattered by the murky milk and some of that scattered

Figure 4-11 An intense light beam shining down into
water. You cannot actually see the path of the beam
because it is passing in front of you. There are no light
rays coming towards you to enter your eyes. You
cannot see light unless it is coming right at you.

Eye

water drop magnifier
(plano-concave)

actual
object

Incoming light

virtual
magnified
object

Figure 4-10 Sketch of a water drop magnifier. The
best way to see this is to do it. Take some small text,
like on a glossy book or photograph, and put a drop of
water on it. If the water beads up so there is a strong
curvature, you will see a magnified image of the text
below the water drop. Wherever you have access to
water, you have a water magnifier!

light enters your eyes. You see that most of the beam
keeps going, but it broadens due to the scattering.
You already know a lot about light scattering from
driving on foggy days or watching a beam of sunlight scatter off dust particles in the air.

Figure 4-12 Now the tank is very murky; it has a little
milk in it. Now you can see the beam due to a fascinating property of light called scattering.

Chapter 4 Extending Your Senses 43

But there’s another phenomenon in your murky
tank. If the beam enters the surface of the water at
an angle, it bends. It has been refracted (Figure 4-13).
The beam bends into the water—and then continues
on in a straight line. Some of the light reflects off
the surface of the tank but most of it goes into the
water along a different straight line path. When the
light beam comes straight down, that is, perpendicular to the water surface (Figure 4-12)—there is no
bending. If it comes at an angle (Figure 4-13), it is
bent, deflected, towards the perpendicular (it bends
inwards).
Refraction is an important property of the interaction of light with transparent or semitransparent materials. It’s why lenses, microscopes,
and telescopes work. Refraction plays tricks on you.
It affects your perception.
Here’s a common example. Put an object, like a
ruler, in the water filled cylinder and look at it; you
perceive it displaced (Figure 4-14). Your eyes and brain
assume that the light you see is coming directly from
the object you are perceiving. There is no way for
your brain to know if there are water tanks or lenses
between you and that object, bending the light. The
image you perceive is what we call a virtual image—
virtual because it isn’t really there. It’s another example
of your perception being different from reality.
Another of light’s fascinating properties is seen
if you shine the light at the water surface from below
(Figure 4-15). This may be a bit hard to do (don’t

Figure 4-13 Same tank, same milk, but now the light
is coming at an angle and you see that it bends at the
surface between the water and the air. This is another
basic property of light called refraction. Refraction is
why magnifiers and lenses work.

Figure 4-14 A
common experience
with refraction: you
perceive an object
underwater to be in
a different location
than it really is.

let your fish tank fall and crash!) In comes the
beam—you see the scattered beam. Concentrate on
what happens when the beam hits the upper surface, the boundary between the water and the air.
If it could hit the surface at a high angle, nearly perpendicular, it would go straight through. If it enters
at an angle, refraction makes it bend, because it would
be going from a denser material (water) to a very
low density material (air). It now bends away from
the perpendicular because air is less dense than water.

Figure 4-15 Instead of shining a light in from the top,
from the air to the water, shine it in through the
bottom, up through the water to the air. You can see
the beam in murky water due to the scattering. You
don’t see it when it changes direction and goes into air.
(Air doesn't scatter.)
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Figure 4-16 This is the same as for 4-15, but now the
beam is coming up at a low angle. It reflects back in.
We say that it has been totally internally reflected
within the water. Another of life’s fascinating optical
phenomena: total internal reflection.

Now watch the beam at the surface. While you’re
looking, move the beam, so that it is further from the
perpendicular, a little more and the beam is now reflected back into the water (Figure 4-16). The beam is
totally reflected in the water. The bending of the beam
due to refraction has forced it back in. This is called
total reflection—actually, total internal reflection.
This phenomenon of refraction, including total
internal reflection, is the basis of much of modern
optics, including the basis of optical fibers and optical communications. The light internally reflects
within optical fibers (Figure 4-17). It’s also why diamonds are so brilliant and so expensive, because
diamonds bend light even more strongly than water
or glass. The light reflects around internally in the
diamond. The jeweler, an artist, knows how to cut
the diamond just right so that the intensity—the
brilliance—tends to be dramatically enhanced. If
you’re fortunate enough to have a diamond nearby,

Figure 4-17 A demonstration of total internal
reflection under more dramatic conditions.

even it it’s a small one, look at it. Look at it in all
different orientations. See? This may be a good reason to request a diamond from someone, because it
would be useful in your science education! A small
glass or plastic prism has the surfaces and angles designed to use these effects for practical purposes, like
in cameras and binoculars. Prisms are used in binoculars to change the direction of light (Figure 4-18).
Light refracts (bends) while traveling from one
material or medium into another, such as from water to air or air to water—or air to diamond or
diamond to air. But there are some materials which
reflect light at almost all angles, called mirrors. There
are other materials which neither reflect nor refract
it, but rather just absorb (consume) it all. Anything
that consumes all the light shining on it, so that there
is nothing reflected back for you to see, is black.
Black is the perception your brain provides when
there are no or very few photons entering your eyes

Figure 4-18 The
faces and angles of
prisms are designed
to use total internal
reflection to change
the direction of light
in optical devices.
The best common
example is in
compact binoculars.
Take yours apart
and you will see!
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Figure 4-19 A typical grey scale used by photographers and artists. It is a measure of the proportion of
photons reflected from a surface. White is maximum
reflection. Black means no reflection. All the photons
hitting the black surface are absorbed.

(Figure 4-19). Black materials consume photons—
that means they absorb them.
We have four key properties involving light and
matter (Figure 4-20).
When you take a physics class with a lab you’ll
do optics experiments on a special bench where everything can be lined up, where angles can be
measured, lenses and prisms and mirrors can be
placed in precise positions. But since we are trying
to connect science to your real world, we’re going to
continue to work in your kitchen.
Lenses don’t have to be from glass. They can be
water, they can be plastic, or they can even be from
a transparent water gel, even gelatin or Jello. You can
make them by using clever gelatin molds, like round

bottom glasses (Figure 4-21). Use double- or triplestrength gelatin. Make a convex gelatin lens. Gel it,
remove it, and look at it from the curved side so it’s
magnifying a newspaper (Figure 4-22). Actually, it’s
a plano-convex lens because one side is flat (planar),
the other curved (convex). There are also planoconcave and biconvex and biconcave lenses. A
plano-concave gelatin lens—will behave very differently (Figure 4-23)!
You could make other lens shapes using various
molds. From here on it’s just a matter of experience, using edible optics! But, it’s time to graduate
to better lenses and magnifiers, so we no longer need
your kitchen.

Figure 4-21 Since water lenses are unstable and glass
lenses are hard to make, make Jell-O or gelatin lenses.
The hardest part is finding a mold of the right shape.

Figure 4-22 A planoconvex gelatin lens.

Scattering (fog or milk)
Reflection (mirror)
Refraction (lenses)
Absorption (black)
Figure 4-20 Just a summary of what you already know!

Figure 4-23 A planoconcave gelatin lens.
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Telescopes and Microscopes
Now that you know how to make and use lenses
and magnifiers, you can put a few of them together
to make a scientific instrument: a telescope. You’ll
need some lenses (See Appendix 1).
To make a two lens telescope, take a low-power,
convex lens, and a fairly strong concave lens (Figure
4-24). Put the concave lens right up against your
eye, and the convex lens close behind it. A little adjustment to focus—and there’s a distant object.
There, you’ve just made (and experienced!) a
Galilean telescope! It manipulates the light so you
perceive a distant object as being much closer—a
telescope! Galileo took a ship captain’s scope, pointed

it heavenward to the stars and planets, and confirmed
Copernicus’ heretical view that the planets (Earth
included) revolve around the sun. If you know some
European history, you know this got Galileo into a
lot of trouble with the Catholic church—he was finally pardoned only a few years ago—some 400 years
after his scientific sins! Said Galileo:
I prepared a tube, in the ends of which I fitted two
glass lenses, both plain on one side, but on the other
side one spherically convex and the other concave.
Then, bringing to my eye the concave lens I saw objects satisfactorily large and near, for they appeared 1⁄ 3
of the distance off and nine times larger than when
they are seen with the natural eye alone.

Virtual image of distant object
looks much closer.

Eye

concave
lens

thin convex lens

distant
object

light

Figure 4-24 Above, a schematic of a two-lens telescope. The best way to appreciate this is to get the two lenses and
adjust them in front of your own eyes.

distant
object

Virtual image of distant object
looks much closer.
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Eye

thick
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thin
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Figure 4-25 This is a Keplerian two-lens telescope. The previous was a Galilean telescope.
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Kepler was the fellow who figured out that planetary orbits were not perfect circles, but slightly
imperfect circles—ellipses. He, too, was a great astronomer who improved upon the key astronomical
tool, the telescope. We make a Keplerian telescope
using two different convex lenses, a high magnification one close to the eye and a lower magnification
one closer to the distant object (Figure 4-25).
There are many different kinds of telescopes—
you’ll cover them all in a good astronomy course. If
there is a planetarium or science center nearby, go
visit. They should have telescopes and microscopes.
A microscope is a variation on the same theme.
Try the drop of water magnifying glass again (Figure 4-10). That drop is a simple objective lens. It’s
producing a virtual image for you—due to refrac-

2nd Lens
(Compound
Microscope)

tion you perceive the object to be bigger than it
really is. Now view that image with a second magnifying lens. Presto! An even bigger image (Figure
4-26)! Compound microscopes use a high magnification lens called the objective lens and a lower
magnification one called the eye piece.
When the microscope was developed, we finally
were able to look at things very, very small. That
didn’t happen until the late 17th century when the
microscope was improved by a guy named van
Leeuwenhoek in the Netherlands.
The typical compound microscope (Figure 4-26)
uses the objective as essentially a high-powered magnifying glass to make a virtual image, and that
magnified image is re-magnified by the eyepiece
functioning as a second magnifying glass, presenting
a further magnified virtual image to your eye—enhancing your sense of vision!
If you wear glasses or contact lenses, you know
they bend the incoming light slightly so that your
cornea and the lens in your eye can form a focused
image on your retina (Figure 4-27). If you have some
problem with the curvature of your cornea, or your
lens can’t adjust its curvature (accommodate) to focus
the scene properly, then the simple solution is to
put another lens of glass or plastic in the light path—
either mounted in frames out front or put directly
on the surface of your cornea as a contact lens. It’s
all optics. It all deals with refraction—light being
bent as it goes from one medium to another.

First
Virtual
Image

Objective
Lens
Little Object
(Real Image)
Light

Second (Final) Virtual Image
(Highly Magnified)

Figure 4-26 A microscope also has two lenses which
produce a highly magnified, virtual, image. Again, you
perceive an object that is not really there.

Figure 4-27 If the optics of your own eyes are not
optimal, you can generally correct them by putting
lenses out in front, either eye glasses or contact lenses
(Giancoli, Physics, pg. 715).
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The invention and development of the microscope opened up the microscopic world to
observation. That led to revolutions in both biology and chemistry. In biology, van Leeuwenhoek
and others began to see that there were little things
living all over (Figure 4-28), and that probably led
to the little poem by Jonathon Swift:
Naturalists observe,
a flea hath smaller fleas that on him prey;
And these have smaller fleas to bite ‘em,
and so proceed ad infinitum.

Before microscopes, we simply did not know that
there were little creatures all over—not just in ponds
and gutters, but on you as well. Curious? Check out
the book Micro Aliens, or The Life That Lives on Man.
You are a major ecosystem! Imagine the thrill of

Figure 4-28 Just
to help you
imagine little fleas,
smaller fleas, and
even smaller,
ad infinitum.

discovery to look through magnifying glasses and
simple microscopes and see little things that you didn’t
know were there and to see them moving and eating. It opened up an entirely new world to science.
The telescope also produced a scientific revolution—but on a macro—on a cosmological scale.
Galileo’s application and enhancement of the telescope led to observations of the planets and a
completely new picture of our solar system, our galaxy, and indeed the universe.
You have now learned some ways to enhance
your sense of vision. We enhance our other senses
using other tools and instruments.
Enjoy your senses, enjoy extending them. Keep
them open, tuned, alert. Observe and question the
wonderful world of science and art all around you.
Make some edible optics, and use them to observe.
Have fun!
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CONNECTIONS
Observe how you use tools everyday—almost
constantly: keys, lights, rulers, tweezers, eye
glasses, binoculars, magnifying glasses, microphones, speakers, hearing aids, etc...
Remember to use your personal lab book to
record such daily observations. The properties

and nature of light are covered in Chapters 15
and 16 (From Electrons to Light and From
Newton to Quanta) and your sense of vision is
covered in Chapter 31 (Information In: The
Senses). You might want to quickly read those
chapters now.

HOMEWORK
1

One of the real mysteries of physics is the polarization of light. Get two polarizers and
become familiar with polarized light. (You’ll need to look up the phenomena in an encyclopedia or physics textbook.) Explain light polarization.

EXPERIMENTS
1

Use a Fresnel lens to read a newspaper. What is the approximate magnification? How can
you accurately measure “magnification”? Is this a concave or convex lens? Examine the
Fresnel lens with a magnifier. Orient and tilt the Fresnel lens while you look at it. Feel its
surface delicately with your fingers. Now explain why the Fresnel Lens works as a magnifier—discuss and sketch.

2

Do a set of standard observations of objects at, say, 1 meter, 10 meters, 100 meters, and
the mountains or buildings in the distance (1-10 km?) Using both the Galilean and
Keplerian telescopes in your Optics Kit. What can you conclude about the two types of
telescopes—ease of use, distance range, magnification, etc... Be as complete as you can.
Use sketches. Organize your results and answers in a table.

* You can buy a small Fresnel Lens magnifier in most science shops. It’s often called a pocket lens. It’s flat and
easy to carry in a wallet or purse, or in your personal lab book. For polarizers, try two lenses from an old
discarded pair of polarized sunglasses, or just borrow two pair of sunglasses. You should refer to a physics or
photography book for help.
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5

Integrated Concepts
and Themes:
Systems and Models
Simplify your world, simplify your life. Think simply, like scientists do.
Simple systems and even simpler models will simplify your life!

QUESTIONS
1

Are the basic laws of science indeed universal? Could there be exceptions?

2

Why can’t we turn off or ignore science?

3

What is “excellence?”

4

Why does the Gardner report conclude: “America is at risk!”

5

How can you simplify complex problems by defining systems?

6

What are the key features or characteristics of a good model?

7

What is feedback control?

8

Why is weather so hard to predict—especially at five or more days into the future?

9

How is virtual reality virtual rather than real?

10 Why did Einstein say “The whole of science is nothing more than a refinement of
everyday thinking?”
11 Why did he say “Science should be as simple as possible, but not simpler?”
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Science

Science Education and Literacy

Here we are, beginning the next 10% of this book
(Figure 5-1). This chapter and the three that follow,
deal with the basic concepts and themes of science.
Science is based on the assumption that the laws—
the rules—which underlie the natural world are the
same throughout the universe. What we measure and
learn here on Earth will apply on Venus or Jupiter, or
even in another galaxy. What Joe Andrade does in his
lab in Salt Lake City can be reproduced in labs in
Paris, Moscow, Melbourne, or Oslo. Sure there are
local differences: temperature, pressure, gravity, and
other environmental conditions may influence our
measurements and observations, but the underlying
physical laws and principles are the same, everywhere.
You see, we cannot turn off science. We cannot
table it, we cannot postpone it, we cannot ignore it
just because we may not like its results or outcomes.
The basic laws and principles apply, whether we’re
doing chemistry, or physics, or geology, or biology
or cosmology. They even apply in Congress, in Washington, DC—although many of our elected officials
like to ignore scientific laws and principles!
Although there are many things yet to be discovered, and there may be new principles and forces
of which we are now unaware, much of the natural
world is now understood. The fundamental laws are
known. That’s one reason there is so much interest
today in science and in science education.

The University of Utah’s (and University of
Califor nia’s) former president, David Pierpont
Gardner, was appointed Chairman of a National
Commission on Education in the early 1980s. In
April, 1983 President Gardner, on behalf of the Commission, presented its report, A Nation at Risk. Most
government documents are forgotten shortly after
they are produced. A Nation at Risk was a very different document. It was written in a manner,
presented in a style, and delivered at a time that were
all fortuitous. It is a landmark document that led to
major changes in education, which are now being
widely implemented. This course is but one example.
The report begins:

40
5

35
You!

30

Earth

Science
Technology
Art

Biology

Physics

10

Chemistry

The report argues for excellence—for performing at:
15

25

Our nation is at risk... The educational foundations
of our society are presently being eroded by a rising
tide of mediocrity that threatens our very future as a
nation and as a people... If an unfriendly foreign power
had attempted to impose on America the mediocre
educational performance that exists today, we might
well have viewed it as an act of war. As it stands, we
have allowed this to happen to ourselves. We have, in
effect, been committing an act of unthinking unilateral educational disarmament.
Our society and its educational institutions seem
to have lost sight of the basic purposes of schooling,
of the high expectations and disciplined effort to obtain them.
History is not kind to idlers. Individuals in our
society who do not possess the levels of skills, literacy,
and training essential to this new era will be effectively disenfranchised—not simply from the material
rewards that accompany competent performance, but
also from the chance to participate fully in our national life.
A high level of shared education is essential to a
free democratic society and to the fostering of a common culture. For our country to function, citizens
must be able to reach some common understandings
on complex issues, often on short notice and on the
basis of conflicting or incomplete evidence. Education helps form these common understandings.

20
Figure 5-1 You have already covered ten percent of
the book!

...the boundary of individual ability in ways that test
and expand personal limits. Excellence sets high expectations and goals for all learners and then tries in
every way possible to help students reach them.
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Excellence characterizes a society that has adopted
these policies. Our goal must be to develop the talents of all to their fullest, to expect and assist all students
to work to the limits of their capabilities.

Gardner’s report concludes exactly the way it begins:
America is at risk.
This report came at a difficult economic time for
the United States. We were comparing ourselves to
other industrialized nations. We were worried about
our economic viability, the competitiveness of our
industries, the quality of our schools. The report
spawned considerable national soul searching, discussion, and study, and much of that has been positive.
There is good news. Education has improved.
The quality of teachers and their salaries have improved. But the improvements have not yet been
dramatic. There are many states where the per capita
support for education has decreased.
A Nation at Risk could just as well have issued
yesterday. Practically every word in it—all of its conclusions and recommendations—would remain
largely unchanged. The good news, however, is that
some new resources have been allocated for science
education, although unfortunately not in the arts.
Thanks to another report, this one in 1989, titled
Science for All Americans, almost every state in the nation has revised its expectations and plans for the
teaching of science. Many have adopted revised and
enhanced science curricula for elementary and high

schools, based on hands-on experiments and experience-based learning. But our colleges and
universities, who should be the leaders in these efforts, have done very little, so far.
Science for All Americans is about scientific literacy.
It is a set of recommendations on what understandings and ways of thinking are essential for all citizens
in a world shaped by science and technology.

Basic Concepts and Themes

Science for All Americans emphasizes basic concepts
and themes (Figure 5-2). They include the concepts
of systems, models, scale, constancy, change, matter,
energy, disorder, and life—we’ll deal with systems
and models in this chapter and with the others in
the next three chapters. These concepts are also applicable to social systems. They’re applicable to the
fine arts, they are applicable to the humanities, and
to all areas of inquiry and activity. That’s not surprising; everything that we do is in some way
constrained by, or facilitated by, the natural world.
Understanding the natural world, objectively and
rationally, is the domain of science. So it’s no surprise to realize that key scientific concepts or themes
go far beyond science. They would not be part of
science if they did not. Most of science is indeed
common sense, at least by hindsight. In Einstein’s
words: “The whole of science is nothing more than
a refinement of everyday thinking.”

Figure 5-2 The first two of our
nine basic concepts and themes
of science: systems and models.
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System

The first of the nine basic concepts is system. There
are ecosystems and monetary systems, medical systems, and educational systems. Systems generally
have functions, borders, or boundaries (Figure 5-3)
that permit us to focus, to direct or concentrate our
attention. A system is a collection of things that influence one another, that appear to constitute some
whole. A University is an educational system. Your
family is a system.
Scientists study how systems interact with each
other—how the components within a system interact with other components, processes, or parts of
that system. Systems may have inputs and outputs,
presumably to and from other systems.
Consider the earth, our beautiful blue planet, as
an entire system. Earth is an isolated system (Figure
5-4). We can’t leave it. Normally other things or
beings don’t come into it. Earth as a system does
have inputs, primarily energy from the sun, and it
does have some outputs, primarily the space probes
and the radio waves we send out.
Your automobile is a system. You put fuel in and
it performs work. It transforms the chemical energy from fuel to the mechanical energy of
movement, getting you from place to place. It also
has a chemical output in the form of the exhaust
gases and other waste products.

Mass out

Energy out

System
Mass in

Energy in

border or boundary
Figure 5-3 A very simple model of a system. This
particular system has a circular border or boundary with
the rest of the universe. We would call this an open
system because it allows mass in and permits mass out.
It also lets in energy in and energy out. There can also
be closed systems, closed to mass, to energy, or to both.

Figure 5-4 The earth is basically a mass-closed but
energy-open system. We get energy from the sun and
re-radiate some of that energy back into space. But
with the exception of a few meteorites, essentially no
mass enters the system. And with the exception of a
few planetary probes, essentially no mass ever really
leaves the system. Earth is an energy-open but otherwise largely isolated system in our universe (NASA).

Your house is a system. Your apartment is a system. If you’re a biologist or ecologist your system
might be the Great Salt Lake or it might just be
some small lake somewhere in the mountains, or
something even smaller. You might divide your system into subsystems which you can then study more
conveniently and in more detail.
Medicine and physiology are well organized in
systems: the digestive system, the nervous system,
the muscular system, etc. There tends to be an anatomical and functional basis for this organization.
Muscles are anatomically distinguishable from other
tissues. Muscles also have very specific functions.
The practice of medicine is organized into specialties which focus on different systems. An
ophthalmologist deals with the visual system. A
nephrologist deals with the renal system—the kidneys and associated structures. Cardiologists deal
with the cardiac system—the heart and its associated structures.
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Heating
System

Signal*

heat

House

Thermostat
(Thermometer
& Control)

Figure 5-5 A schematic view of a home heating
system which can be controlled—turned on or off—by
a feedback system which uses a thermometer as the
sensor. This thermometer feedback control system is
called a thermostat. This might be a good time to look
at yours. Pull off the outer case and look inside. Most
modern thermostats are digital so you may not see
very much. If you have an old-style one, it is more
interesting.
Figure 5-6 A
model airplane is a
good example of a
model. Models are
generally simpler
than the real thing
and they are often
much smaller than
the real thing.

* Turn heat on or off, depending on Temperature

Defining a system allows us to identify, to focus,
to limit.
Many systems are self-regulating. A good mechanical example is your house (Figure 5-5). My
state, Utah, can get pretty cold in the winter so I
have a heating system. It also gets hot in the summer, so some folks have an air conditioning system.
These may even be connected together into some
sort of environmental control system. You have sensors and controllers to help you regulate that internal
environment—to keep the house temperature in a
range which you find comfortable. That’s generally
done with a thermometer connected to the thermostat (Figure 5-5). Assuming your heating system
is on and the temperature drops below the preset
comfort range, the thermostat sends a signal, and heat
comes on. The heating system produces heat
throughout the room or the house until the system
senses a sufficiently high temperature. Then it sends
another signal turning the heating system off. So,
the inputs and outputs of a system not only include
energy and material, but may include information,
such as the case of your thermostat.
Scientists and engineers call this action feedback
control. In environmental ecosystems feedback can
be very slow. Various prey/predator organism relationships, for example, may take many years to
balance out.
A computer system is an information-based system. There is an energy input—you need some
electricity to run the computer, and there’s a little
energy output, basically the heating produced by the

computer’s electronic components. There is some
mechanical input—pressing the keys on the keyboard
or loading the disk, but there is little mechanical
output from the computer. There is information that
goes in with your commands and typing, and a lot
of information that comes out on the screen or via
the printer.
Systems can be very small or very large. A chemist may deal with individual molecules as systems.
Stephen Hawking and other cosmologists deal with
the entire universe as their system. The bigger the
system, of course, generally the less detail in any of
its individual or component parts.
Try to look at the natural world from a systems
perspective.

Model

Scientists are fundamentally pretty simple minded.
You’ve already seen that they are basically one- to
two-year-olds with a fairly good salary. Most scientists are humble folks—they know that they cannot
understand nature in all of its complexity—that’s why
they focus on systems. Scientists try to take one piece
of the natural world and concentrate on it. And even
that’s too complicated, so they simplify it as much
as they possibly can: they make a model of their system (Figure 5-6).
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Model is another major concept and theme. A
model is a great simplification, focusing on the really key and important parts and properties. The
scientist—like the artist—develops a model of his
or her system, by throwing out and eliminating as
much of the detail as she possibly can, focusing only
on the very major components, the key interactions,
those parts which govern the behavior and properties of the system.
Models can be physical, like model cars, boats,
or airplanes. They can be mental. We often talk
about mental models and mental pictures. They can
be mathematical where the various relationships in
the system are expressed in mathematical ways. And,
of course, there are now computer models, which
can be mathematical, graphical, visual, and multidimensional.
With a model of the system, you can ask questions of the model, formulate hypotheses and use the
model to help you do experiments. If you have a
physical model of some sort of airplane (Figure 5-6),
you can make adjustments to the model—move the
wings, change the way it is launched, or even change
the materials from which you constructed it. You can
do experiments. You can use the model to predict
behavior, then compare the behavior of the model
with that of the real system. If it’s a very good model,
your system will tend to behave the way the model
behaves, the way the model predicts. If it’s not a good
or accurate model then it won’t; then you improve
the model so that it has more predictive power.
A difficult example is the weather. Weather is a
complex planet-wide system with many variables.
Weather is a good example of a chaotic system. Although you can predict it in the short term, it is very
hard to predict in the long term. Your favorite meteorologist uses weather models to help him predict
the weather for you. His predictions are pretty good
a day or two in advance, not too bad at 3-5 days in
advance, and really pretty lousy beyond a week.
Models need to be simple so we can study and understand them. Einstein said: “Science should be as
simple as possible, but not simpler.”
We can’t over simplify to the point of being misleading. Models should be simple, but reasonable and
useful.
Models and simulations are now common in almost every area of science, due to the availability of

modern computers, and the mathematical tools by
which they can be used. For example, Dr. Chris
Johnson, in the departments of Computer Science
and Bioengineering at the University of Utah, models the electric fields on chests (Figure 5-7), produced
by the heart’s pacemaker and muscle. (Yes, you do
have an electric aura! More on that later.) Scientists
and engineers can also simulate explosions, even
nuclear explosions, on a computer. They can even
simulate the big bang of the universe and the birth
and death of stars.
Large, modern jet aircraft are very complex and
expensive objects to design, prototype, test, and
manufacture. But we now understand the proper-

Figure 5-7 A snapshot of the electric field map of a
human chest. The electrical activity of the heart’s
pacemaker and the heart muscle are actually easy to
detect and are the basis of electrocardiogram (ECG)
measurements in medicine (courtesy of Drs. Chris
Johnson and R. Mcleod, Depts. of Bioengineering and
Medicine, University of Utah).

Chapter 5 Integrated Concepts and Themes: Systems and Models 57

ties of materials, the science of aeronautics, and the
behavior of airplanes so well, that the Boeing 777,
now widely used in commercial jet aviation, was never
prototyped—a full scale model was not built. The
plane was entirely modeled and simulated on a computer. Boeing never required a test pilot for its
Boeing 777. The “test pilot” flew the first plane off
the production line with every expectation that it
would work exactly as it had been designed and predicted with the help of computers.
We can model and simulate processes and events
which are so complex that they appear to be very
realistic, so realistic that these models and simulations
are now called Virtual Reality. Virtual means that it
isn’t really real. But because of the way it interacts
with our senses, we perceive it as real. It can trigger an
adrenaline rush—increase your heart rate and blood
pressure—much as the real event can. Much of what
you see in today’s movies is not real, of course. Much
of it is simulated on a computer. It is important to
remember that no matter how much you sweat and
no matter how much your heart pumps or you tingle
in response to a Virtual Reality game, it is a simulation, it is not real. It is something generated on a
computer which you sense, visually and audibly, and
your perception takes over. That is why we said earlier
that we can’t really trust our perceptions. Your brain
uses your collective experience to process sensory information and you sometimes perceive it as something
it is not—like virtual reality. Virtual reality is not real
reality—even if it sometimes feels like it.
Systems and models are two of the key, unifying
concepts of science (Figure 5-2)—and of most other
fields, including art.
Define your system—then try to model it—simplify it. That’s what Leonardo da Vinci did in trying
to understand the human form and the anatomy and
flight of birds (Figure 5-8). It helped him become a
great scientist and a great artist.
Getting to the very essence of a problem is important. Identify the issue, and that’s your system.

Figure 5-8 Sketches from Leonardo daVinci’s laboratory notebook. He was fascinated with how birds fly
and wanted to design and build flying machines. He
was only four hundred years or so ahead of his time!

Try to strip away all of its unessential complexity,
and what’s left is the model of that issue, the model
of that system. Try to do that with all of the issues
and problems you face: try to get to the heart of
the problem, and deal with that first.
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CONNECTIONS
How can you use the concepts of systems and models to simplify your life—to help define
and solve your personal problems—and to help define, resolve and even solve social and
political issues?

HOMEWORK
1

Define one of your systems, such as your car, room, or apartment. Sketch it. Show how it
interacts with the rest of the world by identifying and estimating what goes in and out of
your system: matter (solid, liquid, and gas), energy (electricity, gas, ...), information, for
example. Produce a simplified model of your system. How can you test the validity and
utility of the model?

2

Get and read (it’s short!) the book Science for all Americans. Pretend you’re a book reviewer or
critic for one of the daily papers. Write a short review and critique of the book for the paper.

EXPERIMENTS
1

Experiment with the thermostat in your home or apartment. Turn it up five degrees above
the current room temperature. How long does it take for the heating system to respond?
Now turn it down. What’s the response time? Write a brief report on the characteristics of
your heating and cooling system.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Gardner, et al., A Nation at Risk
Rutherford and Ahlgren, Science for all Americans
Mason, et al., Physical Science Concepts
Trefil and Hazen, The Sciences: An Integrated Approach
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6

Integrated Concepts
and Themes: Scale
From people to planets to solar systems to galaxies, and back again—all
the way to the nucleus of the atom.The smallest to the largest things we
know span 40 powers of 10, 10 40. Now that’s scale.

QUESTIONS
1

What are the largest distances in the known universe? Just how big is BIG?

2

What are the minimum dimensions we know? Just how small is small?

3

What is scientific notation (powers of ten)?

4

How old is old? What is maximum time?

5

How small can time be? What is minimum time?

6

What are logarithms (called “logs”)? How are they related to powers of ten?

7

What are (were) slide rules? How do they work?

8

How much bigger than an ant are you? How much smaller than a whale?
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Powers of Ten
It’s time to mentally expand and contract. We’re
going to expand in scale—to see—to visualize galaxies. And we’re going to contract, get miniaturized,
get small and smaller—to visualize cells and molecules and even the insides of atoms.
We move from systems and models to our third
key concept—scale (Figure 6-1).
The best way to experience many orders of magnitude, many powers of ten, in distance—to really
appreciate the extent of the natural world is via a
beautiful and wonderful film called Powers of Ten.
Made many years ago, Powers of Ten used what were
at that time advanced graphics and computers to
provide a very rapid and effective experience in dimensions, ranging from the interior of the nucleus
of the atom to the farthest reaches of the universe.
It’s a fast-moving, effective simulation of powers of
ten. See it! It’s available in some libraries and can be
purchased for home use. There’s also a book of the
same title, adapted from the film (Figure 6-2). See
the sources and references at the end of this chapter.
Powers of Ten is the perfect introduction to the
concept of scale from the very, very small to the very,
very large.

Models
System

Life

Disorder

Scale

Basic
Concepts
and Themes

Change
Energy

Matter

Figure 6-1 Two concepts down, seven to go. This
chapter focuses on concept #3: scale.

It is important to appreciate scale—to be able to
mentally zoom in and out and to have an idea of
what you are seeing. You know that cells are little
and molecules are littler. There are animals which
you cannot directly see—which have full organ systems—that go through complete life cycles, like you
and me. There were once animals, and still are, as
large as your house—dinosaurs and whales.
We must also be able to scale, to zoom, mentally
in time:
• the millionths and billionths of a second (microand nano-seconds) which govern the motions of
individual molecules
• the seconds, minutes, and hours which govern our
human motions
• the decades which govern our lifetimes
• the several hundred years of our nation
• the several thousand years of our Native American predecessors
• the several million years of our human ancestors
• the several hundred million years of the features
of our country
• the several billion years of our planet.

Logarithms and Exponents

Figure 6-2 A drawn version of the cover of the book
Powers of Ten, by P. Morrison and R. Eames. There’s
also a video version. Read and/or view this!

Constancy

Scientific Notation (refer to Chapter 3) helps us with
scale, with powers of ten. Let’s say we want to do
an experiment in which we want to observe something now and observe it every second, for a short
time, then observe it at 100 seconds then at 1,000
seconds, and then at 10,000—we expect it to change
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rapidly at the beginning and to change more slowly
as time increases. We want to present the results of
that experiment visually or graphically. That’s really
hard to do on a linear graph. Produce the graph
(Figure 6-3) in units of 10 (10, 20, 30, 40, 50); you
would have to run that scale way down the street in
order to get to 10,000 seconds!
Using scientific notation, there’s a very slick and
easy way of seeing it all. We’ll do it in powers of ten.
Instead of 10, 20, 30, 40, try 1, 10, 100, 1,000 on the
piece of paper (Figure 6-4). Since it’s hard to write
so many zeros in a small space, we have another way
of expressing that. We call it a logarithm, or “log”
for short. The log of 102 is 2, of 103 is 3, of 105 is 5
(Figure 6-5). So the logarithm is a way of taking
powers of ten and making it seem linear (1, 2, 3, 4,
5). We plot the log of the number, rather than the
actual number. If we’re only interested in powers of
10, it’s really easy. We even have special papers and
scales to make it easy to plot and present our data
(Figure 6-6, below). It gets a little trickier if we are
talking about the logarithm of, say, 153, rather than
100, but we know how to deal with it. In fact, that’s
how we used to do calculations—before electronic
calculators—many years ago! Back then we had a
device called a slide rule (Figure 6-7). It works by
expressing numbers in logarithms—in powers of 10.
Many of the calculations that you do on your calculator or in your computer today are done in
exactly the same way. The details are hidden from

Figure 6-6 A piece
of semi-log graph
paper. You can get
them with five or
even more powers
of ten on the axes.

observation

1,000 ?
10,000 ?

0 10 20 30 40 50 60 70 80 90 100

time (seconds)

Figure 6-3 A typical linear graph. The horizontal axis
is representing time: 10, 20, 30, 40, 50 seconds. At
that scale, imagine how long the horizontal line would
have to be to plot data which was acquired at ten
thousand seconds.

1

2

3

4

5

log (time)
10

100

1,000

10,000

100,000

real time
Figure 6-4 A semi-logarithmic plot. The horizontal axis
showing real time is now in the log of the number, that
is, in powers of ten. The vertical axis is still linear. We call
this a semi-log graph. If both axes were logarithmic or in
powers of ten, we would call it a log log graph.

log 10 100 = 2
10 2 = 100
log 1,000 = 3
10 3 = 1,000
log 100,000 = 5
10 5 = 100,000
Figure 6-5 A logarithm of a number is just its 10
exponent. These are really easy to figure out for
numbers like 10, 100, 1000, but get a little trickier for
numbers in between.
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Figure 6-7 A slide rule. Engineers and scientists used it to do calculations some 25 years ago, before the development
of computers and electronic calculators.

Figure 6-8 Two of the slide rule scales. Copy this figure and use the copy to make a paper slide rule. See Experiment 2
at the end of the chapter.

you because of the clever programming and electronics which several generations of computer
scientists and electrical engineers have built into the
little boxes we call calculators and computers. But
there are log keys on all scientific calculators—read
up on it in your calculator manual!
Look at the slide rule in Figure 6-7 carefully—
the numbers are literally on a sliding scale. See that
the distance from 1-2 is larger than from 2-3, and
the distance from 9-10 is much smaller than from
1-2 (Figure 6-8)? Logarithms are a way of spreading out the short end and compacting the big end.
They stretch out small numbers and tightly compact the very big numbers. The important thing is
to appreciate that we can do this—and that you can
calculate the logarithm of any number. You just put
that number into your calculator or computer and
hit the log key, and out comes the logarithm. Let’s
try the number 153 (Figure 6-9). You know it is
1.53 times 100, or 1.53 times 102. The logarithm of
102 is 2. The problem now is what is the log of 1.53?
We could calculate it manually, but let’s just get it
from a calculator (Figure 6-10). Input 1.53, hit the
log key, and the answer is 0.18. If we input 153 the
log is 2.18. When we add logarithms it’s the same
as multiplying the real numbers—the log of 1.53

153 = 1.53 x 100
= 1.53 x 102
log 102 = 2
log 1.53 = 0.18
log 153 = 2 + 0.18
= 2.18
Figure 6-9 What is the log of 153?

Figure 6-10 153 Enter,
log = 2.18.
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Days
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log10 100 = 2
102 = 100

Figure 6-11 The
definition of logarithm
x
again. It is 10 = your
number. X is the base 10
logarithm of the number.

log10 153 = 2.18
102.18 = 153

15.3 = 1.53 x 101
Figure 6-12
Representing
numbers in
powers of ten.

153 = 1.53 x 102
15,300 = 1.53 x 104
.000153 = 1.53 x 10 –4

All numbers are between 1 and 10
—and a power of 10!
Figure 6-13 This really is true. Try to look at all
numbers this way.

10

4

Death

Figure 6-14 A schematic life history
represented by a semi-log time plot.
Menopause

College Graduation

Kindergarten
Puberty

One Year Old

One Month Old

One Week Old

One Day Old

Birth

plus log of 100 is 0.18 + 2 or 2.18. So, the log of
153 is 2.18. The log of a number is its 10 exponent. We say the logarithm has a base of 10 (Figure
6-11).
Logs are not just limited to exponents of 10; we
can express logs in terms of numbers other than 10.
(Look for the ln or e key on your calculator—now
go to the manual!) You’ll cover those in math classes.
Here we’ll only use powers of 10.
One good thing about doing calculations with
slide rules a third of a century ago is that the slide
rule can’t give you very big or very small numbers.
It only deals with numbers between 1 and 10. If
your number is less than 1 or greater than 10, you
have to estimate. So although you can find the number 1.53 on a slide rule (Figure 6-8), you can’t find
15.3 or 153 or 15,300 or .000153. They’re just not
there. They don’t need to be there, because powers
of ten are so easy to work with (Figure 6-12). So
just think of all numbers as between 1 and 10 multiplied by a power of 10. Easy! (Figure 6-13).
Don’t be afraid of numbers. Use them, but use
them simply. Always know what’s reasonable by first
estimating. Never give numbers more accuracy or
more respect than they deserve.
A semi-log graph (Figure 6-14) is a lot like keeping the scrapbook for your kids, or the scrapbook
your parents have kept for you. When you were first
born, your vital statistics were of interest daily—your
weight and length were probably measured daily for
the first 10-20 days—then weekly, then monthly.
Birthdays were probably monthly for the first few
months, then a first year birthday. From then on we
record our age in years. Finally, in our middle age,
we kind of celebrate decades (Figure 6-14). Life is
sort of a semi-log activity!

10

5
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The Scaling Principle
Now let’s apply some of our scaling skills to parts of
biology.
Why are living things the size they are? Biologists often talk about a scaling principle, a way of
dealing with the relative sizes and shapes of animals.
Can we have monster insects, for example?
When we say an animal or plant is large or small,
we usually mean larger or smaller than ourselves.
Animals range from the sub-microscopic to the
whales and dinosaurs. The log scale of the size of
the living world (Figure 6-15), expressed in grams,
covers 21 orders of magnitude—21 powers of 10—
from the very small, the bacteria, which weigh
picograms (that’s 10-12 grams) to the whale which
weighs more than 100 million (108) grams (100,000
kg—that’s over 200,000 lbs or 100 tons). Fortunately
much of that whale’s weight is supported by the
buoyancy generated in water.
We’re all familiar with ants. How are we different from ants? Thomas McMahon, a professor at
Harvard, tells us in this passage from a beautiful book
by McMahon and Bonner, On Size and Life:
We differ from ants in many ways, but size is certainly
an important difference, important especially because
of its consequences. For instance, ants could not use
fire, for even the smallest possible stable campfire flame
is larger than an ant. Keeping a wood fire burning
would be quite beyond their capacity, because ants
are too small to get near enough to add fuel (which,
in any event, they would be unable to carry). Ants
cannot use tools. A miniature hammer has too little
kinetic energy to drive even a miniature nail. Spears,
arrows, and clubs, which depend on a suitable ratio of
a kinetic energy to a characteristic surface area to do
their work, would be ineffective at ant size. Ant-sized
books would be impossible to manufacture, or even
to open, because the thin pages would stick together
owing to intermolecular forces that are relatively powerful at that scale. In any event, reading would likely
have few charms for ants because, with their small size,
they have very few brain cells. Of course, ants have
enough neurons to do all of the remarkable things
that ants normally do, but we modestly presume that,
in order for an animal to appreciate the joys of literature, it needs to be at least the size of a human being.
And finally, to emphasize our great superiority to
ants... they cannot wash themselves with water. The
water droplets of a shower stream come in a certain
minimum size. Droplets of even this minimum size

would strike an ant like heavy missiles. Even if an ant
tried to take a bath in a single drop, surface tension
would interfere because the chitin of the ant’s body is
water repellent. If the ant did somehow manage to
get into a drop of water, surface tension would make
it difficult to get out again. The answer for the ant is
to dry-clean itself by rubbing particles of dry substances
over its body and then scraping the particles off.
There are certain advantages to being an ant, however. An ant can lift 10 times its own weight. It can
fall large distances without injury. At a certain time
in the lives of some ants, flying is possible by an awkward mechanism.

This passage, based on the writings of J.B.S. Haldane,
a British biologist, demonstrates that size, scale, and
ratios are very important; not only to you and me,
but to ants and other small creatures.

Blue whale
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Figure 6-15 A log scale of the size of the living world.
It covers 21 powers of ten, from the bacteria to the
whales (McMahon and Bonner, On Size and Life).
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mass = m

• l = lengt h

length = l

• Area of 1 face = l2

area = l2

• Volume = l3

volume = l3

• Densit y = mass/volume

Figure 6-17 A real cube of about 40 grams and 4.3
centimeters. Imagine it as a “cubic critter.”
Figure 6-16 A basic cube: length, area, volume, density.

Macro-You!
Let’s do a dramatic nonlinear relationship (nonlinear
means there’s an exponent involved). We’ll work with
cubes—any size will do. Here’s one cube (Figure
6-16). Its length is l, so area = l2 and volume = l3.
Density is mass in a certain volume = m/v. The
cube in Figure 6-17 is typical of a child’s wooden
block. Assume that this one weighs 1.5 ounces, or
about 40 grams; length is 4.3 cm, volume is (4.3
cm)3, that’s about 80cc, making its density about 1⁄2
gr/cm3 .
Let’s say we want to scale up a little critter. We’ll
assume he has cube dimensions to keep the numbers simple. He now has the same dimensions and
mass as our basic cube (Figure 6-17).
Now let’s double his size in each dimension. He’s
twice as long, twice as high, and twice as deep (Figure 6-18):
Area of one side is now (2l)2 , which is 4l2, and
volume=(2l)3, which is 8l3.
So when we fully double something, area increases by 4 and volume by 8. The big cube mass
consists of 8 smaller cubes, so the mass is now up by
8 times also. Since 8 is nearly 10, that’s roughly 1
power of 10. So, very roughly, if you double all of
the dimensions, you increase mass and volume by
nearly 10 times! Interesting.
For example, say you’re 5´4˝ ~ 160 cm high (Figure 6-19). Let’s say your dimensions are roughly 7
inches square—about 18 cm. Don’t worry about my
very rough estimates. So, your approximate crosssectional area is about (18 cm)2. That’s about 340
cm2 (Figure 6-20). Times a height of 160 cm gives
a volume of about 55,000 cm3 , or about 55 liters. A

2
mass = 8m =8m
length = 2l = 2l
area = (2l)2 = 4l2
volume = (2l)3 = 8l3
Figure 6-18 The critter, or critter cube, doubled. See
how length, area, and volume change?

160 cm
5'4"

= 7 in
18 cm

Figure 6-19 A volume representing you, or a model of
you (schematically, of course).
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typical density of nearly 1.1 gr/cc gives you a weight
of about 130 lbs or 60 kg.
Now let’s produce Macro-You by doubling your
dimensions (Figure 6-21). Your average area is now
roughly 40 cm x 40 cm and you’re nearly 11 feet
tall (320 cm). If we go through the estimates (Figure 6-22), Macro-You’s weight does not double to
260 lbs, but increases to 1200 lbs, over half a ton.
That’s what scaling did for you (or anyone else you’d
care to experiment on!).
The only way Macro-You will work is if your
bones increase their area and your center of gravity
is lowered (Figure 6-23) and you stand on all fours
(otherwise, you’ll always be falling over). So MacroYou may start to look like a personable elephant.
That’s why elephants are built like elephants, and
you’re built like you. And other things are built the
way they are.
Things are their right size—and they’re based on
the fundamental scaling laws of science. So, monster insects? Not a chance. And Macro-You? You
would have no resemblance to you!

A

(18cm)2
340 cm2

V

160cm x 18 cm x 18 cm
55,000 cm3
55 liters

density
m

1.1 gr/cc
130 lbs. 60 kg

Figure 6-20 Here’s how we do the arithmetic.

Scaling is an incredibly important concept. Do some pering—and take mental Powers of Ten rides regularly!

sonal

320

scal-

40
40
Figure 6-21 Let’s double you to produce Macro-You.

mass = density x volume
1.1 gr./cc x 500,000 cc
560,000 gr
= 560 kg
1,200 lbs
~ 1⁄2 ton!
Figure 6-22 Here’s the arithmetic for Macro-You.

Figure 6-23 If you really are doubled and really weigh
half a ton, you'll probably be on all fours and may even
start to resemble an elephant. Scaling is important.
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CONNECTIONS
Use the concept and principles of scaling—in dimensions, mass and time—in your everyday activities. How heavy is your car? How many times heavier is it than you? Why is it
that little kids find it more difficult to wait than do most adults? If you have to wait one
hour, what part or percent of your life is that—and what is that for a one-year-old kid? For
a 10-year-old? Try to see scaling!
This would be a good time to review Chapter 3 and to read, if you haven’t yet, the little
book Innumeracy.

HOMEWORK
1

There is a paper scaling rule (called the Space-Time Slide Rule) in the appendix. Cut it
out—perhaps laminate it for durability. The Space Rule covers 36 orders of magnitude
(powers of ten) in distance. The Time Rule covers 28 powers of ten in time. Now that’s
scaling! Use these rules to calculate:
• How many powers of ten younger are you than the age of the earth?
• How many powers of ten larger are you than a typical bacterium?
• Describe a number of other very interesting comparisons. Read the material with your
Space-Time Slide Rule for hints.

2

Determine the logarithm, base 10, of your age in years and in seconds (you can use a
calculator if you prefer). What is the log of the earth’s age in years? Call time zero the
formation of the earth, say 5.0 billion years ago.

3

Calculate the distance (in km) one light year represents, given the speed of light is
300,000 km/sec. (A light year is the distance light travels in one year).

EXPERIMENTS
1

Use a coat hanger balance (see appendix) to weigh a small, safe object (grasshopper,
worm, peanut, etc.). Measure the object. (Hint: If your object is very light weight, then
weigh 10 of them and divide by 10, or 100 of them and divide by 100!) How much does
one weigh? How accurate is that number? What does accuracy mean?
Roughly estimate the object’s length (l), height (h),
and width (w). Estimate its total surface area and its
volume. Now do the same for you (assuming you are a
rectangular-like volume as in Figure 6-21). Now determine the surface to volume ratio (total surface area
divided by volume—approximately!) of your object.

h
l

w
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Now estimate your surface to volume ratio. Now describe/discuss how you are different
from the little critter you measured.
2

Find the two major log scales off a slide rule (Figure 6-8). Photocopy the page and cut out
the two scales from the copy to make a paper slide rule. Look up “slide rule” in an old
encyclopedia or math textbook.
Where is 153 on your slide rule? 1.53? 0.0153? Get the idea? Now show how you can
multiply and divide with your paper slide rule. Multiply 2 times 3. Now try 2.1 times 3.5.
Got it?

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Bonner and McMahon, On Life and Form
Dusenberry, Life at Small Scale
Morrison, Powers of Ten
Paulos, Innumeracy
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7

Integrated Concepts
and Themes:
Constancy, Change,
and Matter
You’re not growing any taller, although you may be growing a bit wider.
And you’re certainly getting older and wiser. You’re constant, you’re
changing, and the stuff you’re made of... More basic concepts and themes.

QUESTIONS
1

What is the relation between “constancy” and “change”?

2

Why are atoms mainly empty space?

3

What is the fundamental unit—the graininess—of matter?

4

How are atoms like (and unlike) the solar system?

5

Why are electrons so light?

6

Why was Mendeleev so important?

7

What are “homeostasis” and “equilibrium”?

8

Atoms or elements? What’s the difference?

9

How large a change is needed to make constancy not constant?

10 Why do we represent constancy and change as a Yin-Yang?
11 Why do we say time has a direction?
12

What is the Periodic Table?

13

Why are there 92 natural elements?
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Constancy
We’re rapidly developing a background and
understanding of the key concepts and themes which
pervade all of science and all of art (Figure 7-1). We’ve
already covered systems, models, and scale. It’s now
time for constancy, change, and matter.
Constancy is good news. There are a lot of constant things in our natural world. Perhaps the most
constant of all is gravity. We’re all stuck to the surface of the planet. No matter how hard we jump,
we always come back down. Gravity is just there.
We can depend on it. It’s a constant.
Atmospheric pressure is pretty constant, too. It’s
roughly 14 to 15 lbs/square inch, basically due to
gravity pulling down on the atmosphere which then
presses down on you. It doesn’t change much. It
changes as you drive high up in the mountains. You
can feel the pressure change in your ears and head
and see it in a partly collapsed, sealed, water bottle
when it’s brought back home (Figure 7-2). You can
measure atmospheric pressure with a barometer and
the weatherman reports it every night, but all in all,
it’s pretty constant. The changes we normally ex-

Models
System

Life

Disorder

Scale

Basic
Concepts
and Themes

Constancy

Change
Energy

Matter

Figure 7-1 Three concepts down, six to go! Here we
deal with constancy, change, and matter itself.

perience are not dramatic changes although they can
certainly influence the weather.
Temperature is another variable—another parameter. It varies. It ranges from about 0°F to 100°F in
most of the USA, rarely much colder and very rarely
hotter. It can get a lot colder in other parts of the
planet, but it doesn’t really get much hotter than in
the southwestern USA.
Constancy and change are two coupled concepts
(Figure 7-3). Your mass is constant right now. You
could go on a long bike ride or marathon run and
at the end of that your mass might be down a little,
but it wouldn’t be down dramatically. You could go
on an eating binge for the next two hours and it
would go up, but again, not dramatically. So at least
over short periods of time, it is relatively constant.

Change

Figure 7-2 Atmospheric effects on thin plastic water
bottles. The one on the left was opened and sealed at
an outdoor resort at 9,000 feet elevation. It was then
brought back down, while sealed, to Salt Lake City at
4,000. The one on the right was opened, used, and
then sealed all at 4,000 feet in Salt Lake City. The
pressure gets lower as we go up. The one sealed at
higher elevation has a lower internal pressure. The
higher external pressure forces it to partially collapse.

Although some things are constant, a lot of things
are not; change is a very common aspect of the natural world. Perhaps the most important idea within
change is time. Time seems to be unidirectional—
time marches on. Although science fiction movies
and books have time machines and allow us to go
back in time, everything we know says that is impossible. Time moves in only one direction. We
grow, we age. Time is constantly changing.
The movement of electrons in a wire—electricity—or the movement of water due to changes in
pressure—are both examples of change. Your car

cy
tan
s
n

e

moving down the highway, due to the transformation of chemical to mechanical energy, is a result of
cyclic changes in your engine and transmission. The
movement of air, the wind, is caused by small pressure and temperature changes on the surface of the
planet.
These are all examples of change. Change can
be one-directional (we say unidirectional), such as
falling off a chair, or change can be cyclic, such as
the phases of the moon, the rise and setting of the
sun, the seasons, hands of a clock, the movement of
a metronome. Change is all around us, and so is constancy. As scientific, objective, rational observers of
our natural world, we want to be able to understand and to predict both the constancy and the change.
Related both to the concepts of constancy and
change is the idea of equilibrium. Equilibrium is like
balance. You can fall in one direction—that’s change,
or the other direction (more change), but if you
maintain your balance, you don’t fall in either direction. That balance, or that equilibrium, makes it
appear that things are static—stable—but in reality
they may be very dynamic. You are constantly making adjustments, to keep yourself standing or sitting
upright. If you did not make those adjustments, you
would fall over. (Try it. Stand on one leg and consider the fine adjustments you make to maintain your
“balance”).
The same is true for most reactions and processes
in the natural world. When we deal with ecosystems, the number of deer or elk may be
approximately constant, but that doesn’t mean that
any individual deer or elk is static. Deer are born
and deer die. Deer are shot and deer starve. Deer
are eaten and they reproduce. The whole process is
an extremely dynamic one. Yet the deer population,
averaged over many years, may be approximately
constant. We could say that the population is at some
sort of equilibrium. Sometimes we might say “steady
state.” That means it’s unchanging in statistical terms,
although for any individual deer we know that life
is a pretty dynamic adventure.
Equilibrium applies to everything. It applies to
chemical reactions. It applies to electrons going
around the nucleus. It applies to planets going
around the sun. Using an example from eastern philosophies, there’s a Yin and Yang to everything in
the natural world (Figure 7-3)—a balance, an

Co
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Figure 7-3 Our Yin-Yang metaphor again. This time it
is constancy and change.

equilibrium—often providing the appearance of constancy, and yet this constancy derives from a balance
among dynamic processes and events. Constancy,
change, and equilibrium are interrelated.

Matter

Matter is another key concept. Matter seems fairly
constant—but it can also change. Water, ice and
steam are different or changed forms of the same or
constant material. You and I are matter. We’re about
2
⁄3, nearly 70%, water. We dry out slightly as we get
older. The remaining 30% or so is primarily carbon
in various chemical forms, together with oxygen, nitrogen, and some other elements. All of that is
matter. Nearly everything you see is matter. Okay,
you see things through photons, but those photons
are getting into your eyes because they are reflecting off of matter. We generally don’t look at photons
to see photons. We use photons to see matter, to see
the structure of the world around us, and that matter is made up of atoms and molecules. To
understand that natural world we need to understand matter—atoms and molecules.
In order to learn just how small—or how big—
atoms are, let’s do a thought experiment that was
done over 2,500 years ago by the Ionians and the
Greeks. Imagine we take some matter. Let’s make
it simple by taking a soft metal. Gold is convenient.
We can mold and even cut gold very easily. It’s soft,
pretty, and valuable. Imagine you have a very small
1cm cube of gold, and imagine we start cutting it
into smaller and smaller cubes. By the way, the den-
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sity of gold is about 20 grams per cc, and assuming
the current price of gold is about $400/oz, 1cc is
about $300 worth of gold.
Cut the 1 cm cube three times (Figure 7-4) to
make 8 1⁄2 cm cubes. Now take one of those 1⁄2 cm
cubes and slice it 3 times to make 1⁄4 cm cubes (Figure 7-5), and then slice one of those 1⁄4 cm cubes to
make an 1⁄8 cm cube—and keep going. Try it with a
potato! It’s clear with each set of triple slices the
size of each cube decreases by a factor of 2, and decreases the volume by 23.
How many triple slices does it take before we
can slice no more, before there is nothing left to
slice? That doesn’t seem too significant or even interesting for the first four to five slicing sequences.
But once you do this 10 or more times, you’re really getting to very small cubes, and each subsequent
slice makes the new cube dramatically smaller.
So, how many slices are required before we only
have one atom of gold left? It would only take 25
of these triple slicing operations. This is a little hard
to believe, but try it. After seven slicing operations
you’ll be down to cubes less than 100th of a centimeter, less than a 10th of a millimeter, in size. You’ll
barely be able to see them. They’ll be roughly the
size of grains of salt or sugar. 15 or so triple slices
on one of those and you have a cube left which is
no bigger than a single atom of gold. So atoms are
pretty small, but they’re not really that small. From
the sequence of slices we can derive an equation—a

relationship in terms of powers of 2 (an exponential
equation Figure 7-6).
You can get gold very thin—in sheet or leaf form.
You can see gold leaf in concert halls and in some
temples and churches.
Gold is also special because it is one of the very
few metals we know that does not oxidize—that
doesn’t easily combine with oxygen—and so retains
its brilliant color, pur ity, and stability for long

Slice 1
Slice 3
Slice 2
1 cm
1 cm
Gold Cube
0.5 cm

Figure 7-4 Imagine that you have a one centimeter
cube of pure gold and you slice it three ways, as
shown, to make eight 1⁄2 centimeter cubes.

1

Size = ⁄

n = # of triple slice sequences
n

25; size

1/2
2

1

1 n
2

1 atom of Gold!

3
1/8
4
1/16

Figure 7-6 In Figure 7-5 you see that the cube size is
equal to the inverse of two raised to the n power,
which is the number of triple slicing sequences. If you
were to keep going through 25 triple slice sequences,
you would have one atom of gold!

1/4

5

1/32 6

1/64

7

1/128

Figure 7-5 Now take one of your 1⁄2 centimeter cubes
and triple-slice it to make quarter centimeter cubes,
then triple-slice one of those to make eighth centimeter
cubes, and so on.
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Figure 7-7 The standard twodimensional Periodic Table. The
different elements are organized
in rows and columns which are
related to their numbers of
electrons and protons and to
their chemical properties. You
will see other versions and
representations of the Periodic
Table later, in Chapter 19.

periods of time. That’s one of the reasons it’s so very
valuable.
If we had a single atom of gold and we could
dissect or break it down further, then we no longer
have gold or the atom—we have something else.
The individual atom is the tiniest piece of something that represents the characteristics or properties
of that something. Now, admittedly, one atom of
gold is not going to look or behave like gold foil,
but from a chemical point of view, a single atom of
gold is indeed gold.
Individual atoms are the building blocks of the
natural world. The different atoms are called elements.
One of the very great developments and leaps for-

ward in science, and specifically in the science of
chemistry, was the realization and understanding that
there are only certain specific elements, and they are
related to each other in very predictable, periodic
ways. A number of chemists in the mid 1800s—and
especially a Russian chemist named Mendeleev, first
saw and developed that periodicity in the Periodic
Table. Although we’ll get into this again later, appreciate now that there are 92 natural elements
ranging from hydrogen to uranium (Figure 7-7).
Unfortunately, #93, plutonium, is now pretty common, too. It is not natural, it’s manmade—originally
for bombs. It’s radioactive and highly toxic—and
it’s now a major societal problem.

e
e
+ + n
+ n + +
+ n n
+

Electrons ( e ) - negative
Protons ( + ) - positive
Neutrons ( n ) - neutral

Figure 7-8 The simplest model of an atom. Neutrons and protons are located together in a very tiny volume in the
center called the nucleus. They are surrounded by very light particles called electrons which orbit the nucleus. This
one is not to scale! The nucleus is incredibly tiny with respect to the size of the electron orbits, just as the sun is
incredibly small compared to the whole size of our solar system. This simple model of the atom is sometimes called
the Planetary or Solar System Model.
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Everything that makes up you and me, and all of
the natural world around us, and indeed all of the
Universe as we know it, consist of those 92 elements.
Yes, some of them bind together in special stable
structures we call “molecules,” and some of them
self organize into specific crystals, and some of them
organize into more complex, molecular-like crystals, such as all the common minerals and rocks.
Everything you know—the air you breathe, the
liquids you pour, and the solids you touch and see,
consist in some form of those 92 elements. They
are the stuff of which our world—and the universe—
is made.
For now, our model of the structure of an atom
will be a very simple one. But considering what
Einstein said: “Science should be as simple as possible, but not simpler,” we’ll make our model more
realistic and more complex later. For now, we’ll use
a very simple model of the atom—treating it as a
miniature solar system (Figure 7-8) with very tiny,
very light, negatively charged particles called electrons
moving in orbits around a very dense and very small
central structure called the nucleus. The nucleus is
massive compared to electrons. It is made up of positively charged particles called protons and equally
massive, but uncharged, particles called neutrons. So
practically all of the mass of an atom is in its nucleus,
the electrons have almost negligible mass. This is
somewhat similar to the fact that most of the mass
of our solar system is in the sun (Figure 7-9), with
the mass of the planets being much less. Most of the

space between the electrons and nucleus, like between
the planets and the sun, is empty. Even something as
heavy as gold or lead is mainly empty space.
Yes, I know that’s a little hard to stomach and
counter-intuitive. Although we said that science is
mainly common sense, it’s really not, when we get
to the level of individual atoms, and to sizes or dimensions smaller than the atom. The smaller things
get, the less common-sense they become. And that’s
because the hardwiring in your brain came from
experiences in the big macro world—none of us has
any experience with ultra-tiny worlds—so there we
have no common sense.
What we do experience and understand is the
behavior of large numbers of atoms and molecules,
big collections, actually enormous numbers. When
we talk about atoms or molecules we don’t normally
talk about 100 of them, or 1,000 of them—or even a
million of them. Chemists and physicists and biologists like to think of at least 1012 of them—sometimes
as many as 1024 of them. So dealing with atoms or
molecules is like dealing with huge populations. You
can’t really predict what one person will do or think.
But if you poll 1,000 of them, or 10,000, or you run
a national election in which maybe 50 million of them
vote, then, when you get to very large numbers, there
is some predictability. But no one can predict, when
you go into that voting booth, whether your going
to vote Democrat, Republican, or some other party.
It’s the same with atoms and molecules, and even more
so with subatomic particles.

Figure 7-9 The general model of our solar system with the sun at the center, the planets orbiting the sun. Most of
the volume of the solar system is basically empty space, just as it is in atoms. (Hobson, Physics, pg. 27.)

Chapter 7 Integrated Concepts and Themes: Constancy, Change and Matter 75

smaller
atom
one
large
atom

energy

smaller
atom
Figure 7-10 A schematic view of the fission process. One generally large atom breaks down into two smaller but
roughly equally sized atoms, releasing a lot of energy in the process. This is the process largely responsible for nuclear
power plants and nuclear powered submarines.

Chemistry deals mainly with atoms and how they
interact with each other, primarily through those
electrons and their orbits, to form structures called
molecules.
Physics, on the other hand, doesn’t worry very
much about molecules, or the reactions between atoms. Physicists tend to be more interested in the
stuff in the nucleus, the forces which hold it together,
and the forces which maintain those electrons in
their orbits. Physicists like to deal with collections
of atoms or molecules and they worry a great deal
about the forces, energies, and the fields involved in
their interactions with each other, leading all the way
to cosmology and outer space and the forces and
fields which hold solar systems, galaxies, and even
the universe together.

Physicists also like to change nuclei—which
means changing atoms. They like to split them
through a process called fission (Figure 7-10), which
makes two new and different atoms, or they like to
combine nuclei through a process called fusion (Figure 7-11), which forms new and larger atoms.
Nuclear reactions result in a release of large amounts
of energy. It is the fusion reactions in the sun which
power our Solar System and our planet. Nuclear
processes are interesting to physicists. Most chemists deal with stable nuclei and don’t worry about
nuclear events.

Periodic Table
Get to know your Periodic Table—conceptually.
Identify the elements in it. You already know the

tiny
atom
fusion
reaction

larger
atom

lots of energy

tiny
atom

Figure 7-11 A schematic view of the fusion process. Two very small atoms combine to form a larger atom, releasing
a lot of energy in the process.
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names of a quarter to a third of them. The elements
involved in life on our planet are actually a fairly
small number. Only 15-20 appear to be major players in living things. The most common are: C, N,
O, P, S, Na, Ca, K, H (Figure 7-12). Use your Periodic Table as a placemat, or post it above your desk,
and just get to know it. Think of it as a great painting or work of art, or a piece of music that you like
to have playing in the background.
Get out your Periodic Table, loosen up your vocal chords, get limber, and sing along with Tom
Lehrer. Borrow or buy and listen to Tom’s not-verywell-known album, An Evening Wasted with Tom
Lehrer, the track titled “The Elements.” Let’s hear it!

Figure 7-12 Some of the major elements involved in
the biochemistry of living things.

The Elements
Words by Tom Lehrer, music by Sir Arthur Sullivan
There’s antimony, arsenic, aluminum, selenium,
And hydrogen and oxygen and nitrogen and rhenium,
And nickel, neodymium, neptunium, germanium,
And iron, americium, uranium, Europium, zirconium,
lutetium, vanadium,
And lanthanum and osmium and astatine and radium,
And gold and protactinium and indium and gallium,
And iodine and thorium and thulium and thallium.
There’s yttrium, ytterbium, actinium, rubidium,
And boron, gadolinium, niobium, iridium,
And strontium and silicon and silver and samarium,
And bismuth, bromine, lithium, beryllium, and barium.
There’s holmium and helium and hafnium and erbium,
And phosphorus and francium and fluorine and terbium,
And manganese and mercury, molybdenum, magnesium,
Dysprosium and scandium and cerium and cesium,

And lead, praseodymium and platinum, plutonium,
Palladium, promethium, potassium, polonium,
And tantalum, technetium, titanium, tellurium,
And cadmium and calcium and chromium and curium.
There’s sulfur, californium, and fermium, berkelium,
And also mendelevium, einsteinium, nobelium,
And argon, krypton, neon, radon, xenon, zinc, and
rhodium,
And chlorine, carbon, cobalt, copper, tungsten, tin
and sodium.
These are the only ones of which the news has come to
Ha’vard,
And there may be others, but they haven’t been
discavard.
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CONNECTIONS
Look for and experience constancy and change in your daily activities. Are you ever really
constant? When? Is constancy relative? Do you deal with atoms on a daily basis? Which ones?

HOMEWORK
1

Look at the Periodic Table (Figure 7-7). Pick your favorite element. How dense is it? What
would one cc of it weigh? What is its melting point? Boiling point? List and briefly discuss
its other properties. (Refer to a more complete Periodic Table in a chemistry book or an
encyclopedia.)

2

Devise a Periodic Table card game, using one card per element. Talk a couple of friends
into playing your game. Shuffle and play! Summarize briefly the rules of the game and the
relationships between the cards which make your game possible.

3

If you could have matter that was all of the same density as neutrons or protons, what
would its density be? (You may need to refer to a chemistry book or an encyclopedia to
get the mass and diameter of neutrons or protons.) Now do you understand why we say
that most of the volume of matter is empty? This calculation experiment relates to the
cosmologic concepts of black holes and neutron stars (see an astronomy book like
Chaisson & McMillan).

EXPERIMENTS
1

Do a potato cube slicing experiment (apples or radishes will also work!). Be very careful!
Calculate the total surface area (all 6 sides) and the volume of your starting cube. Do the
three cuts as shown in Figure 7-4. You now have eight cubes. What is their total surface
area and their total volume (assume you don’t lose any volume in the cutting or slicing
process)? Now cut one of those cubes three times and assume this applies to all eight
cubes. Again, total surface area? Total volume? One more time! Cut, area, volume? Now
divide the total area by the total volume (that’s called the surface to volume (S/V) ratio. It
is very important in scaling considerations. Now plot the S/V ratio (on y axis) against the
length of the side of one cube (x axis). Run a curved line through those points on your
graph. Interesting? Discuss the significance of this exponential curve.
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SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Gray, Braving the Elements
Atkins, Periodic Kingdom
Morrison, The Ring of Truth (videos or book)
Stwertka, A Guide to the Elements
Chaisson and McMillan, Astronomy Today
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8

Integrated Concepts
and Themes: Energy,
Disorder and Life
You don’t need Newton to tell you these two basic laws of physics:
• You can’t get something for nothing.
• You can’t even break even!
Now, the final three basic concepts and themes: Energy, Disorder, and Life.

QUESTIONS
1

Where does energy come from?

2

How do we transform energy?

3

Does all energy come from the sun?

4

Why do we “lose” energy and create entropy?

5

Does heat really flow? How?

6

Are flowing electrons really like flowing water?

7

How is entropy related to temperature?

8

Why are our energy transformations so inefficient?

9

What are the Laws of Thermodynamics?

10 Is life different? Is it somehow “above” physics?
11 What is the ozone hole? Who cares?
12

Who is James Lovelock? And what is Gaia?
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Physics
This is our fourth and final chapter on basic concepts and themes (Figure 8-1). Here we deal with
Energy, Disorder, and a very brief introduction to
Life. This first fifth of the book (Figure 8-2) is designed to provide the basic background so that we
can delve more deeply and widely into many fascinating areas of science.
What is Physics? What do physicists really do?
Physicists try to understand the fundamental forces
and energies in the universe. There are only four
basic forces, so physicists are a pretty simple minded
group. First, there was just gravity (Figure 8-3). But
then, later, they discovered electricity and magnetism, and positive and negative charges, and learned
that unlike charges attract, and like charges repel—
and that unlike poles on a magnet attract and like
poles repel. Of course electricity and magnetism
were there long before physicists discovered them!
After they got that sorted out, modern physics burst
on the scene in the early part of this century and, lo
and behold, classical physics became a mess. Physicists had to postulate new forces—the two types of
nuclear forces. Now we’re on a new plateau—waiting for another Isaac Newton, Albert Einstein, or
Richard Feynman—waiting for another really brilliant physicist.
40
5

35
You!
Earth
30

Science
Technology
Art
Physics

Biology

10

Chemistry
15

25
20

Figure 8-2 This chapter completes Unit 1: Science,
Technology, and Art. These first eight chapters provide
you with the foundation with which to learn and apply
the basic sciences.
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Figure 8-1 Three more basic concepts and themes.
We conclude with energy, disorder (also called entropy),
and life itself.

So we now recognize four fundamental forces:
gravity, electricity & magnetism, and two nuclear
forces. Physicists are perturbed because that all seems
too confusing. Chemists don’t think 92 elements
are too complex (Figure 7-7), but physicists are uncomfortable with four forces—that’s why they’re
physicists! Physicists love to simplify and unify; they’d
love to have a unified force theory. Actually, they
call it a unified field theory. They’d like to have one
theory that ties it all together. But they’re not quite
there yet. It’s possible that there may be even additional forces that we do not even recognize yet. That
would really complicate life for physicists! It’s happened before. Could there be a fifth or even sixth
force? Unlikely, but not impossible!
Forces act over distances—through empty space.
The best everyday example is permanent magnets.
Get a few to play with, preferably two bar or horse
shoe magnets. Go ahead. Play, just like in grade
school. There is a perturbation in space which physicists call a field. Both Forces and Fields are connected
to energy, our next key concept.

Energy
There are different sources of energy. Fusion is a
nuclear process which releases energy (Figure
7-11)—the energy of our sun, which in turn fuels
our planet. There’s also some chemical energy on
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Physicists’
Four Fundamental Forces
...so far!
Gravity
Electricity/Magnetism
Nuclear—weak
Nuclear—strong
Figure 8-3 The four fundamental forces of physics,
the basis for everything in our universe.

the planet, like hot springs and various chemical reactions which produce heat and light. But most of
the energy available on Earth comes from the sun.
Most energy is indeed solar energy.
What about coal and gas and oil? Yes, those are
major energy sources, the “consumable” resources,
fossil fuels, derived from living things that have died,
been compacted, and naturally processed, ending up
as concentrated sources of carbon. We then take
those hydrocarbon fuels—combine them with oxygen by burning—producing heat and light, for
example, by using natural gas in a gas fireplace. Both
the gas—or the wood—in a furnace, stove, or camp
fire came from living things, and all living things are
ultimately dependent on the solar energy from the
sun. So it’s fair to say that all of the common fuels
we use today are based on solar energy.
What about hydroelectric power, you say? Water
just flows down and we can use that to move water
wheels and move turbines and make electricity. Yes,
but that, too, is solar. Because once all the water has
flowed downhill, there needs to be a mechanism to
get it up hill again. That mechanism is evaporation
and the precipitation which follows in the form of
rain or snow. Evaporation is in large part due to
solar energy. If there was no solar energy, the temperature of the planet would be very cold and all
the water would be deep frozen and there would be
no hydroelectric power. So it’s all solar.

We now know how to get energy from nuclear
processes: the splitting, or fission (Figure 7-10), of
uranium atoms, the fusion of hydrogen and deuterium atoms (Figure 7-11). So you could argue that
those processes provide energy which is not solar
derived, and that’s certainly true. But, all of the elements in our planet came from the sun or from other
stars. The elements, all 92 of them in your now well
studied periodic table (Figure 7-7), all came from
cosmologic nuclear reactions. So in the end, it’s those
reactions which are largely responsible for the very
existence of our matter—our planet—and of all of
the energy sources in it and on it.
Although we have different sources of energy, we
sometimes need it in other forms. Scientists and
engineers have devised many ways to transform energy from one form to another. The electrical energy
flowing in the walls of your room powers your television set and VCR, doing the work required to
form the images on your TV screen. When you
watch a videotape, that same electrical energy powers the motor which moves the tape. And, of course,
when you eat plants, such as vegetables or fruit, you
know they are produced by solar energy through
the process of photosynthesis. If you are primarily a
carnivore and choose to eat a lot of meat, you know
that the meat is produced, ultimately, from energy
derived from plants. Perhaps you’re a vegetarian, a
type of herbivore. But most folks are omnivores,
eating both plants and animals.
You eat to provide the input of matter and energy,
which you need to grow, reproduce, and generally
survive. All of that matter, and all of that energy, are traceable to the sun.
There are many ways to transform energy from
one form to another. We know that solar energy
helps produce evaporation and puts water and snow
up in the mountains. We know that it is really the
gravitational attraction between that water and the
planet that causes the water to flow downhill in rivers and streams. So the solar energy which put the
water up high, has been transformed into something
we call “kinetic energy” due to the water moving.
We know that moving water can exert forces on
things. It can move boats and even houses and structures, but we also know it can move turbines and
water wheels. We’ll learn later that through the fascinating coupling between electricity and magnetism,
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those moving turbines can generate electricity, the
flow of electrons. Flowing electrons are a very practical form of energy, because the electrons are trapped
in wires and can be made to do work generally easier
and more conveniently than flowing water can. We
use flowing electrons to power televisions, VCRs,
computers, and even to produce the heat for hair
dryers and electric ranges. We could also use flowing electrons—electricity—to run a pump, which
can pump the water back up hill if we want to.
But it’s not quite that simple. Every time we transform energy from one form to another, we have to
pay a price. Physicists like to say that energy is conserved, that it can neither be created nor destroyed.
That is certainly true, using their general definition of
energy. Conservation of energy is one of the basic
conservation laws of physics (Figure 8-4). But it is in
many respects a misleading law, until we connect it
to another major and critical concept of science, one
with which we are personally familiar, disorder.

CONSERVATION OF ENERGY:
Energy can neither be
created nor destroyed.
(But it can be transformed!)
Figure 8-4 One of the basic conservation laws of
physics is conservation of energy. Although we can
transform energy from various forms to other forms, we
cannot create it from scratch, or completely get rid of
it. Conservation of mass is the other great conservation
law. Yes, if we deal with nuclear processes, with fission
or fusion, matter and energy can indeed be converted
from one to the other. To be completely general, we
should say it is mass plus energy which is conserved. In
your everyday world, outside of nuclear reactors and
stars, we can treat matter and energy separately, and
they are each independently conserved.

Disorder/Entropy/Inefficiency
Disorder ties to energy and to transformations of
energy, and to the whole issue of inefficiency, and it
is connected to the idea of time and the directionality of natural processes.
Here is a good everyday example: take two objects, one hot and one cold. We’ll see later that
temperature is really the motion and vibration of
atoms and molecules. But for now let’s assume that
there is this form of energy we call heat. Here’s the
experiment (Figure 8-5). Take a hot block and a
cold block and put them together—in contact.
Measure their temperatures. Ignore the insulating
base they’re on and ignore all the air around them.

Thermometers

Hot Block
(oven)

Cold
Block
(freezer)
Insulator

See the thermometers in the figure? Assume the hot
block came from a hot oven, and the cold block
came from a freezer. Ten minutes later the hot block
is cooler and the cold one is hotter. Another ten
minutes later, the two blocks are at the same average temperature—the cold got hotter—the hot got
cooler. Heat always flows from hot to cold. You never
spontaneously find heat flowing from the cold one to
the hot one; the cold one never gets colder nor does
the hot one ever get hotter. We do have technological tricks to make the cold colder or the hot hotter
by using other forms of energy, as in refrigerators.
But assume no batteries, no electricity, no techno-

Figure 8-5 Imagine two identical metal blocks,
one just removed from a freezer at about -5˚
Centigrade, and another from a very hot oven at
about 200˚ Centigrade. Imagine a thermometer
in each one. We put them in contact with each
other on an insulator. “Watch” what happens.
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logical wonders—just two objects, one hot and one
cold. What always happens is that they tend to go to
a common temperature. Hot gets cooler, cool gets
warmer. Whatever heat is, it flows from the hot to
the cold—not the other way. So what’s the big deal?
Isn’t that just common sense? Sure! That’s what much
of science is—quantitative common sense.
Think of the hot thing and the cold thing as having some form of order, some identity. Now that
they’re at the same temperature, they don’t have as
much separateness as they did before. It’s kind of
like the heat stuff has all been smeared out and it
isn’t in one little hot block anymore.
Here’s a related example. Put a bunch of blocks
together in some ordered structure. By using mental and physical energy, you created order (Figure 8-6).
But quickly, with just one loose block or one movement, that ordered structure comes tumbling down
to a disordered pile of blocks on the floor.
The flow (the direction) of natural, common
sense processes is related to order and disorder. Our
observations of natural processes and events leads to
the conclusion that there is a tendency in our physical world for things to disorder. This natural
tendency for disorder is called entropy. So, another
basic law of nature is entropy always increases. It’s a
non-conservation law: entropy is not conserved, it
always increases (Figure 8-7).
That’s nothing new to you if you have a oneyear-old at home, or a teenager. The years starting
at about age one, when they really start to move
and explore, are often called (by scientists) the entropy years. This is when they start to make a mess
of things. They produce disorder. They produce entropy. Housework is essentially a battle against
entropy. Things just naturally get disordered, unless
you are a particularly well organized or well-ordered
person. Disorder happens.
Energy and Entropy are two more critical concepts and two basic Laws of Physics (Figure 8-8).
One says that energy is conserved. Although we can
change energy from one form to another, we can’t
create it from scratch, and we can’t ever get rid of
it. It’s conserved. That’s the conservation of energy
law. An equally important law says that in the transformation of energy, part of it is transformed into a
less useful form—into heat—producing disorder,
which we call entropy.

Figure 8-6 On the left, a pile of children’s blocks
neatly stacked in order; a situation of high order. On
the right, the normal fate of a pile of children’s blocks:
a disordered jumble on the floor; a situation of high
disorder.

Our only Non-Conservation Law:

ENTROPY
Disorder always increases.
Figure 8-7 Our only non-conservation law. Disorder
always increases. Since scientists like to have a name
for everything, we call that disorder entropy.

The 2 Key Laws of
Thermodynamics:
Conservation of Energy
Production of Entropy
Figure 8-8 Thermodynamics is one of the fields of
physics and chemistry and biology. The two key laws
and principles on which thermodynamics is based are
conservation of energy and production of entropy.
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Figure 8-9 Energy and entropy are always in a
balance or equilibrium. Another pair of physics concepts
where a Yin-Yang metaphor is very appropriate.

Every process, every time we transform energy
from one form to another, every time we use energy to do work, we lose some of it, generally as
heat. We call that “inefficiency.” The heat flows into
the surroundings and out into the atmosphere. Once
it’s gone, we can’t get it back. It’s like the heat going from hot to cold. We can never get the heat to
concentrate. Things don’t ever spontaneously get
hotter. You could watch those two blocks forever
(Figure 8-5)—you’d never see the hot one get hotter while the cold one gets cooler! It’s a basic law of
nature.
Well the good news is that the spontaneous disordering of your desk or room is to be expected. It
takes work to produce order!

Life: The Science of Biology
Everything we do on the planet is a balance between energy which goes to producing order, which
we generally call “work,” and energy which goes to
producing disorder, which we call “entropy.” Conser vation of energy is the first law of
thermodynamics. The entropy principle is the second law of thermodynamics. These two laws govern
all natural processes on our planet and throughout
our universe. Their relationship is somewhat analogous to that Yin/Yang concept of oriental philosophy
(Figure 8-9). There are always two tendencies—two
forces—a yin and a yang, and they have to be in
balance—in equilibrium. These two laws govern all
processes, chemical, mechanical and otherwise.
We can rephrase these laws (Figure 8-10): The
first says “you can’t get something for nothing.” And
the second says “you can’t even break even.”

Energy and entropy control, constrain, and permit
our final, most exciting and most mysterious concept: life itself. Life is the basic science of Biology.
Although life must obey all of the laws and forces
of the physical universe, there does indeed seem to
be something special about it. The living world is

Informal Laws of Thermodynamics:
You can’t get something for nothing
You can't even break even
Figure 8-10 The laws of thermodynamics are sometimes stated in very informal terms.

Figure 8-11 A pie chart of the composition of the
earth’s atmosphere. Nearly four-fifths of our atmosphere is nitrogen and about one-fifth or twenty
percent is oxygen. It is interesting that nearly one
percent is the inert gas argon. There is also a small
amount of carbon dioxide and ozone, which, as you
will see later, are very important in the health and wellbeing of the planet (Lutgens and Tarbuch, Foundations of Earth Science, pg 287).
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clearly very different from the inanimate or nonliving world. Living things are born, grow, reproduce,
and die in very predictable cycles. In some respects
it seems almost as if life is exempt from some of the
natural rules and tendencies we’ve just discussed.
Biology, the living natural world, is discussed later
in the book (Figure 8-2). First we must understand
the chemical and physical foundation—the world
in which life must exist. Although there does seem
to be something special about living things, it is also
clear that they exist subject to the constraints, boundaries, processes—the forces and energies—of the
natural world.
Living things are peculiar kinds of systems. They
have a variety of information inputs. They take in
information, they sense and perceive forces and fields
from the natural world and from other living things.
They output information in the form of actions like
running or communicating. Life has matter and energy inputs—food and fuel—and life has outputs
including excrements in the form of waste, liquid,
solid, and vapor.

Figure 8-13 The atmosphere of our planet, our partially
closed system in the vastness of space, has evolved in
parallel with the evolution and development of life on
the planet. It has been a general process taking over
four billion years. Rapid changes in ozone and carbon
dioxide may well lead to instability and problems.
(Earth from space graphic downloaded from NASA).

Living organisms have feedback and control systems to provide constancy or equilibrium, called
homeostasis. A scientist would say you are an isothermal system, “iso” meaning constant or
unchanging. You are a constant temperature organism; about 98.6°F internally (that’s 37°C); if your
temperature changes by more than a degree or two,
you are sick. If you change by 4 to 5°F, you are very
sick. If you are an older person, that can be lethal.
We respire. We take in oxygen and use it to literally burn organic fuels—the food we consume. We
happen to “burn” that fuel in a very controlled and
low temperature way, not as violently or aggressively
as in a fire, but it’s still combustion or oxidation. We
have high amounts of oxygen and low amounts of
CO2 in our atmosphere (Figure 8-11). The balance
between animals and plants and between the oceans
and the land has produced a physical world today that
is very different from the planet of three billion years
ago. Life has changed the planet, and the planet has
constrained and bounded life in many ways.
One way we have changed the planet is by use
of certain chemicals which have made their way into
the upper atmosphere, chemically reacting with the
interesting oxygen molecule “ozone,” which happens to absorb ultraviolet radiation coming in from
the sun. Such reactions have greatly depleted the
ozone in certain parts of the world, which means

Figure 8-14 James Lovelock’s books Gaia: A New
Look at Life on Earth and The Ages of Gaia, coupled
with the many images of Earth from space (Figure
8-13), have helped us appreciate the close interrelations between biology and our planetary atmosphere.
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Figure 8-12 Many Letters to the Editor, statements on talk shows, and TV interviews represent
wishful thinking, fantasy, or outright misrepresentation. You must be skeptical and critical and find
out if the “facts” presented are indeed facts and are indeed based on quality, objective data and
evidence. This is a typical letter, based largely on wishful thinking and fantasy (Salt Lake Tribune,
September 9, 1995).

the ultraviolet radiation is not being efficiently absorbed, which means that it is getting down to you
and to me. This is especially important in Australia
and New Zealand. There are public service ads
which appear regularly on Australian and New
Zealand television related to ozone depletion, ultraviolet radiation, and skin cancer.
The ozone hole is a problem. Increased solar
ultraviolet levels do increase the incidence of skin
cancer. Wishful thinking alone does not change the
facts (Figure 8-12).
Life changes the planet. And the planet can also
dramatically change life. Scientists are beginning to
model the entire Earth as a system (see Figure 8-13),
considering the effect that human actions have on

that system. A British man, James Lovelock, pioneered the concept only several decades ago. His
1982 book Gaia: A New Look at Life on Earth, (Figure 8-14) considers the interrelationship between
life and the planet, even going so far as to look at
Earth as a kind of organism.
Life is a key concept, which ties to the subconcepts
of evolution and diversity. These we’ll cover later.

Concepts and Themes
So here are the major concepts and themes (Figure
8-15):
• System, and you are perhaps the best example of
that. You are a system.
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Science Literacy, Personal Responsibility
Models
System

Life

Disorder

Scale

Basic
Concepts
and Themes

Constancy

Change
Energy

Matter

Figure 8-15 There you have it! Nine basic concepts
and themes fundamental to all of science and to all of
knowledge. Good work!

• Models, scientists like to simplify—to consider only
the most important or key points—they model
the systems they study.
• Scale—again you are a good example of that. You
can scale yourself in distance or time—remember
Macro-You? (See Figure 6-21).
• Constancy, which relates to stability, equilibrium
and homeostasis.
• Change, which includes the directionality of time.
• Matter, atoms, molecules, minerals, life—the
Periodic Table (Figure 7-7).
• Energy, which relates to the fundamental forces and
processes in the universe—you can’t get something for nothing.
• Entropy/Disorder, changes of energy and the tendency towards disorder—you can’t even break even.
• Life & Living Systems—Biology—and what’s special and unique about life, including Evolution and
Diversity.
Finally, knowing these nine basic concepts and
themes, we want to use them to make predictions
about natural events. We can foresee the future in
terms of simple systems. If you throw a ball in a
certain way, you can predict where it’s going to end
up and when it’s going to get there. If we launch a
satellite, accelerate a car, or do any of thousands of
different things which we do everyday, we can predict the outcome.

We all need to understand these basic concepts (Figure 8-15). As citizens in a democratic government
and community, we each have not only the right,
but the obligation—the responsibility—to participate in society’s decisions. Virtually every issue today
involves a scientific and technological component.
You must have some understanding of science and
technology in order to make those decisions. Those
decisions will not be straightforward. Often the information available is inadequate. Scientists
themselves will argue as to what is the right decision. The general public—you and I—must decide.
It is not an issue of who is most qualified but who
has the responsibility to decide.
How can you make those decisions if expert scientists can’t? Most scientists are expert in one very
specific area or field. Most are scientifically narrow
(Figure 8-16). There are few people who are broadly
trained and broadly educated, and who can deal with
complex systems. Most of the history of modern
science has been in simplifying nature—looking at
smaller and smaller systems and understanding those
in great detail. It’s only in the last 10 to 20 years
that we’ve tried to go the other way, partly with the
help of big computers—that we’ve taken what we
know about lots of little systems and tried to put it

Figure 8-16 Just a few of the several thousand
scientific journals regularly published throughout the
world. There are hundreds of journals in each of the
basic and applied sciences, the great majority of which
are really very narrow and highly focused.
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together to simulate and understand what might go
on with much larger systems, such as cities, states,
ecosystems, weather and even the entire planet (Figure 8-13). But we’re not very good at it, and most
scientists are uncomfortable with such issues. They
look at problems from their perspective, from the
limited boundaries of their own individual disciplines
and training.
Although this book will not make you an expert
in any particular area, it will make you knowledgeable in an integrated or systems way of looking at the
world. You’ll see how chemistry and biology and
physics inter-relate (Figure 8-2), and you will certainly
be in a much better position to look at scientific and
technical issues than your fellow citizens who have
had less scientific or technological background.
Try to feel comfortable with scientific and technical topics and concepts—comfortable enough that

you won’t be afraid to speak up, that you won’t be
afraid to ask questions, that you won’t be intimidated. You must be a responsible, thoughtful, citizen.
You need to be an observer and participant in
the natural world. Science is an action word. Scientists don’t only observe. They question, they design
experiments, they perturb. Living is an action word.
Life should not be solely a spectator sport.
Interact with the natural world around you.
Probe it, perturb it, ask questions of it. Listen to it,
modify it where appropriate, and protect it.
You now have a strong integrated perspective of
the sciences. You know the basic concepts and
themes, the basic methods and processes, the role of
the senses and perception, and the importance of
tools, numbers, and observational and recording
skills. It’s time to learn some physics—the basic laws
and rules of our natural world.
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CONNECTIONS
You use energy regularly: batteries, the wall AC sockets, the food you eat, the gasoline you
burn. Think about it. What is being transformed? What work is being done? How inefficient are these energy conversion processes? Can you turn down the thermostat in winter—and turn it up in summer? Can you drive more economically? Can you drive less?
Can you eat less?

HOMEWORK
1

Consider you—your body—as an open system, open to matter and energy. Diagram the
system. Estimate the energy (food) and matter inputs and outputs (solid, liquid, and gas!)
during a 24-hour period.

2

Identify two or more stories in the daily paper or in weekly newsmagazines related to
energy use or misuse. Submit them. Analyze or discuss the story in light of the laws and
principles of energy, entropy, and inefficiency you now know.

3

Discuss some activity you have observed this past week (from your Personal Lab Notebook?) which shows a very inefficient use of energy—and another which is a highly efficient usage. Sketch and explain.

EXPERIMENTS
1

Start this one early—it will take some time!
Make a simple Solar Still. Be creative and inventive! The idea is to take salt water (ocean
water is 3% NaCl) and purify it by solar distillation to produce pure, drinkable water. All
you need is a shallow plastic cup or dish to contain a large area of salt water, and a transparent plastic cover to allow solar energy in and to keep the water vapor in. You should be
able to make several dozen drops of pure water—enough to taste and drink. You’ll probably need to try out several designs. Sketch and discuss your best still. Present data which
shows pure water output as a function of time. Why don’t we widely use solar distillation
to produce water? Or do we? Will we?

2

Assume the density of ice and water are nearly the same, approximately 1 gr/cc (you know
they are a little different!). Make three approximately 1 cubic inch ice cubes in your refrigerator freezer. Measure their height, width, and length in cm and estimate their total
volume (in cc). Put them back in the freezer. Many hours later measure the temperature in
the freezer. Assume the ice cubes are at the same temperature as the freezer. Now take some
warm water—approximately 200 ml or cc—and pour it in a Styrofoam cup. (Styrofoam
has good insulation properties.) Put your thermometer in the warm water and measure
the temperature. Now put in the three ice cubes of known temperature (the temperature
of your freezer) and volume. Now measure and plot the temperature of the water as a
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function of time. Stir gently with your thermometer and be sure it’s not in contact with an
ice cube when you take the reading. Keep the styrofoam cup with the thermometer in it
covered (preferably with a larger styrofoam cup to insulate the top). See sketch at right.
Don’t hold the thermometer for more than a few seconds during each measurement. Keep
taking measurements until the
ice is completely gone. Now plot
large styrofoam cup
your data. Put temperature on
the Y axis and time on the
horizontal or X axis. Discuss the
small styrofoam cup
experiment as completely as you
can. What other experiments
warm water with ice cubes
could you do to more fully
characterize and understand this
table/counter
system? What results might you
expect? Why?
3

Find a small living animal and a nearly identical, but dead, formerly living animal. For
example, a dead bee and a live bee; or spiders, worms, snails, flies, etc. Put them side by
side. Observe. Gently poke or otherwise perturb them (yell at them, shine a light, poke
gently with a stick,
put a drop of sugar
water near them, a
Observation or Perturbation
Behavior of
drop of salt water,
Living thing Dead thing
etc.). Use the table
at right.
Now summarize the
difference between
living and dead
“identical” things.
Can you now define
“living”? Compare
your definition with
that in one or more
biology textbooks.
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Physicists in the Wild:
Earth, Sun, Moon,
Stars, and Seasons
Physicists and cavemen alike have probed, questioned and tried to learn
the rules of the game—the laws of the natural world. We are all physicists
in the wild trying to understand the world around us.

QUESTIONS
1

Why is physics the most fundamental science?

2

Why are babies great physicists?

3

Why do scientists use all those technical terms (jargon)?

4

What is culture?

5

How did “we” discover and tame fire?

6

Why do things move spontaneously “down”?

7

How does physics differ from philosophy?

8

What are natural cycles due to?

9

Why do we have summer and winter?

10 What is science’s way of thinking?
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Physics
Welcome to the world of physics: to our more detailed study of the physical sciences (Figure 9-1).
Physics is often considered the most fundamental
science. Physicists deal with the fundamental laws,
forces, energies in the natural world. Those natural
laws govern everything in our universe, including
chemistry and biology.
The great physicist, Richard Feynman, says that
he and most other physicists don’t really worry too
much about why things are the way they are, they simply want to find out the way they are. They want to
deduce and figure out the rules of the game, the rules
of the universe. Why those rules exist is of interest to
philosophers and theologians, as well as physicists.
We’re going to accept the universe the way it is. We’ll
try to figure out what the rules are and how to use
and apply them, not only in physics, but also in chemistry, biology, and in our everyday lives.
Remember Elisabeth (Figure 2-2)? Elisabeth, like
all babies, is questioning, investigating, hypothesizing, experimenting. Remember, although she might
have a great gene pool and brain, the experiences
(the neural connections) are not all there yet. She’s
trying to figure out the natural world.
Babies are great models for physicists. Physicists,
like babies, are basically totally unencumbered, often
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Figure 9-1 You are now here, entering the World of
Physics, the basic laws and rules which govern our
universe.

10

Figure 9-2 Although we don’t normally think of
Einstein as a baby or toddler, the kinds of creative
questions he asked are not that different from the
brilliant questions asked by very young physicists trying
to make sense of their natural world.

totally disconnected from practical, everyday problems and cr ises (Figure 9-2). They are just
there—smiling, happy, trying to figure out the world
around them. So let’s go back, way back, and see
how our primitive ancestors may have figured out
their natural world.
Unencumber yourself. Pretend you’re alone in
the wild—trying to figure out the natural world
around you. But in this fantasy, assume you are an
adult, that you have language, that you can talk and
vocalize, and you can express experiences and observations in words and write them down. You have
your most essential scientific research tools (Figure
9-3), a pen and a notebook, because you know that
Figure 9-3 The
scientist’s most
important
research tools:
a pen and a
laboratory
notebook.
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your memory often isn’t completely reliable. Write
down and record what you observe. Make up
names—terminology—so that you can communicate with the next physicist down the road. Be
curious, questioning, and unencumbered. Have no
preconceptions, no baggage or beliefs or culture.
Don’t worry about your previous science or physics
courses. Don’t worry about what your peers, parents or professors think. You are alone in the natural
world, but well fed, secure, and happy. What do you
see? What are the fundamental observations you
make? What questions do you ask?
Let’s further assume that you’re interested primarily in the non-biological component of the
world. Don’t worry about other organisms or the
complexity of life—because you’re a physicist, not a
biologist. Use your senses to probe the physical world.
What do you see, hear, taste, smell, touch, feel? What
do your fellow Physicists in the Wild see and feel?
Let’s assume we’re on land and it’s a clear day.
We see. We recognize shapes, objects, images. There
is a bright ball in the sky. It is round. It hurts to
look at. We’ll call it, define it, the “sun.” It appears
to be some distance from us. We see blue all around
it. We say the sun is orange or red and we say that it
is surrounded by an object we call “sky,” and we call

that “blue.” We are beginning to develop a scientific
language, “terminology.”
We can’t watch the sun directly, but we can observe it indirectly. We note that if we face away from
the sun, what we see is less intense, even dark. We
rapidly discover that there are places where the sun
does not shine (Figue 9-4). We call the stuff that
the sun produces, that we see, “light.” We call the
absence of that light, like when it’s intercepted by
some other object, such as our own bodies or a tree,
“shadow.” We already start to make some conclusions
about light, solid objects, and shadows, having to do
with dimensions, with straight lines, with distances.
Waking up from a short nap several hours later,
we notice the sun has moved. We have some reference points. We see in the distance, assuming no
mountains or other features to complicate things, a
straight line far away. We call it the “horizon.” The
sun is farther away from the horizon now. It appears to be moving, circling, overhead.
We have lots of time. We are well fed. No television, no friends; there really is not much to do
except to watch the sun and the other things going
on. Over the course of the day the sun passes overhead and then comes down towards the horizon
again (Figure 9-5), but this time on the other side.
It seems to get redder as it does so, and less bright.
Finally, the horizon swallows it completely. So we

Figure 9-4 Light and dark, shade and shadows may
not appear to be very profound, but they are. Their
careful observation teach us much about our sun, our
planet, and the properties of light itself.

Figure 9-5 The sunset. Careful observations of the
“path of the sun” over many days, months, and years
teach us much about the nature of our solar system
and about its cyclic orbits and trajectories.
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say the sun has “set.” We have observed the “sunset.”
Sometime later we notice it’s gotten progressively
darker and that now we can’t see at all. The images,
horizon, the objects around us, are gone. We can
still touch them, feel them, bump into them, but we
can’t see them. We saw them earlier and we know
they’re there. There’s something missing. There’s no
light—day is gone—we say it’s night.
We now observe a strange, white, circular object, and it, too, is somewhat bright, but it’s white,
not orange or red, and it gives light—but much less
light. We call it the “moon.” Since this light appears
to be produced by the moon—we call it “moonlight,” as opposed to the “sunlight” that we saw
earlier. Although we can see a little with this light,
it is nothing like what we were able to see earlier.
Funny, the moon moves too, and eventually it disappears.
We’re having such a good time, we can’t sleep.
We begin to notice other things. There are little
points of light all over the sky (Figure 9-7). Strange.
At first it seems they are in no obvious or apparent
pattern. Some are brighter than others. Some seem
to twinkle, others seem to be steady, there’s no real
or definite color associated with them. Although we
don’t know much about distance yet, they somehow seem to be very far away. We call them “stars.”
Now we see they seem to be arranged in patterns
or clusters. We keep watching, unable to sleep. All
the stars seem to circle or move across the sky (Figure 9-8). Some seem to rise and set. Others,
depending on the direction we look, sort of circle
overhead. Strange.
Just when we are finally ready to sleep, we notice
that in the east the orange/red light is beginning to
appear again. The eastern horizon gets brighter and

Figure 9-6 The full
moon, the major
source of light in the
night sky. It’s obviously
very different from
the sun (Chaisson and
McMillan, Astronomy
Today, pg. 16).

Figure 9-7 The stars at night (Chaisson and McMillan,
Astronomy Today, pg. 2).

then we see part of the orange ball. The sun that
set some time ago is now back, but on the other
side. It’s getting bigger and brighter, and now we
can see again. The objects that we really knew were
all around us are again visible.
Over the next several weeks and months, we
observe sunrise and sunset everyday. Sometimes it’s
not so clear. Sometimes it seems to be obscured by
stuff in the sky.
The sun rises and sets very regularly. The moon

Figure 9-8 Watching the “motion” of the stars during
the night and during the year tells us much about the
relation of our planet to the larger galaxy and universe
(Chaisson and McMillan, Astronomy Today, pg. 9).
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Figure 9-9 Careful
observation of the
moon over a full
28-day period teaches
much about the nature
of the moon/Earth/sun
system (Chaisson and
McMillan, Astronomy
Today, pg. 2).

also rises and sets with some regularity, but it is very
different than the sun. The shape of the sun is always circular, but the moon’s shape changes (Figure
9-9)—curious.
We begin to develop the concept of something
we call “time.” We know about night and day. We
know that our activities during the day and the lack
of light at night induce us to lie down and rest—to
sleep. We can also count the number of night/day
cycles during one complete moon cycle, roughly 28
days. We make these observations in this same place
for a long time. We count the number of day cycles
or the number of moon cycles and relate that to the
position of the sun itself in the sky at midday. Because we are in the Northern Hemisphere the sun
is never quite directly overhead. It’s low in the sky,
to the South, when it’s cold in the winter; but when
it’s hot, in summer, it’s high in the sky—nearly overhead (Figure 9-10, next page). The cycle repeats itself
every 365 days, or every 12 or so moon cycles. We
learn to call that moon cycle a “month,” and the
365-day or 12-month cycle, a “year.” We learn that
these cycles are very regular and very predictable.
The position of the stars and the moon don’t seem
to have much effect on us. Our friends who live by
the sea notice that the sun and moon (Figure 9-11)
have something to do with water going up and
down—with the tides.

Figure 9-11 High and low tides can be mysterious
and complicated and are based on the gravitational
forces between the earth and moon and the earth and
sun. Careful observations over long periods of time told
the early physicists in the wild a great deal about the
Earth/moon/sun system (Lutgens and Tarbuch,
Foundations of Earth Science, pg 265).
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Figure 9-10 Experiencing and observing the position of the sun in the sky and the weather throughout a full year,
tells us a great deal about Earth/sun relationships and the seasons (Lutgens and Tarbuch, Foundations of Earth
Science, pg 295).

We say the sun rises in the east and sets in the
west. We also call the direction which crosses the
east-west line north and south (Figure 9-12). We’re
starting to develop quite a technical vocabulary.
We also have learned to observe our own shadow.
If we stand still during the course of the day, from
sunrise to sunset, and mark the position of our own
shadow, we learn that this shadow is useful for measuring time within a single-day period (Figure 9-4).
We got better at that and made a little instrument
called a “sundial.” We can make a portable sundial,
just using a stick and our hand. Using the sundial
we divided the day into 24 equal segments and called
them “hours.” We learned to tell time. We developed calendars (Figure 9-13). We developed large
stone structures to help us record the solstices and
annual lunar and solar events, and we developed rituals and parties and celebrations to mark these events.
All of these thoughts and experiences, together
with our trusty pen and lab notebook, and tens of
years of regular routine observations, allow us to pre-

Figure 9-12 Observations of sunrise and sunset
throughout the year, coupled perhaps with the
discovery of magnetism and the invention of the
compass, lead to the basic directions of north, south,
east, and west (Giancoli, Physics, pg 560).
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Figure 9-13 Many physicists, many observations, and
lots of laboratory notebooks with data eventually led to
the development of calendars. The Mayans were
particularly interested in astronomy and weather; this
is part of a rain-making almanac (Aveni, pg. 55).

dict when the sun will rise and set, the period of
the moon, the shape or look of the moon, and even
the positions of the stars. That was, of course, the
beginning of astronomy, the beginning of geometry,
and the beginning of physics.
We talk with other physicists in the wild who
have their own sets of notebooks and years of observations. Some of them have lived on the shore
of the sea and learned that boats with tall masts or
sails appeared to slowly sink into the horizon. Some
of these wise guys suggested that this might mean
that the surface of the earth was not flat, that it actually was curved. They demonstrated this with little
toy boats and a large spherical earth (Figure 9-14),
but we weren’t impressed.
We were always questioning—always curious.
Such curiosity seems to distinguish humans from
most of the other animals. The more questions, the
more experiments, the more understanding, and then
even more questions. We were becoming scientists.

Matter in the Wild
We went on. We investigated water, liquid stuff as
opposed to solid stuff, wind—sometimes hot, sometimes cold, a kind of invisible stuff that we know is
there—we called it air. When it warmed us we said
there was “heat.” When it cooled us we said there
was “cold.” We knew that the stuff under our feet
was solid, but when we stepped on water, we fell
through, and if we happened to step on air by acci-

Figure 9-14 Looking at a tall ship sailing off towards
the horizon is probably a fairly common occurrence.
Seeing it sink little by little, perhaps through a telescope, was evidence that the earth may not be flat
(Hobson, Physics, pg. 12).

dentally running over the edge of a cliff, we fell
through very quickly. We learned we could feel heat
and cold, but we couldn’t see it. We learned that
although we could see light, we can’t touch or feel
it. We learned that we could hear sounds, including
the sounds we made ourselves. We learned we could
smell and that there was a wide variety—and many
sources—of smells—and that they could be noxious
or very pleasant.
We learned that occasionally the sky and the
clouds got very angry and threw down intense sparks
of light which made loud noises and once in a while
these sparks somehow multiplied on land, making
noise and heat, and turning things black—and of
course we called it “fire.” Although it was very frightening, it was also intriguing. We needed to get close
to it. We wanted to touch it, to feel it, and some of
us did and got burned, and learned to respect it.
But we also learned that it produces light and heat
and that the animals who happened to get caught
in it, although they didn’t smell very good, sometimes tasted very good. Somehow we learned to
control it, to nurture it, to protect it, and of course,
to use it.
We also learned that during the time when the
sun is low in the sky in the middle of the day, which
we called “winter,” the water would turn to a solid
form, but fire could prevent that and keep us warm.

Primitive Newtonian Physics
We learned that there was water inside of us—red
water—we called it blood. That must have been a
particularly startling and frightening observation.
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We learned that we could run into things, soft
things, and not get hurt—like leaves, grass, perhaps
sand or snow. And we learned that we could run
into hard things, like rocks or tree trunks, and that it
would hurt a great deal.
We learned we could use some hard things to
help lift or move other things. We developed and
used simple machines—first levers and then inclined
planes.
We tried to figure out how and why things move
on earth. We saw that water flows downhill, but not
uphill. We saw that round rocks roll downhill, but
not uphill. We knew that when we throw a rock, it
travels in some sort of curved path and eventually
hits the ground (Figure 9-15). The harder we throw,
the further it goes, but it is eventually pulled down
to earth. We also learned that when we fell off horses
or cliffs,we ended up on the ground below.
We had a natural, common sense understanding
that things are attracted to—pulled towards—the
earth—that “natural motions”—were towards the
earth. To move something along the earth required
force—work (Figure 9-16). We began to develop a
basic appreciation and understanding of the concepts
of force, energy and work. Of course, the motion
of the planets and stars, seemed completely different, and perfect, so we called it “celestial motion.”
We learned all these things. Since we had words
for them, we could tell our friends and neighbors,
sons and daughters, about them. We developed a
written language, kept records, and developed a history, a culture, and scientific handbooks. We didn’t
need science courses, or even physics courses, to figure all this out. We needed curiosity, inquisitiveness,

Figure 9-16 Pushing something along the surface of the
earth is usually hard work
(Giancoli, pg. 75).

Figure 9-15 Throwing round rocks and round fruit is
certainly an old and primitive pastime. Baseball is
probably a very old game. The harder or faster you
throw, the further it goes, but always in a curved path
(Hobson, Physics, pg 117).

and observation and recording skills. Some of these
skills were necessary for life and living, others were
not and were more for mental interest and intellectual recreation.
Since the sun and the stars were so far away, we
attributed mystical or supernatural powers to them—
powers and behavior that were different from actions
and activities on Earth. We treated the motions of
the moon, the sun, and the stars differently from the
motions on Earth. Because the sun, moon, and stars
all seemed to move with respect to us, we obviously
concluded that whatever they are, they are rotating
around us (Figures 9-8, 9-9) and that therefore we—
the earth—are the center of things. We developed a
set of beliefs and religions based on the concept that
the earth is privileged, special, and is the center of
everything.
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From the Wilds to Your World
We developed common beliefs and understandings.
We developed a culture. Today, some of our more
modern physicists in the wild don’t believe the earth
is flat—don’t believe that the earth is the center of
the universe—don’t believe that celestial motion
should be any different than natural or earth bound
motion. But our common culture is now hard
wired. We were taught certain beliefs, understandings, or facts. It is now difficult to change that
wiring. The older folks are in charge, the politicians,
the popes,the bishops and the leaders; they are not
very receptive to totally new ideas and views of
things.
New ideas generally have some difficulty with
established religious and political leadership—new
ideas are not easily accepted. The acceptance of new
ideas takes time. Sometimes a very long time.
Play physicist in the wild—focus especially on
gravity, inertia, and forces. Ask questions, formulate
hypotheses, record observations.
Read an astronomy book (Figure 9-17) to appreciate the movement of the moon, the earth, the
planets, the sun, and our own galaxy, to appreciate
what is known, and what little is known, about the
creation of the universe and the immense energies
and masses which it contains, to begin to appreciate
that there have to be thousands, millions, maybe even
billions of planets out there, perhaps with some forms

Figure 9-18 The
(caricatured) cover of
Carl Sagan’s novel
Contact, also a major
motion picture
starring Jodie Foster.
It is well worth seeing
and reading.

Figure 9-17 A typical astronomy textbook. This is a
particularly good one.

of life on them; and many of those are likely to be
far more advanced than we. But, because of the immense distances and the immense time periods
involved, it is highly improbable that, during the lifetime of our civilization or even our planet, we will
ever encounter extraterrestrial intelligence (Figure
9-18). The numbers, in both dimension and time—
the scale—is simply staggering. An entertaining
fictional—and highly improbable—view of the
search for extraterrestrial intelligence is Carl Sagan’s
novel Contact, and the recent film of the same name,
starring Jodie Foster. Please do see it.
Visit a planetarium, science center, or science
museum. Attend some of the star shows, look
through the telescopes. These are real eye openers.
You don’t need a degree in science to do science.
Our physicists in the wild did a great deal with no
instruments, no books, no degrees, no courses. They
were curious, inquisitive, questioning—and so are
you!
Enjoy your wild, unencumbered physical world.
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CONNECTIONS
Play physicist in the wild. Question, observe, question again. Does the moon really get
smaller as it rises in the sky? Just what does the sunrise look like? And the sunset? Observe
them carefully. (Don’t look at the sun directly; observe it via a reflected image or using deep
sunglasses or crossed polarizers.) Just be curious, inquisitive. Observe and question!

HOMEWORK
1

Visit the your local natural history museum, planetarium, or science center. Experience and
study the exhibits and displays. Are there any really interactive exhibits? Sketch and describe one.
Pretend you’ve been a physicist in the wild, and you’re now looking for answers and
insight about the observations you’ve made, and the questions raised. Ask the staff some
friendly questions like:
• Where is the moon? How does it relate to the earth? Why does the moon “rise”? Why
does its shape change over a 28 day cycle?
• Where is the sun with respect to the earth? Why does the sun rise and set? Why do we
have summer and winter? Sketch!
• How can you demonstrate absolute inertia here on earth?
• What is the nature of the stars? How far away are they?
• What is the nature of the solar system?
Talk with the staff or volunteers about your questions and observations. Include their
names in your homework assignment as a reference or acknowledgment.

EXPERIMENT
1

Eratosthenes in the third century BC measured the diameter of the earth! He used shadows—and the lack of them—at different places but at the same time. Using some simple
geometry, Eratosthenes calculated that the earth’s circumference was about 40,000 km. His
only tools were sticks, eyes, a ruler, and his brain. Repeat his experiment and calculation.
Hint: see Sagan, Cosmos; or Morrison, The Ring of Truth. They should be in your local
public, college, or university library. Many physics and astronomy texts discuss
Eratosthenes and his remarkable experiment.
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2

Most astronomy text books show you how to measure angles in the sky to help describe
and organize the constellations—the patterns in the stars. The stars appear to be fixed
with respect to each other, although they move with respect to the earth’s surface. (Why?)
You can measure the angular distances between stars using only your body parts. Show
how you can calibrate your hand, fist, and forefinger to make angular measurements.
What is the angle between the two end stars in the bowl of the Big Dipper?
(Hint: refer to any astronomy text.)

3

Measure your resting pulse. How constant is it? Measure over several days every 2-3 hours
(while you’re awake!). Plot your pulse as a function of time for two days. Can you use your
resting pulse as a clock or timer—a way to time various experiments, like a ball rolling
down an inclined plane? Discuss.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Sagan, Cosmos
Morrison, Ring of Truth
Spielberg, Seven Ideas
Wynn, Five Ideas
Chaisson and McMillan, Astronomy Today
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Inertia, Gravity and
Forces
Aristotle, Galileo, Newton, Utah’s astronaut Senator Jake Garn and you
are all subject to inertia and gravity—the basic laws of nature.

QUESTIONS
1

What is inertia? What is gravity?

2

How can you minimize friction?

3

How are velocity and speed different?

4

How are velocity and acceleration different?

5

How can you experimentally measure g, the acceleration
due to the earth’s gravitational force?

6

Would you weigh the same on the moon? On Jupiter?

7

Would your mass be the same on the moon? On Jupiter?

8

Was Senator Garn really “weightless”?

9

How can we simplify problems?
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The Early Physicists
We’re learning to think like physicists, to discover
and understand the basic forces and energies which
govern and control our natural world. As physicists
in the wild, we unencumbered ourselves from instruments, devices, and preconceptions—we relaxed,
observed, asked questions. We appeared to be on a
huge, flat stationary object with the magical sun,
moon, and stars essentially rotating around us—or
at least passing overhead. We came to the same understandings and conclusions as Aristotle did some
2,000 plus years ago: the earth is privileged—we
are the center of things.
Aristotle was the first physicist—or at least the
first one who got some press and credit for his activities. Although he and the Ionians before him
were deeply immersed in civilization, science was
not yet very well developed. Aristotle concluded that
the earth world, which he called the “sublunar
world,” is very different from the heavenly world—
the celestial world of the stars and the sun. He felt
very comfortable in attributing certain mechanisms
and actions to the heavenly world and very different ones to the earthbound or sublunar world.
He said there were three different types of motion (Figure 10-1): natural motion or falling—the
tendency for objects to fall vertically to the ground.
He defined horizontal motion as “violent motion,”
because you needed to push or apply force to an

Aristotle’s 3 Motions
1. Natural Motion:
towards the earth (spontaneous)
2. Horizontal Motion:
along the earth (work)
3. Celestial Motion:
perfect, circular (different)

Figure 10-2 This is the ancient Greek geocentric or
Earth-centered view of the universe. The earth is the
perfect center of things. All of the planets and stars
rotate around the earth, the center of the universe
(Hobson, Physics, pg. 10).

object to make it move (Figure 9-18). These were
the two sublunar or earthbound motions. Then, of
course, there was celestial motion. This was different,
perfect, and due to different forces. And, of course,
the heavenly bodies rotated around the earth in
perfectly circular paths (Figure 10-2).

AIR:

WATER: Liquid
EARTH: Solid
FIRE:

Figure 10-1 Aristotle’s view of different kinds of
motions. Natural motion (what we now call gravity),
horizontal motions (what we now call friction or the
force required to oppose friction), and celestial motion
(motions of the planets and sun) which he assumed to
be absolutely perfect and circular.

Gas

}

MATTER
ENERGY

Figure 10-3 Aristotle’s view of matter was also fairly
basic. There are air, water, and Earth forms of matter,
and of course there is fire, the energy by which matter
can be changed.
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Figure 10-4 Although this looks similar to 10-2 it is
really very different. The sun is now the center of our
solar system. The Earth rotates around the sun, as do
all the other planets (Hobson, Physics, pg. 18).

Aristotle looked at things from the point of view
of air, earth, fire, and water (Figure 10-3)—his names
for matter (air, water and earth) and energy (fire).
This was the basic understanding of the physical
world for literally thousands of years and is still the
belief of the majority of our population. Most
people’s beliefs and understanding of the physical
world are really Aristotelian.
Then, in the early 1500s along comes
Copernicus. He concluded that things only make
sense, at least astronomical things only make sense,
if the earth revolves around the sun. He developed
the “heliocentric theory” of the solar system (“helio”
for sun) (Figure 10-4). But the intellectual, cultural,
and religious inertia of the time were so strong and
so well-developed, and the separation between heavenly and earthly actions and activities was so well
entrenched, that Copernicus wisely did not try to
publish or get much press—until his death. His life’s
work, On the Revolutions of the Heavenly Spheres, was
published in 1543, on the very day he died. He argued that his work was not to be considered a real
picture of the way things were, but merely a model
or simulation for the purposes of making calcula-

Figure 10-5 Kepler (1571-1630) on the left and
Galileo (1564-1642) on the right. (American Institute
of Physics) (Hobson, Physics, pg. 23 and 71)

tions, perhaps for navigation and other things. So
the book was tolerated and perhaps even used, but
did not lead to a paradigm shift.
Then along came Kepler and Galileo (Figure
10-5). Kepler really wanted the sun and the planets
to rotate about the earth, but using new and very
accurate astronomical data, he realized that things
just wouldn’t fit and finally became a heliocentrarian.
More or less contemporary with him was Galileo.
Galileo had a great advantage. He was an astronomer—a celestial physicist—and he was an earth
physicist, interested in the forces and energies which
govern motion on earth.
He also had access to the telescope, developed in
the early 1600s, and used by ship’s captains for sighting land and other ships. Galileo not only turned his
telescope to the heavens, but figured out ways to significantly improve and enhance it. Remember Figures
4-24 and 4-25? He also took Aristotle’s views and
observations dealing with falling motion and horizontal motion (Figure 10-1) and tried to make some
sense of that for himself. He knew that the earthly
motions were somehow combined. Thrown balls and
projectiles obviously move horizontally and vertically
(Figure 10-6). We say they have a horizontal and a
vertical component to their motion.
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So Galileo did what scientists since have tried to
do, he simplified the system. He idealized the problem, he made a model, so he could deal with it and
eventually understand it. It was hard to measure seconds and milliseconds very accurately. So he tried
to slow down the vertical motion by using inclined
planes. There’s a great marble game that uses tilted
flat surfaces (Figure 10-7): high tilt, fast motion—
very slight tilt, slow motion—no tilt, no motion.
He also realized that there was “friction” which
plagued, contaminated, and complicated his observations and measurements. He realized that it was
friction that had confused Aristotle in his studies of
horizontal motion.
So, Galileo used smooth, hard, rigid inclined
planes and smooth, rigid, perfectly spherical balls.
He also slowed down the vertical motion so that he
could make accurate time and distance measurements. Remember scientists like to count and
measure. Until you can count and measure something, your knowledge of it is very qualitative and
therefore subjective. It’s really numbers which allow you to do things objectively. So by minimizing
friction, and using a slight tilt (Figure 10-8), he set
up the experiment so that the ball took some time
to get to the bottom—allowing more accurate measurements. Galileo quickly learned that if you allow
objects to roll down hill, even on the slightest slope,
they not only roll, they accelerate—that is, their velocity increases with time (Figure 10-9).
He did a thought experiment: if a ball is launched
horizontally on a perfectly frictionless surface, then
there is no acceleration or deceleration—there is no
force to stop it (Figure 10-8). It finally stops in real
life, like a toy car, due to air resistance and because
there is friction between the car and the surface.
You know air forces and friction from personal
experience (Figure 10-10)—and the effect of streamlining on wind resistance. You also know surface
friction from personal experience. So Galileo got
rid of friction: both air friction and surface friction.
By getting rid of friction he discovered Newton’s
First Law of Motion, the Law of Inertia:
If things are moving, they keep moving; or
if they’re stopped, they stay stopped.

Figure 10-6 Any thrown object or projectile moves
both horizontally and vertically. Physicists try to
separate the more complex motion into two simpler
motions which they can analyze more easily.

Figure 10-7 This game, called Labyrinth, can be found
in most toy and game stores. It is basically a dexterity/
reaction-time activity that employs Galilean incline
planes. Although it uses hard wood and hard spherical
marbles, friction is still present. The real trick to this
game is learning how to compensate for that friction.

Figure 10-8 A smooth ball on a smooth incline
always speeds up going down (a) and slows down
going up (b), even for a very slight incline. In the
limiting case of the perfectly smooth and level surface
(c), the ball should keep going forever once it has
started rolling. (Hobson, Physics, pg. 71).
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ACCELERATION = increasing velocity
Figure 10-9 If something is accelerating, its velocity is
increasing. If its velocity is decreasing, we say it is
decelerating.

Figure 10-10 A schematic view of a very easy way to
experience air resistance or friction. While driving at
various speeds, simply stick your left hand out the
window and rotate it. This is especially effective if you
are traveling at 40 or 50 miles per hour or faster. Do
this only for a second or so because you are supposed
to drive with both hands on the wheel!

Do the pile of books on paper experiment. The
books are not moving. If you pull the paper fast
enough, they still don’t move! That’s inertia. You applied a force to the paper—moving it—but there
wasn’t enough friction for that force to connect to
the pile of books—so the books did not move.
In doing these experiments Galileo applied a very
important principle of physics—complex motions
can be separated into their component parts. For
example, in the inclined plane there is horizontal
motion and there is vertical motion (Figure 10-11),
just as there is in projectile motion (Figure 10-6).
You can experiment with, sort out, understand each
part and, then, put them back together and get the
real world motion back.
From complexity to simplicity, then back to complexity. It’s the way most scientists work. Physicists
and engineers separate complex systems into their
component parts, try to understand each component, and then put the parts back together again.
We call it separation and then super position—or putting back together (Figure 10-11).

Velocity and Acceleration
We need some definitions (Figure 10-12). First, average velocity, V, is the distance you traveled divided
by the time it took you to get there. Typical velocity units are meters per second or miles per hour.
Galileo observed that the velocity of falling objects
increased linearly with time. We call increase in speed
or velocity with time,“acceleration.” When you press

Velocity

Separation
and
Superposition

Figure 10-11 Separation of the horizontal and
vertical components to the motion of a ball on an
incline plane.

distance/time

Units: [meters/sec] or
[miles/hour]

Acceleration (a)

change in velocity
change in time

Acceleration units =

[ meter/sec
second ]

Figure 10-12 Summary of important definitions for
velocity, acceleration, and their basic units.
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down on your car’s accelerator pedal, for example,
it accelerates—its velocity increases. So Galileo observed that the velocity of a falling ball was increasing,
but it changed at a constant rate. It has a constant
acceleration. It didn’t matter how heavy the falling
object was; the vertical acceleration was always the
same. Aristotle didn’t recognize this because he, like
you and me, did not separate the effect of friction.
Friction is another force. If objects have a greater
area, then they tend to have greater air or wind resistance. Air or wind resistance is just another force
acting on the object.
When you stick your hand out of a car moving
40 mph (Figure 10-10) and you rotate your hand
you immediately feel that wind resistance. If you
go a lot faster—say 60 mph—that wind resistance is

Figure 10-13 A schematic view of a ball dropped from
a tall building. Air resistance is neglected in this
example. The time after dropping, the approximate
distance the ball has traveled, and its approximate
velocity at each specific second are given. (Hobson,
Physics, pg. 83),

stronger, much more than
twice as strong. Air resistance scales non-linearly
with velocity or speed.
So air resistance is very
important in the study of
falling objects and projectiles. Galileo recognized
that and designed experiments where that complication was minimized and
could be ignored—allowing
him to discover Newton’s
second law of motion, which
relates force, acceleration
and gravity.
Galileo really did discover both inertia and
gravity, although he didn’t
develop the concepts with
the mathematical elegance
that Newton later did. So
we attribute those concepts
and those laws of motion
primarily to Newton.
You can do a key Galileo
experiment using a modern
video camera. Find a building where you can drop a

Figure 10-14 This is a
multiple flash photo of a
falling billiard ball. The
position scale on the left is in
centimeters. The bulb
flashed every 1/30th of a
second. This is similar to
what you get in a VCR
experiment where each
1/30th of a second represents a separate video
image, easily seen by using
the jog key on a VCR. These
images are from Hobson’s
Physics, pg. 82. They
represent only the very initial
part of the fall.
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15
feet

distance ball has fallen

ball from the second or third floor (Figure 10-13).
First suspend and drop a long banner, labeled in
meters. Then set up a video camera outside. Use a
large, bright, easily seen ball. Have someone hold—
then drop—the ball while you operate the camera.
As the ball falls, the video camera records its position. The ball must be visible together with the
distance scale on the banner. The video frames contain the information on the ball’s motion. Remember
that video cameras work by taking 30 static images—
one right after the other—every second. When these
are played back your eye fuses those images into a
continuous dynamic image. Remember the jog key
on a modern VCR back in Chapter 2?
In order to see the position of the ball as a function of time, view the ball from far away and record
the entire drop. The enormous banner scale must
be visible behind the ball so you can see the position of the ball in each frame. When it’s released, it
will move very slowly and then move faster and
faster. Bingo—it’s all over in a second or two, but the
data is in the video camera recorded at 30 frames
per second.
Now, using the jog key on a modern VCR, we
can see each individual 1/30th second image. Make
a distance measurement on each individual video
frame. Here’s a clear example from Hobson’s physics book (Figure 10-14). The time between each ball
image is exactly the same—and based on the frame
rate, 30 frames per second. The distance increases
with each frame because the ball is going faster and
faster! Measure the distance the ball has fallen, from
Figure 10-14 or from your own video images, as a
function of time or frame number and plot it (Figure 10-15). The distance graph curves upward,
meaning the ball is going faster and faster with each
unit of time, covering a greater and greater distance.
Distance divided by time is velocity (Figure 10-12).
Calculate the velocity at various points on the
graph—it is the slope, m, at that point (Figure
10-16). Now plot the velocity as a function of time
(Figure 10-17) and that graph is approximately linear! The velocity is linear with time—the ball’s
velocity increased by the same amount as we went
from frame to frame. The slope of that curve, that is,
the change in the velocity with time, is the acceleration. And its value? About 10 meter/sec per

0
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time/frame number

Figure 10-15 Equal increments of time are on the
horizontal axis; the total distance a ball has fallen at
each increment of time is on the vertical axis. The
distance-time plot is non-linear. The ball is traveling a
greater distance with each successive second or frame
number.

second. The acceleration of that ball towards the
center of the earth is constant.
Good work! But you need to do one more experiment to really get to the bottom line. Take a
heavier ball, with nearly 3 times the mass, but of the
same size and surface texture, so the air resistance of
the two balls is nearly the same. One way to do this
is to inject the second, otherwise identical, ball with
water. Just be sure that it remains spherical so the
air resistance is the same. And now do the same experiment. Do the same thing with the individual
video frames, separating them, measuring distance,
calculating velocity, and calculating acceleration, just
as in Figures 10-13 to 10-17. Now put the two sets
of data—those of the heavy ball and of the light
ball—alongside each other.
The two balls fall at the same rate. They have
the same acceleration. Incredible? No, that’s just how
the world works! The acceleration due to gravity
on Earth is constant. The precise value depends on
your elevation with respect to the center of the earth,
and so it varies slightly from point to point. But
generally it’s 9.8 meters/second every second—or
roughly 10 meters/second with every second of ver-

distance

m2 = v 2

m1 = v1

velocity
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v
m= t =a
slope is acceleration

_ 9.8 meters/sec
m~
sec
time

time
Figure 10-16 Distance divided by time is velocity. So
in this schematic plot, we show the slope, usually given
as the symbol m) at two points in time (m1 and m2 ).
The slope of the graph is the vertical value divided by
the horizontal value. In the case of a distance-time
graph, that is the velocity.

tical acceleration. The effect you get when two
things seem to fall at different rates—like a ball and a
feather (Figure 10-18)—is all due to air resistance—
not to gravity. Thanks to Newton, we now
understand that.
These experiments used to be hard to do because vertical motion is so fast, but now we have
video cameras and other instruments to help us.
Galileo didn’t have a video camera or high-speed
photography—so he had to slow it all down with
inclined planes.

Figure 10-17 If you now take the velocity values that
you determined from the distance-time graph in Figure
10-16 and plot those velocity values versus time, you
will get approximately a straight line of constant slope.
The slope of the velocity-time graph is the change in
velocity divided by the change in time, which is the
acceleration.

Figure 10-18 In a container in which
most of the air has been removed and
thus there is essentially no air resistance, a ball and a feather will fall at
exactly the same rate. The reason the
feather falls more slowly under normal
conditions is all due to its greater air
resistance (Hobson, Physics, pg. 70).

Gravity
Newton understood that gravity is caused by an attraction between two masses, although he had no
idea why those two masses attract, and neither do
we. The bigger the masses involved, the greater the
force of gravitational attraction. So by making observations of the earth/moon system, Newton came
up with an equation to quantitative the force of gravity—the gravity force between two objects, like you
and the earth (Figure 10-19), is found by multiplying the two masses and dividing by the distance
squared: F ~ m1M2 /r 2 , the mass of the earth divided
by its radius squared. We won’t worry about exactly
how he derived that or how he figured out the mass
of the earth, M2 or that its radius, r, is 6000 km. But
now having such an equation for gravitational forces,

Figure 10-19 You are a little mass, m1 , on the surface
of the earth. The earth is
very big. Its mass is M2.
m1M2
F∼
The law of gravity
d2
says the force
Big mass:
exerted via
Earth
Little mass:
gravity by the
M2
you
earth on you is
m1
given by that
simple equation.
d is the distance
between you and the
center of Earth, the
center of its mass. So, d is
just the radius of the earth.
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F∼
F ∼ m1 g
g

m1M2
d2

Your Weight = Your mass x g
(acceleration due to gravity)

where

M2 mass of earth
= (6000 km)2
d2

Law of Earth Gravitation:
acceleration due to gravity
g = 9.8 meters/sec2!
Figure 10-20 The mass of the earth divided by the
distance to its center—its radius—squared is a constant. We call that constant g. It is the constant
acceleration due to gravity on the surface of the earth
(roughly 10m/s/s).

and knowing the mass of the earth (M2), and knowing that we are roughly 6,000 kilometers from the
center (r), we can derive a similar equation that says
F ≈ mg, where m is your mass, or mine, and g is the
other stuff in the equation (Figure 10-20). We call
g the acceleration due to Earth’s gravity. Whether
you have a mass, m, of 50 kilograms or 200 kilograms, the acceleration due to gravity is the same
(g) because it’s dependent only on the mass of the
earth and its radius.
When you weigh yourself, you’re not measuring your mass, you’re measuring the attractive force
between you and the earth. Your weight is the force
of attraction—the gravity force—between you and
the earth (Figure 10-21).
Gravity is what physicists call a very “long-range”
force. The radius of the earth is about 6,000 kilometers. The breathable atmosphere thins out with
altitude to roughly 10 kilometers (Figure 10-22), no
more than the height of Mount Everest, and then it
gets thinner and thinner out to another 90 kilometers, and that’s really where space begins—about 100
kilometers out—no atmosphere. Satellites generally
orbit above that. So for all of us here on the planet
our distance from the center of the earth is roughly

Figure 10-21 Your weight is your attraction to the
earth via gravity. Although that force of attraction
certainly increases if you increase your mass, the
acceleration does not. Gravitational acceleration is a
constant given only by the properties of the planet
itself.

the breathable atmosphere (10 km)

Earth

satellites orbit
out here or a
little higher

radius =
6000 km

Figure 10-22 A not-to-scale schematic. The earth’s
breathable atmosphere and the space beyond where
satellites tend to orbit.

6,000 kilometers, making the acceleration due to
gravity on the surface of the earth a constant.
If you are 60,000 kilometers away from Earth,
about 1⁄6 of the distance to the moon (Figure 10-23),
you still feel the tug of the earth—you still feel gravity, but it’s only about 1 percent of what it would be
on Earth. That may seem like very little, but it’s very
significant, because there are no other forces out
there to compete with gravity. Even a very small
force can be significant if there is nothing around to
counterbalance or counteract it. That’s really how
the solar system is held in balance.

112 UNIT 2 Physics

The Space Shuttle and Planetary Orbits
Let’s consider so-called weightlessness for a minute.
The general conception is that Utah’s astronaut,
Senator Garn, and the other astronauts in the space
shuttle, were completely weightless—that they were
far enough from the earth that they were not attracted by its gravity (Figure 10-22). But, you should
now question that. The shuttle astronauts had almost the same gravitational attraction as you and I
do here on Earth—they aren’t really very far up. The
difference is they are in a space shuttle falling towards
the center of the earth, so the astronauts are also
falling with the same acceleration. If what’s around
you is falling at the same rate as you are, you sense,
experience, feel weightlessness (Figure 10-24).
Weightlessness is when you are not pushed against
various walls or surfaces and that’s the case if the
walls or surfaces are moving as fast as you are.
Newton could mentally turn gravity off and he
could turn it back on. He understood inertia, and
he understood gravity, and then it sort of came to
him. A creative, brilliant insight. What if the earth
behaves like a ball on a string? The ball would like
to travel in a straight line, but is constrained by the
string. Imagine a model Earth on a string. The globe
is tethered by the string. Rotate the “Earth,” it goes
around. But now eliminate the “force of attraction”
by letting go of the string. Your “Earth” is now a
projectile—moving in a straight line. What held the
globe in “orbit” was the force on the string, the centripetal force. So, Newton thought, what if gravity
provides the centripetal force and it happens to just

Figure 10-24 Weightlessness is what you
feel when you are not
being pushed against
anything or when you
are not being pushed
by anything. You feel
some weightlessness
while skydiving, although you also feel
the air resistance. You
would also feel
weightless in a falling
elevator because the
floor is moving down
as fast as you are
moving down (Hobson, Physics, pg. 121).

perfectly balance the inertial tendency—maintaining that ball or the earth in a near circular orbit
around the sun? Or the moon in an orbit around
the earth (Figure 10-25)? That’s exactly how our
solar system is balanced (Figure 7-9). This may all
seem simple by hindsight, but everything is simple
by hindsight. It was brilliant. What it didn’t answer
was who or what started the planets in the first place,
a question we won’t consider. But given that planets have a velocity and a mass, they have inertia, and
they have a gravitational attraction to the sun and
to the other planets—and those tendencies are just
balanced so the planets are in stable orbits around
the sun. If you could turn off the gravitational at-

Figure 10-23 If you now go way
out in space, many Earth’s radii
out, then g is much smaller
because d is much larger (Figure
10-20). At 10 Earth radii, 60,000
km or 1/10th the distance to the
moon, you would only weigh one
percent of what you weigh on
Earth (Hobson, Physics, pg. 122).
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traction of the sun, the earth would simply coast—
move in a straight line through space, just like your
whirling globe. So Senator Garn and the other astronauts were certainly influenced and attracted by
the earth’s gravity, but so was the space shuttle. The
result was that they appeared to float free. If they
had not both been attracted by the earth’s gravity,
their orbital velocity would have taken them out to
outer space—and beyond—and we’ve have lost both
the shuttle and Senator Garn!
What kept Senator Garn’s space shuttle in its orbit
is that the NASA scientists and engineers figured
out just the right orbital velocity to counter it’s attraction to the center of the planet, resulting in a
stable orbit. The shuttle is actually coasting around
the earth—just as the earth coasts around the sun.
And fortunately, Senator Garn did not careen into
outer space!

Newton, Gravity, and Inertia
Newton (Figure 10-26) was born in 1642—a year
after Galileo died. Newton got the credit for some
of what Galileo did because Newton was able to
mentally turn off gravity. Things aren’t so obvious
here on Earth because of the tremendous influence
of gravity on all things. Imagine if we could switch
off the force of gravity. You would no longer be
pinned to the planet. All the air in the atmosphere
would leak away to outer space, so there would be
no air resistance. There would be no friction between you and the road or the sidewalk, because
there’s no gravitational force holding you to the road
or sidewalk. You would then really feel and know
inertia. You would be a mass with no gravity acting
on you—traveling in a straight line.
There are times and conditions when you can
partially experience that here on Earth—even with
gravity turned on. Hitting a patch of black ice—a
situation of ultra-low friction between you and the
road—results in you and your car moving in a
straight line. There is no way you can impose frictional forces. You are subject to inertia, moving in a
straight line at a constant velocity.
You’ve developed the Newton/Galileo concepts
of inertia and gravity, balanced the solar system, and
moved beyond 2000-year-old Aristotelian physics to
Newtonian physics and the mechanical view of
things. Good work! Now we need to further de-

Figure 10-25 The moon is attracted to the earth by
their mutual gravitational forces, but the moon is also
a massive object subject to its own inertia. Without the
earth’s gravitational attraction, the moon would simply
move in a straight line. Without the sun’s gravitational
attraction, the earth would move in a straight line due
to its inertia. It is the balance between that inertial
tendency and gravitational force that leads to the
stable orbits so characteristic of the planets and moons
of our solar system. (Hobson, Physics, pg. 115).

Figure 10-26 Isaac
Newton (1642-1727)
said: “If I have seen
further, it is by standing
upon the shoulders of
giants.” Science builds
on itself; scientists tend
to use the accumulated
knowledge and discoveries of the past, together
with their own observations and discoveries, to advance our understanding
of the natural world. About science itself, Newton said,
“I do not know what I may appear to the world; but
to myself I seem to have been only like a boy playing
on the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell than
ordinary, whilst the great ocean of truth lay all discovery before me.”

velop Newton’s laws of motion, start to deal with
energy, and consider that wonderful concept called
entropy. On to Chapter 11.
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CONNECTIONS
This one is easy because you deal with, feel, experience inertia and gravity every second of
every day of your life. Every time you walk, run, drive, fall, or jump, you are subject to the
laws of inertia and gravity. Rather than taking these for granted, as we all usually do, try to
analyze, dissect, perturb, and question your gravitational and inertial experiences, and
enter some of these observations and analysis in your Personal Lab Book.

HOMEWORK
1

Visit your local natural history museum, planetarium, or science center—again! These
facilities will often have a solar system “bathroom” scale to determine your weight on
other worlds. Do the numbers make sense? Perform a few quick estimation calculations to
check the staff’s arithmetic! If they don’t have such an exhibit, ask one of the staff members to discuss with you the nature of mass and weight on other worlds.

2

Let’s assume Utah Senator and astronaut Jake Garn is a fit 165 pounds here on Earth.
Estimate his weight during the space shuttle orbits. So, was he weightless? Discuss.

EXPERIMENTS
1

The concepts of freefall, gravity, and acceleration are very important—you have to understand them! Art Hobson’s beautiful book Physics: Concepts and Connections (Prentice-Hall,
1995) does a great job of showing and explaining. Using the data in Figure 10-13, plot the
distance (meters) v. time (seconds) for the falling ball. What do we call a plot of that shape?
From that plot determine the average velocity (the slope) at different times and then plot
those velocities versus time. What do you get? What is your value for the acceleration due to
gravity? Compare your results with Hobson’s (Figure 10-13). If you have a video camera,
you could get your own data, because the video runs at 30 frames per second. So, each
frame, observable via the JOG key on your VCR, represents 1/30th of a second.

2

Measure and then calculate g using a hanging pendulum experiment. Present all data and
calculations. You’ll probably need to refer to a physics text for help with this one!

SOURCES AND REFERENCES
Spielberg, Seven Ideas

Hobson, Physics

Wynn, Five Ideas

Giancoli, Physics

Morrison, Ring of Truth
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Energy, Efficiency,
Entropy: You Can’t
Even Break Even
The launch of the space shuttle, skydiving, and controlling your car.
Our friend Newton understood it all, and you will, too.

QUESTIONS
1

Why is a force needed to change the direction of motion?

2

How are mass and inertia related?

3

How does gravity work over such large distances?

4

Is energy really conserved?

5

Why is some energy “potential,” other energy “kinetic,”
and still other energy “not useful” or “inaccessible”?

6

What exactly are heat and temperature?

7

Why do things melt or boil, condense or freeze?

8

Why is heat inefficiency?

9

Why does entropy always increase?

10 What are those Laws of Thermodynamics?
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Those Laws of Motion
We’re beginning to learn the rules of the game.
That’s what physics is: the rules of our natural world.
Inertia is one, gravity is another.
Newton did many experiments dealing with projectiles, trying to combine horizontal motion and
vertical motion. Let’s assume you are standing on a
very high mountain and you start throwing balls
(Figure 11-1). The first you let fall nearly straight
down. The second you throw with some horizontal velocity—it moves at that horizontal velocity. It’s
headed straight towards outer space, but the gravitational attraction of the planet pulls it down with a
constant acceleration, and it finally smashes into the
surface of the earth.
If you threw the next balls harder and faster, they
would go farther because of the higher horizontal
velocity—but they would take the same amount of
time to hit the surface of the earth. If you threw
still harder, the ball goes even faster, but the same
thing happens.
It’s like a skydiver trying to jump out of an airplane (Figure 11-2). The airplane is going maybe
150 mph. The skydiver sees the target right below,
and jumps. Assuming no winds, he is pulled straight
down. When he, or she, finally makes contact with

skydiver

d
Figure 11-2 Imagine a skydiver jumping from a
plane, directly over the target. The plane has a
horizontal velocity, probably about 150 miles per hour,
maybe more. So, the skydiver has the same velocity.
Assuming absolutely no air resistance, the skydiver still
has a horizontal velocity, even when she contacts the
earth, far beyond her target.

mountain
lost in space!
satellite
orbit
earth

"fall" to
earth

Figure 11-1 Throwing balls from the top of a tall
mountain.

the ground, she finds that she’s a very long distance
from that target. Assuming the airplane had continued to fly straight at the same velocity, if she looked
up the instant she landed, she would see the airplane r ight overhead. Her horizontal velocity,
neglecting air resistance, was the same as the airplane’s
when she jumped. Both she and the plane continued at the same hor izontal velocity. She was
continuing to go horizontally at the same rate until
her path connected with the earth’s surface.
If our skydiver had roller blades (Figure 11-3)
and landed on a nice smooth runway at touchdown,
neglecting all friction and air resistance, she would
be traveling horizontally on those roller blades at
exactly the same velocity that she and the airplane
had when she jumped.
Let’s now go back to throwing balls from the
tower (Figure 11-1). If you could throw the ball fast
enough, the horizontal motion could be so fast—so

Figure 11-3 A
skydiver on roller
blades would
maintain her
horizontal velocity,
rolling along the
surface of the
planet.
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Newton’s Laws of Motion:

Newton’s Laws, rephrased:

1. Inertia

1. Things will keep doing what they’re
doing unless they’re bothered.

2. a = F/m; F = ma
3. Action/Reaction

Figure 11-4 Newton’s three laws of motion. The first
is inertia; the second is F = ma, which he really figured
out from his considerations of gravity; and the third is
action/reaction, or “all forces come in pairs.”

2. Things change what they’re doing
based on how much they’re bothered.
3. When things are pushed, they push
back.
Figure 11-6 A more everyday way of expressing
Newton’s Laws.

long—that the ball never comes to Earth. Yes, its
horizontal motion is altered by gravitational attraction—it’s always falling towards the earth by gravity,
but it’s also trying to careen into outer space due to
its horizontal velocity, its inertia, and those two tendencies are just balanced. That’s exactly how we orbit
satellites and space shuttles. If you throw too hard,
off into space it will go (Figure 11-1).
Newton recognized that gravity isn’t the only
force which can produce acceleration—any force can
produce an acceleration or deceleration. So, he formulated his Second Basic Law of Motion:

You experience Newton’s three laws of motion
everyday (Figure 11-6). You put them to work for
you when you walk, run, swim, ski, drive, and drive
to work.
Newton’s universe was like a machine, like a
clock, with everything controlled and balanced—
explained and predicted by his three Laws of
Motion.

F = ma

Figure 11-5 If you slap or push on a table, you exert a
force on it. Assuming it isn’t moving, it is exerting a force
back on you. That may be through its legs, through the
floor, and even
through the walls
of the building, but
basically there are
two forces there:
an action and a
reaction. The gravitational force on
the book pushing it
down on the table,
is balanced by the
reaction force of
the table on the
book. This is sometimes called the
law of force pairs
(Hobson, Physics,
pg. 103).

or, better yet:
a = F/m
The acceleration of something is basically the force
acting on it divided by its mass. Remember the mass
is inertia, so the greater the mass, the greater the force
needed to overcome that inertia—the tendency to not
change. That’s Newton’s First Law (Figure 11-4).
You’re already very familiar with his Third Law—
the action/reaction law. And of course the best way
to experience it is on black ice, or roller blades or
on ice skates, where friction is minimized. You push
on the wall, the wall pushes back (Figure 11-5). Our
everyday experience with the third law is mainly a
consequence of how atoms and molecules are
bonded and organized in solids.
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One of the great mysteries that came out of
Newton’s brilliant work was the question of action
or forces at a distance. How does gravity actually
work? How can the moon, nearly 400,000 kilometers away from the earth, feel the presence of the
earth? How can the earth feel the presence of the
sun? You experience other action at a distance as
well. How can one magnet feel the presence of another magnet a millimeter, a centimeter, even a foot
away? This whole idea of action or forces at a distance—particularly when that distance is the vacuum
of outer space—is still a mystery. Why and how did
gravity develop? Why do masses have gravitational
properties? Good questions!
We do know, however, that gravity, inertia, mass,
velocity, and acceleration exist and that Newton’s
laws of motion, and gravity, are valid throughout the
universe.
Newton’s three Laws of Motion (Figure 11-4)
are so basic—so fundamental—that we can use them
to develop other useful laws: the conservation laws.
Each of Newton’s laws of motion requires conservation of mass (Figure 11-7).

Mass
We already know that the basic, indivisible unit of
stuff is the atom—atoms make up all common stuff
in our natural world (Figures 7-7 and 7-8). We’re
going to assume for now that atoms are indestructible. We know that they can exchange electrons and
make molecules, but basically the entire mass of the
atom is in the nucleus. We assume the nucleus is
indestructible. For now we can ignore nuclear fission or fusion. If we make those assumptions, then
mass is conserved. We cannot destroy any of it. We
can grind things up, make powders, make solids into
gases and all of that, but fundamentally, the basic unit
or building block is the atom. We can’t destroy it or
break it down any further. So when we count up
all the atoms, we have the same number at the end
of any experiment or process as at the beginning.
Oh, you might misplace a few and find that they
are hard to find, but you know deep down inside
that they are there. It’s like losing puzzle pieces, or
even losing your keys. Although they’re “lost,” you
know that they still exist somewhere.
Mass is conserved—mass is neither created nor
destroyed. In order for inertia and action/reaction

Conservation Laws
from Newton’s Laws of Motion
• Conservation of Mass
• Conservation of Linear Momentum
• Conservation of Angular Momentum
• Conservation of Energy
Figure 11-7 The Conservation Laws that are a
consequence of Newton’s Laws of Motion.

to work, conservation of mass has to be valid. There
are other conservation laws (Figure 11-7) that derive from Newton’s laws of motions, conservation
of momentum, and conservation of angular momentum, but we just don’t have time to cover them here.
They’re covered in most physics books.
But we must cover conservation of energy. There
is energy associated with motion—we call it kinetic
energy. There is also energy associated with gravity
and position—we call that “potential energy.” When
we hold up a ball, we have used energy to lift it up
against gravity. So we say it has some “energy potential,” or a potential energy. That energy is really
only expressed when it is let go and gravity acts on
it, accelerating it, causing its velocity to increase. As
it falls, it transforms gravitational potential energy
to motion—to kinetic energy. So when we say energy is conserved, we mean kinetic energy and
potential energy together are conserved. Another
example is a pendulum or a roller coaster: down—
acceleration—faster—lots of kinetic energy—then
up—slower—to a stop—lots of potential energy
again.
We’ve all seen those wonderful hanging ball devices (Figure 11-8) where potential energy is
converted to kinetic energy and then the kinetic
energy back to potential energy, and back again and
again and again. Different forms of energy can be
transformed or changed from one to another—energy is conserved in those processes.
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Entropy
“Whoa,” you say. “You can’t tell me that the energy
is conserved. The total of the potential energy and
kinetic energy stays a constant? Those bouncing balls
don’t bounce forever, the motion eventually dies out.”
You’re right—and you already know why. It’s
due to that major principle of science, one that Newton, in all of his brilliance, did not fully recognize—or
have time to work on. Whenever we transform energy from one form to another, in our real, everyday
world, that energy conversion or transformation process is never 100% efficient. Some of the energy
becomes unusable—inaccessible. Yes, it’s that
nonconservation law from Chapter 8—the entropy
principle (Figure 11-9).
Why does energy become inaccessible? Because
it’s been transformed to heat. The problem is that
when energy gets transformed to heat, it is almost
impossible to get it back into any useful or practical
form. Heat flows, dissipates. Remember our hot and
cold blocks (Figure 8-5)? Practically all energy transformation produces heat, and generally that heat is
not usable. It is inefficiency. So the energy is conserved—it’s all there—but the part there as heat is
usually not very useful.
In order to understand these losses we have to
figure out what is heat. So, back to atoms and molecules. There are different kinds of molecules in the
air: oxygen, nitrogen, carbon dioxide. There are also
water molecules in the air. If there’s a lot of water
in the air, we know that it can be condensed out as
rain under the right set of conditions, and we get
liquid water. If it gets even colder, liquid water forms
a hard, rigid solid: ice. You know that those three
types of matter—vapor, liquid, solid—contain exactly the same molecules—water in this case—but
generally at different temperatures. We already know
that temperature scales exist (Figure 11-10), that
some things are hotter than others. We also know
we can pour liquids and they’ll move by themselves
downhill. Molecules in vapor seem to move around
all over the place.
These observations all tie together in our everyday world.
The state of a molecule—whether it’s vapor, liquid, or solid—is mainly due to its temperature.
Atoms and molecules have energy. The energy they
have, their temperature, is their motion. It’s their

Figure 11-8 The famous hanging ball device. Lift up one
of the end balls as if it were a pendulum and let it go. Its
potential energy gets converted to kinetic, which is then
transferred through the balls to launch the other end
ball back up, transferring its kinetic energy to potential
and then back again. There is actually a lot going on
here in terms of momentum, which is just another way
of looking at the problem, as you’ll see later.

Second Law of Thermodynamics
In any energy transformation process
there is an inherent dissipation of some
of that energy—generally in the form
of heat, and that energy is no longer
available for “useful” purposes.
Figure 11-9 A somewhat formal statement of the
second law of thermodynamics. The easier way to say
it is: you can never break even.
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kinetic energy (Figure 11-11). Molecules in the gas
state are very energetic and are in rapid motion.
Here’s an interesting experiment you can do in
your microwave. Take a small balloon, put a little
water in it (1-2 cc), blow it up, tie it, and then put it
in your microwave. The molecules inside can’t get
out and the molecules outside can’t get in—it’s a
closed system. But it’s not closed to energy. You can
heat up the water molecules inside the balloon to a
high temperature using the microwave. The microwave energy travels into the balloon, heating up the
water. Two things happen: the now hot water partially vaporizes, and the vapor molecules themselves
get hotter. They have a higher kinetic energy so the
balloon expands. The molecules inside become hotter, increasing their pressure, expanding the balloon.
If the molecules were cooled, the pressure would
decrease, and the balloon would get smaller, like it
was before you heated it.
So pressure, temperature, and the heat are all essentially the same thing, all due to the disorganized
motion of atoms and molecules (Figure 11-11). To
make a long story short, each molecule in the vapor
or gas has kinetic energy. It’s traveling at a rapid velocity. At room temperature, in normal air, oxygen
and nitrogen molecules are traveling at about 1,000
miles/hour. When they’re hotter, they travel faster;
when cooler, they travel slower. At that speed they
can’t travel very far before they run into a wall—
like the inner surface of the balloon. The collisions
they make with the wall is the pressure, while heat
is the motion of individual atoms or molecules.
Little white ping pong or styrofoam balls make
a metaphorical representation of highly magnified
atoms or molecules. Take 20 to 30 white balls and
put them in a transparent plastic container. They’re

Temperature

Energy

Motion
Figure 11-11 Temperature, Energy, and Motion of
atoms and molecules are all closely interrelated.

Figure 11-10 The Celsius and
Fahrenheit temperature scales.
The boiling temperature of
water at sea level is 100˚ C or
212˚ F. The freezing point of
water at sea level is 0˚ C and
32˚ F. Celsius is considered a
metric measure of temperature
(Hobson, Physics, pg. 167).

ordered and compact at low temperature. You can
simulate putting heat into this “solid” by shaking the
system, by vibrating the balls (atoms). If they get
hot enough, their vibration and energy (produced
by shaking very hard) overcomes the attractive forces
between the atoms. At that point, the solid structure disrupts. It has “melted.” At that temperature
and above the white “atoms” are much more dynamic, more disordered. They are constantly
colliding and running into each other. This is an
analogy for the transition from ice to liquid water.
Putting even more energy into this system by shaking harder, the balls vibrate more and more, giving
each atom or molecule more and more kinetic energy until they break free from one another and get
launched into vapor. Then we say the liquid has
transformed into vapor. It is boiling. Temperature,
heat, the vibration and motions of atoms, and the
states of matter (solid, liquid or gas) all are connected—all due to the same processes.
Almost every energy conversion process, almost
all work, results in heat. That’s why cars have radiators. That’s why you sweat. That’s why your car tires
get hot. That’s why everything that works—every
energy source—gets warm. That heat is not useful
energy. It is inefficiency.
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Figure 11-12 When you touch an ice
cube, heat is actually flowing from your
hot finger to the cold cube. When you
tough a hot cup of coffee, however, heat
is flowing from the hot coffee to your
lower temperature finger. In all situations, the hot gets cooler and the cool
gets hotter. That really is the second law
of thermodynamics (Hobson, Physics,
pg. 166-167).

Heat only flows from hot to cold (Figure 11-12).
Yes, we have refrigerators which actually pump heat
out, so heat is flowing from cold to hot, but it takes
energy to do that—it is an inefficient process. Refrigeration and air conditioning don’t happen
spontaneously in nature. In nature, heat flows from
hot to cold—spontaneously—naturally—no help required. It’s like water flowing downhill. We never
see water spontaneously go uphill. Yes, it does eventually get back up there through the climate
processes: rain, snow, evaporation, but remember
they’re all driven by solar energy. If there’s no energy available to drive such uphill processes, then
they don’t happen. The spontaneous processes are water flowing down and heat flowing down.
There is a one way path for most natural processes. This directionality to natural processes in our
universe is the Second Law of Thermodynamics.
The first law was Conservation of Energy. Energy’s
always conserved, although some of it leaks out in
the form of heat and is dissipated. So although all

Laws of Thermodynamics
• Energy is Conserved.
• Entropy is Maximized.
• You can’t achieve Zero Energy.
Figure 11-13 The three laws of thermodynamics.

energy is conserved, useful or practical energy, which
the physicists define as the ability to do work, is not
conserved—that is the second law (Figure 11-9).
You already know we call this entropy. The second law of thermodynamics says that all processes
are inefficient, that in order to keep things going
you have to continue to input some energy. Everything that we do, every energy conversion that we
make, all work that we do, all machines we use, all
produce entropy. Entropy is the heat produced. So
another way to state the second law, is—that entropy is never conserved. Entropy always increases
(Figure 11-13).
There is a Third Law of Thermodynamics, which
says that we can never get to absolute zero—the total absence of all heat. That also means the absence
of all atomic and molecular motion. It’s really based
on the second law, because to get to absolute zero
we have to take all heat out of the system. If you
are trying to produce the coldest thing anywhere,
then you have to move that heat uphill. You have
to make somewhere else hotter, and you can’t do
that without producing more heat, because all such
processes are inefficient. So you are kind of in a circular argument. The result is the third law, you just
can’t do it.
So the three Laws of Thermodynamics are (Figure 11-14):
• You can’t get something for nothing (the conservation of energy)
• You can’t even break even—you always lose (maximization of entropy)
• You can’t get there from here—that is, we cannot
achieve absolute zero, the total absence of heat.
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These laws are absolutely fundamental to all of science, and they appear to work throughout our
universe. If you start seeing exceptions, remember the
discussion of system. Be sure you consider the system. Remember when you look at a refrigerator or
freezer, it is not fair to just look inside. The heat is
being pumped to the room through the coils in the
back or in the bottom of the unit. The same with
your air conditioner—sure, it’s getting colder on one
side, but it’s certainly getting hotter on the other side—
and look at all the electricity being consumed—lots
of entropy is being produced—especially back at the
electrical generating plant. Sorry, we can’t even break
even!
So, the second law of thermodynamics, the law
of increasing entropy, provides a nice, philosophical
rationalization for much of our own personal, and
even social, inefficiencies. Entropy happens. Things
get disordered, mixed up, randomized. The reverse
of that, spontaneous ordering, never happens. It only
“happens” when you run a video backwards—it is
an illusion!

Informal Laws of Thermodynamics
• You can’t get somet hing for not hing
• You can never break even
• You can’t get t here from here
Figure 11-14 The more popular (and probably most
easily remembered) laws of thermodynamics.

So when you look at your messy desk, or messy
room, or even messy hair, you can say these are indeed natural tendencies of the univer se,
manifestations of the second law of thermodynamics. Enjoy this new excuse to help keep you from
getting more organized!
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CONNECTIONS
Energy, inefficiency, and entropy are all directly
relevant in nearly every minute of our lives. Observe your room, apartment, car, appliances,
and the other tools that you use. Look at their
energy inputs. Where does that energy come
form? How is that energy source originally generated? How efficient or inefficient is that tool
or device? Look at your refrigerator. Feel the
heat on the bottom, on the back, in the coils.
The heat is being generated as a result of the
refrigeration process and the heat being removed from the inside of the refrigerator. Feel

the heat in and around your computer. Your
car is not designed to produce heat. It is designed to produce mechanical motion, and yet
look at the incredible amount of heat it generates—the temperature of the engine, the
temperature of the gas coming out of the tail
pipe. Consider the heat, the warmth, you feel
when you absorb the sun’s rays. Really try to
see, to appreciate, to feel, how energy, entropy,
and of course inefficiency relate to literally everything.

HOMEWORK
1

Do the balloon-in-the-microwave experiment described in the chapter. Sketch the balloon
as a system. What is in it? Why does it expand? Why does it finally burst? Be as complete
as you can in your description and explanation.

2

Why does a vacuum bottle (a thermos) work so well in keeping liquids hot (or cold)?
Sketch the cross-section of a vacuum bottle and show (and tell) what happens to the heat.
Is this related to insulation in a house? How does insulation work?

EXPERIMENTS
1

Random Diffusion: A good example of entropy—of disorder—is the random motion of
molecules. That random motion is called diffusion. You’ll need a ruler, a watch, and a tall
drinking glass or glass jar, preferably over six inches tall... Fill it with water, preferably at
room temperature. If the water is hot or cold,let it come to room temperature. You will
eventually need a cap or a piece a plastic film to just lay over the filled glass or jar to
minimize evaporation. Now get a very
small amount of an intensely colored
look!
dye solution. Food colors used in cookpipet
ing and baking will do nicely. Obtain an
eye dropper or other device for dispersing a single drop of liquid. A thin straw
tall jar
look!
will often work as long as you keep your
filled with
thumb on the top, sealing it. Fill the
water
drop of dye
dropper or straw with water from the
jar or glass. Practice inserting the filled
dropper or straw about one inch into
stable table
the water, but about 1⁄2 inch from the
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edge of the jar. See the sketch. Gently squeeze the eye dropper bulb or release the thumb
seal on the straw to release one drop of water. Do not let the drop suck back into the
dropper or straw when you remove it. You’ll have to do this a few times to get it right.
When you think you can do it then remove the dropper or straw and get rid of the water.
Now draw about a tenth of a cc of the dye solution into the dropper or straw. Wipe the tip
clean with a piece of tissue paper, quickly, otherwise capillarity will remove the dye solution. Very gently, so as to minimize turbulence and disruption, insert the dropper/straw
back into the glass jar as described above. Release a single drop of the dye solution. Rotate
the dropper/straw ever so smoothly and pull it slowly out, hopefully releasing and suspending a drop of the dye in the water. Gently take the pipet all the way out.
Get your ruler and your watch. Look at the drop from the top and then from the side.
Keep alternating your site of observation. Measure the diameter of the dye drop approximately every minute until it seems to be uniformly dispersed. The dye droplet will probably slowly sink because its density is higher than that of the water. Watch what happens
to it as it sinks. After several minutes it may be difficult to see the dye pattern because it
will have dispersed and its intensity will now be very low, but that’s the point. It has
diffused. It has mixed all by itself with no help from you. This all works better if you put a
cover on the jar to minimize evaporation, which could produce cooling, which then
produces convection. It’s also important to be on a countertop or table which has minimum vibrations.
You now see how difficult it is to do such a delicate experiment, because of all the possible
factors and variables involved. Discuss your results using the concepts of kinetic energy of
molecules, entropy, and Brownian motion. Repeat the experiment many times! Who was
“Brown” in “Brownian” motion? (You’ll need to look this up!)
2

Swamp Cooler: Swamp coolers are very popular in Utah and the dry southwest. Treat a
swamp cooler as a system. Show its inputs and outputs. Explain how it works. Assume you
have a functioning swamp cooler in the summer. How would you design a set of experiments to determine how it works? Build a tiny model of a swamp cooler for teaching
purposes. Details, please! Be sure to use the physical principles you now know. Submit a
complete paper design and instructions for your swamp cooler model. Please submit
photos or a video of your model.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Spielberg, Seven Ideas
Hobson, Physics
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Interstate Physics
Your car is a 3,000-pound projectile moving 60 miles per hour. It’s an
enormous bullet with incredible destructive potential. Newton will now
teach us some highway physics.

QUESTIONS
1

How is conservation of momentum related to conservation of mass?

2

Where does the energy come from to move a car from zero to over 50
miles per hour?

3

Where does all that energy go when the car stops?

4

How is a car more destructive than a bullet?

5

Why does it take 15 car lengths to stop from 65 mph?

6

Are auto accidents really the greatest risk we face?

7

Why can I feel acceleration, or deceleration, but I cannot feel a constant velocity?

8

What are the basic units of force, work, and power?
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Friction and Resistance
It’s time for Interstate Physics. You put your life in
the hands of Newtonian Physics every time you get
in a car. You deal with mass (your own and that of
your car), you deal with speed and direction (velocity); you deal with acceleration when you press down
on the accelerator pedal; and you deal with deceleration when you brake. You and your car are totally
dependent on friction and resistance, those very characteristics of the natural world which so plagued
Aristotle in his understanding of the basic laws and
principles. Without friction your car would not accelerate, nor would it ever slow down. The minute
that friction disappears, the adrenaline starts to flow,
your pulse rate goes sky high, and you’re in a situation of great terror, like on a patch of black ice.
You are now familiar with Newton’s Three Laws
of Motion—the laws of Newtonian mechanics (Figure 11-4). You are also familiar with conservation
of energy and maximization of entropy—the two
main laws of Thermodynamics (Figure 11-13).
These laws are the basic foundations on which our
modern technological civilization is based. The real
world in which you and I operate obeys these laws.
They’re very solid. It’s unlikely they’ll be proven
wrong, and you can generally bet on them with a
great degree of confidence.
Let’s now apply those laws, together with conservation of momentum, to your interstate adventures.
First, momentum. Momentum is the mass times
the velocity of that mass:
momentum

Momentum = Force x time
F = ma = m v
t
Ft=mv
Figure 12-1 Momentum is the result of a force
operating on a body over some period of time. You can
see that by considering Newton’s second law. Note:
sometimes scientists and mathematicians use a central
dot to indicate times or multiplication and sometimes
they don’t. If you have something like ma and there is
no mathematical symbol in between the m and the a,
that means to all mathematicians and scientists m
times a. Sometimes they use a dot m • a, which also
means m times a. Sometimes an x symbol is used, m x
a. They’re not always terribly consistent, but nothing,
a dot, and an x all mean times or multiplication.

So, F d = m v •

d
t

change in momentum
times velocity

m • v.

If you’re not moving, your momentum is zero. Since
mass is conserved and since, due to inertia, we know
that velocity is constant, assuming no forces acting,
then m • v is constant—so momentum, m • v, is
conserved.
Momentum is produced by a force exerted over
some period of time (Figure 12-1). First, let’s write
F = ma, Newton’s Second Law. But since acceleration is the change in velocity with time, we can write
the Second Law as:

Figure 12-2 Force (F) times a change in distance
produces a change in momentum times velocity.

Work

Force x distance
W = Fd

F = ma = m • ∆v/∆t
Del (∆) is a symbol meaning change.

Figure 12-3 Work is defined in physics as a force
exerted over a distance or F times d.
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One more step. Since F = m(∆v/∆t), we can
use algebra to write:
F ∆t = m∆v
This says that, basically, force exerted over time produces a change in momentum. No force, no
momentum change.
Back to Newton’s Second Law (F = ma) again.
Also multiply both sides of the equation by ∆d, a
small distance, so we get:
F • ∆d = m(∆v/∆t) • ∆d
Change in distance in time ∆d/∆t is just velocity,
so F • ∆d is change in momentum times velocity
(Figure 12-2).
So, force times distance is change in momentum
times velocity—but force times distance is work (Figure 12-3), so... changes in momentum, changes in
work, and application of force are all very closely
related.
Momentum and work are really different ways
of looking at similar things. One way is to look at it
from a time perspective, that’s momentum. Another
way is to look from a distance perspective, that’s work.
If you’re sitting on your duff reading this stuff,
hopefully mentally very engaged, but not moving
anything, you’re not doing any mechanical work—
not in the eyes of Newtonian physics. Work, to
physicists, means a force exerted over a distance. If
that force pushes or pulls a mass over some distance,
work has been done. When you walk, you are doing work. You are moving your body—all 100 to
200 pounds of it—over some distance. Work takes
energy. In fact, in physics work and energy are often synonymous. We use the same fundamental units
to express both quantities. We often say that energy,
both potential and kinetic, is the ability to do work.
Energy can result in work, or it can be dissipated
without doing work. We all have friends who are
very energetic and spend a lot of energy, but nothing gets done. We say they “spin their wheels.” They
use lots of energy, but no work gets done. But when
work is done, energy is expended in getting it done.
Energy and work are very closely related.
You use energy from gasoline to generate forces,
which push your car’s tires against the road. By

Figure 12-4 The major forces acting on your moving
car. (Hobson, Physics, pg. 105).

Newton’s third law, the road pushes back (Figure
12-4). That force, through Newton’s’ Second Law
(F = ma), produces acceleration, which is why your
car starts moving. Because of air resistance and other
frictional losses you have to continue to burn gas,
to supply the energy to keep moving. That energy
generates the forces to overcome the de-acceleration forces due to the resistances. If you turn off
the engine and put the car in neutral it coasts due
to inertia, but the resistance forces rapidly de-accelerate it, quickly slowing it down.

Newtons, Joules, and Watts:
Force, Work, and Power

We need to deal with forces and with units. We said
that Newton’s Second Law of Motion is
F = ma.
Mass is kilograms, acceleration is meters per second
per second. So force has these cumbersome units
of kilogram meter/second2—that is force. But to
make life simpler—and to give Newton the recognition he richly deserves, we call such a unit a
“Newton” (Figure 12-5). The Newton is the basic
metric unit for force; it’s a convenience, an abbreviation. It’s made up of the very fundamental units
we described earlier—mass, length, and time.
We said that work is a force exerted over a distance—that’s a Newton times a meter—a Newton
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F=ma
[Force] = [Kg]

m/sec
sec

symbol for
UNITS
[Force]

Newton

W=F•d
[work] = Newton-meter
Joule

Power

work/time

[Power]

Joules/sec

Newton-meter

Joule = Kg - m2/sec2

= Watts
1 Watt

= Joule/sec

Newton = Kg-m/sec 2
Figure 12-5 The units for F=ma
and our new unit the Newton, a unit
of force.

Figure 12-6 Forces times distances
are Newtons times Meters, a new
unit, the Joule, a unit of both work
and energy.

meter. But if you’re a physicist and you do these
things day in and day out, you don’t even want to
call it “Newton meter.” You call it a “Joule” (Figure
12-6), recognizing Joule, an important scientist in
the field of the conservation of energy and thermodynamics. So a Joule is a Newton meter, a unit of
energy and also a unit of work.
There’s no trick way to learn this jargon. You
just read it, use it, and eventually it comes to you,
just like any other new vocabulary. It’s like learning
the names of your cousins or inlaws! While we’re at
it, let’s do one more.
Often we’re not interested in how much total
work you can do, but in how fast you can do it. If it

Figure 12-8 This is one of
my old Utah Power monthly
electric bills. See the circle
there? Kilowatt hours used.
It is also interesting to note
the rate, about 7¢ per
kilowatt hour. That is very
cheap electricity. Some parts
of the country are two or
three times higher. Both
electricity and gasoline, our
two principle sources of
energy, are cheap. That is
why we waste so much.

Figure 12-7 Work divided by time
is defined as Power. Power is really
the rate of doing work and its unit is
the Watt.

takes you an hour to move a couple of boxes, your
employer won’t be very impressed, especially if someone else can do it in a few minutes. How fast work
is done, or the rate of doing work, is power. Fast and
slow refer to time. Power is just work divided by
time, Joules/second (Figure 12-7). The unit of power
is called the “Watt” in honor of the inventor of the
practical steam engine, James Watt.
The electrical power you use in your apartment
or home is measured and billed as Watts. Get out your
electricity bill and take a look (Figure 12-8). We’re
billed in kilowatt hours. A kilowatt is energy per time
so a kilowatt hour is energy per time, times time, or
just energy again! Yes, it’s a bit cumbersome—but that’s
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Energies
Kinetic • Gravitational • Heat
Electromagnetic • Chemical
Elastic • Nuclear (E=mc2)
Figure 12-9 Most of the common types of energy
available. We will cover electromagnetic and chemical
energy later. Elastic refers to the energy stored in a
spring or rubberband. Nuclear refers to fission or fusion
processes in which a tiny amount of mass is converted
to a lot of energy.

what they use. We’re not billed for electrical power,
but rather for total electrical energy used.
Although work and energy have the same units
and are in many respects similar things, they are different. A system does work, but it has energy. Energy
is a property, or characteristic, of a system, while work
is a process, a measure of how the system has changed
or how the system changes other systems. Think of

Figure 12-10 The energy flow in a typical large coalfired, electricity-producing plant. This one is a 1,000
megawatt (MW) plant. Coal is burned to heat water to
produce steam which drives a turbine, which generates
electricity by a process we’ll discuss in a later chapter.
The bottom line is that 2,500 megawatts worth of coal
results in 900 megawatts worth of useful work to the
consumer. 900/2500 is an efficiency of about 36%.
(Hobson, Physics, pg. 180).

energy as stored or potential work—the ability to
do work.
We’ve already seen that we can have kinetic energies, we can have gravitational energies, we can
have thermal or heat energies (Figure 12-9). We’ll
also develop electromagnetic energy, chemical energy, and elastic energy, which is the energy of the
stretching of the bonds or molecules in matter, such
as in a rubber band. These are all forms of energy
and they can all be used to do work. We can transform these energies into one another. There’s also
nuclear energy, of course—but nuclear energy requires consideration of the conversion of mass to
energy, Einstein’s famous E=mc2. That is a topic we
don’t have time for. Sorry!

Inefficiency and Entropy

There are many different forms of energy. Taken all
together, energy is conserved. But we also know that
in all natural processes, when we transform energy
from one form to another, generally to do work,
some of that energy is dissipated as heat, contributing to atomic and molecular motions and vibrations,
making those atoms or molecules more chaotic or
random. We call that entropy—and it is related to

Figure 12-11 Your car and mine are both pretty
inefficient. Assuming a fuel input equivalent to roughly
70 kilowatts, over two thirds of that goes out the
radiator and out the tail pipe. Only about 25 percent
of the energy actually turns the engine and only a little
more than half of that is used to push your car along the
road. The overall energy efficiency of our cars is roughly
13 percent. Pretty poor! (Hobson, Physics, pg. 174)
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Figure 12-12 Imagine
driving your car at 65
miles per hour some five
car lengths behind a
truck which just lost a
big box.

truck

inefficiency. It is closely related to probability and
statistics and an inherent tendency in the universe
towards randomness or disorder.
So just how efficient or inefficient are things?
Surprisingly inefficient. The advanced, highly efficient steam engine, developed by James Watt, was
about 3% efficient; 97% of the energy was simply
lost. A modern steam turbine power plant can be
up to 40% efficient (Figure 12-10). The gasoline
engine in your car is about 15 to 25% efficient, depending on how the analysis is done (Figure 12-11).
Diesels are a bit better. Someone might tell you that
electrical energy is very efficient, that an electrical
motor is very efficient, and that’s true. But the generation of the electricity required to run that motor
is a very inefficient process, unless you get it from
hydroelectric power, then it seems to be efficient because you are using gravitational potential energy,
which was already there.
Every time you use something think about the
amount of energy and the rate of energy consumption. It’s written on the appliance or device’s
information panel.
Moving objects have kinetic energies, and they
have momentum. But remember, although momentum is conserved, kinetic energy is not conserved.
What’s conserved is total energy. That total energy
has to include any energy lost or dissipated as heat.
Energy can also appear in other forms—and not just
as potential, kinetic, or heat. We deal now with those
other forms as we cast our fate on the interstate.

Risky Roads and Highways
When you drive you deal with Newtonian mechanics and put your life and your health on the line.
You have a finite reaction time. Take a small card or
ruler, have someone hold and then release it. Try to
catch it. No matter how good or alert you are, you
have a finite reaction time. It takes about a full sec-

5 car lengths

Your car
65 mph

ond to sense, perceive, and respond. In that one second Earth’s gravitational force has accelerated and
moved that card 6 or more inches.
Let’s assume you’re traveling about 65 mph (that’s
about 100 kilometers per hour) on the interstate and
you notice something. A problem develops, instantaneously. There is no way to say with absolute
certainty that some unpredictable, random event will
not happen to you. Assume it just did happen—to
you. In the time you sense, perceive, and can begin
to act (let’s assume that’s 1 second), you and your
3,000 lb momentum and kinetic energy machine
have traveled about 100 feet—about 5 car lengths
(Figure 12-12). That’s before you even begin to touch
the brakes. The brakes take time to engage. You
know you cannot come to an instantaneous stop. You
deform tires, burn rubber, squeal. To stop in a modern car moving at 65 miles per hour, with modern
tires on a dry typical freeway surface takes about 6
seconds and over 300 feet—that’s 15 car lengths! Obviously, if you’re following too close to the car in front
of you and it stops, you crash into it. Very simple!
An abrupt deceleration will of course slam you
against your seat belts and towards your dashboard.
The abrupt deceleration will, hopefully, activate your
airbags, which will absorb much of the energy involved in your rapid deceleration, keeping most of
that energy from being absorbed by your face, your
skin, your muscles, your bones. All that kinetic energy is absorbed and transformed by the deformation
of matter—the movement of atoms and molecules
with respect to one another. Deformation, of course,
occurs in the car itself.
Yes, cars are now designed with bumpers and
special construction to crumple up, absorbing energy in the process, and helping to dissipate that
immense energy which you had under your control up until a few seconds ago.
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You literally drive a bullet. Although a bullet is
about 25 times faster, a car is roughly a million times
more massive than a bullet, so in terms of kinetic
energy, in terms of sheer destructive power, a car is
far worse than a bullet.
The good news is that fortunately highway risk
is still a relatively low risk. Otherwise, we wouldn’t
all put our lives on the line on the freeways and highways. But, riding and driving on the highway is the
greatest risk to which you and I are subjected every
day (Figure 12-13) (see chapters 36 and 37). If you’re
really worried about the risks you read about in the
paper: asbestosis, radon, breast cancer, lightning, air
pollution, water pollution—all of which are significant and important, then you should not drive or
ride in cars. Because the risk in a car is a far greater
risk than the others to which you are normally subjected. The only other risk which even comes close,
in our society, is getting shot (Chapter 24).
You may be a great driver—alert, competent—
have a fairly modern car in good working order,
good tires. But random events do happen—over
which you and I sometimes have little or no control. So let’s at least exert what control we can by
driving safely.

Kinetic Energy
The bigger the car or vehicle, the more massive it is,
the greater your personal responsibility. A more
massive car has a greater kinetic energy for a given
velocity. Kinetic energy is proportional to m • v2
(Figure 12-14). This is based on the work that energy can do—exerting forces over distances.
Deforming cars, property, and people is a result of
forces doing “work.”

W = Fd = mad
= m v d, but dt = v
t
W ~ mv2
Kinetic energy = 1/2 mv 2
v

Figure 12-13 An Associated Press clipping from the
Salt Lake Tribune, April 16, 1991.

d

Figure 12-14 This is a simple derivation showing
how kinetic energy is proportional to mv2, starting with
the definition of Work and Newton’s Second Law of
Motion.
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KE ~ mv2
At 55, 552

3,000

At 75, 752

5,600

Figure 12-15 The square of 75 is nearly 6,000—
roughly two times the square of 55. That is one of
many reasons why a high highway speed is so very
dangerous.

If we were to formally derive it, we’d find that
kinetic energy = 1⁄2 mv2 . Energy scales as the square
of your velocity—and scales with your mass. The
more mass or the greater the velocity—the more
damage you can do.
If you normally drive at 75 mph on the freeway,
you have far greater odds of getting involved in a
collision than someone driving at 55 mph. If people
have the same alertness and reaction time, the guy
driving 55 simply has more time to react and respond than the guy going 75. Plus, in a collision
the 75 mph car does far more damage because it
has a much greater kinetic energy (Figure 12-15),
since kinetic energy scales with the square of the velocity—552 is 3,000, 752 is 5,600. You have almost
twice the kinetic energy—and thus twice the destructive energy—at 75 than you do at 55. No one
discusses that when they discuss speed limits and
speeding (Figure 12-16)! And if your alertness or
reaction time is compromised by pets, eating, or cellular phones—then you are an even greater highway
hazard!

Frames of Reference
How fast are you going—right now? You’re probably sitting on your duff attentively reading this
book. You’re not moving, your velocity is zero. But
the earth’s surface and you are traveling at about
1,000 miles per hour (Figure 12-17). You’re on an
earth which has a circumference of 40,000 km—

Figure 12-16 Another Salt Lake Tribune clipping, this
one April 15, 1996, originating from Sacramento, CA.

about 24,000 miles—and any point on that circumference, including you and your chair, is moving every
24 hours some 24,000 miles. That’s about 1,000
miles/hour. So, relative to the moon or perhaps Mars,
you’re really hauling.
But, relative to some observer outside our solar
system (Figure 12-18), you are also moving around
the sun. The Earth rotates around the sun about every 365 days—at about 70,000 miles per hour. So
you’re traveling at 70,000 miles/hour while spinning
at about 1,000 miles/hour. Maybe that’s why some
of our friends and colleagues sometimes seem dizzy.
The only way you know you’re moving is if you
can compare your motion to the motion of something else that you can observe. At a stop light, for
example, if the guy alongside of you is creeping forward, there are times when you don’t know if he is
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moving or if it’s you that’s moving. It depends on
your reference.
We generally can feel when we’re accelerating
because we have acceleration sensors in our ears.
But we can’t really see or feel when we’re moving
at a constant velocity—unless there is wind resistance,
friction, or some other force to produce acceleration
(or deacceleration), triggering the acceleration sensors in our ears. The effect is even better in an
airplane. When it’s an extremely smooth ride, unless you’re looking out the window at the clouds
going by or the countryside below, you don’t know
that you’re moving at 500 mph.
We normally use the earth as our reference. We
generally consider motions with respect to that reference. But, there are other reference points—what
physicists call frames of reference. If you were an
astronaut on your way up in the space shuttle, on
your way to the moon, or even on your way to Mars,
you have to consider those other frames of reference.
That’s it for Newtonian Mechanics—for motions,
accelerations, for gravity, inertia, and those wonderful forces/fields that fortunately maintain our solar
system and our planet. We now move on to other
forces—other forms of energy that are also important in our everyday world.
Drive carefully!
Acknowledgment: Scott B. McClellan,
Motion Research Associates, Murray, Utah.

12,000 km

Earth:
Diameter, D = 12,000 km
Circumference = D
~ 40,000 km
=
~ 24,000 miles
=

Figure 12-17 The Earth’s diameter is 12,000 km
giving it a circumference of about 40,000 km or
24,000 miles. Rotating once every 24 hours means
that you are moving 1,000 miles an hour, just sitting
on your duff.

Earth
70,000
miles/hr

Sun
Space
Observer
Figure 12-18 The Earth rotates around the sun every
365 days or so. The data in a good astronomy book
will tell you that Earth has an orbital velocity of about
70,000 miles per hour.
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CONNECTIONS
This one is really easy. You use and experience
Newton’s Laws of Motion every day but especially when you drive or ride. Watch how you
and your friends drive. Watch how you accelerate. If your speedometer is going up, you are
accelerating. If it is going down, you are decelerating. It can go down naturally due to air
and wind resistance, the friction of the tires on
the road and the friction in the engine and
transmission. It can go down abruptly, intentionally, when you brake. Where does all that
kinetic energy go? Where does that momentum go? If momentum and energy are

conserved, what happens to it?
Stand on the side of the road watching cars
go by at 50, 60, 70 miles per hour. Count off
one second and see the distance they travel.
No matter what happens in front of that car,
that driver cannot abruptly stop the car. Reaction takes time, moving your foot to the brake
pedal takes time, the brakes take time to engage, and friction takes time to stop the car.
Think about it, regularly. We don’t want you
to be paranoid, but we do want you to be responsible and very careful.

HOMEWORK
1

Map your standard daily commute or other regular trip on a large piece of graph paper.
Show direction, distance, average velocity, acceleration, and deceleration for each segment of the trip. Now calculate an average velocity for the entire trip.

EXPERIMENTS
1

Use the ruler reaction time experiment described in the chapter. Measure the reaction
distance of 10 of your friends, family, schoolmates, etc. under ideal conditions: quiet,
good concentration, etc. Measure them again with very loud, raucous music blaring
nearby or at a party, or in other situations where concentration or attention is difficult.
Make measurements on each individual at least three times for each environment. That’s at
least 60 data points. Now make a quick bar graph of your data, showing the three measurements for each of the 10 individuals. Discuss and explain. How could you make the
experiment more interesting, more accurate, more relevant?

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Hobson, Physics
Gulver, Facets of Physics
Giancoli, Physics
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Action at a Distance:
Private Lightning and
Electricity
Forces and action at a distance: Gravity, Electricity, Magnetism. Why?
No one really knows, but we do know how to use them.

QUESTIONS
1

Why is there so much static charge (private lightning) in Utah and the southwest?

2

Why do rubbed balloons stick to the wall or ceiling in low humidity regions of
the country?

3

Why do compasses point “north”?

4

Can you “see” electric lines of force? How? Why?

5

Just how and why do batteries work?

6

What’s the difference between AC and DC? Careful!

7

Why do metals conduct electricity?
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Private Lightning: Static Electricity
Forces reach out through space and cause an effect.
Two objects or bodies separated by some distance
feel the presence of each other through space. Gravity isn’t the only such force. Two others you are
highly dependent on are electricity and magnetism.
Let’s return to our Physicists in the Wild fantasy
(Chapter 9). Were there other things you observed?
Were there other questions you asked which appear
to be basic? Assume it’s a very dry summer night in
Utah. You’re in a dark cave. It’s a bit chilly. You have
fur, you have hides. You’ve also used fibers from
plants to make textiles, clothes, maybe even rugs. At
night in the dark, crawling into that primitive sleeping bag, you experience a form of private lightning.
You also have primitive combs—you see hair, fibers,
attracted to your comb.
Today, in the dark, while dressing or under the
sheets, you also experience little sparks—micro-lightning, “static electricity.” You’ve seen and maybe even
experienced large scale lightning at close hand.
Could your local micro-lightning, the comb, and the
sky’s macro lightning (Figure 13-1) be related?
It’s party time—balloons. We’ve all played with
the static charge on balloons. Rub a balloon in a
dry climate and touch it to the wall. It “sticks”. If
it’s not rubbed, it won’t stick and falls. Now take
two balloons, unrubbed, hanging from thin threads.
Stroke each one with a piece of real fur (Figure
13-2). As soon as the second one is stroked, they
repel each other. Bring the fur back up to one of
them. It attracts fur. Is this unique to fur and the
rubber from which balloons are made?
Rub a glass rod with a piece of silk and bring it
close to a fur-rubbed balloon: attraction (Figure
13-3)! The fur-rubbed balloon is a reference point
and a detector. By rubbing the balloon with the
fur, assume we gave it a negative charge. We transferred electrons from the fur to the balloon. Both

Before rubbing: no charge.

After rubbing: negative charges
repulsion

-- -- -

-----

Figure 13-1 Lightning striking downtown Salt Lake City
(Salt Lake Tribune, June 13, 1996; photo by Tim Kelly).

Figure 13-2 Two identical balloons hanging from
light threads. Assume that each was rubbed with
something that transferred negative charges to the
balloon. They now repel.
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Triboelectric Series

charged balloon
(negative)

(very approximate!)
- - - - ++ + +
- +++ +

+

+

+

charged rod
(positive)
Figure 13-3 A glass rod positively charged by rubbing
with silk attracts a negatively charged balloon.

balloons now have electrons—negatively charged
particles. Like charges repel, so the balloons repel
each other (Figure 13-2). The balloons are actually
sensing charge. We can call them electroscopes (from
the words electron and scope, a kind of instrument).
Now if something attracts the balloon (since we
know that unlike charges attract), we’ll assume that
whatever does the attracting is positive. If something
repels the balloon, then we’ll assume that it has the
same charge as the balloon, negative.
So our physicists in the wild, and a lot of other
wild physicists over the centuries, have arranged
materials in what scientists and engineers call a
“tribo-electric series.” Tribo is a word for rubbing
or friction. Stuff at the top (Figure 13-4) develops a
more negative charge than stuff lower down when
the two are rubbed against each other.
Utahns and other southwest dwellers are all experts at private lightning, because the southwest is
among the driest places on the planet. The amount
of water vapor in the air is very low in the southwest, meaning they have very low humidity. It turns
out that when something is charged, it can become
discharged quickly through a very thin film of water. Water is a conductor of electricity, although not
a very good one. So if the humidity is high, these
static electricity effects aren’t so dramatic. So, folks
who live on the east coast or in the south where it
is humid almost all the time haven’t experienced
private lightning!
If the humidity is low and you shuffle your shoes
across the rug, and the shoes and rug are of the appropriate materials, the friction transfers charge from

Teflon
Polyethylene
Rubber
Polystyrene
Cotton
Silk
Wool (Fur)
Nylon
Plexiglas
Glass

Figure 13-4
A very approximate
triboelectric series.
The stuff at the top
tends to be more
negative with
respect to the stuff
at the bottom.

Figure 13-5 Lightning can be dangerous! Treat it with
respect (Salt Lake Tribune).
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one to the other. You can become very highly
charged. Then when you approach a metal doorknob, the charge suddenly jumps across the gap—just
before you touch it. You feel a shock of static electricity either jumping away or towards you,
depending on the charges involved. You’ve been
struck by private lightning! For the charges to jump
that half centimeter through dry air, very typical in
dry climates, requires a voltage difference between
you and the doorknob of some 5,000 volts.
Now, if we had any doubts that any of this was
connected with lightning, Ben Franklin put that to
rest in a very hazardous experiment which he fortunately survived over 200 years ago. Franklin coined
the terms “positive” and “negative” in the description of electricity. He used kites and metal rods to
demonstrate that lightning is nothing more than the
discharge of electricity on a grand scale. Don’t try
this, because it was a very dangerous experiment,
and Franklin and his family were very lucky that he
survived it. Lightning is not to be played with. But
small scale static charge, or tribo-electricity, is really
easy to observe. You sense it, feel it often in dry
climates. Look for it; feel it.

Figure 13-7 Iron powder or filings sprinkled on top of
a bar magnet organize themselves in a particular
pattern, representing the direction of the magnetic
forces exerted on those particles by the magnet. These
magnetic lines of force
map out and represent a
magnetic field. Magnets
are pretty easy to get. To
get some iron filings,
take some iron or steel,
like a piece of old iron or
steel water pipe or nails,
and simply file it with a
file or an abrasive block
sometimes used to
sharpen knives. Collect
the filings or the powder.
They should be usable
for this experiment. The
powder generated from kitchen knives or from various
stainless steels may not work because their magnetic
properties are different (Hobson, Physics, pg. 222).

Figure 13-6 A compass is a little permanent bar
magnet on a nearly frictionless mount so it can sense
or orient in external magnetic fields, including the
earth’s magnetic field.

Our physicists in the wild also examined rocks
and minerals and came across a special mineral called
“lodestone.” It’s actually quite common (Figure
13-8). An ancient physicist took a sliver of lodestone, floated it on some water, and found that it
oriented itself north and south. No matter how they
would try to orient it or force it, when they released
it, it would line up north and south. This action
had nothing to do with gravity, had nothing to do
with inertia, and had nothing to do with static
charge. This was something different—they called
it “magnetism.”
The floating magnet was a primitive compass,
pointing north and south. They quickly figured out
how to mount it so they didn’t have to carry around
a cup of water (Figure 13-6). They eventually realized that it was very useful—they could navigate with
it, particularly during the daytime and on cloudy
nights when they couldn’t navigate by stars. A Portuguese named Ferdinand Magellan used such
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Figure 13-9 Do the
iron particle or little
probe compass
experiments very
carefully. You can
map out the
magnetic lines of
force produced by
the magnetic field of
the large magnet.
(Hobson, Physics,
pg. 222).
Figure 13-8 A magnificent piece of lodestone on
display at the Utah Museum of Natural History,
probably from Iron County Utah.

compasses, together with star navigation, to basically
sail around the world; thereby conclusively proving
(as if anyone at that time had much of a doubt anymore) that the world was round. But that’s another
story.
So we have electrical forces—from fur, textiles,
balloons, and lightning. And from lodestone, we have
magnetic forces.
Our ancient physicist ancestors developed an
easy way to visualize those magnetic forces. It’s easy
to get strong magnets, like the ones you’ve used in
elementary and high school. Two magnets obviously
repel and they obviously attract. They “feel” each
other over a very large distance. Take a thin box
and put a strong magnet below it. Sprinkle iron
powder on top! The powder lines up (Figure 13-7).
Why?
We know compasses point North and South.
Presumably, they are lining up in some sort of magnetic force field. You can map a strong magnetic force
direction with a compass, a small bar magnet
mounted on low-friction bearings so it can orient
easily (Figure 13-6). Bring the compass close to the
strong magnet. The compass needle orients. The orientation, or direction of the magnetic field, mapped
out by the iron filings, is exactly what we see with a
little compass. Little compasses work as probes of
strong magnetic fields.
With their experience with iron filings and magnets, those early physicists started talking about

magnetic lines of force. The little iron particles obviously experienced a force—and they obviously
organized themselves in a pattern. They were mapping, visualizing, the magnetic lines of force (Figure
13-9).
The strong magnet somehow produced a field.
A field is a disturbance in space which acts on ironlike material or other magnets placed in that field.
The magnet’s effect on empty space is caused by a
field. The iron powder provides an image of the
field. Figure 13-8 shows a huge piece of natural
lodestone at the Utah Museum of Natural History
in Salt Lake City, showing magnetic lines of force
on a grand scale.
Once we think in terms of lines of magnetic force,
we can extend that concept to electrical attraction and
repulsion. We say there are electrical fields, lines of
electric force which extend out in space from
charged objects, including charged balloons or
bedsheets. There’s a standard way of drawing lines
of force—for both magnets and for charged objects.
Forces come in pairs, like action/reaction and
attraction/repulsion. Magnetism needs a pair of
poles. So, we assume the lines start at the north pole
of the magnet and return to the south pole of the
magnet (Figure 13-9).

Electricity and Batteries
Charge is treated similarly. Electricity is usually the
flow and movement of electrons—negative charge.
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But in the early days of electricity it was considered
the movement of positive charge. Lines of electric
force (Figure 13-10) are normally shown leaving a
positive charge and returning via a negative charge.
Although you can have charges separated, as we saw
with our balloon electroscopes, if you have too much
separated charge, the force of attraction between
those groups of unlike charges becomes so great that
the excess electrons actually jump the gap and discharge. So unlike charges tend to be balanced—at
least eventually. Whenever you have one kind of
charge you tend to have the other. That’s why the
so-called “electric lines of force” are viewed as starting from one group of charges and ending on
another group of unlike charges. Electric lines of
force are also called electric fields, and magnetic lines
of force are called magnetic fields.
Moving charges produce both electric and magnetic fields, which can move through space like
waves. These are called electromagnetic waves.
Light is one form of electromagnetic wave.
Radio stations broadcast another form of electromagnetic wave called radio frequency electromagnetic
waves. Unlike sounds waves, which need air in which
to travel, electromagnetic waves can travel through
space, just as light travels from stars through space to
Earth. The electric and magnetic forces are there
whether or not there is air. They are not like waves
on a string or in water, or a sound wave in air—
those things simply don’t happen if you take the
string away, or the water away, or the air away. So,
like gravity, electricity and magnetism is able to exert its forces through empty space.

Before discharge
(charged).

-

-

+

Figure 13-10 Scientists have agreed that lines of
electric force are shown to leave positive charges and
return to negative charges.

-

+

-

-

+

+

+
+ +
+
+ + + + +
+ ++ + + ++ + ++ ++ ++ ++ ++
+ +
+
+

- -- -- - -- - -- - --

-

-

After discharge
(neutral).

Figure 13-11 When two objects are charged oppositely, the force of electrical attraction may be strong
enough to cause the charge to actually jump the gap
thereby discharging the two objects. This is what
happens with your private lightning after you have
danced on a rug on a particularly dry day.

Another Conservation Law:

Conservation of Charge
Figure 13-12 Another key conservation law of physics.

Physicists also talk about conservation of charge.
Unlike charges tend to eventually cancel out—and
the system becomes neutral (Figure 13-12).
Electricity didn’t start to become useful until a
constant and reliable source of it was developed.
Charged balloons, bed sheets, or doorknobs aren’t
very practical! Van de Graf developed a generator
with a crank and moving belt. Moving the belt
caused a separation of charge by friction, just as by
rubbing balloons. If you allow that charge to flow
to you, then you become charged, meaning the individual hairs on your head become charged and
repel each other, sticking straight up (Figure 13-13)!
Later, with the development of chemistry and
the availability of metals like zinc and copper, batteries were made. They are very reliable sources of
electrical charge. You know that a battery has two
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1.5 V

9V

Figure 13-14 The right side shows typical batteries
such as AA, C, D. The left side shows the nine volt
“transistor radio” battery where both poles are on the
same side.

Figure 13-13 Van de Graf generators are found in
many science centers. They develop a very high
separation of charge by friction and can transfer that
charge to you. It transfers throughout your body, even
to the hairs on your head, giving them a high uniform
charge so they repel each other (Ontario Science
Center, Ontario, Canada).

poles, a positive and a negative (Figure 13-14).
Sometimes it doesn’t matter how you hook it up.
Other times it matters a great deal. It depends on
the specific circuit and on what you are trying to
do with the difference in voltage between those two
poles on the battery. A simple way to see that batter ies are doing something is to take a 9 volt
“transistor radio” battery. It is convenient because
both poles, the + and -, are on the same end. Touch
it to your tongue. There’s a tiny shock and tingle—
due mainly to chemical reactions occurring at the
+ and - poles. Don’t do this with any larger or stronger
battery and don’t ever do it with anything that is even
indirectly plugged into the wall. The common batteries
that we use every day, AA, C, D, and the 9 volt transistor radio battery are all low voltage direct current,
or DC, sources of electricity. Because of their small
size and low voltage, little current is drawn from
them.
But alternating (AC) electricity, at 110 volts, under the right conditions, can deliver very large
amounts of current and that current can readily cause
your heart’s natural pacemaker and muscle to malfunction—causing heart failure and death. So never
mess with electricity unless you know exactly what
you’re doing.

2 H 2O

2 H2 + O2

requires about 1.2 volts
spontaneous

Figure 13-15 Water molecules can actually be
decomposed—broken down—to hydrogen and oxygen
via the voltages available on small batteries. Using
electricity to separate water only requires about 1.2
volts. Most small batteries produce 1.5 volts.

When you touch a 9 volt battery to your tongue,
you’re actually moving electricity through the salt
water on the surface of your tongue, stimulating various sensations, which you feel as a minor (or major!)
discomfort. You’re also doing electrochemistry with
the salt (sodium chloride) in the solution. You can
produce chlorine gas, which is not pleasant. Don’t
do this for more than a few seconds because you’ll
discharge and ruin your battery. Wash it to get rid
of the salt, dry it, and it should still be good.
In a solution with very little salt the battery
mainly causes the breakdown of water into hydrogen and oxygen molecules which bubble away from
each electrode (Figure 13-15). So, we can use electrical energy to break apart water molecules, into
their hydrogen and oxygen components (Figure 13-15)—transforming electrical energy to a form
of chemical energy. It takes about 1.2 volts to break
up the water molecule, forming oxygen and hydrogen, which can then re-combine to form water. We
can combine them under controlled and safe conditions, transforming the chemical energy of
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hydrogen and oxygen to heat and water. There is
rapid progress being made in the application of hydrogen as a clean fuel, as a substitute for oil and
gasoline.
Many science centers or science museums have
exhibits and activities where you manually make
electricity, use it to make hydrogen and oxygen, and,
under controlled conditions, ignite and burn the
gases to launch a ping pong ball—showing that it
takes work to separate water but it reforms easily,
releasing lots of energy.
With batteries we can do other experiments.
Metals conduct electricity. Nonmetals do not. Light
a light bulb with a battery. Connect the wire and
bulb using different kinds of materials; some allow
the light bulb to light and others don’t. Those that
allow electricity to flow are called conductors. Those
that don’t are nonconductors, or insulators. Materials
fall into two groups, conductors and nonconductors. It’s easy to keep the electricity in the conducting
wire by surrounding the wire with a nonconductor—which serves as a shield. There is no way for
the electricity to get out. It has to run down the
wire. With insulated wires we can connect all kinds
of things together and make circuits, bells, motors—
gadgets.

Electricity and Magnetism
There are some particularly macho electrical types
who like to work with large currents, like the kind
that can come from your car battery. Your car battery is large and heavy and delivers 12 volts. Connect
a big well-insulated jumper cable to your car battery, and arrange to have it go through a white card
board with some small compasses near the wire.
Now connect the other end of the wire through a
12 volt light (for resistance) to the other pole on the
battery, letting current flow. The instant the connection is made, the compasses respond. Reverse the
connection, the compasses respond in the opposite

Magnetic field lines

+

Electron - current - flow

Figure 13-16 Electrical current flowing through a wire
generates concentric magnetic field lines around the wire.

direction. Amazing! We know that compasses respond
to magnetic fields, so there must be a magnetic field
around that wire (Figure 13-16).
Electricity and magnetism appeared to be two
completely independent, unconnected phenomena—until this experiment!
Real creativity, really great advances in understanding are made when you take two different
things and look at them in a new light, from a new
perspective, and see that they are related or connected. That’s exactly what happened to electricity
and magnetism. Electricity produces magnetism.
Interesting!
Two now-famous physicists, Joseph Henry and
Michael Faraday, apparently had creative tendencies
or qualities, because they asked, “Could there be a
natural symmetry or relationship between these two
phenomena?” If electricity in motion can induce
magnetism (Figure 13-16), wouldn’t it be cool if
magnetism in motion could induce or produce electricity? A crazy question—a brilliant hypothesis—a
story for the next chapter.
Respect AC electricity, experiment with very
low voltage batteries, and with magnets, and experience private lightning. Get charged!
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CONNECTIONS
Lightning, shocking rugs, charged bed sheets, batteries, your local electricity bill, and party balloons.
Observe, experiment, experience. You get the idea!

HOMEWORK
1

Physicists and textbooks tell you that the attraction between unlike charges and the
repulsion between like charges scales as 1⁄(distance)2. What exactly does this mean? Give
some specific real world examples of the inverse square law. (A little reading in a physics
book, like Hobson, will be helpful here!)

EXPERIMENTS
1

Take a plastic comb. Wash your hair. Dry it. Now make up a pile of fine pieces of paper
(like confetti) or pieces of plastic film. Run the comb through your hair a precise number
of times. Bring the comb near the paper pieces. Experiment with number of strokes,
length of stroke, distance from paper, etc. (This may not work if you are in a high humidity environment. Why?) Can you verify the 1⁄d2 law you discussed in the homework? Why
or why not? Design a simple experiment to measure the electrical force law.

2

Take your clothes hangar balance. Balance it so you have only one small metal (but not
aluminum or copper) paper clip on one side. Now bring a small magnet up to the paper
clip –from the bottom – slowly and carefully. Observe and record your observations. How
does the orientation of the magnet influence the results? Try loading (with paper clips or
washers) the other side of the balance, tipping it, and do the experiment again. What can
you conclude about the distance dependence of magnetic forces? How can you model
this experiment to be more quantitative or more interesting?

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Spielberg, Seven Ideas
Culver, Facets of Physics
Hobson, Physics
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From Magnets to
Electricity
We use electricity almost constantly. It’s our source of energy for lights, for
appliances, and for electronic devices. Electricity is everywhere. Where does
it come from?

QUESTIONS
1

How are electricity (E) and magnetism (M) so tightly coupled?

2

How do motors and generators work?

3

Where does the electricity in the wall come from?

4

How is electricity related to the structure of the atom, and vice versa?

5

What are Coulombs and Amps?

6

What is a voltage?

7

What are AC and DC?

8

Why or how do permanent magnets work?

9

Why are conventional AC electrical shocks so very dangerous?
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Magnetism and Electricity
Electrons in motion somehow induce—produce—
a magnetic field. There’s a coupling between
electricity and magnetism (Figure 13-16). In the last
chapter Henry and Faraday asked the creative question, could electricity and magnetism have a natural,
an artistic, symmetry—can magnetic fields somehow
produce electricity just as electric fields produce
magnetism? They did the critical experiment and,
because it worked, our civilization is what it is today. If it hadn’t worked, you couldn’t hear or watch
TV, or run any of the labor-saving electrical appliances we all take for granted.
Electricity is generated by magnetic fields moving around wires or by wires moving in or around
magnets. We use turbines, powered by steam or water pressure, to produce the movement.
Imagine a long thin wire wrapped around a plastic rod thousands of times, thousands of coils. Now
take a powerful magnet and move the magnet along
the coil. The magnetic field forces electrons to move
in the wires—and moving electrons are electricity.
They can easily be detected with certain instruments.
The trick is to somehow keep the magnetic field
moving—as soon as the motion stops, the induction effect stops. The effect is small with small magnets or
just a few coils of wire. But if we use large magnets
and many coils of wire, we can generate large amounts
of electricity. We call such a device a “generator.”

Generating electricity by moving a magnet in a
coil of wire isn’t really very practical. You produce
electricity only while things are moving. But Faraday was an engineer as well as a physicist. Once these
basic scientific concepts were understood, the more
practical engineering side of him took over. Faraday developed sliding contacts, called “brushes”
(Figure 14-1). They really were brushes, but with
conductive bristles. As they would slide on the surface of a moving, conducting plate; electricity was
conducted across while the plate was in motion.
AC electricity is made by rotating sets of coils in
magnetic fields, cutting through those magnetic lines
of force. The beginning and end of each of those
conducting coils are connected to little rotating electrodes, which are in turn connected to the low
friction brushes. The rotating coil cuts through the
magnetic field, first in one direction, and then in
the second half of the rotation (Figure 14-2), in the
other direction. The magnetic force on the electrons in the wire pushes the electrons one way on
the first half of the cycle and the other way in the
second half of the cycle. So the electrical pressure,
called the voltage, which is produced, also alternates.
We say that the electricity generated is “alternating”
or AC. Electricity has been induced in the wire due
to the relative motion between the magnet and the
wire—actually due to the forces between the magnetic field and the electrons in the wire.

Figure 14-1 A schematic of Faraday’s first electrical
generator using a conducting plate rotated in a
magnetic field (Culver, pg. 325).

Figure 14-2 A more effective generator which produces
AC electricity because the rotating coil cuts through the
magnetic field first in one direction and then the other,
so the field pushes the electrons first one way and then
the other way (Culver, pg. 325).

Electricity, Atoms, and Matter
Well... It all has to do with atoms and their electrons. Matter is atoms. Atoms are neutrons and
protons, massive particles in the nucleus, and much
lighter particles orbiting about the nucleus, called
electrons. We’ve defined electrons as having a negative charge and protons as having a positive charge.
So what really gets moved or transferred from
one piece of material to another, such as the rabbit
fur or the balloons when you rub them, are electrons. Some materials hold their electrons tighter
than other materials. In some materials, electrons
are fairly easy to remove. The material losing them
then has less negative stuff—it has a deficiency of electrons—so we say it’s positive. The thing gaining the
electrons has extra electrons—so it’s negative (Figures 13-3 and 13-11).
This was not known until the very late 1800s.
Although the atomic theory of matter was well ac-
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It’s easy to make an electrical generator. There
are dozens of educational kits on this stuff in science-related shops or electronic parts stores. They
range from a few dollars to as much as a hundred
dollars, depending on the complexity and versatility.
Since almost everything in science is symmetrical, you won’t be too surprised if I tell you that you
can run an electrical generator in reverse. By putting electricity through the coil, the moving electrons
produce a force on the magnet, causing the coil to
rotate, rotating the shaft on which the coil is
mounted. That is an electric motor. We use the rotating shaft to do work.
So we have generators. By moving a magnet in
or over a coil of wire or moving the wire within
the poles of a magnet, electricity is induced. And
we have motors. If electricity is run through a coil
of wire, connected to a shaft, the shaft is forced to
rotate. That rotating shaft can do work. So, electricity and magnetism are really inseparable. Moving
electricity produces magnetism, moving magnetism
produces electricity (Figure 14-3). Another Yin Yang
coupling.
But we have lots of questions:
• What are charges—negative or positive?
• Why do unlike charges attract?
• Why do like charges repel?
• Why are some things magnetic and others not?
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Figure 14-3 The Yin Yang of electricity and magnetism.
They are inseparable, very tightly coupled, really one
and the same thing.

cepted, the fact that the atom had a nucleus surrounded by electrons was totally unknown until the
very beginning of this present century. A fellow
named J.J. Thomson, in 1897, was doing some experiments with batteries and he was generating
something called “cathode rays.” They were beams
of negative charge—of electrons—although he didn’t
know that. Thomson knew that the beam had to
consist of charged particles. He thought they were
ions. An ion is an atom that has lost or gained a
charge. He expected his beam of charged particles
to have certain properties. But as he started to measure the beam, by deflecting it with charged plates
(Figure 14-4), he discovered that the individual
charged particles making up that beam had an incredibly low mass, a mass roughly 1/2000th that of
the lightest possible atom, hydrogen. Thomson’s discovery was revolutionary, saying that there could be
things much smaller than atoms—that atoms had
component parts. Thompson had, of course, discovered the electron. Today cathode rays, or cathode
beams, are called “electron beams.”
You can do a similar experiment to Thomson’s
by taking a reasonably powerful magnet and putting it in front and to the side of your TV screen.
What you’re doing is distorting the electron beams
that are hitting the inside surface of the TV screen.
Do this carefully, quickly, and just on a tiny corner
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Figure 14-4 A schematic view of Thomson’s famous
cathode ray experiment. A beam of charged particles
made to pass through two unlike charged plates will be
attracted to one of the plates and repelled from the
other. This experiment not only determines the charge on
the moving particles, but can also determine their mass.

Figure 14-5 You have seen this one before. First
gravity, then physicists discovered electricity and
magnetism, and then in the early years of this century
they discovered two types of nuclear forces. They are
pretty convinced that is all there are, but they are not
completely sure.

of the screen (because it will actually change the
color of your TV screen—and it may take some time
to restore the original color balance!).
A little later, another physicist, Ernest Rutherford, was doing some experiments where he was
bouncing some ions off of other materials. This experiment led him to conclude that practically all of
the mass of an atom is concentrated in an extremely
small volume at its center. So Rutherford had, of
course, discovered the nucleus. Knowing that atoms
had to be neutral, otherwise they would be ions and
could be moved in electric fields, Rutherford quickly
postulated, and then proved, the existence of the proton in the nucleus. All of this electron, proton, and
nucleus stuff is fairly new—roughly 100 years old!
It turned out that the proton, for most atoms,
couldn’t provide all the mass required. Also, protons
are of all of the same charge, they repel each other;
therefore, they can’t possibly stay close together in a
tiny volume in a nucleus. So another particle was
postulated—the neutron, which somehow provided
a special nuclear force which could hold those protons
together (Figure 14-5). This new force, overcomes
the repulsion between the positively charged protons. Neutrons also have a mass approximately the
same as the proton. Having both protons and neu-

trons in the nucleus solved two problems—its mass
and the stability of the nucleus. Today we know that
is not quite correct. We know that there are other
subatomic particles responsible for nuclear forces.
Refer to a physics book if you’re curious.
The bottom line, as far as electricity is concerned,
is that electrons are the outer parts of atoms—and
for many materials, they can be moved or even removed. Electrons can be channeled, collected,
focused, deflected, and otherwise used in electrical
circuits, which has turned out to be incredibly useful—radios, televisions, VCRs, CDs, all manner of
electric appliances.

Voltage and Current
Let’s learn some terminology and jargon for your
next Scrabble game, and your next party (Figure 14-6). The unit for electrical charge, either
positive or negative, is called the Coulomb, after the
man who formulated the basic law of attraction and
repulsion. Coulombs per second (sort of analogous
to cubic feet of water per second) is given a special
name, the Ampere, or “Amps,” the unit for electrical
current. An “Amp” is actually a lot of electrical current. Our car battery was producing about 10 amps
for the experiment in Figure 13-16.
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Voltage ....... electrical pressure,
also called Potential
DC ............... Direct Current
AC ............... Alternating Current
Frequency .. cycles/sec = Hertz
Figure 14-6 Some important terms and quantities in
electricity and magnetism.

What’s pushing the electrical current is an electrical pressure called “voltage” (Figure 14-7). A typical
small AA or D battery produces 1.5 volts. The AC
voltage coming out of the wall is 110 volts. There
is a fundamental difference between the two. Batteries produce direct current. There really is a positive
and a negative on a battery. But with alternating current, because of the way it’s generated, the current
alternates. Electrical pressure pushes in one direction, then in the other. In the USA, that occurs 60
times a second; we say the “frequency” of that alternating current is 60 cycles/second, or 60 “Hertz”
(Figure 14-6). In much of Europe, it’s 50 Hertz and,
in much of Europe it’s 220 volts instead of 110. So,
when you have the opportunity to travel overseas,
you may not be able to use the same appliances, at
least not without a voltage conversion kit.

Faucet
(pressure)

Nozzle
(pressure)
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Figure 14-7 Electrons pushing electrons. The electrical
pressure produced by a battery or other electricity
source is called a voltage.

Hose
(conductor,
resistance)

O

Ampere ...... unit of electrical current
( = Coulombs/second)

So just how do electrons move? Good question!
Many materials are electrical conductors: aluminum,
copper, iron and steel, zinc, gold silver. They are
metals. Metals conduct electricity. That’s because
some of the electrons in metals are only very weakly
attached to nuclei. We’ll see why later. Apply a little
electron pressure—a small voltage from a battery—
on one end of the metal (Figure 14-7). The electrons
at that one end are pushed in and they push their
neighbors, who then push their neighbors, until electrons actually leave the metal on the other end,
assuming it’s connected to something and there’s a
place for them to go. If there’s no path for them,
they stay there—maintaining the electrical pressure
or voltage.
It’s like water pressure (Figure 14-8). You have a
hose connected to the faucet. When you open the
valve it’s like opening the switch on an electrical
circuit. The pressure from the faucet pushes water
through the hose and it pours out the other side.
Now put a nozzle on the end of the hose and close
it off. There is water in the hose, and there is water
in the faucet that is delivering the pressure. The pressure is now all the way through the hose. Release
the nozzle and the water escapes. The water in the
hose is pushed out by new water entering the hose
from the faucet. It’s very similar with electrical cur-

H2

Coulomb .... unit of electrical charge

Figure 14-8 A hose with a closed nozzle connected to
a faucet is a good analogy. The faucet is like the
battery providing water at a particular pressure. When
the water valve is open (electrically, when a connection
is made), the water in the faucet pushes on the water
in the hose so that the pressure ends up at the nozzle.
If pressure is high enough, the water will flow when the
nozzle is released.
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Figure 14-9 The electron pressure on one pole of the
battery, the voltage, tends to push electrons through
the circuit. If the circuit is a lightbulb, there is a
resistance to the flow. In this case that resistance is
intentional and used to generate heat. That heat
comes from the energy in the flowing electrons,
analogous to water energy being used to move a water
wheel. The water coming out of the other end has less
pressure, less energy, than the water that entered at
the top. Similarly, those lower voltage electrons flow
back to the battery where they are re-energized by
chemical processes.

rent. The electrons are already in the wire. They’re
part of the metal from which the wire is made. The
pole of the battery is essentially the faucet (Figure
14-7). The voltage of the battery is like the water
pressure, and that voltage pushes electrons into the
wire. They push their neighbors, who push their
further neighbors, and finally the electrons at the
end of the wire are pushed into something which
can receive them—like another wire or some electronic device or component. If there’s nothing there
to receive them, then the battery pressure, the voltage, is just there at the end of the wire, sort of like
the water pressure at the nozzle.
We can easily measure the voltage using a meter:
a volt meter. They’re pretty common. Most do-ityourself folks—handymen (and women!)—have
one. Borrow one and experiment. Measure a D
flashlight battery; it’s about 1.5 volts. The 9 volt transistor radio battery is 9 volts. Attach a long wire to
this battery and then measure the voltage again; it’s
still 9 volts. The electron pressure (the voltage) at
the battery connector pushes all the way through
the wire. The pressure is there on the other end
(Figure 14-7) where the meter is connected, just like
the water pressure is at the nozzle on the end of the
hose.
There is some resistance to electron flow, so when
you have very long wires, their resistance causes the

voltage or the electron pressure to drop. That also
happens with the hose analogy. The pressure at the
end of the hose is not really the same as at the faucet. There is a pressure drop along the hose, because
there is a resistance to the flow of water. For very
long hoses, the pressure at the end is much lower.
For short hoses the loss is small—most of the water
pressure is still there.
The reason the electron pressure is there at the
end of the wire, trying to push the electrons, is because we don’t have enough pressure to really push
them out into the air. In the case of water, when
you release that nozzle, the water goes. But electrons are very different. You can’t launch them into
the air unless there are thousands of volts of pressure. It takes enormous voltages to actually throw
those electrons into the air. When you charge yourself up on a dry day, you build up several thousand
volts, and then launch or discharge your electrons
through air onto a metal doorknob.
Think of electron flow like water flowing downhill—except that this isn’t an irrigation project, and
the electrons, unlike water, are not being used or
consumed. They just lose energy as they flow; the
energy is tapped along the way to do work—just as
you can tap water energy by water wheels or turbines. The electron’s energy is tapped by various
circuits and devices (Figure 14-9). Then the somewhat sluggish, lower energy, lower voltage, electrons
flow back to the battery. We say the circuit is completed.
There are chemical mechanisms in the battery
to recharge those electrons—like a pump pumping
water back up hill, so it has the potential energy to
make the journey again and do more work along
the way.

From Magnets to Mystery
Kids and adults alike love playing with the attractions and repulsions due to magnets and their fields.
Permanent magnets aren’t plugged into anything.
They aren’t connected to batteries. There are no
moving electrons to induce magnetic fields. They
are permanent magnets. Where does that magnetism
come from? You know that there aren’t aluminum
or copper magnets, or silver or gold magnets. There
are iron magnets, and since most steels are mainly
iron, there are steel magnets. There are other metals
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like cobalt and nickel that have magnetic properties. There is something very special about those
elements that allows them to have a special kind of
magnetism, called “ferro-magnetism.” That special
property has to do with the nature of the electron.
There is a property of the electron called “spin.”
You can think of a spinning charge as a charge in
motion—so it has a kind of magnetic field associated with it (Figure 14-10). Electrons come in two
flavors. We describe them as spin right and spin left
or as spin up and spin down. When we refer to them
as spin up or spin down, we denote them as arrows
in rectangular boxes. We can think of the arrow head
and tail as representing a tiny North and South Pole.
Atoms, which have many electrons, all with their
spin in the same direction (Figure 14-11), can be
made to form permanent magnets. Most other atoms, most other elements, have their electrons, their
little magnets, paired up (Figure 14-12)—north pole
to south pole, south pole to north pole. When all
that pairing is done, assuming you have an even number of them, there’s not much of a magnetic field
left to influence the surrounding world. So, most
elements, because of this electron pairing property,
are not very magnetic. It’s only those elements where
there are lots of unpaired electrons that show magnetic behavior. There’s a lot more to magnetism.
You’ll just have to read a physics book!

Atoms exist .... nucleus and electrons
Electrons ........ in orbits far away from the
nucleus
Nucleus ........... protons and neutrons,
heavy, nuclear forces
Charge ............ protons are positive ( + ),
electrons are negative ( - )
Atoms
are Neutral .... same number of protons
and electrons
Electrons ........ especially far out ones—can
be removed and transferred
Voltage ........... electron pressure
Current ........... lots of electrons in motion
Figure 14-13 A brief summary.
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Figure 14-10 Two
representations of
electrons. Top: they
spin clockwise or
counterclockwise.
Bottom: they look
like little magnets,
north pole up or
north pole down.

Figure 14-11 Four electrons
visualized as little magnets all
pointing in the same direction,
thereby producing an enhanced
magnetic field. Lots of spin in the
same direction can produce
magnets.

Figure 14-12 The four little
electron magnets now represented as two opposing pairs.
Now their spins cancel. There is
no net magnetic field.

Let’s summarize some of what we know (Figure
14-13):
Atoms exist—and they consist of nuclei, where
practically all the mass is located, with electrons in
orbits around the nucleus.
The nucleus has protons all packaged up very
densely, together with neutrons, which have no
charge.
Protons and neutrons have an almost identical
mass.
Somehow these neutrons and protons have new
forces, nuclear forces, which hold the nuclei together.
The nucleus has a positive charge equal to the total
number of protons it has, and that produces an electric field. It has the same number of electrons as it
has protons, and those electrons are distributed in
various orbits (more on orbits later). Those orbiting

152 UNIT 2 Physics

electrons have a kinetic energy, an inertia, which is
balanced by their electrical attraction to the nucleus.
There’s an exquisite and almost perfect balance. Atoms are stable.
The electrons which are farthest from the nucleus
are not very strongly attracted. They can be removed. We can make that happen with batteries,
and we can make that happen with moving magnetic fields.
We can generate electron pressures, called voltages, which get the electrons to move and those
moving electrons are an electrical current. Moving
electrons can do work, producing light, ringing bells,
even making the heat to cook our meals or darken
our toast.
Why moving electrons produce magnetic fields
and why moving magnetic fields produce forces on
electrons, no one really knows. We know that they
do. We can predict precisely what happens, we can
use that knowledge to design and build electronic
circuits, calculators, computers, and all sorts of de-

vices. But fundamentally why like charges repel and
unlike charges attract—why electricity and magnetism are what they are—we don’t have much of a
clue. That’s the realm of highly theoretical physics,
which overlaps with philosophy and theology.
Take a physics or electronics course sometime,
just for fun. Buy your niece or nephew an electronics kit for Christmas or birthday. Sit down with him
or her and work through it. Play with switches, with
batteries, with capacitors, with resistors, with inductors. There’s really not much mystery involved with
them. The real mystery is the existence of electrons
and protons and the forces between them, and the
existence of magnetic spin and the coupling, the connections, between moving electrons and moving
magnetic fields. But once you’ve accepted that those
particles and phenomena exist—and that there are
rules to their behavior—then it’s just playing by the
rules of the game. You can do all kinds of things,
build all kinds of circuits, make all kinds of devices,
fix your own appliances.
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CONNECTIONS
We use motors and generators in our daily activities, so just how dependent are we on
electricity? If the power went out for five days, how would you cope? Try to see the use of
electricity all around you.

HOMEWORK
1

Ohm’s Law deals with the relationship between voltage (V), current (I), and resistance (R):
V = I • R and is widely used to deal with DC electrical problems. The unit of resistance (R)
to current flow is called an Ohm (after George Ohm, early 1800’s). An Ohm has the units
of Volts/Amps. Assume you have 3.0 volt battery (actually two 1.5 V batteries) used to
light a small flashlight bulb with a resistance of 10 Ohms. What is the current through the
bulb filament? Is your answer reasonable or unreasonable? Why? What does this current
mean in terms of numbers of electrons per second? (Remember, an Amp is a Coulomb/sec,
where Coulomb is our unit for charge. A good periodic table will tell you that an electron
has a charge of 1.6 x 10-19 Coul.

2

Do a brief report on Ohm, Coulomb, and Ampere, three pioneers in the field of electricity.

EXPERIMENTS
1

Get several magnets of different strengths. The ones used to attach things to refrigerators
are quite weak. Get stronger ones from a local science gift shop. Carefully bring each
magnet to the edge of your TV screen. Do these magnets influence the image on your TV
screen? Set up a quantitative, controlled set of experiments. Experiment with different
magnets in different orientations, distances, and positions on the TV screen.
CAUTION: Don’t use too powerful a magnet or leave it there too long. You can actually
distort the image for a while! Watch out for your video tapes as well! Strong magnets can
damage them.
Observe and discuss your results. Do two magnets stuck together have any different
influence on the TV? Discuss. Sketch!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Hobson, Physics
Culver, Facets of Physics

Spielberg, Seven Ideas
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From Electrons to
Light: Electromagnetic
Waves
Action at a distance is related to charged balloons, magnets, and light.
What is light? Could electrons and light be related?

QUESTIONS
1

How can light be both a wave and a particle?

2

What are the different kinds of waves?

3

Just how small an object can you see with your eyes? With a magnifying glass?
With a microscope?

4

How are radio waves and light related to lightning and static charge?

5

Why is the speed of light the fastest speed there can be?

6

Why are conventional optical microscopes so limited in magnification?

7

What are electromagnetic waves?

8

Why did Einstein conclude it is quality (energy) not quantity (intensity) that counts?

9

How can a simple periodic motion generate waves?

156 UNIT 2 Physics

What is Light?
Light comes from many sources: the sun, fire, TV
screens, fireflies and, of course, millions and millions
of light bulbs. We also know that light travels very
quickly. Galileo’s telescope was used by astronomers
to measure the light reflected from the moons of
Jupiter. They calculated, quite accurately, that the
light traveled about 300,000 kilometers in one second—that’s 186,000 miles/sec or about 700 million
miles per hour! That’s fast! It turns out that’s the ultimate speed—nothing can go faster than light.
We know many of light’s properties. It reflects
from certain kinds of surfaces. It refracts (remember Figure 4-20?). It is transmitted by some types
of materials, and absorbed by other types. We know
that light is scattered by dust particles, fog in the air
and milk in the water. We know that light can excite the production of other light, such as in
phosphorescent paints and inks used for glow-inthe-dark products and in fluorescent minerals and
dyes, excited by black light or ultraviolet light.
When we shine light through tiny holes or very
thin slits, it doesn’t go through uniformly. We say
it’s “diffracted.” An easy way to see this, if you have a
particularly steady hand and fingers, is to put your
thumb and index finger in front of you, focus on
them carefully in front of a bright light source, and
bring them together to almost touching, watching
carefully the tiny space between them. When you
get them very close, but not quite touching, you’ll
see several dark bands, parallel to your fingers. An
even better demonstration is to take 2 ultra straight
objects like single edge razor blades, bring them together and when they get about 1/10th of a
millimeter apart, you’ll see bright and dark bands—
due to the diffraction of light.

Figure 15-1 A quick up and down snap of the wrist
on a rope or hose creates a wave moving down the
rope. If you continue to shake up and down in a
uniform resonant manner, you will set up a continuous
wave on the rope. (Hobson, Physics, pg. 197)

These various behaviors:
• reflection
• refraction
• scattering
• diffraction
are all characteristics of waves.
You now know about particles, like balls and cars.
But there are many processes in our everyday world
which are based on waves.

Waves
It’s time to learn about waves. Pluck the string on a
guitar or other string instrument. You’ve done work
to make that string move. You’ve set it into oscillation. As the string moves, it bangs into molecules in
air, sending them moving, they in turn collide with
their neighbors, setting them into motion, and all of
that propagates to your eardrum and you perceive
something we call sound, or even music. We understand those waves. They travel about 600 to 700 miles
an hour—or about 300 meters/second—the speed
of sound.
The string is pinned down on both sides, there’s
no place for it to go so it is trapped. We call the
oscillating string a standing wave. Since it moves too
fast for you to see it, you perceive it as a blur.
Another kind of wave is a traveling wave—very
familiar to you. You know how to propagate a wave
along a rope, or along a hose in a back yard (Figure
15-1). One quick snap of your wrist and a wave
goes traveling down. The whole hose doesn’t physically move away from you, but the motion you
produce, the energy you impart, somehow transfers
or propagates down the rope or down the hose, as a
traveling wave.
We’re also used to seeing waves in water (Figure
15-2). A nice, clean surface of water, we disturb that
surface—just once, by dropping a marble in it. The

Figure 15-2 A pebble
dropped in water under
more or less ideal
conditions. (Hobson,
Physics, pg. 196)
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marble, through the action of gravity is forced into
the water, pushing water molecules out of the way
to make room for itself. Those water molecules can’t
really go down—there’s no room for them. So they
have to go up and they push on their neighbors. As
they go up, gravity pulls them back down, so the
disturbance, the energy, is propagated out, in this case
radially or circularly, to the edges of the container
Keep making a disturbance at a uniform rate like
rhythmically sticking your finger or a stick in the
center of a smooth water-filled container. The disturbances set up a very nice standing wave pattern.
The exact nature of the pattern is dependent on the
disturbance, the size of the container, and other
things. Try this in your own tub or sink. When the
water is completely still, make slow, precise, controlled
disturbances, and watch the wave patterns. You get
the idea.
If we have two sources of waves, then, as those
waves move out and run into each other, they interfere. They may interfere constructively (Figure
15-3), that’s when the two disturbances meet and
match up, producing a bigger wave, by adding to each
other. But the high part of one may contact the
low part of the other wave—then we say they’ve
canceled each other out or they’ve interfered destructively.
Waves in water or on a rope or hose are “transverse waves,” the disturbance is up and down but
the wave moves horizontally or radially—moves out
from the initial disturbance. The initiating disturbance is made transverse to—perpendicular to—the
direction of motion of the wave.
There’s another kind of wave—more like real
sound waves—and they’re called longitudinal waves.
A Slinky provides a good model (remember Figure
4-5?). Push horizontally on a Slinky, along its
length—back and forth once very quickly—and
you’ve produced a disturbance. The part pushed
pushes on the next part and that pushes the next,
and so on. The ripple can move all the way to the
end. The ripple is energy, which is being transferred,
propagated, along the Slinky. You can keep this going by continuing to make the disturbance. If you
don’t already own a Slinky, this is a good reason to
go get one. It will help your science education!
That’s what sound is all about—pushing air. If it
is pushed regularly and rhythmically, we call it mu-

Figure 15-3 Constructive and destructive interference
of waves (Giancoli, Physics, pg. 319).

sic. Anything that moves back and forth in air, moves
the air. The Slinky represents the air, the hand pushing it represents the drum-head—or the guitar
string. Pushing on the air moves molecules in the
air, which then collide with their neighboring molecules, moving them. Those neighboring molecules
move, roughly in the same direction, and they collide and move their neighbors, and so on. So sound
is nothing more than little pressure pulses in the air
moving out from the sound source, whether it’s due
to the guitar string, your vocal cords, or a speaker.
Feel the surface of your TV or radio speaker. Turn
up the bass. Turn it up good and loud. Feel the in
and out movement of the speaker, pushing air molecules. And, of course, feel the vibrations of the
speaker cabinet or case.

Figure 15-4 Schematic of a standing wave showing
the wave length, that’s the peak to peak distance; the
amplitude; and the wave speed or velocity. (Hobson,
Physics, pg. 197)
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Figure 15-6 The very basic wave equation. All waves
follow this fundamental equation.

Figure 15-5 Another important property of waves is
the frequency, the number of cycles passing a particular point in a second. Wavelength is given by the Greek
symbol lambda (λ), frequency by the Greek symbol nu
( ). Lambda, the wavelength, times nu, the frequency,
equals c, the speed of light (for light waves).

Reflection
Frequency is the rate at which the air molecules
are being pushed. Sound frequencies are very fast,
from about 50 to 15,000 cycles/second—so it’s very
difficult to see or feel them directly. Middle C is
about 260 cycles per second. That’s too fast for you
and me to see or feel. Remember your eyes fuse all
images faster than about 1/10 of a second. But we
can extend our senses using a special light—a strobe
light. By flashing that light at exactly the same rate
as an oscillating piano or guitar string, we can “freeze”
in the motion and thus see it indirectly. The strobe
is adjusted until the wave motion is frozen. You can
see strobe exhibits in many science and technology
museums.
Waves have frequencies or rates and they have
amplitudes (Figure 15-4). Waves have a wavelength
and they also have a velocity—which depends on
what is carrying the wave—air, water, or a hose.
Wavelength, frequency, and velocity are all connected. It’s pretty easy (for physicists!) to show that
the wavelength times the frequency is the speed at
which it travels (Figure 15-5).

Scattering

Refraction

Diffraction

Figure 15-7 All waves have these four similar properties.

The length (the wavelength) times the number
of wavelengths per second, is the velocity (Figure
15-6)—in meters/second, for example.
Waves in our natural world refract, reflect, scatter, diffract and interfere (Figure 15-7). These same
characteristics apply to light. Could light be a wave?
If so, what initiates the disturbance? What gets it
started? We know that light has a fixed velocity. It’s
not infinite, but it’s very fast. What propels it?
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Light is a Wave?
Well, how about another brilliant, totally crazy question—a wild, creative hypothesis? Could a moving
charge, an accelerating charge, somehow generate
light? Just as the motion of a hand launches the wave
on a string (Figure 15-1), what if you could hold a
charge or group of charges and move it up and down
(Figure 15-8)? The electric field—the lines of
force—are first up—then down—and if you keep
moving it, the electric field would oscillate. If it
moved just once, it would produce a pulse. It
wouldn’t be continuous, it would be like one wavelength, one cycle, moving away. But if you could
make the charge move back and forth continuously,
rhythmically, could it be a continuous wave (Figure
15-8)? And what might propel it? Keep it moving—
at the speed of light?!
The wavelength of red light is nearly 1000 nanometers, which is one micrometer, or 10-6 meters.
How big is a micrometer? You can easily see a millimeter (1,000th of a meter). You can see a tenth of
a millimeter, just barely. That means with a 20 times
microscope you can see 1/200th of a millimeter, just
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Figure 15-9 Imagine charges being built up on two
different plates or rods until the voltage gets high
enough that they jump the gap, producing a discharge. If that can be made to happen back and forth
often enough, charges jumping from one plate to the
other and back, then it is really no different than what
you see in Figure 15-8.

Figure 15-8 Charges made to move up and down, to
accelerate and decelerate, generate electromagnetic
waves. (Hobson, Physics, pg. 224)

barely. And with a one hundred times microscope
you can see, just barely, 1,000th of a millimeter—or
1 micrometer. That’s a wavelength in the far red,
just beyond what you can see with your eye (Figure
4-4). Although you can see things one micrometer
in a good optical microscope, if you try to look at
things smaller, you start infringing on the wavelength
of visible light; and those diffraction and interference effects occur—just as they do with your fingers
very close together. The range of magnification in
an optical microscope can’t go above about 2,000
times because of the size of the waves of light. From
Figure 15-6, if the wavelength is 10-6 meter and the
speed of light is 3 x 108 m/sec then in order to generate a red light wave with your hand, you would
have to hold an electron and move it over 1014 times
a second! That’s the frequency. That’s clearly not possible. We just don’t have that kind of control or
speed. But it is possible to do that with atoms and
with certain kinds of electrical circuits.
A fellow named Hertz, a German physicist (he’s
why we call cycles/second “Hertz”), used an electronic circuit to do a similar experiment—he made
the electrons in a circuit oscillate at about 109 Hertz,
a 100,000 times slower than the 1014 Hertz we need
to make red light. He allowed charge to build up
between little electrodes separated by a tiny air gap
(Figure 15-9). When there was enough charge, it
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jumped across the tiny gap. Physicists and electrical
engineers would say the charge discharged across the
gap. His circuit did this 109 times/second. Imagine
electrons jumping the gap, back and forth, a billion
times a second. He said that if those moving electrons were generating an electrical wave of some
sort—it would travel—and he should be able to detect it with a little circuit not very far away. His
detector had no batteries, no electrical sources. It
was completely passive and unpowered. But if there
were waves hitting it, these waves should induce a
tiny, high frequency, electric current in the detector
circuit (Figure 15-10)—like a moving charge producing a moving magnetic field which then induces
moving charges in the receiver. If the electrical wave
was like a light wave, it would travel at the speed of
light, meaning really no delay at all in receiving the
transmission.
Another very creative experiment! The waves
were produced, traveled, and received! If it hadn’t
worked, radio and TV would not exist.
Hertz produced electromagnetic waves. Although his waves were not light, his experiment
convinced people that light could be an electromagnetic wave, a wave produced by electron oscillations.

The Hertz Experiment: Hair-to-Hair
Communication
Let’s do an experiment similar to Hertz’s. His passive receiver circuit was an ultra-simplified version
of an AM radio. Put your radio on AM, turn it up to
the high frequency end of the dial (around 1700
kilohertz—that’s 1.7 Megahertz—a little slower than
Hertz’s original experiment). Tune to a place where
there’s no signal. Turn up the volume, you’ll hear
some hiss or static. Now get up close to the back of
the radio. There’s a little AM antenna buried inside,
which you can’t see. Take a typical plastic comb and
run it through your hair with your hair and head
almost on top and at the back of the radio. Hear
the static? What you hear is no different than what
you hear on your AM radio when there are lightning strikes going on outside. Your hair and comb
are developing static charge—just as we did before.
The charge builds up and then discharges—from hair
to comb—or comb to hair, just as in Hertz’s circuit
(Figure 15-9). As the local voltages build up, they
discharge through the air. When those electrons

moving
charges

moving
magnetic
fields

"transmitter"

moving
charges

"receiver"
electromagnetic
waves

Figure 15-10 Moving charges, moving fields, in turn
move other charges—the process of induction. Transmitters send out waves which are detected by receivers.

move, when they jump, they generate waves—radio
waves. It turns out that electromagnetic waves, in
the range in which Hertz was experimenting, and
which you generate with the comb in your hair, are
in what we call the “radio frequency” part of the
electromagnetic spectrum. Your comb and your hair
are a radio transmitter. You could even transmit information that way. You could comb in a specific
way, at a certain rate, making that static in a certain
pattern, which can be detected and received by a
nearby AM radio.
Hertz, a physicist, had his work immediately applied by Marconi, the inventor/engineer who
invented the telegraph. The Morse code—dots and
dashes in a pattern which code the A-Z alphabet
(Figure 15-11), was developed and used by S.F.B.
Morse, a painter!. By tapping out dots and dashes
with a little oscillator circuit connected to an amplifier and a transmitter, radio waves were transmitted
and picked up halfway around the world. That was
our major form of wireless communication before
audio radio was developed.
A mathematician and physicist named James
Maxwell had even earlier developed the theory for
all these electrical and magnetic effects. Maxwell is
called the Isaac Newton of electro-magnetism.
Thanks to Maxwell, Hertz, and many others, we now
know that vibrating, charged objects create disturbances in their own electromagnetic fields. Those
disturbances travel out at the speed of light. And
that disturbance is a wave, and like all waves, carries
energy and information. And yes, light is an elec-
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Figure 15-11 The Morse Code.
The various combinations of dots
and dashes code the entire alphabet
(Boy Scout Handbook, 1979,
pg. 356).

tromagnetic wave. Radio waves, light waves, microwaves, and X-rays are all electro-magnetic waves
(Figure 15-12).
X-rays are very energetic waves because they are
moving up and down so quickly. Radio waves have
very little energy at all. We can’t feel or detect them
without the use of sensitive and complex equipment,
like radio and television receivers.

Electromagnetic Waves
Figure 15-5 is a simplified model of an electromagnetic wave, produced by an electron which continues
to oscillate at a uniform regular rate. The electric
field moves up and down in a very uniform and
regular pattern. The actual shape of that field in time
is described by Trigonometry. We say it’s a sine wave
or a cosine wave.
To make a sine wave, take a flow pen, move it
from side to side, marking continuously on a long
sheet of paper, in a very controlled, uniform, repetitive fashion. While you’re doing that, have a friend
uniformly pull the paper. You do need two people!
You’ve made a sine wave. The moving paper represents both time and distance. The maximum back
and forth of the pen (the moving “electron”) represents the amplitude; the rate at which the pen moves
is the frequency.
Electromagnetic waves—all of them!—travel at
the speed of light in a vacuum—that’s 300,000 kilometers/second. So, if you could move the paper
very, very fast, and at the same time move the pen

from side to side very quickly, you generate something which, at least on paper, looks like our
mathematical representation of an electromagnetic
wave. And, just as before, λ • ν = c, where c is the
speed of light
Electromagnetic waves are oscillating electric
fields and they are also oscillating magnetic fields.
No big surprise, because varying electric fields produce magnetic fields, and varying magnetic fields
produce electric fields, so you really can’t have one
without the other (Figure 14-3). The light wave is
propelled by the tight interplay between electricity
and magnetism. The changing electric field induces
a changing magnetic field and vice versa in a way
that neatly propagates the wave.
The entire electromagnetic spectrum (Figure
15-12), everything from the very high energy Xrays and cosmic rays to very low energy radio waves,
and everything in between, including the visible light
that you and I see and perceive, consists of electromagnetic waves. The only difference across this
whole spectrum is that the wavelengths and frequencies are different. But the fundamental nature, the
fundamental character, of all of these waves is the
same.
There’s nowhere on Earth, at least no readily accessible place, where you can escape from
electromagnetic waves. They permeate and pervade
our planet and they, of course, radiate and travel into
outer space.
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Figure 15-12 The electromagnetic spectrum. The right half of this you have seen before as Figure 4-4. The left half
now includes the frequency information and examples of sources that send out such waves. Remember very high
energy waves are at the top and very low energy waves are at the bottom. (Hobson, Physics, pg. 229)

Here’s a quote from a book by Chet Raymo, subtitled Essays in Search of the Soul of Science. Imagine
what he is feeling, sensing, and thinking as you read:
We live in a sea of radio waves. Right now, Mozart
piano concertos and Scott Joplin rags are coursing
through my body. I share my office with the voices
of Bruce Springsteen, Madonna, Hank Williams, Frank
Sinatra—invisible, unheard voices passing by at the
speed of light. I can turn them into sound with a
little box of electronics. And pictures, too. Images from
the Olympics, presidential campaigns, foreign wars,
natural calamities. The air quavers with visual images

borne on oscillations of incredible swiftness. No, it is
not the air that quavers, for these invisible radiations
leave the atmosphere of Earth and pass without diminishment into the vacuum of space. It is space itself
that quavers, at frequencies of millions of oscillations
a second. All space—this house, this room, the cavities of my heart—magically, miraculously tremulous
with sights encoded as modulations of electromagnetic waves. From a roomful of invisible oscillations
at hundreds of different frequencies my little receiver
picks out just the right wave and converts its modulations into sound. At the moment, it’s a Bach
harpsichord concerto, passing by at the speed of light.
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Some alien civilization could actually be receiving our TV and radio transmissions, but they would
be receiving them later than you because the speed
of light is finite. Carl Sagan’s novel and movie Contact uses that fact in a very interesting plot. It takes
time for electromagnetic waves to travel those enormous distances to the next star.

But electrons don’t move—they can’t oscillate—
by themselves. Energy is needed to move the
electrons up and down, generating those continuous electromagnetic waves. In order to deal with
the production and detection of visible light, we need
to go into the world of quantum physics—the physics of the ultra-small and of the very uncertain.

CONNECTIONS
Look for examples of waves (water, sound, etc.) and light all around you. Throw rocks in
puddles and ponds. Question. Experiment. Enjoy!

HOMEWORK
1

Let’s get artistic! Choreograph, both in video and in music, the Chet Raymo quote at the
end of the chapter. Be original, be creative. You don’t have to submit a video or
soundtrack. Just say how you’d like to do it! Briefly interpret and explain his quote in terms
of the principles of physics you now know.

2

Light is fast, but not that fast. How long does it take the signals from a space probe near
Jupiter to reach the earth? You’ll need to know the distance from Earth to Jupiter (does
that distance vary or change—explain!) and know the speed of light—that’s the speed of
electromagnetic waves.

3

Consider how the intensity of signals change, with distance. Say you have a light source
putting out a perfectly circular pattern of light (see figure below). Let’s say 360 light waves
(photons) per second, uniformly leaving a 1 cm diameter circle, in all directions. You’ll need
a protractor to do a good job on this problem, and remember a circle contains 360˚ (four
right or 90˚ angles). If this is confusing, get someone who knows a little geometry to help
you. Say your receiver detects any photons that enter its
1 cm hole. How many rays en40˚
ter if the circle and detector
30˚
hole are in contact? How many
enter at a separation distance
20˚
of 1 mm, 1 cm, 10 cm, 100 cm,
1 m, 1 km. Plot your results on
10˚
Detector
Source
a semi log plot. What can you
0˚
say about the strength of signal with distance from the
-10˚
source? Now imagine the problem in three dimensions—a
Entrance hole = 1 cm
-20˚
sphere emitting photons in all
-30˚
Distance
directions—so even fewer pho-40
tons are hitting the detector!
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EXPERIMENTS
1

Read Homework #3 and reread the part of the chapter dealing with the AM radio and the
comb-hair “transmitter.” Design, conduct, and analyze an experiment where you try to
measure the distance dependence of your comb-hair transmitter. How could you design a
similar experiment which could be more precise? Explain.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Hobson, Physics
Spielberg, Seven Ideas
Sagan, Contact (a novel)
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From Newton to
Quanta, and Certainty
to Uncertainty
Quantum physics, pointillist painting, and inkjet printing are very
similar—they are quantized. This chapter is on the world of the
small, the ultra-small, and the very uncertain.

QUESTIONS
1

What is the fundamental graininess of matter?

2

What is the fundamental graininess of energy?

3

Why do blue photons have more energy than red photons?

4

What kind of photons make up white light?

5

How does pointillist painting—or inkjet printing—really work?

6

What is a grating? A spectrometer?

7

How is a grating like (and unlike) a prism?

8

Why do excited atoms produce line spectra?

9

How is the atom very unlike the solar system?

10 What is Planck’s constant? Why is it significant?
11 What exactly is a quantum leap or jump?
12

What’s the difference between Newtonian and Quantum physics?

13

What is the Uncertainty Principle? Who cares?

14

Who is (was) Richard Feynman?

15

Why is there a basic uncertainty to very tiny measurements?
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The Tiny Quantum World
Welcome to our concluding chapter on Physics—
from Newton to Quanta. Now we go from the
world you and I know to the world of the ultrasmall—the realm of the quantum.
Our universe consists of matter and energy. The
matter is grainy—because it’s made up of individual
units called atoms. If we could see at a high enough
magnification, which we can, with special microscopes, we can extend our senses to actually see
images of individual atoms (Figure 16-1, below). Everything has a structure—a fundamental unit.
Magnify a photographic negative and you see the
individual silver grains which make up the image—
or the dot matrix image of a computer printer or a
newspaper photo (Figure 16-2, at right), or even a
Seurat painting. Everything is made up of building
blocks—of basic units. The basic graininess of matter? The fundamental unit of matter is the atom.
We have used the analogy that the atom is like a
miniature Solar System, with the nucleus representing the sun, the electrons representing the planets.
But remember Einstein? Well, he said, “Science
should be as simple as possible, but not simpler.”
So, let’s get realistic about atoms. Solar systems
are huge, but the size of a little atom, like Hydrogen,
is only 1 Angstrom. The Angstrom is a new unit, devised specifically because atoms are so small (Figure
16-3). An Angstrom is one tenth of a nanometer.
That’s 10-10 meters.
Planets have different masses (Figure 16-4). Electrons all have the same mass. Planets and Sun are
held to each other by gravity. But the force of gravi-

Figure 16-2 On the left you see a piece of a newspaper
photograph. Inset you see a much smaller piece of it at
a higher magnification. It is obviously made up of dots.
It has a fundamental graininess.

1 Angstrom (A) ~ the diameter
of a single hydrogen atom
1 A = 0.1 nm
1 A = 10-10 m
Figure 16-3 A new unit of length, the Angstrom.

Figure 16-1 The image on the right is a tiny area of a graphite crystal taken with a scanning, tunneling microscope.
You’re actually seeing individual carbon atoms. The magnification is over a million. The image on the left is taken with
an atomic force microscope. Although you can also see atoms with
that technique, this particular image
is of a protein found in our blood.
The protein has been pushed around
by a special sub-microscopic tip to
make the letter U, sort of a twentyfirst century logo for the University
of Utah (courtesy of the Department
of Bioengineering, University of
Utah).
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Spectroscopy

tational attraction between the nucleus and the electrons in atoms is insignificant, because their masses
are so incredibly small. Electrical repulsion and attraction are the forces in atoms—together with the
nuclear forces that hold all those protons together,
overcoming the force of electrical repulsion between
like charges in the nucleus.
The atom is nothing like the Solar System. The
reason we use the solar system analogy is because of
the way you are neurally wired. It’s hard to make
new connections. It’s hard to learn something new
unless you can somehow relate it to what you already know. That’s why we use analogy and
metaphor. Picasso perhaps said it best:

Much of what we know about the nature of atoms
comes from an analysis of the light, the electromagnetic waves, they can produce. Luminescence is the
generation of light photons.
Light seems to have two limiting characteristics.
Some of its behavior is best explained using a particle
metaphor—and those particles are called photons. But
other properties are most easily explained using a wave
model—an electromagnetic wave. Light is photons,
and it is electromagnetic waves.
Visible light is light we can see. But we also have
X-ray luminescence, producing X-ray photons, and
radio-luminescence, producing photons in the radio frequency range of the spectrum (Figure 15-12).
Normally, in everyday language the word luminescence refers to the generation of photons which
humans can perceive, in that 400-700 nanometer
wavelength range.
Light waves or photons carry energy. Blue light
has more energy than red light, because the frequency, the number of oscillations per second, is
higher. There’s an even more energetic form, ultra
blue light, which you can’t directly see. It’s called
ultra-violet black light, or UV light. Each individual

So how do you go about teaching them something
new? By mixing what they know with what they don’t
know. Then, when they see in their fog something
they recognize, they think, ‘Ah, I know that!’ And then
it’s just one more step to ‘Ah, I know the whole thing.’
And their minds thrust forward into the unknown and
they begin to recognize what they didn’t know before and they increase their powers of understanding.

Picasso was a painter. Paintings manipulate light,
which you sense and perceive.

Figure 16-4 A not-very-accurate
model of a solar system and of an
atom. They really are very different.
Planets have different masses and
sizes. Electrons, however, all have
the same mass.

Solar System

Atom
nucleus

Sun

e
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UV photon has so much energy that it can produce
a chemical reaction. Enough UV photons and the
chemical changes in your skin result in a nasty sunburn. On the other end, beyond the red, the spectrum
is called the infrared. You can’t see that either. In
low amounts it’s not dangerous, but you can feel it
as heat, through the infrared receptors on your skin.
If we get atoms really hot by putting them in a
hot flame, they produce light. They luminesce. They
produce very specific colors, specific wavelengths.
Different atoms produce different colors.
Can we analyze atoms by looking at the colors
they produce? Can we look at light from the stars—
and learn something about the atoms in those stars?
Is there more to light than just the three major colors that we see in rainbows? The answer to all of
these questions is a wonderful yes!
Prisms and gratings can be used to see far more
than just the primary colors. They can be used in
spectrometers—instruments which break up light
very finely, disperse it very accurately, and allow us
to see the individual colors, the individual wavelengths in a mixture of light. Because this is a black
and white book, it’s hard to show you. So, play with

colors, with rainbows, with prisms, and with gratings (see experiments). You’ll get the idea!
A spectrometer is a machine that uses a prism or
diffraction grating to separate light into its component color s or wavelengths (Figure 16-5).
Spectrometers are very common laboratory instruments. We can use such a machine to look at the
colored flames produced by hot elements. Every element has it’s own characteristic emission spectrum
of containing lots of discontinuous, isolated, sharp
or narrow wavelengths of light. They are so narrow
we call them lines, and spectroscopists call these “line
spectra” (Figure 16-6). These spectra—because they
contain highly individual specific colors—tell us that
light emission is specific. Light emission is quantized.
Why isn’t the spectrum continuous? Well the
electrons in atoms are apparently arranged, organized,
or structured in such a way that they generate these
highly individual, specific photons. These emission
spectra are fingerprints of the atoms.
Three key experiments enabled physicists to begin to understand light—and quantum physics
(Figure 16-7). One was the line spectra of elements—their light fingerprints. The second key

Figure 16-5 A schematic of a simple spectrometer. A light source is filtered through a thin slit to make a narrow beam
which then enters a prism or diffraction grating. The prism, by the process of refraction, or the grating by the process of
diffraction, separates the light according to its different wavelengths or energies, where it can be viewed on a screen
by photographic film or special detectors, such as electronic cameras. If the characteristic glow of a hot element is the
radiation source, the viewing screen will show the characteristic line spectrum. (Hobson, Physics, pg. 361)
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Figure 16-6 Some
typical line spectra of
the elements
(Chaisson & McMillan,
Astronomy Today,
pg. 76).

experiment was the discovery of the photoelectric
effect—the discovery for which Einstein was
awarded his Nobel Prize. The photoelectric effect
has to do with the energy of photons. It clearly separated the idea of the intensity of photons (their
number) from their individual energy. It’s not just
the quantity but the quality (the energy) that’s really important. The third key experiment used
radiation emitted by hot, black material. Physicists
call that black body radiation, and it does have a continuous spectrum. Most physics books go into these
key experiments in some detail.

The Photon and Quantum Physics
A physicist named Max Planck went way out on a
limb. He suggested that these three key experiments
could be interpreted by assuming that there is a fundamental graininess to energy. A very tiny number,

now called Planck’s constant (h), is related to the
smallest amounts of energy which can exist. Planck’s
constant, h ≅ 7 x 10 -34 joule-sec (Figure 16-8).
Planck’s constant refers to energy in time, so its
units are joule-sec. The fundamental graininess is
not really energy, but energy in time. A good modern physics book will probe into this a little more!
That modern physics book will also tell you that
the fundamental energy of a single photon is
E=h•
or Planck’s Constant times the frequency.
So each individual photon is a tiny, independent
packet of energy, given by h • . Yes, we can have
many photons, all of the same frequency or wavelength. The total number of those photons is the
intensity of the light, but each individual photon has

Three Key Experiments:

Planck's Constant

Line Spectra of Elements: fingerprints

h ~ 7 • 10 joule-sec

Photoelectric Effect: quality not quantity
Black Body Radiation: hot stuff
Figure 16-7 Fundamental experiments which lead to
the quantum nature of light.

-34

[h] = joule-sec
= energy • time
Figure 16-8 Planck’s constant again, so you can find
it easily.
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the same energy, given by h • . Since we know
that λ • = c, the speed of light, we can also say
that E = hc/λ. So, we can figure out the energy of
a photon if we know its wavelength or its frequency
(Figure 15-12).
The fastest thing we know is the speed of light,
c. Nothing can go faster than 300,000 kilometers/
second. The smallest things we know are the fundamental units of photon energy—the fundamental
energy graininess in the universe, which is related
to Planck’s constant. The greater the frequency, ,
of a photon, the greater its energy (Figure 15-12).
Blue photons have shorter wavelengths and larger
frequencies than other visible photons, so they have
more energy per photon than the others. If it takes
a certain minimum energy to do some chemistry
or to kick an electron free from a metal, for example,
then it’s clear that some photons have what it takes,
and others just don’t have what it takes. It’s not the
number of photons that count, it’s the energy in each
individual photon.
We’ve seen graininess before—in our currency
system, for example. The penny is the “Planck constant” of our monetary system. You can’t price
anything less than a penny, at least not practically.
Pennies are completely negligible and irrelevant if
you’re a millionaire or a billionaire. In the realm of
the big world—the macro or the Newtonian
world—Planck’s constant, and individual atoms, are
unimportant. We are big, massive bodies and we don’t
have to worry, normally, about individual atoms or
sub-atomic particles, or fundamental minimum units
of energy. But, as we go away from the macroworld
we know and love, to the micro and sub-micro—to
the level of the atom and the individual photon—
then these fundamental limits start to become very
important, and we can no longer ignore them.
Newtonian mechanics, the laws which describe the
stability of the Solar System or of bouncing balls,
do not directly apply to the level of the atom and
individual photons. Atoms and photons must be
treated by a different part of physics, called “quantum physics.”
It’s strange that in literature, poetry, and politics,
a quantum—a quantum leap or quantum jump—is
considered a huge, significant thing. But in the world
of physics a quantum is the smallest piece of energy
we can ever have. Interesting!

E=h
but
λ = c or
= c/λ
so
E = hc/λ
Luminescence

Figure 16-9
The basic photon
energy equations.

Okay, so just how do atoms produce specific kinds
of light—specific kinds of photons? How do they
luminesce? Well, back to a more realistic model of
atoms and of electron orbits. Electron orbits are not
precise, planar, orbits. First, they’re three-dimensional
(Figure 16-10, next page). Second, they’re a little
fuzzy—not really very precise. Third, they can sometimes have strange and convoluted shapes although
they are always symmetrical. The electrons about
the nucleus of an atom can’t occupy just any orbit.
An electron, to be stable, has to be in a particular
orbit, associated with a certain amount of energy.
Exactly what those electron energies are and the
particular shape and location of the orbits depend
on many things—including the nature of the nucleus
and the fact that electrons themselves behave with
wave-like properties. But the bottom line is that the
electrons in any particular atom are in fairly specific
orbits of fairly specific energies.
We can simplify the picture to focus only on the
energies (Figure 16-11). The orbits are quantized,
meaning that we can’t put the electron anywhere—
only cer tain locations or orbits will work.
Intermediate orbits are not allowed. We can’t put
an electron in between (Figure 16-12)—it can only
go to an orbit which is allowed.
But even with these restrictions, there really are
many different orbits for electrons in atoms. There
are even large numbers of orbits in which there are
no electrons. You might call them virtual orbits, or
unfilled orbits (Figure 16-13). If we give an electron
just the right amount of energy, we can put it in one
of those orbits (Figure 16-14). We could also give it

Chapter 16 From Newton to Quanta, and Certainty to Uncertainty 171

Figure 16-10 Some of the possible electron orbits in our simplest atom, hydrogen.
Hobson called these “patterns of the micro world.” The numbers K L M N refer to
quantum numbers. You will get to know them in a chemistry or physics book. For
now you can think of these different shapes as representing different kinds of
possible orbits for the electron in hydrogen. (Hobson, Physics, pg. 366.)
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Electron Orbital Energies
3s
2p

E

2s
1s

Figure 16-12 Here we have shown an intermediate position. But just as you
can’t step on a stair which isn’t there, the electron can’t occupy an energy level
which is not allowed. If you try to put it between two energy levels, it’s like
trying to place a ball between two different steps on a stair. The ball would just
fall down the stairs and eventually stop on a lower stair.

3s
2p

Figure 16-11 You can think of this structure as an energy box, containing a
set of discrete stairs or elevations. Under normal conditions, the electron in
hydrogen is on the first or lowest stair. The terminology (1s, 2s, etc.) will be
used later in our section on chemistry. Think of the lowest stair as having the
lower energy, and as you go up the stairs in quantized single stair fashion, the
energy increases. Such a box is a very simple representation of the possible
electron orbital energies in a particular atom. Although here the stairs are the
same distance or energy apart, it’s just to simplify things—that is not usually
the way the real world works.

E

2s
1s

eUnfilled
Orbits

E

Figure 16-13 Here we have shown
some additional energy stairs which
are not normally used. We would say
they represent unfilled electron orbits.
In the case of hydrogen (Figure
16-10), all of the orbits shown, except the one in the upper left, represent unfilled or virtual orbits since
hydrogen has only one electron.

Figure 16-14 If the electron is given
just the right amount of energy, it may
land in and be stable in one of those
higher or virtual orbits. A fair metaphor would be for you to jump up two
stair steps.

Figure 16-16 If an electron is
removed from an inner orbital, the
atom is unstable, resulting in an
electron in a higher energy orbital
jumping down to occupy the lower,
more stable orbital. For this to
happen, the electron has to give off
the appropriate amount of energy. It
generally does so by emitting a
photon.

Figure 16-15 It is also possible to
give an electron enough energy to
jump out of the stair way, that is out
of the atom, altogether. That is what
we were doing earlier when we were
rubbing balloons and glass rods and
transferring electrons to make static
electricity.
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enough energy to bust free of the atom altogether
(Figure 16-15).
Physicists and chemists can do all those things.
By removing an electron from the orbit in which it
would otherwise be located (Figure 16-15), they can
cause an instability in the atom (Figure 16-16). An
electron in an orbit further up falls down to occupy
that lower energy orbit which was made vacant. To
be stable in the vacant lower orbit, that electron has
to give up a specific, or quantized, amount of energy—it does this by emitting a photon. Since a very
specific amount of energy had to be given up, a very
specific photon (the wavy arrow), with a particular
wavelength and frequency, is emitted.
We can also excite electrons into higher unfilled
orbits (Figure 16-14). We can heat atoms—give them
so much energy that they vibrate so hard that electrons are actually thrown into upper, unoccupied
orbits. Then those same electrons, or other ones,
jump down to fill those now vacant, inner orbits
(Figure 16-16). Every time that an electron jumps
down, it has to get rid of its excess energy—so it
gives off a photon.
Larger atoms, like Uranium, have as many as 92
electrons in very complex sets of orbits around a
nucleus with 92 protons and over 140 neutrons. So
electrons can bounce around between those orbits,
and the higher, unfilled orbits. Every time an electron comes down in energy, it must give off
energy—usually by emitting a photon. Those photons are the “characteristic emission spectrum, or
light signature, of excited atoms”—their light fingerprint (Figure 16-6).
The natural world is “quantized,” meaning everything happens in discrete little chunks based on
h, Planck’s constant. In the case of light, or electromagnetic radiation, we call those chunks “photons.”
They are packets of energy—but not just any energy.
From the spectra of the elements, scientists have
figured out the structure of atoms and the nature of
the electron orbits in atoms. Once understood, once
we had this big catalog or database of the emission
spectra of all the atoms, we could use it to search for
atoms in other places, like stars (Figure 16-17). That’s
how we now know the composition of the stars, of
our sun, and the composition of other, unknown
materials.

Figure 16-17 A spectrum of a star. You take a star,
attach a spectrometer to your telescope, and you can
determine its spectrum. By careful analysis of that spectrum, you decipher the atom composition of the star.
(Chaisson and McMillan, Astronomy Today, pg. 365)

The Uncertainty Principle
Now comes the fun part. This is the part that many
older, Newtonian physicists don’t like! The fact that
sub-atomic particles are so small, and that the basic
graininess of photons, of electromagnetic energies,
is so very small, means that almost anything that we
do to try to observe or measure individual atoms or
photons changes them. If you use a single, individual
photon or electron to probe, to touch, to interact
with, and thereby obtain information from, another
electron, proton, or photon, you’ve got a problem!
The finest, tiniest, smallest, things we have, electrons
and photons, are of the same size and dimensions as
what we would like to measure. It’s like trying to
see where a billiard ball is by hitting it with another
billiard ball. The ball (the probe) is just too big or
too energetic. The ball (probe) disturbs (moves) the
ball we’re trying to measure.
Whatever we do disturbs the system we’re attempting to sense. There is no way out. This is the
“Uncertainty Principle,” first stated by Werner
Heisenberg (Figure 16-18, next page). It says that
the intrinsic graininess of things means that there’s a
graininess to the accuracy with which we can measure things. If there wasn’t such a limit, then nothing
would make sense. It would be like saying that the
penny is our fundamental unit, yet I can determine
price or value of specific items by tenths of a penny,
even thousandths of a penny, or even millionths of a
penny. That’s simply meaningless. How can we mea-
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sure something to a precision that’s smaller or finer
than the smallest or finest thing we know?
This intrinsic uncertainty in the nature of the
atomic or subatomic world bothers Newtonian
physicists because they’re used to working in a macroscopic world, a Newtonian world, in which
position and energy can be determined very accurately. But if there’s a graininess in mass and a
graininess in energy, then of course there must be a
graininess in measurement. There’s no way out of
it. It doesn’t bother most scientists, and it need not
bother you.
So here’s the present situation in physics (Figure
16-19)—looking at the world in terms of dimension (space) and speed (time). Things which you and
I can see and deal with, even at the limits of resolution of the optical microscope, fall into the realm of
the Newtonian World unless they involve very rapid
velocities—a million meters per second or more.
This is where velocities start approaching the speed
of light. When you’re operating at velocities a few
percent of the speed of light or faster, then you have
to apply a whole different theory of physics called
“Relativity,” which is what Einstein is best known
for. Most physics books cover relativity. Since it’s
unlikely you or I will ever go that fast, we won’t
worry about it.

meters
sec

C
10 6

Speed

Figure 16-19 The four general
domains of physics based on
considerations of space (dimension) and time (speed or
velocity). You and I operate in
the relatively slow speed
Newtonian World.

1

10 3

Uncertainty Principle
“The intrinsic graininess of things means
there's a graininess to the accuracy with
which we can measure things.”

Figure 16-18 A restatement of the uncertainty principle.
(Morrison, Nothing is Too Wonderful to Be True)

As things get very small, into the atomic and photon world, then of course we are in the Quantum
World, where nothing is continuous or smooth. The
basic graininess of the world means that mass and
energy have to change in certain discrete amounts.
In the case of energy that discrete amount is the
quantum, based on Planck’s constant, h. In the case
of mass, it is the atoms and their sub-atomic particles. Since electrons and electro-magnetic waves
operate at the speed of light, much of the Quantum
World also requires Relativity Theory.
So there are four general domains of physics, depending on the size and speed of the system. Most
of your world, and mine, is in the lower right cor-
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of electrons, photons, and atoms with very great precision and accuracy. When you look at individuals
or at very small numbers, things are uncertain. But,
like statistics, when you look at very large numbers,
things can be very precise and predictable.
Here’s a quotation from Richard Feynman (Figure 16-20), who received a Nobel Prize for his work
on quantum electro-dynamics, the theory which
predicts the motions of electrons, how they interact
with each other, how they interact with photons,
how they produce photons. Feynman has been called
“the greatest mind since Einstein.” Like Einstein, he
was a very popular and charismatic character. In his
beautiful little book The Character of Physical Law, he
writes.
Figure 16-20 Richard Feynman is generally recognized as the greatest mind since Einstein. He was a
phenomenal teacher and quite a character. You can
see him in action on some of the videos listed in the
Bibliography.

ner of Figure 16-19, the area of slow speed Newtonian
physics.
One bottom line from quantum considerations
is that, because of Heisenberg Uncertainties, we don’t
know things absolutely. We only know things to
certain probabilities, depending on the specific problem and situation. Everything is somewhat statistical.
But it is important not to overplay quantum uncertainties. Even though we may not be able to
predict the position of individual electrons, or even
individual atoms, with the certainty that some physicists would like, we can deal with large collections

I am going to tell you what nature behaves like. If
you will simply admit that maybe she does behave
like this, you will find her a delightful, entrancing
thing. Do not keep saying to yourself, if you can possibly avoid it, but how can it be like that? Because you
will get into a blind alley from which nobody has yet
escaped. Nobody knows how it can be like that... nobody understands quantum mechanics.

Richard Feyman is one quantum physicist who obviously enjoyed the Newtonian world! He was quite
an artist and an enthusiastic drummer.
Well, that’s it for physics. Time to move on. If
you found these physics topics interesting, even fascinating, remember, this book is only a taste. Read a
physics book, take a physics course, attend some lectures, watch some wonderful educational videos.
Read, discuss, and experience the basic rules of the
universe.
Remember our physicist in the wild? In Chapter 17 she meets up with some chemists in the wild
and begins looking at science from the perspective
of chemistry.
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CONNECTIONS
Light is everywhere. We see it almost constantly. New cars even force us to drive with our
lights on, lights so bright that even on bright clear days they can hurt your eyes and
distract your attention!. Colors are everywhere. Colors are due to photons produced by
quantum jumps between electron orbitals, all quantized. It’s all photons. Look at it all.
Think about it. Appreciate it! And control it. Too many photons can be annoying, distracting, and even dangerous.

HOMEWORK
1

Look at the electromagnetic spectrum chart (Figure 15-12). Pick a typical X-ray photon, a
blue photon, and a radio wave (also a photon!). What are their wavelengths (in cm), their
frequencies (in cycles/sec), and their energies (in Joules).

2

Acquire two polarizers—refer to the homework in Chapter 4. Experiment with them.
Design and operate a light intensity filter with them. How do they work? Look at a thin
piece of transparent plastic (like a plastic ruler, CD wrapper, or other transparent plastic
packaging) sandwiched between the crossed polarizers. What do you see? What’s going
on? Explain!

EXPERIMENTS
1

Take a spare audio CD and look at the shiny un-printed side. Examine it with your magnifying lenses. See anything? Why not? Now observe the CD in front of a light source (be careful
to not reflect any intense beam directly into your eye), like this:
shiny side of CD

light on ceiling
you
hold CD at a slight angle

What do you see? Slightly tilt and rotate the CD in your hand. Try to maximize any special
or interesting effects. (This works better if the room is dark except for a single light, preferably on the ceiling.) Why do the effects happen? Describe and discuss what you observed.
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2

Use a diffraction grating (available from any science gift shop) to analyze the spectrum of
your desk lamp, your street light, your room or apartment lights, a neon lamp, and the
quartz-halogen light from auto headlights. Carefully analyze what you see. Try to sketch
what you observe, using colored pens or pencils to show the spectral patterns you observe. If you don’t have a diffraction grating, use a spare compact disc; it will work almost
as well.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Hobson, Concepts of Physics
Morrison, Ring of Truth
Spielberg, Seven Ideas
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Chemists in the Wild:
Air, Earth, Fire and
Water
The reactions and interactions of solid stuff, liquid stuff, and gas stuff is the
domain of chemistry. It’s the study of matter, from the Stone Age to today.

QUESTIONS
1

What are the four “elements” of Aristotle’s “Periodic Table?”

2

Why does water exist in three different forms?

3

What is fire? Combustion?

4

How can fire make water?

5

Why does a candle burn? Controllably?

6

Why does it need a match to start?

7

Where do pure metals—and other pure substances—come from?

8

Why is organic stuff generally combustible?

9

Why is inorganic stuff generally not combustible?

10 Why are animals and plants the source of most combustible stuff?
11 Why do historians talk about metals (bronze, iron, etc.)?
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Very Early “Chemistry”
We now know many of the rules of the game—the
basic laws, forces, and energies which govern the
universe. We don’t know why those rules are what
they are, what imposed them, or how they were
imposed. But we know they’re here, that they’ve
been here for billions of years, and will likely be here
for billions more. We know those rules apply
throughout our known universe—on different planets, other solar systems, and even other galaxies. We
know many of the rules—that’s Physics. But we
don’t know a lot yet about the stuff—the matter—
that makes up our world. Matter is Chemistry.
Welcome to Unit 3: The World of Chemistry.
Let’s go back to the wilds, unencumbered, no
textbooks, no preconceived right answers—just take
a deep breath, turn on your senses, observe, and perceive.
Chemistry is the science of matter—of stuff, all
stuff: solid, liquid, and gas. The ancients said that it
was all based on air, earth, fire, and water (Figure
17-1). That certainly made good sense then, and
makes good sense even today.
Let’s start with gas stuff. Air is all around us. It
permeates every available space. We inhale some of
it. We exhale some of it. We cannot live without it.
We feel it in the form of wind. Air is sometimes
terribly cold. It is sometimes very hot. At times it is
effortless to penetrate it, to move through it, and at
other times it can exert considerable force.
Earth is basically natural solid stuff. It’s what you
stand on, walk on—it’s what you see around you.
It’s what reflects light from the sun, re-directing photons into your eyes. Earth is the natural solid stuff
which makes up the world as we know it. We’ve
learned that some of that solid stuff can be very colorful, can be magnetic, can be very hard and brittle.
We also know from our physicist friends that all stuff
has a property we call inertia. We had a hard time
learning inertia, because of the tendency of solid stuff
to also have a property called friction—the ability
to stick to other stuff. But, with the help of Galileo
and Newton, we sorted that out. Solid stuff can support loads, support forces; it doesn’t give or deform
easily when you push or pull on it. It is solid.
Then there’s liquid stuff of course. The Greeks
referred to that collectively as water, which is the best
example of liquid on our planet. We can’t live with-

Ancient States of Matter

air

earth

fire

water

Figure 17-1 You could call this the Greek Periodic
Table. They viewed four states of matter: air, earth, fire,
and water. Matter or stuff is represented by air stuff,
liquid stuff, solid stuff, and the reactions between stuff
are represented by the process of fire. All in all, the
Greeks were on the right track.

out it. We drink it, we wash with it. Water flows. It
can be poured and moved, but it doesn’t support
forces or loads. If we push on it, it doesn’t seem to
push back—certainly not like solids do. It flows out
of the way. It’s in the sky in many forms. We can
see it and feel it condense out of air, especially when
the temperature is cold. We can see it transformed
into a solid form— ice or snow.
The Greek chemists had the foresight to recognize fire as a way to combine, to transform, to unite
air, earth, and water. They learned very early that
only certain kinds of solid stuff would support fire.
They also learned that fire required air. No air, no
fire. They also learned that fire did not like water.
Water on fire put it out.
They learned that the solid stuff that burned
changed dramatically. It was reacted and transformed
or even largely disappeared. They learned that the
stuff that was left after the burning could not burn.
This was really the first chemistry—the use of the
chemical reaction of oxidation, through the process
of combustion, to transform things, to make new
things out of existing things.
Our Greek friends, and their predecessors, certainly recognized that there were two kinds of solid
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stuff—living stuff and non-living stuff. There was
also non-living stuff derived from living things—
organic materials like wood. Organic materials
burned, but the inorganic stuff—rocks, minerals,
soils—did not burn. These ancient chemists also
knew there were two kinds of living natural stuff;
stuff from plants, and stuff from animals. We’re not
going to bother our chemists in the wild too much
with living materials right now because they’ll cover
them later when they meet up with biologists in
the wild.
Our first chemist sub-specialty in those early years
was probably the energy chemist—the fire maker,
fire producer, fire user. Geologists were the next specialists—they were chemists who could find useful
rocks or minerals, such as lodestone, quartz, flint.
Then there were those chemists that could find certain kinds of sand or mud and, by mixing them with
water, could transform them into a paste or dough
which could be molded or formed into very interesting and useful shapes. They were, of course, the
first ceramists or ceramic engineers.
There was some interdisciplinary collaboration,
even then. The ceramists and the fire chemist figured out ways to dry the ceramics and, after many
frustrating fractures and failures, figured out a process by which they could fire or cure the ceramics
into something hard, rigid, permanent, and useful,
and often very artistic.
The geologists, collaborating with the fire chemists, developed ways to transform the minerals into
very different materials with unique and useful proper ties—those folks came to be known as
metallurgists. They had already stumbled across gold
and silver and sulfur, realizing that gold had unique
and special properties. They probably wondered if
there was any way to get more of the stuff, or somehow get stuff that was like it. The production of
glass required the fire chemist working with the sand
chemist to produce the temperatures required to
make molten glass.
The melting of gold and silver, the development
of copper and copper alloys, and the production of
glass were already quite common 7,000 years ago—
and probably even much earlier. These ancient
chemists developed a range of materials technologies which were so important in the development
of civilization that historians and anthropologists use

Ages of History
Stone

Bronze

Iron

7000

Plastic

Silicon

50

Today

Years Ago
Figure 17-2 The various ages of history are often
expressed by historians in the terms of the key materials used. It is often said we now live in the age of
plastics and silicon.

that terminology to describe the major epics of human development and the growth of civilization
(Figure 17-2)—the Stone Age, the Bronze Age, the
Iron Age, the Plastics Age, and the Silicon Age.
Stone Age chemists could separate inorganic and
organic materials. Rocks, the bulk of inorganic materials, were seen to be aggregates of other materials
with special features, with special colors, structures,
and other properties. Often these component materials could be found in nearly identical form in
different rocks in different places. Those components
which appeared to have unique properties and characteristics, and a unique identity, and could be found
in many different places and rocks, were called minerals. We know now that minerals are unique
combinations of atoms, of different inorganic elements, with characteristic structures and properties.
Minerals are the basic building blocks of Earth’s inorganic solid matter.
Our observations in the wild showed us that what
seemed to be simple things were indeed made up
of other, perhaps even simpler, things. Water allowed
to completely evaporate always left something behind. Wood allowed to completely burn always left
behind ash. In trying to control fire and in using
fibers to make candles and lamps, we learned that
burning not only produces smoke and soot, but also
produces water (Figure 17-3). That was amazing!
We knew water put out fire, but the realization that
fire actually produces water was very curious.
We also learned, by communicating with chemists in the wild who had traveled from other places,
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that there was very salty water—water in which you
could actually float—so waters are different. Depending on where and when we obtained the water,
its taste might be different. When we evaporated the
salty water we found a white mineral left behind—
salt. That turned out to be incredibly useful.

Energy and Chemical Reactions
The kitchen was really the cradle, the laboratory, of
practically all basic chemical processes. The taming
and application of fire and the development of cooking helped drive the demand for salt, because the
natural salt in meats and foods was removed during
the boiling and cooking process. There was also a
demand for salt for the preservation of meat and fish.
As the Stone Age progressed into the Copper or
Bronze Age (Figure 17-2), we realized we needed
to expand our identification and categorization of
natural materials—air, earth, fire, and water were too
limiting. These four “elements” were in turn made
up of other even simpler things.
The early availability of glass as a container which
could withstand high temperatures, and fire as a
source of energy with which to generate high temperatures, led quickly to the discovery of distillation.
Distillation was probably first discovered and applied
to water, perhaps in order to purify water.

Knowing that very hot fire could cause glass to
soften, it wasn’t a big step to learn that certain minerals or ores, when heated, would result in the
melting and distillation—the smelting—of some of
their constituents.
Probably the very first ore to be smelted was copper carbonate—malachite—which produces pure
copper metal when heated. Many copper ores are
green, and they were used as pigments to produce
specific colors. If a little malachite was dropped into
an intense wood fire, beads of copper resulted. Lead
sulfide, the mineral galena, was easily smelted to pure
lead. Silver and lead are often found together in this
mineral, and are easily converted into a lead-silver
alloy by heating. Some metals actually dissolve in
lead, and those lead alloys can be used to concentrate those metals, which can later be released and
purified. Although gold was found in pure form, it
was so highly desired and so valuable that the pure
sources of it were insufficient for the demand. So
impure gold was refined by mixing it with lead in
order to concentrate it, followed by smelting and
purification.
The development of smelting was the birth of
metallurgy. The smelting of copper ore to metallic
copper was probably discovered in campfires where
both the ore and charcoal were present—not nor-

Figure 17-3 Combustion actually
produces water. This photo shows
a lighted candle and an empty Pyrex
beaker partially inverted over it (on
the left). The beaker is completely
transparent and you can see the
newspaper behind it clearly. Now, if
one slowly raises the candle into the
beaker so that the candle is partially
in the beaker, the inside of the beaker starts to go opaque due to the
condensation of water on the inside
surface of the beaker (on the right).
You can see this effect because it
obscures the newspaper which is still
behind the beaker. CAUTION: Don’t do this without a Pyrex beaker, tongs with which to hold the beaker, a safety shield
in front of you, and safety glasses. If you don’t do it right, it is very easy to crack the beaker. That is why we don’t have
you do this as an experiment: most people do not own Pyrex beakers which can safely tolerate the temperature.
This is a dramatic demonstration that the reaction between organic materials and oxygen produces water as a
product. You will hear more about it later.
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mal campfires, but unusual ones with particularly
high temperatures.
Copper is one of the most important metals in
the economy of the state of Utah. The world’s largest—or maybe now second largest—open pit copper
mine is located in Utah in the Oquirrh Mountains,
Southwest of Salt Lake City.

Early Metals and Alloys
During all these early experiments copper ores and
tin containing ores were apparently mixed. Both
copper and tin smelted out and inadvertently mixed
together to form a new material, the alloy bronze,
which had far better properties than either copper
or tin by itself, and was much easier to process and
fabricate. Bronze was important because it is harder
than copper, and easier to melt and form. So the
Bronze Age began (Figure 17-2).
Our early chemists and geologists rapidly became
early miners. They learned, probably by following
exposed mineral and ore deposits downwards, that
they could dig for these resources. Mining developed early and rapidly.
The Bronze Age lasted for several thousand years.
The Iron Age came next. Copper and bronze were
very expensive and were only available to kings,
priests, and other important or special folks. Iron
ores are very common—perhaps up to 5% of the
earth’s crust. It didn’t take long for iron ores to be
smelted, perhaps accidentally, while copper and
bronze were being produced. Once the smelting of
iron was developed, then the use of metals increased
dramatically, because iron was plentiful and thus inexpensive. The use of charcoal as a key part of the
smelting process led to the discovery that carbon itself was an alloying element with iron and led to
metals with very unique and special properties,
which we now call steels.
Since the pure metals are generally combined
with other elements in their ores or minerals, the
bonds between the metal and the other atoms have
to be broken in order to release the pure metal. Since
most ores involve sulfur and oxygen, and both of
these elements combine easily with carbon, especially at high temperatures, the carbon in the fires not
only provided the fuel for heat, but also bound to the
oxygen and nitrogen, freeing the pure metal. This
process of taking the metal from a bound state to a

Reduction
Copper Ore

Cu

Iron Ore

Fe

Figure 17-4 The process of reduction basically
separates copper from its bonds with other atoms in
the ore, producing pure metallic copper. A similar
process is used to produce pure iron from iron ore.

pure, metallic state, is called reduction (Figure 17-4).
Pure iron melts 500°C higher than copper. The
refining of iron required the development of very
high temperature fires or furnaces, so-called “blast”
furnaces, in which blasts of air were pushed into the
fire to develop the very high temperatures needed.
Once this was accomplished things moved very
quickly.
Since carbon in the form of charcoal had to be
there to bind sulfur, oxygen, and other elements in
the ore, the carbon made its way into the iron, producing a very unique and special structure with
mechanical and physical properties far superior to
anything available before. Steel is an alloy of iron
with just a little carbon in it. Those ancient metallurgists learned very early that steel, under one set
of conditions, could be somewhat soft, malleable, and
formable, and under another set of conditions could
be incredibly hard—just what you want for knives,
spears, and related instruments of war. Red hot steel,
rapidly cooled in cold water, produces a special solid
structure of incredible hardness.

Gases, Acids, and Molecules
The experience with minerals and metals led to
questions and experiments related to the non-metal
components of the ores—the oxygen, nitrogen, and
sulfur. Oxygen was discovered by liberating it from
minerals. Later the discovery of electricity and the
development of batteries allowed a whole new approach to chemical reactions and chemical
purification. Natural ores and minerals could be
decomposed by electricity. The purified products
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were separated, stored, and then reacted and combined in different ways. That was really the
beginning of “modern” chemistry.
Other chemists developed pigments and paints for
art, and glazes and coatings for glass and ceramics.
There is an enormous amount of chemistry in
the development of textiles, initially from natural fibers, like cellulose from plants and wool from
animals. Our need for protective clothing, particularly in central and northern European climates,
drove the development of the textile industry, which
is all based on chemistry.
The development of gunpowder and other explosives initially for weapons of war also contributed
to the development of chemistry.
Ancient biochemists discovered the biological
fermentation processes which produce wine, beer,
and vinegar—and that is how the concept of acid
probably originated.
The three major acids of modern chemistry (Figure 17-5): hydrochloric acid, nitric acid, and sulfuric
acid, were already well known in the 17th Century.
Since many of the natural metal ores were sulfates
(sulfur-oxygen compounds), smelting and refining
these metals often produced sulfuric acid as a by-product, and man very quickly learned its properties and
applications.
Nitrate chemicals were also well known, largely
coming from stables and latrines, due to action of
bacteria on urine. The distillation of the mineral
potassium nitrate in the presence of iron or copper
sulfate produced nitric acid (Figure 17-6).
Acids are very useful for dissolving metals and
so there was a natural symbiosis between acid pro-

Major Acids

duction and metallurgy. The potassium salt of nitric acid, potassium nitrate, became the basis of
gunpowder—a relatively recent chemical invention,
only about 700 years old. Humankind’s violent and
warlike tendencies, and the use of gunpowder in support of those activities, was a major stimulus to the
development of certain areas of chemistry.
Our chemists in the wild, already several thousand years ago, knew a good deal about pure metals.
They had access to a dozen or so pure elements. As
time progressed, they learned the reactions among
those elements. They developed instruments, including balances, with which to accurately measure
changes in weight. Balances were important because
of the value of silver and gold, and their importance
in currencies and financial transactions.
By the early 1800s the number of known pure
elements had increased to 30, although they seemed
to have a haphazard collection of properties.

The Law of Definite Proportions
We needed a way to organize all that information—
we needed a Periodic Table. But it was still too early,
because we needed two fundamental pieces of information for each element—atomic mass and
atomic number. Atomic mass came first, in the early
1800s, and it came from 3 basic kinds of experiments and observations (Figure 17-7). The first had
to do with the properties of gases. The time it took
for gases to mix provided information on the mass
and size of atoms and molecules.
The second key experiment was the spreading of
tiny amounts of oil on large areas of water, from which
the sizes of molecules were learned. Try this experi-

Nitric Acid: HNO3

Hydrochloric Acid

HCl

Nitric Acid

HNO 3

Sulfuric Acid

H 2 SO4

Figure 17-5 The three major inorganic acids.

Potassium Nitrate: KNO3
K is the chemical symbol for potassium
(K from an old Arabic word)
Figure 17-6 Nitrate compounds are very important.
Potassium nitrate is found in stables and latrines and
can be readily transformed to nitric acid.
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ment. Take a large pan or sink full of water. Sprinkle
some fine pepper on it—lightly. Then take your finger tip and rub it on your forehead or in your ear
(to get some body oil). Now gently touch it to the
center of your pan or sink full of water. Cool, eh?
The oil molecules from your finger spread on the
surface of the water, pushing the pepper grains ahead
of them. The oil forms a film just one molecule
thick! This experiment actually allowed early chemists to calculate the size of individual oil molecules.
The third experiment was the splitting of water
by electricity (Figure 17-8), the electrolysis of water, which allowed estimates on gas sizes, volumes,
and the nature of molecules.
These three experiments, and many others like
them, led to the Law of Definite Proportions: atoms are distinct—they react and combine in whole
number ratios (Figure 17-9). For example, the ratio
of hydrogen to oxygen in water, H2 0, is 2:1. This
understanding allowed a large amount of data on
changes in weight in chemical reactions to be referenced to a basic atom unit; first hydrogen was used,
and then, later, carbon.
This is where our older chemists found themselves in the mid 1800s. It set the stage for a very
perceptive, card-playing Russian to organize the very
disordered field of chemistry.
We’ve come from the Stone Age into the Iron Age
and the Industrial Revolution and we’re now in the
Ages of Plastics and Silicon. Our chemists have come
in from the wild—they’re now working in modern
laboratories—and have made an enormous amount
of progress. Working with artists, they developed
wild, colored compounds. Their yellows and blues
are used as pigments by painters. Some of these
bright pigments had cadmium, mercury, and cobalt,
which may have produced serious problems for certain painters. And starting in the mid 1800s,
European artists started representing the world in
new ways—thanks, in part, to new chemicals!

Atomic Mass Concept
Properties of Gases
Oil on Water
Electrolysis of Water
Figure 17-7 Three key experiments which lead to the
atomic mass concept.

2H2 O

2 H2 + O2
1.2 volts

Figure 17-8 The electrolysis of water again. Remember
that water can be broken down into hydrogen and
oxygen. See Figure 13-15.

Law of Definite Proportions
Atoms are distinct;
they react and combine
in whole number ratios.
Figure 17-9 The Law of Definite Proportions basically
says that atoms are indivisible at least as far as
chemical reactions are concerned. So if atoms are
going to combine and react with one another to form
minerals or molecules, they have to do so in whole
number ratios.
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CONNECTIONS
Observe steam, liquid water, and ice. Play with ice cubes in water. Play with the steam
from a cup of hot water (careful!). Study the fire in your candle or fireplace. Experiment
with paints and pigments. Put drops of oil in water. Experiment and observe (and record
in your Personal Lab Book)!

HOMEWORK
1

Make your own chemist-in-the-wild observations. Go outside. Look, touch, feel—observe
something that relates to chemistry, preferably something changing. Ice? Asphalt? Oil
drops? Rust spots? Focus on chemistry—not physics, not biology. Write up your observations—formulate a hypothesis. Design an experiment related to that hypotheses. Use
sketches! Do this at least twice—at two different times, on two different phenomena or
subjects. Enjoy your outside world!

2

Do a brief report on the material ages of history: Stone, Bronze, Iron, Plastic, and Silicon.

EXPERIMENTS
1

Take two shallow glass or plastic containers. Put on your safety glasses. Put some tap water
in one (about half full); put some vinegar (any kind will do) in the other (also half full). Put
a steel nail in each dish. Cover the dishes with transparent plastic (like a sandwich bag).
Observe these systems for two days. What do you see? Observe, sketch, and record your
results every 8 to 10 hours. Generate several hypotheses which could be used to design
further experiments.
The steel in nails is mainly iron with a tiny amount of carbon to give it strength. Iron does
not exist in nature as pure iron, or even as steel. It exists as an ore, that’s iron combined
with other elements, generally oxygen or sulfur. Now discuss your results in terms of the
chemical reactivity of iron. You should look at a chemistry book or encyclopedia under
“iron,” “oxidation” and “corrosion.”

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Snyder, Extraordinary Chemistry of
Ordinary Things
Gray, Braving the Elements

Shlain, Art and Physics
Raymond, Out of the Fiery Furnace
and PBS Video
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Your Personal
Periodic Table
You’re not operating with a full deck —chemically speaking, that is.
You are a walking, talking partial Periodic Table.

QUESTIONS
1

Why are there 92 natural elements?

2

What are man-made elements? Why does a Periodic Table have 102 or
more elements?

3

What were the key experiments which lead to the modern Periodic Table?

4

Where do X-rays come from? And light?

5

What are isotopes?

6

Why are electrons in orbitals?

7

Who is (was) Richard Feynman? Again!

8

Can I measure a zero concentration?

9

How can a chemical be both toxic and safe?
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Playing Solitaire
Scientists are in many respects like card players—
except that they are playing a game for which they
do not know all the rules. The object of the game is
to deduce the rules of the game.
Mendeleev, a Russian chemist and an exceptional
teacher, was writing a chemistry textbook in the late
1800s (Figure 18-1). About 60 elements were
known. He needed to have some order and some
periodicity in the subject, in order to do a decent
job of teaching it. Mendeleev’s Periodic Table came
out of a need for clear teaching. He was also a card
player and was especially fond of solitaire. So, he
made 60 individual element cards (not quite a full
deck by modern standards) and proceeded to play!
When he ordered his cards by increasing atomic
weight, he began to see that there were various similarities and differences in the elements. He saw that
there was an order and a periodicity to Chemistry.
You know that 60 is only about 2 ⁄3 of 92 (see
Periodic Table, Figure 7-7). Mendeleev was clearly
not operating with a full deck. But by ordering the
elements by atomic weight, he succeeded in showing
a periodicity of properties, and an order in the group
of 60 elements which, until then, had been considered to be unordered, haphazard, and confusing.
You know, scientists are a lot like sheep. They
get a good idea and they all sort of flock to it and
run with it for a while, until another very good or
exciting idea comes along. So, at this time science
was in the hands of the atomists. Atomists believed
in the atom as the basic, indestructible unit of matter.
You already know that atoms consist of electrons,
protons, and neutrons—but that was not known in
the mid 1800s. The indestructible atom was a very
successful and productive concept, and led to the 60
or so elements that Mendeleev was trying to organize. But it wasn’t quite enough.

The Atomic Number
The steps from Mendeleev to the modern Periodic
Table, in which the elements are ordered by atomic
number rather than atomic mass, required five more
key experiments (Figure 18-2).
The discovery of the electron began with the
work of J.J. Thomson and his physics colleagues in
the late 1800s. Remember Thomson (recall Figure
14-4)? He figured out that his cathode rays were

Figure 18-1 One of the later editions of Mendeleev’s
remarkable chemistry textbook, in Russian, of course.
This copy is in the University of Utah library.

very small, very light, negatively charged particles—
electrons. It was already known, from
electrochemical studies, that electricity could travel
through some solutions but not others. A Swede
named Arrhenius made the very controversial discovery that, even in the absence of electricity, certain
substances would dissolve in water by separating apart

The Atomic Number Concept
The electron
The ion

........

....................

The nucleus

..........

J.J. Thomson
S. Arrhenius
E. Rutherford

The proton ............ Thomson again!
Electron orbits

....

H. Moseley

Figure 18-2 The five key experiments which lead to
the atomic number concept.
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into charged elements, into ions. The concept of
the ion was important in rounding out the structure and nature of atoms. You know, because you’ve
heard it so many times, that atoms consist of a positive nucleus with negatively charged electrons
swirling around it. So, to you it’s no great revelation
to hear that electrons can be taken off of some atoms, making them deficient in electrons, and
therefore positive. And you know that electrons can
be added to other atoms, giving them an excess electron, making them negative. We’ve heard it so many
times that we believe it, but it was quite a revelation
to chemists in the early 1800s!
Another key experiment (Figure 18-2) was done
by a New Zealander, Ernest Rutherford, and his students in the early 1900s—demonstrating
conclusively that the mass of atoms is concentrated
in an extremely tiny volume called the nucleus. Since
we know from Thomson’s experiments that electrons are very light, then there have to be particles
which are very heavy. So the same J.J. Thomson, as
well as others, identified the proton, showing that the
mass of the proton was equal to the mass of the hydrogen atom. So, since the hydrogen atom had been
one of the key reference points for atomic weights,
this led to a whole new consideration of how elements should be identified and ordered.
So we now have the structure of the hydrogen
atom as a very small, heavy proton nucleus surrounded by a very light electron. Other atoms have
more protons and more electrons. But we’re still not
quite there. You know (because you’ve heard it so
many times!) that the nucleus of all atoms except
hydrogen also has neutrons. That wasn’t unambiguously figured out until 1930 or so—less than 70 years
ago.
We needed one final experiment to understand,
that the order of the Periodic Table, is not in terms
of atomic mass or weight, but in terms of atomic number—the number of protons and the number of
electrons in each element. Those experiments used
X-rays.
Remember our discussion of the color of different elements? If we heat different elements in a
flame, we see characteristic colors. We said earlier
that those colors are a fingerprint for the element.
The light is produced by electrons falling down from
higher orbits to lower orbits, giving off their excess

3s
2p
2s

X-ray
Photon

1s

X-ray
Photon

Figure 18-3 A typical electron orbital energy diagram
for an atom. This hypothetical one shows two vacancies
in the 1s orbital resulting in a 2s and 2p electron
transition, producing X-ray photons.

energy as photons (Figure 16-6 and 16-16). You’ve
read that at least three times so you are probably
beginning to believe it. But there is an inner electron orbital in all elements, below which electrons
cannot go any further (Figure 16-10). That very first,
innermost, orbit is spherical in shape.
The orbital just above the innermost is also
spherical—the next outer orbit from the nucleus
(Figure 18-3). If electrons from spherical orbit #2
(we call it the 2s), make their way to the innermost
spherical orbit (the 1s), they decrease their energy
by producing a very energetic photon. Remember,
highly energetic photons are not light photons,
they’re not even ultra-violet photons, they’re photons on that highly energetic end of the
electromagnetic spectrum—X-rays (Figure 15-12).
Every element has a specific, characteristic X-ray
spectrum, just as it has a fingerprint visible light spectrum. One of the most energetic X-rays an element
can give off is the one produced when an electron
goes from the 2s to the innermost 1s electron orbital.
It turns out we have ways of generating intense
X-rays from elements. Take a beam of very high
energy electrons and simply crash that beam into
the pure element. That high energy interaction
causes such an excitation of orbital electrons that
lots of photons are emitted, including element-specific X-rays, which include those 2s to 1s electron
orbital changes (Figure 18-3). This characteristic Xray spectrum is also a fingerprint—a much simpler
fingerprint than the colored light spectrum we saw
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earlier. Not only can we get the X-rays to come
off, but we have ways to measure their energies very
precisely. Moseley, a student of Rutherford’s, showed
that there was a direct relationship between the characteristic X-ray energies, and the number of electrons
or protons in the elements. This helped establish
atomic numbers much more reliably.
This last of the 5 key experiments firmly established atomic numbers as the key ordering principle
for the Periodic Table. Since there were some gaps
in Moseley’s graph, scientists began to search for new
elements to fill the sequence. They eventually found
all of them. The deck was expanded from 60 to 92.
The atomic number is the total number of electrons, and it’s the total number of protons, in an
element (Figure 18-4). The atomic mass is just the
mass of the nucleus—all the protons and all of the
neutrons, because the mass of the electrons is negligible. To get the approximate number of neutrons,
you can subtract the atomic number from the atomic
mass. But not exactly! There’s a bit more to it.

Isotopes
Our physicist and chemist friends, largely as a result
of the Atomic Bomb Project during World War II,
developed a range of techniques for separating and
purifying elements. They learned that the atoms of
a particular element were not necessarily identical.
Yes, they had the same number of electrons and protons, but in many cases they had different numbers of
neutrons, meaning they had different atomic weights.
For example, copper has atomic weights of 63 and
65. It has 29 electrons and protons, but 34 or 36 neutrons. We call those two different kinds of atoms
“isotopes” (Figure 18-5). They are the same element—
they have the same number of electrons and protons,
but they have slightly different nuclei. Carbon 12 and

Isotopes are:
Atoms of the same atomic number,
but different atomic mass, with
different numbers of neutrons.
Figure 18-5 The definition of isotope.

Atomic Number =
total number of protons =
total number of electrons
Atomic Mass =
mass of all protons +
mass of all neutrons +
mass of all electrons (negligible)
Atomic Mass ~
M protons + M neutrons
Figure 18-4 Present definitions of atomic number and
atomic mass.

13, and Hydrogen 1 and 2 are other important examples of isotopes—there are many more.
We now have instruments with which we can
break down almost any piece of matter into its
atomic and ionic components, and separate them,
using electric and magnetic fields. So, it’s easy today
to measure the atomic mass with a precision which
will allow you to separate all the individual isotopes.

The Periodic Table
Now, equipped with this knowledge of atomic numbers and atomic mass, we play our own game of
elemental solitaire and produce the postMendeleevian Periodic Table, which you’ve already
seen and studied. This one chart includes within it
an enormous amount of information. It’s a summary of much of our knowledge of the natural,
material world. Richard Feynman is pretty impressed
with it:
What scientific statement would contain the most information in the fewest words? It’s this: ...All things
are made of atoms—little particles that move around
in perpetual motion, attracting each other when they
are a little distance apart, but repelling each other upon
being squeezed into one another. In that one
sentence...there is an enormous amount of information about the world.
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Atoms are protons, neutrons, electrons. Atoms are
the Periodic Table, the basis of all matter.
Roughly two thirds of the atoms in the Periodic Table can be found within you. You are a
walking Periodic Table with roughly the same number of elements as Mendeleev. About half of those
60 or so elements are absolutely essential for your
survival and your health.
One way to show that you are a walking Periodic Table is to analyze the elements in a lock of
your hair. Special instruments can detect and measure 50 or so elements, providing you with a personal
Periodic Table.
You don’t need a blood or urine sample to produce your Periodic Table, although they would work
very well. It’s easier to use your hair. The proteins
which make up your hair tend to take up and concentrate many elements. Hair analysis is probably the
easiest way to demonstrate that you are a living, walking Periodic Table. So, imagine that you’ve given up
a lock of hair, dissolved it, loaded the now liquefied
hair sample into the instrument. You already know
that spectroscopy is the separation of light into its component wavelengths. A mass spectrometer is the mass
analog of that. Rather than separating light into its
wavelengths, it separates ions by mass. The machine
breaks up all the molecules in hair down to their fundamental building blocks—to atoms and ions. It then
separates them on the basis of their mass and charge.
The elements vary a great deal in their relative
concentration or abundances in hair, and in most
other materials. So it’s convenient to express those
concentrations on a logarithmic, a powers of ten,
scale. With the mass spectrometer we can measure a
concentration of less than one part in a billion. That’s
like detecting one very specific penny in $10 Million worth of pennies! Through the use of calibration
and standardization experiments, we can quantitatively
determine the elements in that sample of hair.
The machine stores the data on its computer, the
operator analyzes it, and then presents your personal
Periodic Table (Figure 18-6)—everything in the hair
sample at the parts per billion level or higher. There
are nearly 50 elements here. Yes, hair often contains
gold and silver. It even contains lead, cadmium, and
arsenic.
Some of the elements are there because they’re
essential and important. But others are there be-

Figure 18-6 The elements commonly found in a hair
sample using a modern mass spectrometer. Compare
this with your now well-known Periodic Table to
identify the various elements in hair.

Figure 18-7 A typical ocean Periodic Table noting
those elements which can be found in typical ocean
samples using modern mass spectrometer analysis.

cause the hair was exposed to something. For example, there would be a lot more arsenic or cadmium
if the hair was from a smoker. Other elements are
there because of the nature of the shampoo that used.
There are a lot of statistical issues here—issues related to risks and to benefits and risk/benefit analysis.
But for now we’ll be satisfied knowing we can analyze for many of the elements in the Periodic Table,
fairly easily with modern equipment, at the parts
per billion level. You now know that you and I are
living, walking, breathing, Periodic Tables.
My hair and yours aren’t the only places where
we find a lot of the elements in the Periodic Table.
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Most of the Periodic Table is in the oceans (Figure
18-7). During the billions of years of the earth’s history, the oceans have served as a natural sink, a natural
concentration of minerals and rocks dissolved or
partially dissolved in rivers. The water pouring down
from the mountains through the rivers ends up in
the oceans, and the oceans are constantly being distilled. Water is evaporated by solar energy, fueling
and perpetuating the water cycle. Most of the elements are not volatile. They are not gases. The
non-volatile stuff includes most of the metal ions.
They stay in the water, even though the water itself
is being constantly distilled away. So the oceans serve
as a huge element concentrator. That concentration has built up over the eons, so that salt in the
ocean is now about 3% of its total weight.
The Great Salt Lake is another natural concentrator. There, salt can be as high as 20% to 25%—so
high that it crystallizes out by itself along the edges
of the lake. Water flows into the Great Salt Lake,
and nothing flows out. That’s why there are mineral companies around the lake—not just to produce
salt, but also to produce a range of other materials.

Avogadro’s Number
The 92 elements are the building blocks which make
up all of the matter of our planet, and of our universe. These elements react with each other to form
minerals and molecules, and you and me. But before considering groups of atoms, called molecules,
we need another key concept related to atoms, elements, and the Periodic Table. That’s something some
journalists inadvertently refer to as “the Avocado
Number.” It’s actually Avogadro’s Number.
Assume that our Periodic Table is referenced to
hydrogen (Figure 18-8). Hydrogen is the smallest
and the lightest element. Its nucleus consists of only
one proton. There’s no need for neutrons. Its atomic
number is 1, and so is its atomic mass. Helium has
two protons and requires two neutrons to hold that
nucleus together, so it has a number of 2, but a mass
of 4 (Figure 18-8).
Now we’re going to express the mass of an element, the atomic mass, in grams (because the gram
is our basic unit of mass). Let’s say we have one gram
of hydrogen or four grams of helium, or 28 grams
of silicon or 197 grams of gold (Figure 18-8). The
atomic mass reflects the mass of the nucleus. So, how

Figure 18-8 Four elements in the Periodic Table. The
upper left number is the atomic number. The upper
right in each block is the atomic mass or atomic
weight. The upper left is the number of protons or the
number of electrons. The difference between the two
numbers is just the number of neutrons.

Mass of proton ~ 1.7 x 10 -24
grams
So how many protons in one gram?
1 gram
=
1.7 x 10-24grams/proton
23

6 x 10 protons
Figure 18-9 If you know the mass of a proton, then
you can calculate the number of protons in any mass
of material. The number of protons in one gram of
material is Avogadro’s number.

many atoms of hydrogen in a gram of hydrogen? And
how many atoms of helium in 4 grams of helium?
The same number of atoms of each. That number is
Avogadro’s number. To actually calculate it, we need
to know the mass of individual protons and neutrons.
Fortunately, that’s not too hard to get. At low velocities individual atoms and individual nuclei are big
enough to basically observe Newton’s Laws of Motion. So, by taking ions, like a hydrogen ion, which is
just a nude, bare proton, and deflecting it in electric
fields, as Thomson did, we can calculate the mass of
that proton: about 1.7 x 10-24 grams (Figure 18-9).
So, if I have one gram of protons and each proton is roughly 1.7 x 10-24 grams, then how many
protons do I have? 1 gram/1.7 x 10-24 grams/protons = 6 x 10 23 protons (Figure 18-9). One gram of
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H is basically one gram of protons. So, one gram of
hydrogen is about 6 x 1023 hydrogen atoms.
Protons and neutrons weigh almost the same, so
since helium has 2 protons and 2 neutrons, then the
atomic mass of He, 4, is 4 times the mass of a proton. The atomic mass of Helium, divided by the mass
of those 2 neutrons and 2 protons, is roughly 6 x
1023 atoms of helium (Figure 18-10). It’s a similar
argument for all the elements. If you were fortunate enough to have 197 grams of gold, you’d have
about 6 x 10 23 atoms of gold.
Avogadro’s Number is a very special number. It’s
basically the number of protons in a gram of something—which is the same as the number of atoms
in the atomic mass (in grams) of an element. It’s
worth learning and remembering (Figure 18-11).
But 6 x 1023 is too big a number to play with in
everyday terms, so chemists gave it its own name—
they call it a mole (Figure 18-12). So, if I take the
atomic mass in grams of any element, I have a mole—
an Avogadro’s number—of that material (6 x 1023
atoms).
The mole is a basic unit of concentration—a basic unit of measurement in chemistry. As we move
on through our study of chemistry, we’ll talk about
millimoles and micromoles, and even nanomoles of
chemical stuff.
Sometimes we want to talk about the mass of individual protons or neutrons—but we don’t want to
deal with units like 10-24 grams, so we simply define
the mass of the proton as one atomic mass unit (amu):
1 amu = 1.7 x 10-24 grams
A neutron is very close to that, it’s slightly bigger than an amu, and an electron is much less than
that—about 2,000 times less (Figure 18-13).
You now have a good familiarity with the Periodic Table. You’re carrying about 2⁄3 of it with you
at all times. You know that it’s the basis of all the
stuff on the planet and, indeed, of all the stuff in the
universe. You’ve seen it and we’ve discussed it so
many times that you now feel comfortable with it.
It is no longer strange or unusual. Keep those 92
elements in front of you. Play with the names of
the elements, play with the symbols, play Mendeleev’s
Solitaire game. Look for evidence of the elements
all around you.

Helium
Mass of 1 atom of He =
mass of 2 protons +
mass of 2 neutrons

Mass of 1 He ~
4 (1.7 x 10-24gr)
Figure 18-10 The mass of one atom of helium is
mainly the mass of its protons and neutrons.

Atoms of Helium
atomic mass = 4gr
-24

~

23

6 x 10 !

4(1.7 x 10 gr)

Figure 18-11 The calculation for helium. Compare
this with the one for hydrogen, Figure 18-9. You see
that as long as we are looking at the atomic mass in
grams divided by the mass of the individual atom, that
number is always the same; it is Avogadro’s number.

1 mole =
= An Avogadro's
number of an element
= atomic weight, in grams
Figure 18-12 The definition of a mole.

1 atomic mass unit (amu)
-24

= 1.7 x 10 grams
= mass of proton
~ mass of neutron
~ mass of 2000 electrons
Figure 18-13 Definitions of the atomic mass unit.
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Now, try again to sing Tom Lehrer’s “The Elements” from his almost totally unknown CD, An
Evening Wasted with Tom Lehrer:
The Elements
Words by Tom Lehrer, music by Sir Arthur Sullivan
There’s antimony, arsenic, aluminum, selenium,
And hydrogen and oxygen and nitrogen and rhenium,
And nickel, neodymium, neptunium, germanium,
And iron, americium, uranium, Europium, zirconium,
lutetium, vanadium,
And lanthanum and osmium and astatine and radium,
And gold and protactinium and indium and gallium,
And iodine and thorium and thulium and thallium.
There’s yttrium, ytterbium, actinium, rubidium,
And boron, gadolinium, niobium, iridium,
And strontium and silicon and silver and samarium,
And bismuth, bromine, lithium, beryllium, and barium.
There’s holmium and helium and hafnium and erbium,
And phosphorus and francium and fluorine and terbium,
And manganese and mercury, molybdenum, magnesium,
Dysprosium and scandium and cerium and cesium,
And lead, praseodymium and platinum, plutonium,
Palladium, promethium, potassium, polonium,
And tantalum, technetium, titanium, tellurium,
And cadmium and calcium and chromium and curium.
There’s sulfur, californium, and fermium, berkelium,
And also mendelevium, einsteinium, nobelium,
And argon, krypton, neon, radon, xenon, zinc, and
rhodium,
And chlorine, carbon, cobalt, copper, tungsten, tin
and sodium.
These are the only ones of which the news has come to
Ha’vard,
And there may be others, but they haven’t been
discavard.
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CONNECTIONS
Do you or your friends or family take metal or vitamin supplements? Think of the metals
you deal with daily—iron, aluminum, copper, silver (?) and others. Ever polished silver?
Why? Metals and other chemicals are everywhere! Get to know them.

HOMEWORK
1

There are several metal supplements sold in supermarkets, pharmacies, and health food
stores (these products are usually in the vitamin section of the store). Examples include
calcium, chromium, iron, copper, and zinc (there are others). Find two such products in
your local drug or health foods store. Read the label carefully. Talk with the pharmacist
behind the counter. Ask and answer these questions:
• Who should take the metal supplement?
• Why should they take the supplement? Do you need it? How can you know?
• What is the normal or average concentration of this element in blood (that’s the body
fluid generally used as a sample for the measurement of concentrations)?
• What should be the optimum blood concentration as a result of regularly taking the
supplement?
Please do not be surprised if you get little useful response or input, because such questions
are rarely asked. This homework exercise is not only to help educate you, but to help
educate your pharmacist as well! If you get no useful response, try another store, or even
another. Good luck!

2

Copper has two natural isotopes, 63 and 65. Most Periodic Tables say that the atomic
weight of copper is 63.5. So out of 100 typical copper atoms, how many are 63 and how
many are 65? Show how you figured this out. Pick another element in the Periodic Table
which has two or more isotopes. Now explain the atomic weight value for it in the Periodic Table.

EXPERIMENTS
1

There’s a lot of interest in trace metals in drinking water, especially lead. How could you
measure the lead concentration in your drinking water? Who do you call? What will it
cost? How much water sample do you need? How accurate must the measurement be?
Parts per million? Billion? See sources below.

2

Ditto for Radon. Radon is a natural radioactive gas common in low concentrations
throughout much of the nation. Find Radon in the Periodic Table. Is it chemically reactive?
How can you measure Radon in your living environment? Who do you call? Cost? What
amount is dangerous? What is safe? Be as complete as you can. See Sources below.

196 UNIT 3 Chemistry

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Snyder, Extraordinary Chemistry of Ordinary Things
Radon information:
• The Utah (or your state) Lung Association: 801-484-4456
• The Utah (or your local state) Geological Survey
• Environmental Protection Agency (EPA) Radon web site: http:\\www.epa.gov/radonpro
• Radon Hotline Number: 800-458-0145
• or Utah Division of Radiation Control: 801-536-4250
Lead information:
• Utah ( or your local state) State Health Department: (801) 538-6101
• EPA web site: http:\\www.epa.gov
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From Atoms to
Molecules
Time for a little geography. Let’s take a trip to the Periodic Kingdom and
meet the atomic and molecular creatures lurking there.

QUESTIONS
1

How is the Periodic Table like a landscape?

2

What is a chemical bond? An ionic bond?

3

What are molecules?

4

How does electron spin connect to Noah and the Ark?

5

What are the inert gases? Where are they? Why are they inert?

6

What is an electron orbital? Are they all the same?

7

What is a molecular orbital?

8

Who is Peter Atkins?

9

What is a hydrocarbon? Is propane one?

10 Why is sharing “rarely a 50 ⁄ 50 proposition”?
11 Is water a molecule? A covalent one?
12

What is an ion? An anion? A cation?
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The 3-D Periodic Table
A great chemist and teacher from Oxford University in England, Peter Atkins, has written a beautiful
book called, The Periodic Kingdom. We’ll explore the
Periodic Kingdom using his journey of imagination
with the navigation chart of chemistry, The Periodic Table.
The chemical elements are not a random clutter
of entities, but instead display trends and lie together
in families. Atkins uses a three-dimensional Periodic Table to help us view the Kingdoms’ landscape
and to appreciate its properties.
Take your standard two-dimensional Periodic
Table, rotate it clockwise about a third (Figure 19-1),
and imagine it in a 3-D perspective view (Figure 192) with atomic mass as the third or vertical dimension.
We see that mass roughly increases as we move
through the rows of the Periodic Table—no great surprise! Now if we use atom diameter as the third
dimension (Figure 19-3), we see that the diameters
of atoms are a lot more constant than their masses.
The next view (Figure 19-4) is the mass divided
by the volume—the densities of the elements. This is
more interesting. You’re familiar with the densities
of some common materials. Copper is roughly 9
grams/cc—a little more than iron, which is about 8
(Figure 19-5). We normally think of lead as one of
the most dense of the natural elements, but it’s only
about 25% denser than copper, about 11 grams/cc.
Gold is very dense, and very small amounts of it are
very expensive. It’s 19 grams/cc. But gold is certainly not the densest thing we know. The densest
things we know come from the “platinum” group
of elements. The density of platinum is 21 grams/cc
and osmium is almost 23 grams/cc. Aluminum and
titanium are special because they are metals with
strong mechanical and physical properties, but are
very light. Aluminum is less than 3 grams/cc and
titanium is about 4.5 grams/cc (Figure 19-5). That’s
why we like to make airplanes out of aluminum and
titanium.
We can take electrons from some atoms to make
ions, which then have a positive charge. We call them
cations, because in battery experiments they move
towards the negative pole or electrode, which we
call the cathode. Things which form cations—positively charged ions—are those things on the far left
side of the standard Periodic Table (Figure 19-6)—

Figure 19-1 The standard 2-D Periodic Table you now
know well, but rotated about of a third of a turn
clockwise. This is to get you oriented to the figures
which follow.

Figure 19-2 It’s now easy to put a third vertical
dimension on our 2-D Periodic Table. This orientation
gives it a perspective view. Here the third dimension is
atomic mass.

Figure 19-3 Another 3-D Periodic Table, but this time
the third dimension parameter is atomic diameter. You
are beginning to see how the properties of the atoms
vary through the Periodic Table.
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Figure 19-4 Now we’re dealing with density and the
situation is clearly a little more interesting.

Figure 19-5 Things which are roughly 10 grams per
cc or higher are considered to be fairly dense. Here we
have highlighted copper, platinum, and osmium, very
dense elements, and aluminum and titanium, low
density elements.
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hydrogen, lithium, beryllium, all the way down, including cesium, barium, and radium. Just the
opposite happens on the other right end (Figure 19-6). Again, the sort of balance or Yin Yang
idea (Figure 19-7). If some elements form positive
ions, there are other elements that prefer to form
negative ions. They turn out to be things like chlorine, oxygen, fluorine, bromine, iodine. They like
to take on an electron, giving them an extra negative charge. We call them anions because if placed
in an electric field, they migrate to the positive part,
called the anode.
Although some molecules form ions spontaneously,
most atoms do not, otherwise we’d have ions all
around. It takes some energy to take an electron
away from certain kinds of atoms, or to put an extra electron in other kinds of atoms. Ionization
energy is the energy it takes to ionize—to strip an
electron away. Instead of talking about Joules, or
kilowatt hours, units far too large to use for single
electrons, we use a unit of energy called the electron volt. That’s the energy it takes to move an
electron through an electrical pressure difference of
one volt. So, how much energy does it take to strip
an electron from hydrogen, leaving that poor, lonely
proton? If we go in with a pair of magic tweezers,
grab that hydrogen’s electron, and throw it off into
space, with no other charges or fields around—it
would require an energy of about 13.6 electron
volts. That is the ionization energy of hydrogen.
That’s high.

ns

An
i

s
on

C a ti
Figure 19-6 Back to the standard 2-D orientation.
Let’s now focus on the right and left sides. The left side
tends to give up electrons and the right side, except for
the inert gases, tend to take on electrons.

o

Figure 19-7 The tendency to form anions and cations
is at the heart of chemical reactions and chemical
bonding, another Yin-Yang type balance.
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In the case of hydrogen we can only rip one
electron away because that’s all there is. But in the
case of something like lithium with three electrons
(Figure 19-8), we could take one out and, if we had
lots of energy, we could take out a second—and even
a third—electron. But we’re only going to worry
about the first one here. We’ll call that the first ionization energy. To see it most effectively in 3-D, we
have to take the standard 2-D view and reverse it,
flip it 180˚ (Figure 19-9) and then use the third dimension for ionization energy (Figure 19-10). You
see that elements lithium, sodium, potassium are
pretty easy to ionize—at least compared with things
on the other end. It’s very hard to take an electron
away from the inert or noble gases (He, Ne, Ar, etc.),
and it’s hard to take one away from fluorine or chlorine or bromine. We can do it, but it takes a lot of
energy.

e

e
remove e

e

e

Atom
3 protons
3 electrons

+ +n n
n+
e

Ion
3 protons
2 electrons

+ +n n
n+
e

Figure 19-8 The atomic schematic for lithium. Two
electrons in the inner 1s orbit and one electron in the
outer 2s orbit. Removal of the one outer electron
means that lithium now has an excess plus charge
making it a plus ion.

The Ionic Bond
So, it’s clear that we have a chemical symbiosis in
our periodic kingdom. One side tends to give, becoming positively charged, and ones on the other
side receive, becoming negatively charged. They both
become ions (Figure 19-7).
Positively charged cations, like sodium, and the
negatively charged anions, like chloride, themselves
bind together (Figure 19-11), due to the attraction
between unlike charges, to form NaCl. Sodium Chloride or table salt is an ionically bonded compound
which is absolutely basic and critical to life. The attraction between unlike ions is called an ionic bond.

+
Na
The sodium cation
— it gave up an
electron ( - )

-

Cl

The chlorine anion
— it accepted an
electron — we call it
chloride.

The 2 ions attract each other.
Figure 19-11 The sodium anion, the chloride cation,
the sodium chloride ionic bond.

Figure 19-9 The 2-D Periodic Table again, but this
time we have flipped it 180˚. Be sure you see and
understand this. It as if you had Figure 19-1 on a
transparency and flipped it over. We need this orientation because it is the most effective way to visualize the
next figure.

Figure 19-10 The vertical or third dimension axis on
our flipped Periodic Table of Figure 19-9. The vertical
axis now represents the first ionization energy of all of
the elements in the Periodic Table. Study this to realize
that if we hadn’t flipped it to this particular orientation,
many of the high ionization energy elements would
have masked or made it more difficult to see the lower
ionization elements. There is no right or sacred
orientation to the Periodic Table. Just as you can turn
the world globe upside down or rotate a map for ease
in reading and navigation, you can do the same with
the Table, depending on what it is you are trying to
present and understand.
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Basic Chemical Bonds
Ionic .......... attraction of positive and
negative ions
Covalent ... cooperative sharing of
electrons
Metallic ..... smeared out ionic/covalent
hybrid
Figure 19-12 The three basic chemical bonds.

Ionic bonds are important in most minerals, in
the structure and makeup of your bones, and in all
materials we collectively call “ceramics.” Things
which are ionically bonded generally tend to be
brittle, although there are ways to minimize and even
avoid that brittleness.
Putting two or more atoms or ions together in a
tightly bonded structure is what most of chemistry
is all about. These tightly bonded structures are commonly called “compounds” or “molecules,” and the
bonds which hold the atoms together in compounds
or molecules come in three primary flavors (Figure
19-12)—ionic, covalent, and metallic bonds. Although
it’s convenient to define these three basic bond types,
in the real world many materials involve mixtures
of these bond types.
You now understand the basics of ionic bonds.
They’re just due to oppositely charged ions attracting each other (Figure 19-11). To appreciate covalent
and metallic bonds, we have to delve a little deeper
into the nature of the electron orbits about the
nucleus. We need to ask the questions: Why can certain atoms easily give up electrons ? Why do other
atoms tend to receive them? What is the nature of
these electron orbitals? Why are certain configurations more stable than others? We’ll cover the basic
rules of thumb which chemists have devised over
the last 50 years.

Electrons and their Orbits
Let’s start with the inert gases on the far right of the
standard Periodic Table (Figure 7-7). Helium has two
electrons. The first orbit is the 1s. It’s called num-
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ber 1 for first, and s for spherical. The 1s holds only
two electrons, and no more than two. Think of Noah
leading the animals into the ark “two by two—only
two, only two” (Figure 19-13).
There’s a basic principle of quantum physics that
says no more than two electrons can occupy exactly
the same orbital. It’s because electrons spin. They
rotate on an axis and so have a tiny magnetic field
due to their intrinsic spin. Remember, we said earlier that electrons have two types of spins (refer to
Figure 14-10). Two electrons in the same orbital must
have opposite spin. We say the spins are opposite. If
they didn’t, they would be magnetically repelled, and
the second electron would have to be accommodated in another area or region of space, in another
orbital. An orbital which has two paired electrons
tends to be somewhat stable, like He (Figure 1913). If it only has one electron it is less stable.
“Whoa,” you say,“What about that permanent magnet stuff back in Physics?” Good question! Hang on!
First, let’s move on to neon (Figure 19-14). Neon
has ten electrons. It has two in the first orbital and
He
e

+ n
n +

or

1s

e

Figure 19-13 Helium is an inert gas. It is on the far
right of the standard Periodic Table. Its two electrons
both occupy the inner 1s orbital.

Ne

+ n n+ n n
+
nn ++ +
n
+n n+
n+ +

Figure 19-14 Neon’s two
shells. The first shell
contains the 1s orbital,
similar to helium. But, the
second shell contains eight
electrons and really
consists of four sub-shells.
One of those is the 2s,
holding two electrons. The
other three sub-shells are
not spherical and get a bit
more interesting.

202 UNIT 3 Chemistry

it has another eight in the next. “Whoa, again!” you
say. “You just told me there could only be two and
now there are eight?” Well, yes and no. It turns out
that the eight aren’t all in the same orbital, they’re in
a shell holding eight electrons. That shell contains
four different orbitals. One is the 2s orbital, very similar to the 1s, but simply bigger. But there are three
other orbitals which are called p. One convenient
way is to think of them as being oriented sort of
along an X,Y,Z axis—kind of dumbbell-shaped
things (Figure 19-15). One or two electrons occupy
space in the X direction, another pair along the Y
direction, and the third pair along the Z direction.
So p orbitals come in three flavors: p x, p y, and pz.
Why do they come in those three flavors and why
are the p orbitals shaped the way they are? You’re
full of good questions! Although quantum chemists
claim they can figure that out of their theoretical
calculations, there is no good, simple reason for it.
As Richard Feynman said, “Just accept her the way
she is, and you’ll find her an enchanting partner.”
You get the idea!
To avoid drawing complex orbitals, let’s use a
simple spin diagram (Figure 19-16) for Neon, letting us see the electron pairing in each orbital.

Ne
2s

2p

1s

Ar
3s

3p

2s

2p

1s

Figure 19-16 This is
our shorthand way of
showing the s and p
orbitals and their
electron pairing
requirements. This
diagram is for neon.

Figure 19-17 Our
third inert gas, argon.
Again, it is inert
because its three
shells are completely
filled. Here we see
them in our electron
pair shorthand
notation.

Figure 19-15 The two p suborbitals of the second
shell of neon each will hold two electrons. We call them
p x, py, and pz because we think of them as oriented
along x, y, z directions. Completely filled 2p and the
filled 2s make up the fully filled second shell of neon.
(Hill and Kolb, Chemistry for Changing Times, pg. 73)

On to Argon, the trend continues (Figure 19-17).
Now there’s a third major shell, we call it shell #3.
Within that shell there’s a 3s and there are three 3ps.
So you now begin to see the fine print in the periodic table. Helium is 1s2 (2 electrons in the 1s
orbit). Neon is 1s2, 2s2, and 2p6 (Figure 19-16).
We don’t actually separate the px , py, and pz in these
electron spin diagrams. We often lump them together
into p and say there are six of them, but you know
that there is a fine structure to that p orbital (Figure
19-15), because electrons come in twos. Only two.
So argon has a core of electrons that is identical to
neon (Figure 19-16,) and, in addition, it has a spherical 3s2, and an XYZ dumbbell-shaped 3p6. This can
get very artistic and symmetrical as you start to consider the shapes and symmetries of these orbitals.
Now let’s jump to the left side of the table (Figure 19-18). Hydrogen: 1s1, no big deal, nobody ever
said that you can’t have only one electron in an orbital. Lithium: 1s2, 2s1. Again, so far so good.
Beryllium: 1s2, 2s2—no problem. Now when we
go to Boron, there’s an extra electron to accommodate, and it goes into 2p1. We don’t know whether
that’s px, py, or pz, in fact, it doesn’t matter because
the atom is tumbling in all directions, so who knows
what’s X, Y, and Z? We just know that those three
orbitals have to stay out of each other’s way.
But now it gets even more interesting! Let’s consider Fluorine (Figure 19-19). Fluorine is at the
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1

Be 1s 2 2s 2

Li +1

1

Li 1s2 2s

e

2s

B 1s2 2s2 2p1

1s
Figure 19-18 The electron spin orbital diagrams for
hydrogen, lithium, beryllium, and boron.

+2

Be

e
2s

F -1
2s
1s

2p
e

Figure 19-19
Fluorine takes
one additional
electron to fill its
outer shell, becoming a highly
stable, but negatively charged,
fluoride ion.

right. It accepts an electron. It tends to become an
anion. Now you can see why. If we accept that
Neon is stable with a 2p6, then if Fluorine takes on
just one electron and puts it in that final 2p position,
it now looks just like Neon from an electron point
of view (compare Figure 19-19 and the neon structure in Figure 19-16). The only difference is
Fluorine has an extra electron, so it has a net negative charge. It can’t be exactly like Neon because
the stability of all of those electron orbits depends
on their interaction with the nucleus, and since Fluorine has one less proton in its nucleus than Neon
does, they can’t be identical. But there are many
similarities between Fluoride (the ion) and Neon,
in terms of the shape and configuration of the electron orbits and their great inertness.
This tendency for things to give up or take on
electrons is called the valence—and it’s noted on many
periodic tables. Fluorine has a valence of -1, oxygen -2. Now back to the left side again!

1s

2p
e

Figure 19-20 Lithium tends to give up its lone 2s
electron rather than attempt to fill the entire second
shell; even beryllium, with a 2s2, tends to give up its two
electrons to become a plus two ion, a divalent cation.

Lithium really would like to have that 2s2 shell
filled, but it only has one electron. It turns out to
be easier to give that one away rather than take on
another one (Figure 19-20). In fact, the 2s2 by itself wouldn’t really be stable. It would need a 2s2,
2p6, and that would mean seven more, which is improbable and unlikely. So lithium sort of shrugs its
shoulders, gives up, and says “take it.” It ends up with
a 1s2, and a charge of +1.
Beryllium behaves similarly. (Figure 19-20) It has
a 2s2 filled, but it would really like to have that whole
shell filled. It can’t take on six 2p’s, that’s just too
hard. So it actually gives up both of its electron children and stays with the 1s2.
Some atoms give up and receive electrons to become ions—those ions then bind together due to
unlike charge attraction (Figures 19-11 and 19-12)—
that’s the ionic bond you saw earlier. To get to the
other two basic chemical bonds we have to keep
going. Keep reading!
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Molecular Orbitals and Covalent Bonds
Back to hydrogen for a minute. Look at the two
hydrogen atoms carefully (Figure 19-21). Here, one
electron is spin up and the other is spin down. Could
hydrogen share with another hydrogen? It can, and
does. The hydrogen that we normally talk about,
hydrogen gas, is not the element hydrogen, nor the
atom hydrogen—it’s the molecule hydrogen, H2 or
HH. This sharing results in a new, combined electron orbital for the hydrogen molecule. We call this
new home for electrons a molecular orbital.
This electron sharing process is another key principle to chemical bonding and the formation of
molecules. When different atoms, even the same kind
of atoms, share electrons, we say that there is a covalency, a cooperativity, a sharing, called a covalent
chemical bond, and it’s not unique to hydrogen.
Now let’s look at carbon (Figure 19-22). Carbon is 2s2, 2p2. Is that 2px2 or is it 2py1 and 2px1 ?
Carbon is unique and special. Carbon finds it hard
to give up or to take on the four electrons needed
to complete its second shell. We’re happy it’s that
way—otherwise, you and I would not be here. Carbon is sort of the ultimate elemental compromiser.
We say it hybridizes, that it sort of combines or averages its 2s and 2p electrons. In most situations
carbon compromises and shares all four electrons.
We’ll see how in just a minute.
It turns out a similar thing happens with oxygen
(Figure 19-23). Let’s look at those 2p4 electrons of
oxygen. Instead of assuming that one of the 2p suborbitals is empty, let’s assume they each have an
electron. Assume another oxygen atom nearby is
configured exactly the same way, except that its two
outer electrons are spin down instead of spin up.
Then why can’t those two oxygen atoms get together in a cooperative fashion and simply share their
spin up/spin down electrons in those partially filled
p orbitals? They can, and that’s exactly what oxygen
does. The oxygen gas you breathe is oxygen molecules (O2 ), held together by this double electron
sharing, this double covalent bond.
Nitrogen, too, gets together with another nitrogen to form N2 , normal nitrogen gas. Each nitrogen
shares three electrons, forming a triple bond.
First ionic bonds and now covalent bonds (Figure 19-12). Two thirds of chemistry, just like that.
Good work!

+ H 1s 1

H 1s 1

becomes H 2
e

e
+

e
+ +

+

e
+

H

H

=

H2

Figure 19-21 Consider two hydrogen atoms, each
with its 1s1 electron. Is it possible, if unpaired, they
could come together to become a 1s 2 ? This really is a
unique form of sharing and results in a unique kind of
electron orbital called a molecular orbital.

C + 4? - 4?
2s

2p or
? ? ?

? ? ?

1s

3

sp hybrid orbital
Figure 19-22 Just what is carbon’s 2p electron
configuration? Does it give all four electrons away?
Carbon is so unique that it actually combines its s and
p orbitals into a so called hybrid orbital. The sp3 hybrid
has four equivalent suborbitals, each of which tries to
share its electrons with the outside world.

2s

1s

2p

Oxygen

2p

Oxygen

2s

1s

Figure 19-23 Oxygen’s 2p4 electrons can be viewed
this way. If two oxygen atoms have their electron spins
configured properly, they can actually pair up by
sharing, forming the oxygen molecule, O2.
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Polar Molecules and Water
But it turns out that, just as in the real world, sharing is rarely a 50-50 proposition—the same goes for
chemical bonds. Let’s now look at water, H2O. There
are two ways to look at the water molecule. One
way is to say let’s just let hydrogen give its electron
to oxygen and let another hydrogen do the same
thing (H2O, remember?). So oxygen would have a
charge of -2 and the two protons each would have
a charge of +1. The three ions would interact electrically or electrostatically and we have water bonded
ionically. Well, that happens, partially.
Now let’s also assume that oxygen’s 2p electrons
look like Figure 19-24, with spin down. Two hydrogens come by with their 1s electrons being spin
up, and lo and behold, why don’t they share? Well,
even though the hydrogen electrons are in s orbitals, and the oxygens are in ps, it turns out that they
both compromise and they indeed do partially share.
The bonds in water are described as partial covalent
bonds. But they’re also partial ionic bonds, because
oxygen is not a co-equal sharer. Oxygen wants those
electrons so much that it takes a disproportionate
share of them. The result is that water is a polar molecule (Figure 19-25), meaning that the oxygen end
is slightly negative, because it has those two electrons more often, and the hydrogen end is partially
positive, because each hydrogen has partially given up
its electron. Little del, δ, a new symbol, means the
charge is less than one—it is a partial, statistical charge

H-1s

H-1s

O
Figure 19-24 Two hydrogen atoms and one oxygen
atom oriented and configured so that they can share
their electrons, forming the molecule H-O-H.

2o -

O

H
+

H+
o

o

Figure 19-25 Oxygen has a greater affinity for the
electrons than do the hydrogens and therefore the
sharing is not “fair.” Oxygen gets a disproportionate
share of the electrons. This is indicated by the little del
(δ) symbol. δ means a partial, statistical charge, less
than one. Also note the way we have drawn the H-O-H
molecule. This has to do with the shape of the p
orbitals in oxygen and the nature of the molecular
orbitals which are formed.

Hydrocarbon Molecules
Well, if we can have H2 O, can we have H4C? Why
can’t each of those four carbon electrons (Figure
19-22) somehow share with each of the four electrons in hydrogen (Figure 19-26)? They can, and they
do, and the result is CH4 , methane, a gas.
Getting tired of electron spin diagrams? Now instead of drawing electron spin diagrams, we will now
let a single bar or line refer to the C-H covalent bond
(Figure 19-27).
And there’s nothing keeping carbon from binding with itself. Let’s say two carbons each decide to
share one electron each. They still each have three
more electrons to deal with, so why not simply collect hydrogens around them (Figure 19-28)? They
can, and they do, and the result is this interesting
molecule with two carbons bonded to each other

H

H

H

H
Figure 19-26 In the center is that hybrid sp3 configuration for carbon (see Figure 19-22) and four individual
hydrogen atoms. Depending on the spin orientation,
they can all come together and share to form CH4,
methane.
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and each of the carbons bonded to three hydrogens:
C2 H6, ethane, also a gas. The next ones you know
well (Figure 19-29). If you’re a smoker or a camper
you will often use propane or butane. Propane and
butane are gases. Then we get to pentane—surprise!
It’s no longer a gas—its a liquid.
And now you ask, why can’t carbon share more
than one electron each (Figure 19-30)? It can and it
does, forming ethylene (as in polyethylene) and even
acetylene (as in torches and welding).
These molecules contain covalent bonds wherein
the electrons are shared. The shared electrons are in
a new kind of orbital, a molecular orbital. Molecular

orbitals have different shapes than our normal s and
p atomic orbitals. We call these carbon molecular
orbitals, δ and π orbitals—two more Greek symbols, sigma and pi (Figure 19-31).
There you are—Ionic and Covalent Bonds! Two
out of three isn’t bad (Figure 19-12). Ionic and covalent bonds cover most minerals and molecular
solids, such as plastics and the molecules of biology.
For the metallic bond, start to think of a strange hybrid of ionic and covalent! Remember, all this
molecular action relates back to those elements in
Peter Atkin’s Periodic Kingdom. Here’s a quote:

Figure 19-27 Now that we understand the
electron sharing process in covalent bonds, we don’t
have to write it all out long hand anymore. We can
greatly simplify it and write CH4 . But now we also
graduate to thinking of molecules as three-dimensional
structures in space, so we now represent the actual
molecular structure, at least as chemists visualize it,
with the relative sizes of the atoms indicated. This is
called a space filling structure and attempts to represent the three-dimensional structure and the volume of
the molecule. You will see a lot more of these.

Figure 19-28 Carbon can bind to carbon as well as to
hydrogen. This molecule is ethane.

Figure 19-29 The trend continues to propane and
beyond.
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The Periodic Table is such an important component
of scientific education. When we look around we see
vast numbers of materials in the world. It’s extraordinar y to realize that they are the outcome of
combinations of nearly one hundred chemical ele-
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ments. Anyone who has a component of scientific
culture about them ought to be aware of the chemist’s
contribution to our understanding of the natural
world. I think the Periodic Table is the concept that
achieves that unification more than any other.

New Symbols

Figure 19-30 Double and triple carbon bonds lead to
very interesting and unique molecules.

δ
σ

little del, partial charge

π

pi: another type of molecular
orbital (double bond)

sigma: a type of molecular
orbital (single bond)

Figure 19-31 The three new symbols introduced in
this chapter.
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CONNECTIONS
Elements and molecules are all over. Some elements share electrons, others don’t. Be on
the alert for references to atoms and molecules in ads, on the radio or TV, in the newspaper,
in your kitchen and bathroom. Be aware of the ubiquity of chemicals.

HOMEWORK
1

Identify 15 different elements in common everyday items, chemicals, substances, or
materials. At the end of this chapter is a blank Periodic Table. Make several copies of it.
You’ll need it again. Highlight each element you can directly connect to everyday stuff
(including you!). Write directly in each element block the name of the element and the
everyday stuff it is in, especially its chemical name. The answer with the most blocks filled
in gets extra credit!

2

Go again to your favorite drug or health food store. Take a copy of your blank Periodic
Table as above. Highlight and identify at least seven different supplements, representing
different specific elements. Write down the name of the chemical in which that element is
bonded. For example, if you wanted to take sodium, you wouldn’t take the pure metal,
you’d take it as sodium chloride and you don’t eat rusty nails to get iron. You take it in
another form. Put your pharmacist or health food consultant to work for you: ask her!

EXPERIMENTS
1

Let’s do a corrosion experiment. First, some background:
You need a pH (acid-base) indicator. See the Labless Lab kit instructions in the appendix.
The indicator is called phenolphthalein. It turns red in base or alkaline solutions and is
colorless in acid or neutral solutions (we’ll deal more with pH later!). Now get two test
tubes or small glasses and a plastic pipet or eyedropper. Safety glasses on, please! In one
test tube (or glass) put about 1⁄2 cc of vinegar and then about 1 cc of tap water. In the
second tube put about one gram of sodium bicarbonate (baking soda) and add about 1 1⁄2
cc of water. Now add 2-3 drops of your phenolphthalein solution to each test tube. What
do you see? The acid one (the vinegar) is colorless and the basic one (the sodium bicarbonate) is orange. Good! Now you have the tools to do the corrosion experiment.
Most irons and steel corrode because, given oxygen and water, iron tends to revert to its
more stable, natural form, iron oxide.. Let’s watch that happen to a nail. We can control
and slow down the process by putting the nail in a gel which contains phenolphthalein, to
help us see what’s going on.
First the gel. Make an agar solution containing about 3% sodium chloride (table salt) and
phenolphthalein. Find the agar packet in your kit (if you don’t have the kit you can get
agar packets in a wonderful little book that is in most bookstores: The Explorabook, Klutz
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Press). Take a cup of tap water, add about 6 grams of table salt (sodium chloride or NaCl),
and add your agar powder—boil and stir (carefully!). Let it cool down a bit. But while still
warm, add 1 cc or so of your phenolphthalein indicator solution. Stir. Now pour the liquid
gel (it’s called a sol for solution) into two glass dishes. Each one should be about half full.
Put them (careful—don’t spill) in the refrigerator to cool and gel (just like making Jello!).
Once they are gelled, take them out and lay a single nail on the top of each gel. Press it
uniformly into the gel.
Put the dishes on a counter or table and let them come to room temperature. Now observe, record, and sketch over the next two to three days. Start observing and recording
right away, after 15 seconds, then a few minutes, then a couple of hours, overnight, one
day, two days, and three days. Although we have not given you enough chemistry yet to
explain and make sense of all you see, try to explain what is going on using the knowledge you have accumulated to date. Try to quantitate your observations and plot several
observables as a function of time. Keep the dishes covered so they don’t dry out.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Gray, Braving the Elements
Snyder, The Extraordinary Chemistry of Ordinary Things
Atkins, The Periodic Kingdom
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From Metals to Water
The name is Bond, Chemical Bond. We wrap up our discussion of bonds
with metallic bonds and hydrogen bonds.

QUESTIONS
1

What is the “metallic” bond?

2

What is the “hydrogen” bond?

3

How do microwave ovens work?

4

Why does ice float?

5

Why does water vaporize? Evaporate?

6

Why do metals conduct electricity? and heat?

7

What is molecular spectroscopy? How does it work?
How is it different from atomic spectroscopy?

8

How can water (a liquid) be heavier that ice (a solid)?

9

Metals are ionic, they’re covalent, and they’re neither?

10 What is Materials Science? Metallurgy? Ceramics?
11 What do radioactive isotopes do, and what are they good for?
12

What’s a secondary bond? an inter molecular bond?
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Metals
We now know that some atoms transfer electrons,
and some atoms share electrons. But some don’t do
either. They actually do both. Their bonding is
metallic.
Metals are different—special. They conduct electricity, they conduct heat, they bend without
breaking—they’re strong. They’re not ionic, they’re
not covalent. They’re metallic.
Two thirds of the atoms in the Periodic Table
can behave as metals (Figure 20-1, below). They are
atoms which pack closely together, like little balls,
forming ordered crystals, and conducting electricity
and heat.
Remember our electricity/electrical pressure
analogy with water and a hose under pressure? We
said that metals are conductors and already have electrons inside of them which can be easily displaced
or moved. Well, where do those electrons come from,
and why can they be moved, conducted, so easily?
Relatively free electrons are at the heart of the metallic bond, the third of the three basic types of
primary chemical bonds (Figure 19-12).
We’ll use sodium as our model metal (Figure
20-2, right). You don’t normally think of sodium as
a metal because you’re used to it as sodium chloride—as salt (Figure 19-11). Pure sodium is an
extremely reactive solid that loves to bind to oxygen or chlorine. But in the absence of air or water,
it’s an ideal metal. Let’s assume that a crystal of pure

Figure 20-1 The metals in the
Periodic Table. Some two thirds
of the elements in the Periodic
Table can also behave as
metals.

Sodium
3s

1

2s 2
1s

2p

6

2

Figure 20-2 Sodium’s outer electron is a 3s1, which it
prefers to give up. But if there are only sodium atoms
around, there is no “one” to give it to. Each of the
sodium atoms wants to give one electron or take on
seven electrons. There is no way that sodiums can
bond with each other using our now classical ionic and
covalent bonds.

sodium metal looks like a box full of tightly packed
spherical balls. How is that solid going to conduct
electricity?
Electricity is the movement or flow of electrons.
So, if the electrons are all tightly bound, tightly attracted to the nucleus, like in ionic or covalent bonds,
they can’t move. But lithium, sodium, and potassium—and other metallic atoms—give up electrons,
allowing them to move.
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Let’s assume that our collection of sodium atoms comes together in a cluster and each donates
its outer 3s electron to the cluster—a really cooperative sharing (Figure 20-3)! We imagine a gas or a
cloud of communal electrons surrounding the sodium ions. The cloud or gas of electrons swirls
around and in between the sodium ions, functioning as a gargantuan molecular orbital. It’s as if each
sodium is sharing a tiny fraction of each of its
neighbor’s donated electrons, sort of an enormous,
smeared out, covalent bond. You’re right, it really
doesn’t look or sound like a covalent bond, or like
an ionic bond. It’s such a unique and different type
of bond that it’s given its own name—the metallic
bond.
It is the electrical attraction between that cloud
of electrons and the positively charged nuclei and
their cooperative covalency that holds metals together. And, since there’s this gas or cloud of millions
and billions and even 1023 or more electrons, it’s easy
to displace and move some of them with just a very
weak electrical pressure, with a very low voltage.
So things which are metallically bonded have relatively free electrons, conduct electricity, and are called
metals.
And there you have it, three fundamental types
of bonding that keep similar and dissimilar types of
atoms bound together in molecules, crystals, and
other structures: the ionic bond, the covalent bond, and
the metallic bond (Figure 19-12).
The 92 elements of the Periodic Table are the
basic alphabet of the material universe. You know
that alphabet. The alphabet of elements has been
put together in a variety of ways to produce the
materials of our natural world.

Nuclear
Radiation
Gamma ( γ ) rays
Beta ( β ) rays
Alpha ( α) rays

Figure 20-4 The three
major types of nuclear
radiation.

metal cluster
electron gas or cloud
sodium ions
Figure 20-3 A cluster of sodium atoms organized into
a metallic crystal. The metallic bond consists of each
sodium atom donating its outer electron to a collective
molecular orbital called an electron gas or cloud, which
completely envelops or swirls around the crystal of
sodium ions. Such a structure is a metallic bond.

Scientists and engineers, called materials scientists, put that alphabet together in different, non
natural ways, developing an array of modern and
novel materials with unique and exciting properties.

Atomic Genealogy
Before we move on and consider how these bonds
are used to put together compounds and molecules,
let’s quickly ask where did all those 92 elements come
from?
They all came from outer space—from the stars.
They are the result of the Big Bang which created
our universe and the fusion and fission reactions in
the stars. Your elemental genealogy is traceable to
the stars!

Radioactive Isotopes
There are certain elements, or certain isotopes of
certain elements, that are unstable. Their neutron/
proton balance isn’t just right. This is especially a
problem with very big nuclei where sometimes the
mix of neutrons and protons doesn’t allow for great
stability, even under normal conditions. When this
occurs, we say that such an atom is radioactive.
Nuclear processes transform that unstable, energetic,
nucleus, by a statistical random process, to a less energetic, more stable state. It does that by giving off
nuclear radiation. Nuclei can do this via three basic
processes (Figure 20-4): gamma, beta or alpha rays.
Gamma rays are one type of electromagnetic radiation. They are very high energy photons like
X-rays. The difference between gamma rays and
X-rays is that gamma rays originate in the nucleus,
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but X-rays come from transitions between electron
orbitals surrounding the nucleus.
Beta rays are a second type of emission from
unstable nuclei. Beta rays are electrons that come
from a nuclear decomposition process, probably by
the transition of a neutron to a proton and an electron. Electrons generated by nuclear processes are
called beta particles, and a large number of them are
called beta rays.
Finally, if the nucleus really has to change mass
to become stable, it emits an alpha particle. Alpha
particles are actually helium nuclei, with two protons and two neutrons. These large particles are
thrown out by certain unstable, radioactive nuclei,
which lose two protons in the process and so become a very different atom—a new element. An
example is the 238 isotope of Uranium (Figure
20-5).
In normal chemistry we don’t worry about
atomic number or mass changes in the elements,
because mass is conserved. But in nuclear chemistry,
mass and atomic numbers can change, due to
Einstein’s famous equation:
E=mc 2
Energy (E) and mass (m) are interconvertable via
nuclear processes. Most elements are not radioactive—their nuclei are stable. But some elements have
combination of protons and neutrons which are not
stable; those particular isotopes are radioactive.
Radioactive isotopes are very useful because the
particles they produce can be easily detected and
monitored, and yet the chemistry of the radioactive
isotope is initially the same as its stable non-radioactive cousin. Remember, chemistry is governed by
the outer electron configuration. Of course, when the
nucleus of the unstable isotope relaxes to a more
stable state, it changes. If it relaxes by emitting a beta
or alpha particle, it actually changes the number of
protons in the nucleus—changing its chemical identity and its chemistry. A good chemistry or physics
book will cover nuclear processes in much more
detail.
There’s a lot of other information in the Periodic Table (Figure 20-6). We’ve already talked about
element names and symbols, atomic number and
mass, electron configuration, valence, atom sizes, den-

238

U
92

4

234

Th + α
90

2

Figure 20-5 Uranium’s isotope 238 is radioactive and
decomposes by giving off an alpha particle. The two
protons in the alpha particle had to come from
uranium’s nucleus, which means that uranium has
transformed itself in this process to a new element,
thorium, whose atomic number is 90.

Isotopes

Radioactive
Isotope

Electron
Configuration
Valence
Atomic
Number

Element
Symbol
Atomic
Mass

Atomic
Diameter (A)
Density
(g/cm3)
Ionization
Energy (ev)

Element Name

Melting
Temperature
(°C)
Boiling
Temperature
(°C)

Figure 20-6 A typical Periodic Table element block
with a high information content. In addition to the
atomic number and mass, a good Periodic Table will
list all of the isotopes including the radio active ones,
the complete electron configuration, the valences which
that particular element uses or expresses in its reactions with other elements, the atom’s atomic diameter,
density in the pure metallic state (recall Figure 19-5),
the ionization energy (Figure 19-10), and the melting
and boiling temperatures, again in the pure, generally
metallic, state. So you see why Richard Feynman and
Peter Atkins are so fond of the Periodic Table. It
contains an enormous amount of information.
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sity, ionization energy, and now, isotopes including
radioactive ones. But there’s also information we
haven’t covered, such as the melting and boiling temperatures of the pure elements (bottom right of
Figure 20-6).

Intermolecular or Secondary Bonds
We live in a solid, liquid, and gaseous world. To a
chemist and a physicist solids, liquids and gases are
phases—phases of matter. In principle, any material,
any chemical, any element can be in a solid, liquid,
or gas phase, it just depends on temperature and pressure. But the most interesting common
solid-liquid-gas material is water, the most important liquid on our planet. It’s not an element. It’s a
molecule, H2O. Water is essential to life as we know
it. You know its phases—solid (ice), liquid (water),
and vapor (steam). Water is not only a very special
molecule in terms of life on planet Earth, it is a very
special molecule in the eyes of chemists, with very
unique and almost unusual properties—fortunately
so for you and me, or we would not be here.
Recall that HOH is a polar molecule (Figure 19-25). Polar ity means the separation of
something. You’ve already seen that there are poles
on a battery—the positive pole and the negative
pole. There are poles on a magnet—the north pole
and the south pole. When we have a permanent
charge separation in a molecule, like water, we call
it a di-pole, meaning there are two poles, because
water has a slightly positive side and a slightly negative side (Figure 19-25). Chemists and physicists have
ways of measuring that charge separation and of using that information to predict various properties.
Water is a molecule containing three atoms. A molecule is a group of atoms (two or more) that have
bonded together chemically. You’ve already seen lots
of examples (Figures 19-26 to 19-30). Molecules are
stable over a broad range of conditions. Their atoms
are physically bound together at all times and cannot
separate or go their own ways, unless the strong primary chemical bonds are broken. The atoms in a
molecule have lost their individual personalities. In
many cases much of their identity is gone, by virtue
of giving up or sharing their electrons, by being
members of this bonded state. The properties of molecules are generally very different from the properties
of the atoms which go into making them.

A good example is sodium chloride (Figure
19-11). Sodium is a very reactive metal—chlorine
is a very reactive gas. Yet the compound, the molecule, sodium chloride makes up 10% to 20% of the
Great Salt Lake and is added in abundance to your
hamburgers and fries.
So atoms and molecules are very different. Molecules are held together by the primary chemical
bonds—ionic, covalent, or metallic. Ionic and metallic bonds normally involve more than just two,
three or four partners. The ionic bond likes to extend in space, in three dimensions. Each sodium ion
likes to surround itself with chloride ions, and vice
versa. So they build up a structure in three dimensions. When atoms or ions are ordered this way in
three dimensions, they form a crystal. Crystals can
be small, like individual salt crystals, or they can be
very large, like the massive salt crystals which one
finds on the shores of the Great Salt Lake.
Metallically bonded things also form crystals. The
ping-pong balls, again, are a good example. In metal
crystals, the atoms (actually the ions, because they
all give up electrons to the collective electron cloud)
(Figure 20-3) tend to pack closely together. That’s
one of the characteristics of the metallic bond. But
they can’t pack too tightly because the electrons
which haven’t been given up (the ones in the inner
electron orbitals) are still there, orbiting around each
positive nucleus (Figure 20-7). When the electron
orbits of one ion feel the electron orbits of the second ion, they repel each other. In fact, this repulsion

Core Repulsion

e- to cloud

electron cores
can't get too close
— repel.

Figure 20-7 A diagram of electron core repulsion.
Because of this effect, atoms or ions can never get too
close together even in crystals and molecules.

on
cti
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between atoms and ions, when they’re pushed very
close together, is related to Newton’s Third Law of
Motion—action/reaction. You push on something,
trying to squeeze its atoms or ions too close, and
they push back, producing a reaction to your action
(Figure 20-8). It’s like pushing on a spring, compressing it. The spring pushes back.
Molecules held together by covalent bonds, like
water, can also form crystals, like ice, but the mechanism is different. How does water hold itself together?
What causes one water molecule to bind to another
so that we can have liquid water or even ice? “Polar
interactions,” you say. Good!
Take two water molecules, each with a negative
end and a positive end (Figure 20-9). They orient

A
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Figure 20-8 Yet another Yin-Yang-like phenomenon:
Action/Reaction.

themselves so that the negative and the positive bind
on each end. The charge separation in a molecule
like water permits the molecules to orient and bind
weakly with each other via the same electrical forces
we discussed earlier. But here it’s a weak force because it’s not really a full charge that’s separated, it’s
a partial charge.
These weak interactions between molecules are
called secondary bonds. Secondary, because they are
much weaker than the primary bonds—ionic, covalent, metallic. If there was no charge separation in
the water molecule, if it had no polarity, it would
behave more like methane. It would be a gas at room
temperatures, and you and I wouldn’t be here.

The Uniqueness of Water

Figure 20-9 We have already seen that in water
molecules, oxygen is electron rich and therefore a bit
negative. Each of the hydrogens are a bit electron poor,
and are therefore a bit positive. So, the weakly positive
hydrogen on one water molecule combines with a
weakly negative oxygen on a second, and this can
continue, involving many other water molecules
(Audesirk, pg. 29).

There’s something even more special about water,
because on the oxygen end of the molecule it has
all those 2p electrons (Figure 20-11) which are not
part of the chemical bonds, giving two electron rich
areas on the oxygen part of the molecule. The result is that the water molecule actually has four areas
of charge. Two are slightly positive and two are
slightly negative. Therefore, water has the opportunity to bind in four different directions at the same
time, allowing cold water molecules to organize into
a rigid and immobile structure, ice. What’s really
unique and special about water is that the somewhat unusual tetrahedral (four-direction) bonding
makes ice an open structure with a lot of space in
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and around the water molecules. This gives it a low
density, even lower than liquid water. So, as you
know, ice floats.
Those bonds between the water molecules aren’t
very strong. They only stay immobile in ice when
the temperature is below freezing. At higher temperatures the water molecules have enough energy
that they move and dance around, contributing to
the entropy of their little system, and overcoming
the rigid order or structure which exists in ice. The
ice then melts.
But even in liquid water the molecules are somewhat trapped. Figure 20-10 shows those four weak
binding areas on water as metaphorical bonds, which
can participate in transient handshakes. It’s like
they’re constantly sort of holding hands and then
releasing hands with their neighbors. But the minute
they release a hand with one neighbor, they bond
to another neighbor. So one view of the structure
of liquid water is that it consists of tiny clusters which
are constantly flickering, losing members and adding members. Each water molecule in liquid water
is on the average bound to four neighbors. But not
to the same four. They exchange neighbors at a very
rapid rate—nearly a trillion times a second. But even

Figure 20-11 Our drawings of the polarity of water
(Figures 19-35 and 20-9) have been a bit misleading
because two of water’s 2p suborbitals are filled and 2p
orbitals are somewhat dumbbell shaped along X, Y, Z
axis. Each individual water molecule has what chemists
call a tetrahedral structure. It actually has two negative
zones as well as the two positive zones due to the
hydrogens. It is these four-dimensional charge characteristics that really make water unique (Mathews and
Van Holde, pg. 32).

4 handed water!

Molecular Handshakes

Figure 20-10 A highly metaphoric representation of
water’s tetra-binding tendencies. Think of water as
being four-handed and engaging in transient molecular handshakes between other water molecules. We
don’t want to take this cartoon analogy too far
because you know that water’s hands are really two
pairs of two, and those pairs are different.

those trillionth-of-a-second handshakes are enough
to hold it together and keep it in liquid form.
You also know that water evaporates, even at
room temperature. Those water molecules on the
very surface of water can only have one or two handshakes at any one time (Figure 20-12). If one water
molecule happens to let go of its weak handshakes
at nearly the same time, for that split second that
individual water molecule is not attached and goes
careening off into space, into the air. That particular water molecule has evaporated.
But, the opposite can also happen. Gas molecules
move in a random fashion, bouncing off their neighbors. Statistically, every now and then, a water
molecule in the air collides with the water surface.
When it does it immediately finds itself a participant in this transient handshake game—it has now
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connected to the liquid water. We say it has
condensed.
Water evaporates faster under low humidity conditions. Low humidity just means that there are less
water molecules in the air with which to hit the
water surface. So that means that there are more
leaving, or evaporating, than there are coming back,
or condensing. So water evaporates faster in dry air
than in very wet air. That all has to do with these
transient handshakes—the secondary bonding interactions of the water molecule.
The interaction between a partially charged hydrogen and a partially charged oxygen in another
water molecule is such a strong kind of di-pole or
polar interaction, that it has a special name—the hydrogen bond. It’s special because the hydrogen nucleus
is very special. It’s a bare proton. That gives it some
very unusual electrical properties which other ions
just don’t have. That bare proton combines strongly
to regions of negative charge, such as the oxygen
part of a neighboring water molecule.
The name is again Bond, but now it’s hydrogen
bond. It’s special, and again it’s a major player in life
as we know it. Hydrogen bonds are very important
in holding together the three dimensional structure
of your DNA, and responsible for much of the internal bonding in proteins and other biochemicals.
Without hydrogen bonds life would not exist.
We have to be careful when we try to explain
chemical bonding because electron orbits are really
statistical things. They represent delicate balances.

Air

Water

Figure 20-12 Water in air has no near neighbors and
can’t participate in those transient handshakes. Water
in the middle of water does. The water molecules on
the surface are in a transition zone. Since they are
bonded to less neighbors, the ones on the very top
have less handholds, perhaps only one. When that one
handshake is released that water molecule is free; it
has vaporized.

The minute the electric field near one of those electron orbits is changed, everything changes. In fact,
that’s what chemical bonding is all about. There is
one set of stable orbits when two atoms are isolated,
but different, combined orbits when they are close
together, when they can sense or feel each other’s
electrical properties.

Molecular Spectroscopy

Figure 20-13 The molecular bonds between atoms
within a molecule can be treated as little springs that
can be made to alternately expand and contract, to
resonate, with just the right amount of energy. It is
these motions, these resonances, of the molecular
springs, that are the basis of molecular spectroscopy.

It’s often useful to treat the bonds between atoms,
the bonds within molecules, as little springs. We imagine the water molecule with little springs connecting
the oxygen and hydrogen (Figure 20-13, left). Imagine that one of the springs is slightly stretched. The
molecular bond, the electron orbital, between oxygen and hydrogen, pulls that molecular spring back
into a more stable position. If it goes too far and
the two atoms get too close together, then it’s like
compressing a spring, and it tries to recoil or ex-
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pand back. You know from experience that there
are certain frequencies to which springs are tuned.
The springs in molecular bonds are also tuned.
They can resonate. Most of them, because of their
small size and characteristics, resonate in the infrared region of the electromagnetic spectrum (Figure
15-12). So, infrared light of just the right energy will
excite the resonance in a particular molecular spring,
such as in the water molecule. There are whole sets
of resonances. In the case of water, the two hydrogen ends of the molecule could be moving in at the
same time, and then moving out again. One hydrogen could be moving in while the other one is
moving out, and then vice versa. These are called
vibrational modes, or vibrational resonances. Specific infrared energies induce the vibration of each
of those the molecular springs.
If we shine infrared light on a group of organic
molecules, the molecules will absorb only those
wavelengths which are tuned to their molecular vibrations. Things are quantized, remember. Only the
right energy will excite. It’s like screaming into the
back of a piano (Please do this!). The piano strings
absorb those parts of the scream that causes each of
them to resonate. The strings resonate and continue
to move after the scream ends.
Just as atomic orbitals can’t absorb just any wavelength, molecular vibrations or rotations can’t absorb
just any energy. They absorb only those energies
tuned to the resonances of their particular bonds or
structures.
The absorption of specific infrared photons is a
means to identify and study molecules, using instruments called “infrared spectrometers” (Figure 16-5).
Put a sample in the machine. Turn on a special infrared light, and the detector measures how much
light comes through for each wavelength, producing a spectrum. But for this example you put your
sample, your molecular springs, in the light path between the source and the detector. Now the light
reaching the detector is deficient in those wave
lengths absorbed by the molecular vibrations. It’s
really no different than the optical spectrometer we
covered earlier (Figure 16-5), but it operates in the
infrared region, which you and I cannot directly see.
Infrared spectrometers extend our senses into that
region and allows us to “see” the infrared rainbows.
And those infrared rainbows are influenced by the

Figure 20-14 We have all been entranced by the flow
of water. The next time you see water in motion, think
about water’s molecular characteristics, its transient
handshakes, and its vibrations and rotations. This is
Mill Creek in Salt Lake City.

nature of the molecular bonds through which that
infrared “sun” is passing.
Water absorbs in the infrared region of the spectrum. It also absorbs in the microwave, where the
excitation or resonance is due to molecular rotation. There are rotational modes, where water rotates
about its center of mass. Certain specific amounts
of energy induce the water molecule to rotate. Water molecules absorb energy from microwaves, mainly
through the excitation of rotational motion. Each
water molecule in your wet food is absorbing energy, which means it heats up. And that is, of course,
why your microwave oven works as well as it does.
Vibrations are in the infrared region, rotations are
in the microwave region.
The beautiful flow and optical properties of water (Figure 20-14) have inspired lots of photographs
and paintings—and composers. Water is a unique
molecule, a special material. It is nearly 70% of you
and me and absolutely vital for life. It’s a precious
resource, far more valuable than oil or gold. And it
will get even more valuable and expensive as the
world’s population continues to increase.
That’s all for Bonds—ionic, covalent, metallic and
hydrogen. There are a few other types. You’ll get
them in a good chemistry book.
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CONNECTIONS
We’re stopping this section here, halfway through the book. You should now have the
idea! Keep Connecting! Keep observing and recording.

HOMEWORK
1

How does your smoke detector work? If you don’t have the manual or any information on
your smoke detector, go to a store where you can get one. Read the manual carefully.
How does it work? Why does it need a battery? Where can you get reliable information on
smoke detectors? Try your local fire station (Hint: see M. Bunker Jr., Scientific American,
April 1997, pg. 116).

2

Ever had anyone in your family injected with a radioactive isotope for medical purposes?
Give some details. Was it for diagnosis or for treatment? What was the isotope? What was
the problem? Ask your patient friend and get him or her to ask the doctor. Don’t be shy!
Identify the isotope, the activity injected, the half-life, and the kind of radiation(s) emitted.
You should refer to a physics or chemistry textbook.

EXPERIMENTS
1

Test your smoke detector. If you don’t have one, get one. Every apartment or home should
have one. They are not expensive. If you live in an apartment or dormitory, check to see if it
is connected to some central alarm system. How can you tell if your detector is centrally
connected or not? If it is, don’t do these experiments. Use an isolated smoke detector.
How much smoke does it take to activate your detector? If you’re a smoker this is easy.
Just use your cigarette smoke. If not, you can use a candle or match to test. Be very careful. No fires please! You should have your safety glasses on and a fire extinguisher handy.
Put the candle on some support that is convenient to use. When you gently blow out a
candle there is usually a puff of smoke. Can your detector sense that puff of smoke?
Measure the response as a function of distance. Compare the response of your smoke
detector with your own nose. Can your detector be activated by vapors? Exhale into it.
Any effect? How about the steam from a tall cup of boiling water? Perfume? Deodorizers?
Organize your experiment and observations. Prepare one or more hypotheses on the
mechanism and sensitivity of smoke detectors (see Homework #1, above).
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From Water to
Solutions
Apple juice, Coca-Cola, beer, and the Pacific Ocean are all impure water.
They are all solutions made up of chemicals, called solutes, in water.

QUESTIONS
1

What is a solution? A solvent? A solute?

2

What are ions? What is a hydrated ion? Why are ions hydrated in water?

3

Why is vinegar an acid? And lemon juice?

4

Why don’t sugar solutions conduct electricity?

5

What is an alcohol? Is water an alcohol?

6

Is sugar an alcohol?

7

What is a hydrogen bond?

8

Water is 55 molar?! Why? What is a “Mole”?

9

How do acids and bases make water?

10 How is entropy involved in producing solutions?
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“Polluted” Water: Aqueous Solutions
Water: beautiful, essential, valuable. You know a lot
about its structure and properties in pure form. We’re
now going to pollute it, to make it less pure by adding stuff to it.
Most water in physiology is water with sodium
chloride in it (roughly 1% by weight) (Figure 21-1).
Let’s make some biological salt water, called physiologic saline. Take a liter of water. That’s 1,000
milliliters, which is also 1,000 grams of water. 1%
of 1,000 is 10, so we need 10 grams of sodium chloride, the little cubic crystals in your salt shaker. Many
homes and most offices have a postal scale which
can read to halves or even quarters of an ounce.
Recall that 1 oz is about 30 grams (Chapter 3), so
10 grams is about 1⁄3 oz. That’s close enough. Put
the salt in a liter (roughly a quart, remember?), and
it dissolves. An amazing miracle of chemistry!
How can water, with just those weak hydrogen
bonds between water molecules, so weak that you
can boil them away, so weak that you can just let
them evaporate into dry air—how can sodium chloride with its very strong ionic bond (sodium +,
chloride - ) find itself dissolved in water?
What causes it to dissolve? The sodium and chloride ions are very highly ordered in their nice, neat
little cubic structure. Even liquid water itself, although not crystalline, has those tiny transient
microcrystals, those flickering handshakes, which are
also ordered, at least for very short periods of time.
By putting the salt in water we destroy much of the
ordering of the salt and some of the ordering in the
water. The solution is more disordered—more entropic—than the salt and water separately (Figure
21-2).
Svente Arrhenius, that Swede from the late 1800s,
almost flunked his doctoral degree exam for sug-

Water in You
Physiologic Saline (Salt Water)
~ 1% Na Cl
1 gr NaCl in 100 ml H 2 0
or 10 gr NaCl in 1000 ml H 2 0
Figure 21-1 Your internal water is a dilute salt
solution containing roughly 10 grams of sodium
chloride in a liter of water.

gesting that certain compounds, like sodium chloride, dissolved in water by separating into ions (Figure
18-2). He had the last laugh a little later when he
received a Nobel Prize for his pioneering and creative work. Incidentally, Arrhenius’ granddaughter
is Dr. Karin Caldwell, a professor in the Department of Bioengineering at the University of Utah
in Salt Lake City.
A mole of molecules is like a mole of atoms.
Remember, a mole of an element is its atomic mass
in grams (Figure 18-12). Ditto for molecules. A
mole of NaCl is 58 grams, because Sodium is 23
and Chloride is 35 (Figure 21-3). We define solution concentrations in terms of moles: the number
of moles in a liter of water or other solvent. So 58
grams of salt in 1 liter of water is a 1 molar solution. Since there are about 10 grams of NaCl in a
liter of our body fluids, our body fluids have a salt
concentration of nearly one sixth molar.

Na Cl
ordered NaCl
+
semi-ordered H 20

disordered
NaCl solution

Figure 21-2 A solution is generally more disordered
than its pure components. Entropy wins!

atomic mass = 23 + 35
molecular mass = 58
1 mole NaCl = 58 grams
a 1 molar solution of Na Cl =
58 grams in 1 liter of solution
Figure 21-3 We can make a sodium chloride solution
using the mole as the concentration unit.
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But pure water is about a 55 molar concentration. Since there’s 18 grams in 1 mole of water, and
1 liter is 1000 gr of H20, we can say there are 55
moles of water in a liter (Figure 21-4).
So the 1⁄6 M sodium chloride is outnumbered,
outgunned, by the 55 M water molecules by about
300 to 1. Those dancing, flickering energetic water
molecules collide, interact, and disrupt the sodium
chloride crystal, starting at its surface. As the surface
is dissolved, pummeled away by the random motion of the water molecules, it just disintegrates.
From the point of view of the sodium ion, it
becomes surrounded by oriented water molecules,
with the negative oxygen ends pointing towards the
sodium ion (Figure 21-5). The much larger chloride ion is also surrounded with water, but this time
with the hydrogen end of the water molecules, statistically, pointing towards the negative chloride. It
turns out this arrangement largely satisfies the electrical needs of both the sodium and the chloride
ions. Plus, the water molecule is a little happier because it bonds to the sodium or chloride ions more
strongly than it could bond to its water neighbors.
We say that the ions are hydrated, meaning they are
bound to and surrounded by water. That binding
can be so strong that we can even find water tightly
bound and oriented in various natural minerals and
crystals.
So our sodium chloride is now gone. It has dissolved. We now have a solution containing sodium
ions and chloride ions uniformly—chemists say
homogeneously—distributed throughout the entire liter of water.

Figure 21-5 Ions in water tend to be surrounded by
water molecules, oriented to facilitate their mutual
electrical interaction (Hill and Kolb, pg. 152).

HOH
atomic mass = 1 + 16 + 1
molecular mass = 18
liter of water = 1000 grams
1000 = 55 moles!
18
Figure 21-4 How much water is in water? 55 moles.

Ions and Ionic Solutions
Sodium chloride solutions have particular properties. They have a special taste. They taste salty. They
also have electrical properties. Since the sodium and
chloride ions are each charged, they can move in
electric fields. The ionic solution doesn’t have free
electrons like a metal does, but ionic solutions do
have ions, and ions respond to electric fields, just as
electrons do. We said earlier that electric currents
were the movement, of electrons, of negative charges,
and that’s generally what they are. But we can also
have ion currents.
Try this experiment. Take a flashlight and remove the bottom. Complete the electrical circuit
with a metal foil (and with the switch on). The circuit is connected, the flashlight lights. But if you
remove the foil and try to run the electricity through
pure water, nothing happens. An easy way to do this
is to soak a small sponge in water, and stick the flashlight end on the sponge. Out of the sponge and
back on the metal, it lights. Put it back on the sponge
in very concentrated salt water. It lights, dimly. Now
off the salty sponge and into pure water, no light—
water functions as an insulator, so there is no flow
of electricity. Back on the salty sponge, the bulb again
lights dimly. The salt solution is conducting electricity. It’s an ionic conductor.
Do the experiment again. Water, pure water, no
light. But now use normal table sugar. Use a fresh
sponge or very thoroughly wash all the salt water
out of your salty sponge. Put the flashlight on the
sugar water sponge—no light. What is going on?
Sucrose is certainly soluble, but it’s not ionic. It can’t
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Figure 21-6 The structure of sucrose. The atoms are
all tightly bonded together, covalently. There is no way
that water can come in and separate the bonds and
thereby produce ions.

E

conduct electricity. Look at the structure of sucrose
(Figure 21-6), we see that it’s a molecule with lots
of carbons, hydrogens, and oxygens. They’re all
bonded together in covalent bonds. A carbon/hydrogen bond is almost purely covalent—a fair,
democratic sharing of electrons. The electrons in
carbon/carbon bonds are also completely shared.
The carbon/oxygen and oxygen/hydrogen bonds are
not so perfect. The oxygen/hydrogen bond in sucrose is similar to that in water, except in sucrose
the oxygen is binding with hydrogen on one side
and one of the carbon electrons on the other side.
Although that is a polar bond, it is not an ionic bond.
There is no perfect charge separation like there is in
sodium chloride. There is no way for the water
molecules to break up this structure. They just don’t
have the ability to do so. Since the oxygen is partially negative, just as it is on water, and the hydrogen
is partially positive as in water, they can hydrogen
bond to water similarly to the way water binds with
itself. Hydrogen bonding is what makes sugar soluble
in water. Water does bind to sugar, but water cannot disrupt the primary chemical bonds within the
sugar molecule as it can with sodium chloride.
If there was no way for sugar to bind to water,
then the water would just ignore it, continue to shake
hands with itself, and let the sugar stay undissolved
on the bottom of the container.
That’s exactly what you see with oil in water.
Even if you disperse it, the oil gets pushed back together. Try it. Take some salad oil, mineral oil, or
motor oil. Put some in water. Shake, disperse, and
wait. See it separate? Water doesn’t want to have
much to do with the oil because water can’t bind
well with oil. Water prefers to bind to itself. The
inability of water to bind with oil results in a molecular segregation process. But water can bind with
sugar using the molecular handshaking mechanism,
using hydrogen bonding.
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e
n

There is a big force, a big tendency, which tries to
get everything to integrate and mix. It’s your old
friend, entropy. But entropy can’t do it all alone.
Remember, everything comes in pairs—our Yin Yang
theory of science (Figure 21-7). There’s a tendency
to minimize, to decrease, electrical potential energy
by allowing electrical attraction between the polar

py

Entropy and Solutions

Entr

o

Figure 21-7 It’s that Yin Yang idea again!
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molecules. At the same time, there’s a tendency to
try to mix everything up. The entropy tendency.
All chemical processes, indeed all natural processes,
represent a balance between those two tendencies—
between the First Law of Ther modynamics
(conservation of energy), and the Second Law of
Thermodynamics (the production of entropy) (Figure 11-13). Those apply not only to car engines
and electric power plants, but to the interactions and
reactions of individual water, sugar, and salt molecules.
Back to sugar water, for one more point. Take a
1
⁄4 liter or so of water. Take another 1⁄4 liter to which
you’ve added 120 gr of sugar, about a 1⁄4 of a pound.
That’s a lot of sugar so it will take a while to dissolve. Be patient. Stir it regularly and wait a day or
so. Where did all that sugar go? It’s among all those
water molecules. The sugar is there and its mass is
there. The sugar solution has a lot more mass, making its density higher than pure water. Want a
dramatic demonstration of that density difference?
Take two cans of Coca-Cola, Pepsi, or other soft
drink, one normal and the other diet. Put each of
them in a large container of pure water (Figure
21-8). Watch! Cool—Why? The normal Coke or
Pepsi is heavier; it is denser. The large amount of
sugar in it has more mass than the small mass of
NutraSweet in the diet can. Solutions can have dramatically different densities.
Let’s go to a different kind of solute. Rubbing
alcohol is 70% isopropyl alcohol, and 30% water.
It’s called an alcohol because it has one of these OH
groups (Figure 21-9). Chemists call them hydroxyl
groups. Sucrose sugar is an alcohol, too. In fact, in a
sense it’s many alcohols because it has many hydroxyl
groups. But sugar has very different properties than
rubbing alcohol (Figure 21-9), or of ethyl alcohol,
the alcohol in alcoholic beverages (3% in beer and
about 10% in wine, and up to 50% or so in hard
liqueurs, like gin, vodka, or rum). Methyl alcohol
looks superficially similar to ethyl alcohol (Figure
21-9). Ethyl alcohol in excess makes you drunk or
tipsy and greatly slows down or compromises your
reactions and response times, but methyl alcohol,
which looks similar, is not. It is deadly toxic.
So, subtle changes in the chemistry, in the structure of molecules, can lead to very dramatic

Figure 21-8 Classic Coke has a lot of sugar. Diet Coke
has no sugar, only a little bit of artificial sweetener. The
two cans have the same volume. Put them in water
and let go. One is clearly much heavier, or, more
correctly, has a higher density.

Figure 21-9 The molecular structure of some common
alcohols. Top to bottom: methyl, ethyl, isopropyl
alcohols. Note that they all have a covalent hydroxylOH group.
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differences in properties, particularly biochemical
properties.
The next time you pour a little salt on your food,
think in solute, solvent, and hydrogen bonding terms.
The next time you add a little sugar to something,
add it in such a way that you can watch it dissolve.
Watch entropy in action!

Concentrations
Chemicals, chemicals, and more chemicals. Our
natural and man-made worlds are full of chemicals.
Water is a chemical, salt (sodium chloride) is a chemical. Practically everything on our grocery store and
drug store shelves are chemicals. We are completely
surrounded by them. You and I consist of tens of
thousands, actually millions, of different chemicals.
The word chemical gets a lot of bad press. It’s
often referred to in the press as man-made things that
can be toxic or dangerous. All of the biochemicals
which make up the living world, including you and
me, may be necessary, even essential. But each one of
those essential biochemicals is also potentially toxic.
When we produced our personal Periodic Table
(Chapter 18), we measured elements at concentrations of 1 part per billion. There are instruments and
techniques which will measure things to parts per
trillion, one part in 1012 ! But no matter how precisely we measure, we can never say there is zero of
anything, because we can’t measure that accurately
or precisely. It’s like saying there’s a zero chance
you’re going to win the lottery. The chance of winning is very small, but it is not zero. You see, there are
no real absolutes in science. There is no such thing
as a zero concentration of anything—at least not in
our real world. So be cautious and skeptical when
you hear people talk about chemicals and their concentrations. What you hear on TV and read in the
paper is often inaccurate, distorted, or flat out wrong.
That’s because most news commentators and journalists know little or no chemistry. But that does
not keep them from reporting on chemistry!
Back to chemistry: if we can have sodium chloride, potassium chloride, and other valence 1 chlorides
(Figure 21-10), can we have hydrogen chloride? We
can. In fact, it’s a very important industrial chemical,
hydrochloric acid. It’s an acid because it has that lone
hydrogen proton in an ionic bond. And because it is
an ionic bond, like sodium chloride, it dissolves in

Common Chlorides
NaCl: Sodium Chloride
NaCl
Na+ + Cl
KCl: Potassium Chloride
+
KCl
K + ClH Cl: Hydrogen Chloride
HCl
H++ Clhydrochloric acid
Figure 21-10 Common chlorides. Sodium chloride you
know the best, but the other two are also very common.

HOH

+
H + (OH)

acid
hydrogen ion

base
hydroxyl ion

Figure 21-11 A very tiny number of water molecules
are normally dissociated into hydrogen ion and
hydroxyl ion. But note the length of the arrow. It is very
small going to the right and very large going to the left.

water. Each ion, including the hydrogen ion gets surrounded by water molecules.

Acid, Base, and pH
You can measure these lone hydrogen protons at the
part per billion and part per trillion level, without
using a half million dollar instrument. You can do it
with only a piece of paper. Really!
We saw earlier that hydrogen is special. The hydrogen ion is unique because it’s so incredibly small.
It is a nude, bare proton. In pure water there are
even a few free protons. Since almost everything in
chemistry is statistical, every once in a while a very
few water molecules are dissociated; they’re split apart
into H+ and OH- (Figure 21-11). The OH- is a
bit special too. It’s called the hydroxyl ion (hydro for
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hydrogen and oxyl for oxygen). OH- ions are alkaline or basic in character (meaning they like to bind
hydrogen ions).
Sodium Hydroxide is NaOH (Figure 21-12).
You may have some in your kitchen, such as Drano
or some similar strong basic or alkaline product.
NaOH dissociates in water to form sodium cations
and hydroxyl anions. If you add HCl, an acid (very
carefully and slowly!), to NaOH, a base, water forms,
with sodium and chloride ions left over (Figure
21-13). The acid and base “neutralize” each other.
Back to pure water. There’s a very special balance between H+ and OH- in water. Chemical
equations always refer to a balance or equilibrium.
We could greatly increase the number of H+ in the
solution, the number of OH- in the solution, or both
(Figure 21-14). Increasing the concentrations on the
right side of the equation, pushes the reaction, the
equilibrium, toward the left. Look at the length of
the reaction arrows in the Figures. An increased concentration is like a chemical “pressure,” forcing a flow
or a reaction in the direction of the lower concentration or “pressure.” Reactions are always in balance.
For water the balance is normally H2 O and about
one in a billion water molecules dissociated into H+
and OH- (Figure 21-11).
This balance between water, H +, and OH- is so
important to such a wide range of chemical, biochemical, and industrial processes that we have a
special name for it. We call it the pH scale. The letter “p” comes from an old word which stands for
concentration and “H,” of course, stands for hydrogen ion (Figure 21-15).
We can’t really talk about hydrogen ion without
talking about the hydroxyl ion. High base means
low acid (the acid gets neutralized). High acid (high
hydrogen ion, H+) means low base (the base gets
neutralized). When the two are in roughly equal
amounts, then the solution is neutral, or the pH is
about seven.
What is a pH of seven (Figure 21-16)? It means
that the solution is 10-7 Molar in hydrogen ion, 10-7
Moles of hydrogen ion in one liter of solution. Since
you know the log of 107 is seven (if not, check in
Chapter 6), you’ve already figured out the definition
of pH. pH equals the negative log of H+ concentration (Figure 21-15). We put the minus in there only

NaOH
Na+ + (OH)

NaOH

Figure 21-12 Sodium hydroxide also dissociates, but
now the arrow is biggest going to the right. Almost all
sodium hydroxide in water is present as sodium and
hydroxyl ions. Note now the direction of arrows back in
Figure 21-10.

+
+
Na + OH + H + Cl
+

HOH + Na + Cl

-

Figure 21-13 Hydrochloric acid dissociates in water
and sodium hydroxide dissociates in water. The H+ and
OH- like to form water, so acids and bases tend to
neutralize each other by producing water.

+

HOH

H + OH

-

Figure 21-14 Chemical equations eventually are in
balance or in equilibrium, but that equilibrium can be
disturbed. If we add acid to water, increasing the
hydrogen ion concentration (the upward arrow) or add
base to water, increasing the hydroxyl ion concentration, then that shifts the reaction towards the left. We
disturbed the right side. The process accommodates to
reach a new equilibrium, a new balance.

pH: a measure of hydrogen ion concentration

pH

=

+

log [H ]

Figure 21-15 pH is defined as the negative log of the
hydrogen ion concentration.
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because we prefer to work with positive numbers
rather than negative numbers, to keep life simple!
If only about one in a billion water molecules
are ionized to H+ and OH-, that corresponds to a
molarity of roughly 10-7. A lower pH number means
a stronger acid solution—more hydrogen ions. A
higher pH number means a basic or alkaline solution—more hydroxyl ions.
The hydrogen ion is very energetic and very reactive, so acid solutions tend to do chemistry. They
dissolve metals. Base solutions are also very reactive. They are caustic and they dissolve many kinds
of organic materials by breaking up the chemical
bonds. Strong acid and strong base are both highly
toxic and dangerous solutions, and must be used with
the greatest safety and care.
Although we have instruments to measure pH,
called pH meters, we also have very easy and inexpensive paper “meter s”. You’ve heard the
terminology “a Litmus test.” Litmus paper contains
a plant chemical which turns red in acid or blue in
base. The Litmus test is a test to find out if something is acidic or basic. The problem with litmus is
it doesn’t tell you how acidic or how basic. Modern
pH papers (see experiments) use special dyes, colored organic compounds, which change color with
hydrogen ion concentration in a predictable, quantitative way.
pH paper is fairly cheap. You can buy it in any
tropical fish shop, because the pH of aquariums is
very important to the health of the fish. It’s important whether the soil in your back yard is alkaline
or acidic. It determines the kind of fertilizer you
may want to apply, and even the kinds of plants that
will do well or not do well. Hot tubs and spas also
need to control pH.
Pick up some pH paper and do some pH lab
work. Measure some kitchen stuff. Acid or base?
How much? Lemons, vinegar, sodium bicarbonate
(baking soda)? Tea? Coffee? See if your stuff agrees
with a common pH list (Figure 21-17). You’re on
your own!

Figure 21-17 pH of common materials can range
from two or three to as high as ten or eleven. This pH
chart can help you appreciate the acidity and basicity
of common everyday materials (Silverthorn, pg. 26).

+

-7

If [H ] = [10 M]
+
log [H ] = -7
— log [H + ] = -(-7) = +7
pH = 7
Figure 21-16 Playing with pH and relating pH units
to concentration units.
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HOMEWORK
1

Your stomach produces acid to aid the beginning of the digestion process. Some folks
produce too much. So, they take ant-acids. Go to the store (again). Examine several antacid products. Examples are Maalox, Mylanta, Digel, Milk of Magnesia. What are the
chemicals in them? How can they neutralize acid? How strong or effective are they? Can
the pharmacist advise you? How could you test the effectiveness of these chemicals (without taking them orally!)?

2

Go to a tropical fish or pet store. Buy some pH paper while you’re there. You’ll need it for
the experiment below. Talk with a knowledgeable salesperson about fresh water and salt
water home aquariums and the importance of pH. How does he/she monitor pH? How
often? Is pH control in fresh and salt water aquaria different? Why? What other ions are
important and why? Let her/him teach you. You’ll both learn something!

EXPERIMENT
Time to use some pH paper and your phenolphthalein indicator again! See your Labless
Lab kit in the appendix, and page 208, for help. Put on your safety glasses. Squeeze a little
fresh lemon, lime, orange, or grapefruit juice (citrus fruits have citric acid). Measure the
pH with a tiny piece of your pH paper (which you bought at the tropical fish shop or a
spa/hot tub store). See Homework #2, above). Mix up a little bicarbonate of soda (baking
soda—if it’s not in your kitchen, you can get it in any grocery store). Mix up a solution of
the baking soda, a teaspoon or so in a half cup of water (but record all this in metric units
please!). Measure the pH of your sodium bicarbonate solution. Now you’re going to do a
neutralization experiment (chemists call this titration). Get your pipette or eye dropper
and a clean test tube or small, clean glass. Put about 2 to 3 cc of your bicarbonate solution in the tube or glass. Measure the pH. Now with your pipette, or dropper, add 0.1 cc
of vinegar, shake, measure pH; add another 0.1 cc, measure; keep going. Careful! Do not
use all your pH paper. You only need a tiny amount (2-3 mm) or strip of it to make each
measurement. But you do have to use fresh paper for each measurement. Now organize
and present your data like this:

Total Volume Of
Vinegar Added

1

0.2 cc
0.1 cc
0 cc
10

9

8

7
6
pH

5

4

So, what have you learned? What happens when you add acid to base? Where does the
base “go”? If you spilled some concentrated acid how could you clean up the spill?
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Molecular Alchemy:
From Molecules to
Molecules
Life-saving drugs, wonderful plastics, and you are examples of remarkable
molecular transformation.“Alchemy” is alive and well—molecular alchemy,
that is—and its name is Chemistry.

QUESTIONS
1

What is (was) alchemy?

2

What is capillarity (wicking) and how can it oppose gravity?

3

What is a “coupled” reaction?

4

Do candles melt?

5

Why can we say the sun is “our solar system’s super energy and entropy machine”?

6

Who was Henry Eyring and why is he important?

7

What is an “activation energy”?

8

Do candles spontaneously burst into flame?

9

Why does water put out fire?

10 How does fire produce water?
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Alchemy
Ancient alchemists never did succeed in turning lead
into gold, although they tried for hundreds of years.
Modern nuclear physicists and nuclear chemists can
fuse small atoms and split apart very large atoms using nuclear processes in nuclear reactors. But these
processes are generally too expensive for large quantities or large volumes of atoms or of materials.
Molecular alchemy, on the other hand, is very practical. Aren’t we doing a sort of alchemy when we
take a low-grade copper ore, and make pure copper
out of it? Aren’t we doing alchemy when we take
an iron ore and process it into a steel device? And
aren’t we doing molecular alchemy when we make
materials like polypropylene, Nylon, Teflon? And
didn’t you do your own private molecular alchemy
in growing from a fertilized egg, to an embryo, to a
fetus, to a newborn infant, to the unique adult which
you are? We depend on biological molecular alchemy
to produce the plants, food, the materials which permit us to live and to grow, and the drugs which help
treat cancer, AIDS, bacterial infections, and heart
problems—alchemy produced by medical and pharmacy folks. Yes, alchemy is alive and well, and its
modern name is Chemistry.
You’ve learned some chemistry (Figure 22-1).
You now have a strong familiarity with the Periodic Table, with the elements, with the structure of
the atom, with the nature of electrons and their orbits around atoms and molecules, with the formation
of primary chemical bonds, and with some of the
characteristics of gases, liquids, and solids. You’ve also
been introduced to acids and bases. Although this is
not a chemistry book, and we can’t cover everything
we both would like to cover, there are a few more
topics we just can not leave out.

Chemistry Topics
•
•
•
•
•
•

Periodic Table
Atoms
Electron Orbits
Chemical Bonds
States of Matter—Phases
Acids

Figure 22-1 Some of the chemistry topics we have
covered and learned so far.

automobile engine must take in oxygen to combust
the hydrocarbons in gasoline. Your car engine just
happens to burn at high temperature and pressure.
You burn your chemical fuels (food) at body temperature and at normal atmospheric pressure.
Four billion or so years ago, before there were
any photosynthetic organisms on the planet, the oxygen content of the earth’s atmosphere was nearly
zero. We’ll see later how oxygen built up to be about
21% of our atmosphere. If it were significantly lower,
you and I and all other members of the animal kingdom could not exist (Figure 22-3). If it were
significantly higher, the world would readily combust. So the concentration of oxygen in the
atmosphere is just right—allowing combustion, oxidation, to occur in a controlled way.

Activation Energy
There are three molecules absolutely vital to life as
we know it—three very simple molecules: oxygen,
water, and carbon dioxide (Figure 22-2). Water and
CO2 are very stable, in part because they are already
highly oxidized. Oxygen is very reactive and, given
the chance, would like to bind to hydrogen or carbon. It would like to oxidize those atoms and form
water or carbon dioxide! Every time you breath in,
every time you take in oxygen, you use part of it for
the combustion of organic molecules, just as your

Figure 22-2 The molecular structure of three of the
simplest molecules we know, and perhaps the three
most vital to you and me: oxygen, water, and carbon
dioxide.
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The butane in a cigarette lighter does not spontaneously combust until excited with a spark, then
it bursts into a controlled flame. A match does not
spontaneously burst into flame until you strike it,
causing a very tiny little explosion, activating the
combustion of the wood stick. With the controlled
flame from a match, we can initiate the combustion
of a candle.
Once initiated, you can take the flame away, and
the candle continues to combust, continues to oxidize, in a controlled manner. Why does the candle
continue to burn? Why doesn’t it explode? Why
doesn’t it go out?
Henry Eyring was a Distinguished Professor of
Chemistry at the University of Utah. He liked to
run foot races with his students. Eyring is Utah’s
most famous chemist. He studied and answered the
questions:
• Why do certain chemical reactions go spontaneously?
• Why do others need to be excited or activated
before they go?
• And why do others not occur at all?
One of his major contributions to science was the
concept of Activation Energy—the energy barrier
to a chemical reaction. Let’s use a physical analogy
(Figure 22-4). Let’s say you have a ball in a high

Oxygen is Key!
much less
~21%
much more

no life
just right
excessive
combustion

Figure 22-3 Much more or much less oxygen and the
planet would really be in trouble.

place with a particular potential energy, and it could
go down, where its potential energy would be converted to kinetic energy, transforming a lot of energy
in the process. But to get from high to low, so it can
fall down, takes another input of energy, an activation energy. It’s like an investment. The return on
the investment is the long, downward fall. That’s apparently the way many chemical reactions work.
Chemical reactions involve rearrangements of
electrons. Propane burns by converting itself, with
oxygen, to CO2 and water:
C3 H8 + 5O2 ———> 3CO2 + 4H2O

Figure 22-4 A physical analogy of activation energy.
The rock could spontaneously go downhill if only it
could get over the little hill. The little hill is the activation energy barrier to the otherwise spontaneous
process (Silverthorn, pg. 76).

That’s a lot of restructuring: 3 carbons, 8 hydrogens
and 10 oxygens. The atoms are all conserved but
greatly rearranged. It takes some real activation to
get the electrons put into orbits—into so-called excited states—where they can recombine with each
other. Fortunately, that doesn’t happen spontaneously
or many of our own organic molecules would be
combusting right now. But if sufficient energy is
put in to activate those orbitals, they start to rearrange. They need to be pushed to the top of the hill
before they can fall down. The energy released by
their recombination is given off as light and heat in
the flame, and that continues the reaction. So, a tiny
investment in energy results in a major return in heat,
light, and transformed molecules.
When we discussed gases before, we said that
even under the same conditions of temperature and
pressure, some of the gas atoms are statistically more
energetic, some have a higher local temperature than
others. Thermal energy is an average, a statistical,
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property. There are always some molecules that are
colder and some that are hotter than the average.
They follow the normal distribution curve (Figure
22-5)—the bell curve. If we increase the temperature of the system, then all the molecules have, on
average, a higher temperature. So the distribution
curve shifts up (Figure 22-6). What that really means
is that the rates of chemical reactions increase with
increasing temperature, because at a low temperature only a very few of the molecules may have the
energy required to overcome the barrier and enter
into a reaction. But at a high temperature, since the
whole distribution is shifted, many more molecules
have that internal or intrinsic energy. And, of course,
if the reaction is generating heat, as it often does,
then as the reaction occurs, the system gets hotter
and hotter, providing the remaining molecules with
even higher temperature and energy.

Candle Chemistry
The beauty of a candle is that all of this is very well
controlled and regulated. By striking the match and
heating the wick, the candle wax begins to melt,
and the wax begins to vaporize. Of course, that hot
vapor reacts with oxygen, oxidizing, combusting!
The wick is very important. The wicking process moves liquid through a porous material, like it

Figure 22-5 A typical energy distribution curve for gas
molecules. Energy and temperature are statistical
quantities. Some of the molecules have more, some have
less. A split second later, those that had more may have
less and those that had less may have more. Although
we cannot predict the temperature or energy of an
individual gas molecule, we can certainly predict the
average temperature of the whole population. We call
such a curve a distribution function (Giancoli, pg. 385).

does through a paper towel. Try this: take a paper
towel and put one end of it in colored water, and
watch the water rise! The liquid actually moves up
hill. This has to do with forces of attraction between
the molecules in the liquid, and the molecules which
make up the surface of each of the fibers in the
towel—forces like hydrogen bonding. The same
thing is happening in the candle wick. The heat
causes the wax to soften, to become liquid, and that
liquid migrates up the wick. Some of it vaporizes
and burns right above the top of the wick. As that
material vaporizes and is removed, liquid material
from below continues to flow upwards. Wicking,
or capillarity (another name for it), is almost like an
anti-gravity process. The attractions of molecules are
strong enough to overcome the gravitational attraction which would otherwise be pulling the liquid
down. That only works because gravity, for individual
single molecules, is a very weak force. The intermolecular forces like hydrogen bonding, although weak,
are far greater than gravity on the scale of a single
molecule. But, as soon as you have lots of molecules,
a whole column of them, then of course gravity begins to show its combined effect, and the liquid can’t
wick or flow any higher—a balance is reached. How
high does the liquid go up your paper towel before
equilibrium is reached?

Figure 22-6 If the average temperature of the population is higher, then the whole distribution curve is shifted
upwards. We still have the distribution, but in this
distribution many more of the molecules have an energy
which will enable them to react (Giancoli, pg. 385).
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We also know that hot air rises. The hotter air
molecules have more kinetic energy, more velocity,
than cold air molecules. So, the hot ones move, collide, and disperse much more rapidly than in cold
air. The process of hot air rising is called convection.
The heat generated right above the candle wick in
the flame is actually convected away. If it wasn’t, then
the whole candle would get hotter and hotter, and
finally just melt in place.
So a candle uses the combustion of hydrocarbons, the melting of candle wax, the flow of liquid
wax hydrocarbons up the wick, and the convection
and flow of the heated air, all to provide a nice, stable,
example of chemical oxidation.
Oxygen is required for combustion, and water
and carbon dioxide are produced. In most combustion processes, such as the burning of paper, wood,
or coal, the burning is not that clean or controlled.
A variety of complex carbon compounds are formed,
the various kinds of smokes or soots. Also, material
in the fuel which is not fully oxidizable or combustible stays behind as ash and residue.

Primitive Spontaneities
Remember Peter Atkins and his wonderful approach
to the Periodic Kingdom? Well, Peter has also written about chemical reactions in a wonderful little
book called The Second Law. He says the major reason for chemical reactions are “pr imitive
spontaneities”—his word for different ways to produce entropy.
Peter’s primitive spontaneities are dispersal of
matter, dispersal of energy, dispersal of motion (Figure 22-7). These are all tendencies toward disorder
and account for all of the chemical processes in the
world. It is the tendency towards disorder, towards
maximizing entropy, that drives all chemical reactions. When you see or do a chemical reaction it

C 3 H 8 + 5O2

3CO 2 + 4H 2 O

Figure 22-8 The burning of propane produces gases.
Where is the increase in entropy?

• Dispersal of Matter
• Dispersal of Energy
• Dispersal of Motion
Dispersal = Disorder = Entropy

Figure 22-7 Three ways to produce entropy according
to Peter Atkins in The Second Law.

may not always be obvious that that’s what’s happening. An example: dissolving stuff, solutes, in
solvents leads to a dispersal of matter. The process
produces an increase in disorder. A solid is intrinsically more ordered than if the components of that
solid are moving around randomly in some unstructured solvent.
Another key chemical process is combustion, generally by reaction with oxygen. Take a liquid
material, like gasoline, and combust it with oxygen,
producing CO2 and water vapor:
2C8H18 + 25O2 ———> 16CO2 + 18H2 O
It’s fairly clear, because the CO2 is a gas and the
water forms as a gas, that the products are far more
chaotic, far more entropic, than the liquid gasoline
which was combusted.
But now consider burning propane (Figure
22-8). The entropy gain is not so obvious. Since
both the reactants and the products are gases—where
is the increase in entropy coming from? Why don’t
we see, spontaneously, carbon dioxide and water
coming together to make methane and oxygen?
CO2 + 2H 2O ———> 2O2 + CH4
Because heat is generated by the burning of hydrocarbons—that’s how many of us heat our homes.
When a chemical reaction gives off heat, we say it is
an exothermic reaction. Heat is given off, exuded.
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Heat is always dissipated—and heat is the principal
form of entropy. So, in the reaction above, the arrow always goes the other way.
Gasoline is such a good fuel because we take, for
example, two hydrocarbon molecules, like octane,
add it to 25 oxygen molecules, making 16 carbon
dioxide and 18 water molecules. So we have twice
as many gas molecules when we finished than when
we started, plus we’ve generated an enormous
amount of heat in the process. So, entropy—the
Second Law of Thermodynamics—is happy and
Peter Atkins is happy.

Coupled Processes
Spontaneous chemical processes all occur by an increase in entropy.
But we know that there are other processes which
occur, in which clearly there is far more order in the
products than disorder. Many biochemical reactions
fall into this category. Biology synthesizes proteins
(Figure 22-9)—highly ordered, highly structured,
complex macromolecules. It’s clear that the entropy
of that protein is far less than the entropy of the
components which were reacted in producing it.
You also know that you can do work and use
that work to produce considerable order—to structure things, to build things, to fix things. You also
know that you do that work by processing chemical fuels, which you get from foods. And it certainly

Figure 22-10 Left: the
brick is moving up, apparently defying gravity.
Right: by expanding our
field of view to consider
the overall system, we
see that the brick is
coupled to a larger brick
which is falling down,
acted upon by gravity.
One spontaneous process can drive a nonspontaneous process if
the two are appropriately
coupled.

Figure 22-9 A typical complex protein. This one is the
enzyme luciferase. It is because of this unique highly
ordered and structured macromolecule that the firefly
can produce light. Biology utilizes perhaps 100,000 or
more special, unique, highly ordered proteins. This one
has a molecular weight of about 60,000 and overall
diameter of roughly 40 Angstroms.

seems that everything you do, assuming you’re organized and efficient, leads in the direction of
decreased, rather than increased, entropy.
So, how does biology get these biochemical reaction processes to go, essentially fighting entropy
all the way? Recall the concept of system, from
Chapter 5. We have to look at the overall system.
We do it by coupled reactions, or coupled spontaneity,
to use Peter Atkin’s words again.
Figure 22-10 is a good example. Imagine a brick
moving up, against gravity, apparently defying the
laws you now know. But expand your field of view
and look at the larger system. You see that this is
happening because another brick is being acted upon
by gravity, coupled to the first brick via a rope connected by a pulley. A spontaneous reaction or process
(the falling brick) can drive a non-spontaneous reaction or process in an unnatural direction (the rising
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brick). We do this all the time—we use coupled
processes, or coupled reactions. That’s what you do
every time you plug something into the electrical
outlet. You’re doing work through the use of machines, making things happen which spontaneously
would never happen. You force those things to happen through the appropriate focusing and utilization
of energy.

Where does that energy come from? In most of
the USA electrical energy comes from the burning
of hydrocarbons to make steam to run turbines, which
power generators, which make electricity, producing
an enormous amount of heat energy, as well as electricity (Figure 22-11). The plumes of steam and heat
which leave the electrical generating plant are producing far more entropy than you are consuming.

Figure 22-11 Electrical energy generally comes from the burning of hydrocarbon fuels (Hobson, pg. 178).
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Of course, everything that happens on the planet
is being fueled by energy coming from the sun (Figure 22-12). So, even if we think of the whole earth
as an anti-entropy machine, Earth functions because
there’s even more entropy being generated on the
sun, more than compensating for the decreased entropy here on Earth.
Entropy is not some philosophical or abstract
concept. It is very real and practical. Everything we
do, every chemical reaction that goes on, every energy transduction or transformation process that
occurs, involves entropy.
The bottom line? Molecular alchemy—lots of it
via chemical reactions. We can make weird and wonderful molecules with special and super ior
properties—that is synthetic chemistry and materials science. But entropy controls it all, directly or
indirectly. Fortunately, we can do a lot indirectly,
using coupled reactions, and coupled processes. But
everything we do is dependent ultimately on our solar

Figure 22-12 Our planet’s great energy transformer
and entropy producer: the sun (Chaisson & McMillan,
pg. 330).

system’s super energy and entropy machine—the sun.
Enjoy its heat and light and magnificent colors.
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HOMEWORK
1

There is a key concept within chemistry called the “rate limiting step.” It is tied closely to
the concepts of activation energy and energy distribution. The rate limiting step applies to
everything you do. It’s not unique to chemistry. Any activity or process which involves
multiple processes or activities will have a rate limiting step. For example, you decide to
cook a special dish and, halfway through the recipe, you’re told to add or do something
which you can’t do because it requires a preparatory step or activity which you didn’t
know, or an ingredient you don’t have. So, you have to set everything aside until you get
that stuff. That’s a rate limiting situation. Everything else is on hold until that step is
completed. Only then can you go on.
Look for rate limiting steps in getting to work or school in the morning. Write down the
key steps (starting with waking up) and the time involved: what are your rate limiting
steps? Suggest ways to deal with your key rate limiting steps. Sometimes just changing
the sequence of steps can save a lot of time. Try it.
The rate limiting step is one reason why you’re told not to do the experiments until you
fully think through the activity. That’s not only to practice and rehearse for safety purposes, it’s also to identify the rate limiting steps and prepare for them in advance.

2

Do a brief report on Henry Eyring. He didn’t get a Nobel Prize (he should have!) so he is
not in most encyclopedias, but he is in many chemistry books. If you can’t find anything,
then call the Department of Chemistry at the University of Utah (801-581-6681) and ask
them. They’ll know because they are in the Henry Eyring Chemistry Building!

LABORATORY
1

Wicking is capillarity. Take a dry test tube or glass.
Put a drop of food coloring in it. Then, fill the
tube or glass half full with tap water. Now take
thin strips of paper or fabric from all around your
house or apartment. They should be about 4 mm
wide and 6-7 cm long (slightly longer than the
test tube or glass). Start with a strip taken right
from your personal lab book. Put the strip in the
tube like so. Now watch. Does the dye solution
“climb” up the paper (and even out of the glass!)
by capillarity? How fast? How far up? Now try another kind of paper, like a paper towel or napkin.
What happens now? Do this for six different kinds
of paper or fabrics. Sketch and describe your observations. Include the 6 papers or fabrics you used
(let them dry out first!) in your report. What can
you conclude (or hypothesize) about paper or fabric properties and their capillarity behavior?

glass or tube

strip of paper

dye solution

table
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2

This one involves matches and a candle. Carefully read the candle part of the chapter
again, and read through this entire assignment. Put on safety glasses. Have a clear, open
space. Have a bowl of water nearby (to snuff out matches and candles). Carefully and
slowly, light a match—observe and describe each step. What happens? Why (in chemical
and physical terms) are you doing what you are doing? Now, observing constantly, slowly
immerse the lighted match into the bowl of water, putting it out. Then put your candle in
a safe but easily viewable position. Light it. Let it burn for a minute or so, then blow it out.
Light another match. Hold it so the flame does not touch the candle wick. Bring the flame
slowly towards the top of the wick. Don’t burn yourself or drop any lighted matches! You’ll
need to do this a few times before it’s smooth and easy. Observe how the wick finally lights.
Do get the wick to light, but without directly contacting it with the flame. The candle will light
even without direct contact with the flame. Now describe and try to explain your observation. Be sure to include the important concept of activation energy in your discussion.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Atkins, The Second Law
Gray, Braving the Elements
Snyder, Extraordinary Chemistry
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Very Personal
Chemistry: Kitchens
and Bathrooms
What do your housekeeper, your barber, and your mother-in-law have
in common with Henry Eyring and Peter Atkins? They all deal with
chemicals and their reactions. Chemicals are in your private world.

QUESTIONS
1

Why does cooked spaghetti get entangled?

2

Why is Nylon rope so strong?

3

What is Teflon? Why is it special?

4

What is GoreTex?

5

How can Teflon pans and GoreTex be made of the same material?

6

Who was Bill Gore?

7

How do soaps work?

8

What do you mean by “let entropy work for you”?

9

How does the microwave heat things from the inside out?

10 Just how does insulation work?
11 Why are some chemicals hydrophilic and others hydrophobic?
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Houses, Spaghetti, and Plastics
Welcome to my home. Although you can’t see it,
I’ll describe it for you. My wife, Barbara, and I have
lived here for 25 years. Come inside. We’ll first visit
our front room and kitchen.
Our front room is in the very back of the house,
so we have a view of Utah’s majestic mountains.
There is an overhead window facing south, allowing the winter sun to pour in—to light and heat
the room. Although the more modern parts of the
house have double glazed, insulating windows, the
older parts don’t, so, to keep the heat in during the
winter, and out during the summer, we’ve applied
some principles of physics and chemistry. The two
living room windows have a blind system to provide about three inches of trapped air which, in spite
of the oscillations and collisions of the partially
trapped air molecules, functions as good insulation.
In the upper south facing windows, Plexiglas, a
transparent plastic, is used for as an inner thermal
barrier; trapping about an inch of insulating air between the Plexiglas sheets and the outer glass.
Plexiglas is an organic glass—its long polymer chains
are organized (Figure 23-1) very randomly in the
solid material. The chains have no molecular orbitals which can absorb any of the wavelengths of visible
light. So Plexiglas is almost as transparent as normal
or inorganic glass. Glasses—both silicon based window glass and Plexiglas—are random materials. Their
atoms and molecules are not ordered or structured
in three dimensions, as in metals. Most liquids are
also unstructured with no long range order.
Cooked spaghetti is a good example for the structure of a random polymer (Figure 23-2). Here is a
useful kitchen experiment: Cook up a large pot of
spaghetti. Use a whole package of the very thin and
very long stuff. Don’t break it. Cook and drain it.
Put half in a transparent bowl and freeze it. Keep
the other half at room temperature. The uncooked,
rigid stuff right out of the package is ordered. It is
“crystalline.” The strands are all in a row. But cooked,
soft stuff is not ordered, it’s random and entangled.
Stick a fork deep into it and lift. See how its all
entangled? If the cooked stuff is frozen, it is still random, but rigid and brittle, like Plexiglas. Press on it
hard with your fork. It’s not soft. It doesn’t give.
It’s brittle. Because it’s brittle and transparent, such
structures are glasses—polymer glasses. If you heat

Figure 23-1 A synthetic polymer or plastic, Plexiglas,
is an organic glass.

Spaghetti Polymers
Uncooked, straight

crystalline, ordered

Cooked, very cold,
entangled

disordered, rigid,
brittle

Cooked, warm, entangled

disordered, soft

Figure 23-2 Spaghetti “polymers.” Chemistry can be
fun and tasty!

up Plexiglas, it behaves like cooked, warm spaghetti,
and can even flow without breaking. Three kinds
of spaghetti can represent three kinds of polymers.
Enjoy your spaghetti homework!
What other polymers or plastics do we have?
They’re all over. Barbara arranged to have our hardwood floors finished a couple of years ago. The hard
wood contains natural, plant biopolymers. We coated
and covered the wood with a highly wear resistant
polyurethane—a synthetic polymer (Figure 23-3).
The name, polyurethane, refers to a whole class of
polymers, with a wide range of properties. The foam
in our sofa and pillows is polyurethane, so is the elastic part of most of your stockings and underwear.
Polyurethanes are easily made with many properties and shapes.
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Figure 23-3 A typical structure for polyurethane. Polyurethane is really a large and diverse class of polymers. This is
just one typical composition.

A similar chemical reaction is used to make Nylons, also called polyamides (Figure 23-6), another
large and diverse group of plastics. It’s easy to demonstrate the production of Nylon with the Nylon
rope trick. We take two containers, one with water,
the other with a hydrocarbon solvent. In the water
is a chemical which is soluble in water. The hydrocarbon has a second chemical which can react with,
and couple to, the stuff in the water. If we gently
layer the light solution onto the heavy one, we see
white stuff forming at the boundary (Figure 23-4)!
That’s Nylon. The only place the two reactive
chemicals meet each other is at the boundary between the water and the hydrocarbon—at the interface
between the two liquid phases. The two chemicals
react with each other and combine to form a new
bond—an amide bond. The chemicals continue to
form long polymer chains, macro—or mega—molecules Eventually the process stops, because the
reacting chemicals can no longer make contact. We
can carefully pull the white stuff up and away and
keep pulling slowly, exposing a fresh interface or
boundary, allowing the two reacting chemicals to
make contact, and they continue to react. Run that
white stuff over a pulley so gravity helps pull it (Figure 23-5). Nylon rope! We call this an interfacial
reaction, because that’s where it occurs—at the interface or boundary between the two solutions.

solvent + chemical A
white stuff
solvent + chemical B

The reaction: lots of A + lots of B
A - B - A - B - A - B (polymer)

Figure 23-4 A schematic diagram of interfacial
polymerization. Chemical A at the top, Chemical B at
the bottom. They can only react when they meet with
each other at the interface or boundary.

nylon rope!

pulleys

monomer B
nylon
monomer A

Figure 23-5 A schematic of the Nylon rope trick. By
pulling the Nylon at the boundary up and out of the
container, fresh boundary is produced, thereby
allowing more of the chemicals in the top and bottom
phases to react, producing even more Nylon and so on.
The Nylon produced under these conditions is very
different in terms of properties than actual Nylon rope.

Figure 23-6 The chemical structure of a typical
Nylon. The amide bond, the linkage between the two
reacting chemicals (called monomers), is capable of
strong hydrogen bonding.
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Figure 23-7 How those molecules participate in hydrogen bonding is shown here.

The Nylon in your Nylon stockings and in your
Nylon-based textiles and clothing is made similarly—except that it undergoes some processing steps
to enhance its physical and mechanical properties.
You can already see from the chemical structure (Figure 23-7) that Nylon has hydrogen bonding
characteristics, the NH group (called an amine
group), and the CO group (called a carbonyl
group)—they are what make Nylon so incredibly
strong. That’s why Nylon ropes are often preferred
in parachutes, and by rock climbers.

5 Monomer Units

Teflon, GoreTex, and Bill Gore
But enough about Nylons and Polyurethanes. My
kitchen has Teflon baking pans. Teflon is an absolutely wonderful plastic material. Bill Gore (the Gore
in GoreTex) received a masters degree in chemical
engineering from the University of Utah. He then
went to Dupont and worked on a new plastic,
Teflon—poly tetrafluoro ethylene (Figure 23-8).
Teflon has an incredible set of properties. One
is that things just don’t stick to it. So it led to the
revolution in stickless baking pans and kitchen ware.
Water beads up on it. It turns out that water doesn’t
want to have anything to do with that Teflon surface, because the Teflon surface can’t bond strongly
with water, and so water prefers to bond to itself.
Even oils tend not to stick to Teflon.
Bill Gore and his son developed a process for
producing a very special kind of Teflon, now known
as GoreTex. GoreTex is a material which prevents
the absorption and penetration of liquid water, but

Figure 23-8 Polytetrafluoroethylene, the chemical
name for Teflon, one of the most unique and unusual
plastics ever made.

allows water vapor to penetrate. You can sweat and
the sweat vaporizes and makes its way through the
fabric, so you don’t feel wet and clammy. But if
you’re in the rain, rain water won’t penetrate into
the fabric. It works like this. GoreTex, and other
microporous polymers (Figure 23-9), have very tiny
holes, called pores. The polymer chains are oriented
in microfibers which have little holes or spaces between them. Because the individual polymer fibers
are so hydrophobic (that is, they cause water to bead
up—water doesn’t want to have anything to do with
them), and because the pores are very small, it takes
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a very high pressure to push water through those
pores. So water doesn’t penetrate. If we put water
on cellulose fibers (like napkins, paper towels, or toilet paper), which hydrogen bond to each other, the
water wets, penetrates and spreads. Remember, we
made water flow up hill using this wetting process,
a behavior called capillarity. Capillarity is why diapers work so well.
You certainly wouldn’t want diapers made of
GoreTex—not only because it would be very expensive, but because the water would just bead up
in a pool and would not spread and absorb into the
fiber.
How did Gore make such a fascinating microporous structure? In his kitchen. Gore and his son
were experimenting with ways to process Teflon for
use as electrical insulation. Although Teflon seems
to have wonderful properties, it was very difficult to
fabricate. They heated it, softening it, and then pulled
it. One time they took a tube of Teflon out of the
oven. Since nothing was working, they apparently
got annoyed and just pulled on it like crazy. With
that very rapid application of force, it flowed, producing its unique microporosity. That is what we
might call a serendipitous discovery. By experimenting and playing with a wide range of conditions,
they came across a condition that led to completely

Figure 23-9 A very high magnification view of
uncoated GoreTex material. The spider web -like
structures are the polytetrafluoroethylene polymer. All
the pores and spaces around the fibers and nodules
permit the escape of water vapor. (Courtesy of W.L.
Gore and Associates.)

new and special properties—in this case based on a
new and unique microscopy structure—or microstructure (Figure 23-9).
The next time you’re out buying outdoor clothing, talk with the salesperson about Bill Gore,
GoreTex, and microporous and breathable fabrics.
If they don’t know what you’re talking about, teach
them!
Bill Gore died of a heart attack while backpacking in the Wind River Mountains in 1986 (Figure
23-10). His name is immortalized in the Gore
School of Business at Westminster College in Salt
Lake City.
There are lots of other polymers in the kitchens.
There’s the paint on the walls. There are all the plastic
containers which hold the food, leftovers, and milk.
Even electrical appliances have a lot of plastics parts.

Kitchen Labs

Kitchens are chemical laboratories. Kitchens have
distillation systems. In some coffee makers, for example, water is distilled and recondensed back
through a filter holding the ground coffee, and then
that hot steam-like water extracts the caffeine, the
color, and the flavors that make up a dark, aqueous
solution we call coffee. It’s similar with tea. The solid
plant-derived tea material is usually in a bag or

Figure 23-10 Bill Gore died in 1986 while backpacking.
He was 74 years of age (Deseret News, July 29, 1986).
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holder. We pour hot water over it. The water soluble
components of the tea make their way from the now
hot, wet solid, into the liquid water passing through
it, producing a solution of tea.
Probably the most interesting activity in a
kitchen, from a chemistry point of view, is cooking,
a temperature dependent process for changing the
properties of the proteins and other fibers in raw
foods.
A major part of cooking is clean up, usually the
least popular and least interesting part. There are
soaps and detergents used to wash your dishes, your
clothes, and your floors. Soap is one of our oldest
chemicals—probably at least 5,000 years old. Humans have been bathing and washing their textiles
with soaps for a very long time.
Soap refers to a sodium or potassium salt of a
hydrocarbon acid. Remember methane, ethane, propane (Figures 19-27 to 19-29)? Well, if we keep
adding carbons, we make long hydrocarbon chains,
like octane, decane, and even the very long chains
of polyethylene. And remember acids—like HCl?
Well, there are also organic acids, like citric and lactic (Figure 23-11). Organic acids contain a -COOH

group, from which H+ can dissociate—hence, an
acid:
= O + H+
=O
C
C
_
OH
O
Now imagine one of those acid groups on the end
of a long hydrocarbon chain. Since fats involve long
hydrocarbon chains, we call this a fatty acid (Figure
23-12).
Acid groups in aqueous solutions like to give up
their hydrogen ions, becoming negatively charged.
The fact that they give up protons makes them acids (see Chapter 21). Now assume we have a sodium
chloride ionic solution, so there is an equilibrium
between the COO- group, the proton, and the sodium ion. We can have a COO- Sodium+
interaction (Figure 23-13). We call that the sodium
salt of that organic or fatty acid. And that’s what
soaps are. They have long, carbon-hydrogen, hydrocarbon, chains which are the oil soluble (“water
fearing” or “water phobic”) part of the molecule.
We call it hydrophobic, meaning that it shuns water.
But it’s really the water that shuns it. Remember,
water likes to stick to itself. There’s no effective way
for the hydrocarbon part of the molecule to bind
with the water molecules.
But at the other end, at the COO- group and
the sodium ion, just the opposite happens. That

Citric Acid
Figure 23-12 A typical fatty acid. A long hydrocarbon
chain containing an acid group, a COOH group.

Lactic Acid
Figure 23-11 The molecular structures of citric and
lactic acid, two very common and important biochemical organic acids.

Figure 23-13 In the sodium chloride solution the
sodium ion and the hydrogen ion may exchange to
form the sodium salt of the acid.
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group loves to surround itself with water molecules
and would like to be totally within water—fully solubilized. It can’t, because to do that it would have to
drag that oil-like portion of the molecule in with
it. It can’t do that because that part is insoluble. So
soaps locate and operate at interfaces—like between
oil and water (Figure 23-14).
Grease and dirt on your clothes or on your dishes
are oil-like materials. The hydrophobic tails of these
soaps like to solubilize or penetrate the grease and
dirt (Figure 23-15), but the polar heads like to interact with the water phase.
Stir up a water/soap mixture and sort of force
the soap into the water phase. The apolar tails can’t
really be in water; the water ostracizes, or excludes,
or segregates the soap molecules, into tiny structures
called micelles (Figure 23-16). Micelles are little
microphases that now float around, actually solubilized in water. This neat little structure, oil-like inside
and polar or water-like outside, is stable and soluble
in this form. So, the oil or grease on your dishes, is
actually sequestered in this little capsule. The little
capsule, the micelle, is soluble and so it is washed
away, down the drain, taking with it the dirt, oil,
and grease.
Acids and sodium salts are not the only polar
groups used in soaps. Sulfonate groups are often used
(Figure 23-17). They are extremely polar. Sometimes positively charged (cationic) groups are used.
There are also neutral (nonionic) soaps which depend on hydrogen bonding for their polarity.

Figure 23-17 Sulfonate-based detergents are also
very common. The sulfonate group is very negatively
charged and highly hydrophilic.

Figure 23-14 Soaps,
because they are both
hydrophobic and hydrophilic, tend to operate at
interfaces (Hill and Kolb,
pg. 563).

Figure 23-15 The
interface between oil and
grease particles on your
clothes or your dishes
and the water phase are
ideal places for soaps and
detergents to function, and
that is just what they do
(Snyder, pg. 329).

Figure 23-16 Lots of
soap molecules in water
organize themselves. The
water forces them to
sequester their hydrocarbon ends together,
forming a little structure
called a micelle. Micelles
are ideal little capsules
within which oil or fat
can be sequestered
(Silverthorn, pg. 110).
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Heating and Microwaves
Enough about washing and cleaning, let’s get to laboratory equipment. We have two systems of producing
heat in most kitchens: electrical heating elements, on
the stove, and a microwave oven. You already know
how the microwave works because we talked about
rotations of water molecules a few Chapters back.
Electro-magnetic radiation in the microwave range
is widely used for communication, but the place
where microwaves have the greatest direct impact
on you and me is in the kitchen—the only practical
way we have to heat things from the inside out.
When we talked about heat earlier we said it
flows from hot to cold. There are three basic ways
by which heat flows (Figure 23-18). Basically, if atoms or molecules get hot, they move, because they
have velocity and kinetic energy. They run into their
neighbors, passing energy to those neighbors, which
interact with their neighbors, and so forth. Molecules transfer heat energy by mutual contact, by
collisions. If the molecules or the atoms are all tightly
organized in a solid structure or even in a liquid
structure, then that contact is very efficient. We call
this mutual contact means of transferring heat energy conduction. If heating results in a change of
density and therefore a change in buoyancy—that
mixing process is convection.
You also know that electromagnetic waves carry
energy. If those waves are intercepted and absorbed,
the energy deposited is usually transformed to heat.
If the heat comes in—or goes out—via electromagnetic radiation, we call it radiation.
Microwave heating is all three of those combined. We don’t normally associate microwaves with
thermal energy. Each microwave photon has very
little energy. But it has enough energy to activate
the rotation of a water molecule, which then de-excites by giving off heat. Depending on the
construction of your microwave oven, water molecules in various regions of the oven get excited,
generating local regions of heat. Many microwave
ovens rotate the contents to average out these hot
spots. The minute you have a hot region adjacent
to a cold region, heat flows from hot to cold by conduction and convection.
Because the microwave radiation is tuned to the
wavelength that is optimum for absorption by water,
things which don’t have a mechanism for absorbing

How Heat Moves and Flows
Conduction: jiggle your neighbors
Convection: hot stuff rises
Radiation:

via photons

Figure 23-18 The three basic ways by which heat flows.

those microwave photons don’t respond. So that’s why
plastic microwave compatible containers don’t tend
to heat up. But if they had polar groups which can
absorb in the same wavelength or frequency range
as water, then they would heat up. So don’t put
Nylons or polyurethanes in your microwave!
Microwave heating is somewhat counter-intuitive, sort of anti-common sense. We’re used to the
container being the hot thing and transferring the
heat into the contents inside. With a microwave it’s
just the opposite. The contents get hot because the
contents have water which absorbs the microwave
energy. The container only gets hot by virtue of
conduction of heat from the hot food inside.
The rotational excited states of the water molecules are, to some extent, dependent on the details
of the bonding between the water molecules themselves, and between the water molecules and the
other chemicals. So, different foods respond to microwave radiation differently. No big surprise. Since
foods are such complicated mixtures of chemicals,
it’s not easy to predict how rapidly or uniformly a
particular dish will heat up in a microwave oven.

Your Other Labs
There is another chemistry lab in your home: the
bathroom. It has toothpaste, which contains a variety of surfactants, abrasives and perfumes, to facilitate
the cleaning of teeth. There are bath salts, bubble
baths, shaving cream, body lotions.
A garage is another chemical lab and often a
chemical store room. There are automobile oils,
there’s gasoline in the fuel tank of the car, there may
be paints and solvents for woodworking, and per-
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haps solvents to fix the plastic piping in the lawn
sprinkling system. Lawn pipe is PVC (poly vinyl
chloride), a polymer produced by the polymerization of mono-chloro ethylene monomer, which is
also called vinyl chloride (Figure 23-19). All the little
vinyl chloride monomers react together to form long
polymer chains of polyvinyl chloride—PVC for
short. PVC is also a glassy polymer, like PMMA
(Plexiglas).
You indeed have several chemistry laboratories
in your home or apartment: your kitchen, your bathroom, and your garage. Chemistry is a key part of
your world.
When you use household chemicals, observe
them, think about them, read the list of ingredients,
and try to figure out, at least conceptually and generally, what they are and why they do what they do.
Remember clean up? We don’t have a dishwasher. I’m the elected dishwasher in our household,
but I always let entropy do most of the work for
me. By soaking the dishes, generally for a half hour
or so before getting around to washing them, the
water molecules and the detergent have time to dif-

Figure 23-19 The chemical structure of polyvinylchloride
or PVC. This is one of our most widely used polymers. It
often goes by the generic name “vinyl.”

fuse and circulate, to get in there, creating maximal
disorder in the initially ordered system, and thereby
contribute to cleaning my dishes. Let entropy work
for you. Use the Second Law of thermodynamics
whenever you can!
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HOMEWORK
1

You can make a polymer using paper clips. Now let’s “make” Nylon via an interfacial
polymerization. Make a pile of paper clips of one kind (Type A) and next to it—and touching—a pile of the other kind (Type B). Where they meet, they can “react”. You provide the
energy by stringing 2 clips together, then a third, a fourth, etc. Remember A cannot react
with A—only with B, and ditto for B. Keep going till you have 100 or more clips all strung
together: A-B-A-B-A-B...etc. They are a short chain of A-B “Nylon”. Consider the flexibility
of such a chain. Make another identical chain, also of 100 or so “reacted” clips. Put the
two “Nylon” chains together in a bowl. Stir. Now sketch, describe, and explain the entanglement. The strength of plastics is not just due to the bonds in the long chain, but
also due to interaction and entanglements between the chains.

2

Identify 5 different types of polymers or plastics in your kitchens. What are the recycling
codes for different kinds of plastics? Is there a plastics recycling facility near you? Do you
use it? How is the plastic recycled?

3

Identify 10 different chemicals in your everyday world. Give brand or generic name; approximate chemical name; approximate cost; use or application in your world; possible
hazards or safety considerations; and disposal issues. You may organize your answer in a
table format.

EXPERIMENT
1

Calibrate a microwave oven. Take 5 identical empty, dry Styrofoam coffee cups. Put 100
ml of cold tap water in each one. Measure and record the water temperature. Put on your
safety glasses. Put one of the cups in the center of your microwave. Set it to medium or
normal heating. Heat for 10 seconds, remove, measure temperature. Check your thermometer. Do not exceed its maximum temperature range or it might break. Put in the
next cup of water. Heat for 20 seconds, remove, measure. Do the next for 40 seconds, the
next for 80 seconds, and the last for 160 seconds. Plot your data (temperature versus
microwave time). Time zero is the initial temperature (unheated). Describe and explain
your results.

2

Try to cook spaghetti without getting it tangled up. Use a very long but very thin type—
like vermicelli or even “angel hair.” You’ll need a large pot (do not break the spaghetti—
that’s cheating!). Cook until edible, rinse in water, “serve.” Measure entanglement while
eating. Use sauces, etc. only after you do this experiment! Stick a fork in and lift—what
happens? Now hold one single strand and then rapidly pull it out—what happened? Now
hold another strand and very gently and slowly pull it out. That is how many real polymers (plastics) work, but on a sub-microscopic, molecular level.
If you have a piece of child’s Silly Putty, you can do a similar experiment. Roll out the Silly
Putty into a single pencil-like rod. Hold each end and—very rapidly—try to pull the rod
apart. It will probably break (fracture). Now remake the pencil-like rod and do it again,
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but this time pulling the two ends of the rod very slowly. Is the behavior different? Explain!
Sketch and present your results. Formulate hypotheses.
Okay, now eat the spaghetti (but not the Silly Putty).

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Gray, Braving the Elements
Snyder, Extraordinary Chemistry
Atkins, Molecules

254 UNIT 3 Chemistry

Chapter 24 Guns and Bombs: Chemical Reactions in Action 255

Guns and Bombs:
Chemical Reactions
in Action
What do the space shuttle, handguns, land mines, and the airbag in your
car all have in common? They all deal with rapid chemical reactions.They
are all explosives.

QUESTIONS
1

How do bullets relate to chemistry? Physics? Biology?

2

How are bullets “activated” chemically?

3

How are gun accidents related to the Bell Curve?

4

Why are explosive reactions so very rapid (or why are very rapid reactions
often explosive)?

5

What is pressure? What makes it?

6

How are explosives different from gasoline? How are they similar?

7

Why are nitroglycerin and dynamite unstable?

8

Again, what is this thing called activation energy?

9

What are the PVT relations for gases?

10 How do airbags work?
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Gases, Pressure, and Entropy
Our nation and our population have developed various chemical addictions. We are addicted to
chemical reactions, driven by entropy, which produce high temperatures and pressures to launch
bullets from guns. We have the largest per capita
ownership of guns of any nation on Earth. The very
wide availability of guns, particularly hand guns, and
their indiscriminate use for unlawful and inappropriate purposes, have led to a growing tension and
sense of insecurity in our nation (Figure 24-1). We
have the highest per capita number of gun inflicted
injuries and deaths of any nation on Earth.
Chemical reactions are driven by entropy, by the
increase in entropy of the overall system. The most
highly entropic state of matter is gas and the most
highly entropic form of energy is heat. Imagine a
chemical reaction in which very large quantities of
gas, and of heat, are formed in a very small enclosed
volume, in a very short period of time. That is an
explosion.
Pressure results from large numbers of energetic
gas molecules randomly colliding with surfaces and
walls. The greater the energy (the temperature) of
those gas molecules, the greater their velocity, and
the more collisions they make. The greater the number of gas molecules in a confined volume, the greater
their collision rate and, therefore, the pressure.
The properties of gas in a confined volume are
related to pressure, volume, and temperature (Figure 24-2). Keep the volume constant and increase
the temperature. The pressure increases. At higher
temperatures gas molecules have more energy, a
greater velocity, so they collide with the walls more
often, so the pressure is greater. Decrease the vol-

ume with the temperature constant, the pressure goes
up because the gas molecules now have less room
to move. So, they collide with the walls of the container more often. These relationships are
summarized in the gas law (Figure 24-3): pressure
times volume is proportional to temperature. We
can also say that pressure is proportional to tempera-

PVT
P = Pressure
V = Volume
T = Temperature

P

Gas in a fixed
Volume at some
Temperature

Figure 24-2 Gas molecules in a closed volume, V.
Their kinetic energy and motions are their temperature,
T. Pressure, P, is the result of gas molecules colliding
with the walls of the container. The relation between P,
V, and T is known as the Gas Law.

Figure 24-1 This clipping is typical. Guns are everywhere. Gun violence and gun accidents are a major
source of our current social tensions and insecurities
(Salt Lake Tribune).
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the
Gas Law:

PV~T
P ~ T/V
V ~ T/P

Figure 24-3 The Gas Law—the relations between P, V,
and T.

Figure 24-4 A schematic piston. An expanding gas in
a “closed” volume generates high pressure, forcing the
piston to move, and thus doing work (from Hobson,
Physics, Pg. 173).

ture divided by volume—or volume is proportional
to temperature divided by pressure. They all say the
same thing.
Now imagine a hydrocarbon which reacts with
oxygen by burning, combusting, to produce heat and
gases, water and carbon dioxide:

glycerin (Figure 24-6). Take a very simple, common biochemical—glycerin or glycerol, which is just
propane in which one hydrogen on each carbon has
been replaced with a hydroxyl group (Figure 24-5)
. We call it tri-hydroxy propane or glycerol. Now
figure out a way to react glycerol with nitrates, such
as nitric acid (Figure 24-6).
Nitrates are fascinating compounds. It turns out
that nitrogen can bind to three oxygen atoms, sharing it’s five electrons with the six electrons of the
three oxygens in such a way as to form a tight, stable
grouping called nitrate (NO3). Because oxygen brings

2C8H18 + 2502 ——> 16CO2 + 18H2 O
We can provide the activation energy for this reaction by a spark, igniting the combustion. The heat
from that combustion continues to drive the process, producing more and more heat, and more gases
of combustion. That all occurs in a small volume
inside the cylinder of your automobile engine (Figure 24-4). The gas molecules become very energetic,
producing high pressures, pushing the piston.
Your automobile engine’s volume is quite large.
Cars have four, six, eight or more pistons—cylinders—with a total volume ranging from 1.5 to 6
liters. The coupled motion of these pistons produces
rotational velocities of up to 5,000 revolutions per
minute (rpm) or up to 100 revolutions per second.
The pressures generated in your car are pretty wimpy
as far as explosions go. It is a controlled, low pressure, low-temperature explosion.

Figure 24-5 The chemical structure of glycerol,
trihydroxy propane.

Explosives
Now, imagine a fuel in which the oxygen is built
right into the fuel molecule itself—so we don’t have
to deliver oxygen to the fuel, it doesn’t have to diffuse in. The fuel doesn’t have to burn from the
surface inwards, because the oxygen is already inside
the fuel. Imagine that such a fuel is a solid or a liquid and, as it internally combusts or rearranges, it
produces gases and heat. A good example is nitro-

Figure 24-6 The structure of nitrates. (Refer also to
Figure 17-6.)
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six electrons to this partnership and nitrogen brings
five, the nitrate group has overall an excess electron,
providing it with a negative charge. It binds potassium ion, forming potassium nitrate, KNO3. The
nitrate ion can also associate with a proton to form
HNO3 , nitric acid, one of our most powerful oxidizing acids.
Nitric acid reacts with glycerol to form nitroglycerin (Figure 24-7). A nitric acid proton reacts
with the glycerin hydroxyl to form water, replacing
that hydroxyl with a nitrate. The result is glycerin
trinitrate, commonly called nitroglycerin. You know
from various war, spy, and terrorist movies that nitroglycerin is a very unstable compound and, if
disturbed, can detonate with enormous release of
energy. John Wayne is very careful with it in the
film Rooster Cogburn.
The extensive nitration of almost any organic
substance can yield an explosive. Nitrate compounds
are inherently unstable and are the basis of many of
our most common explosives. TNT (tri-nitro toluene) is another example (Figure 24-8).
Even cellulose fiber can be easily nitrated, forming nitro-cellulose, which used to be called “gun
cotton” because of its wide use in guns and explosives. It turns out that cellulose (Figure 24-9) is very
difficult to solubilize because its polymer chains hydrogen bond to each other very strongly, in a highly
ordered fashion, making it very difficult to get them
to come apart in solution. But it’s easy to nitrate
cellulose, and the nitrated version (Figure 24-10) is
soluble in many solvents. Nitrocellulose can be made
to form smooth, transparent sheets. In the early days
of plastics, nitrocellulose was a widely used plastic
called celluloid. In fact, very old movie films were
made on a nitrocellulose base and, as a result, were
very highly flammable. The popular Italian film Cinema Paradiso shows the effect.
In nitrocellulose, just as in nitroglycerin, the carbon part (the fuel) is intimately mixed with the
oxygen and nitrogen. So under the right conditions
the carbon and oxygen combine, forming carbon
monoxide and carbon dioxide. The nitrogen components form nitrogen gas, N2; the hydrogens and
oxygens get together to form water:
2C12H15O20N10 ———> 18CO + 6CO 2 +
10N2 + 10H2O + 5H 2 + heat

Figure 24-7 The reaction producing nitroglycerin
(nitrated glycerol), a very unstable explosive.

Figure 24-8 The structure of TNT, tri nitro toluene,
another powerful and common explosive.

Figure 24-9 The structure of cellulose, the major
structural biopolymer of the plant kingdom.
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Figure 24-11 A typical
bullet explosion generates high temperature
and pressure in less
than a thousandth of
a second (less than a
millisecond), driving the
bullet out of the barrel.

Figure 24-10 Nitrocellulose is easily produced by the
nitration of cellulose. Nitrocellulose is highly inflammable and is used as an explosive.

A lot of other things form as well. Practically
everything that forms is a gas, thereby creating an
enormous amount of entropy, which is what drives
this process. Fortunately, this doesn’t happen without some activation energy, usually provided by a
primer, a fuse, a blasting cap. Just a spark, sometimes
just a spark from static electricity, can trigger the
explosion, making working with explosives a hazardous occupation. Every once in a while you read
of an explosive or a munitions plant or facility accidentally destroying itself. Various stabilizers are added
to help control such behavior.
Nitrocellulose and nitroglycerin decompose almost entirely into gases, so they are called “smokeless”
explosives or smokeless gun powder. In the old days
of guns a black powder was used. This was really
just a mixture of fine, powdered charcoal (serving as
the carbon or fuel source), potassium nitrate (serving as the oxidant or oxygen source, together with
oxygen in the atmosphere), and generally some pure
sulfur to help bind everything together. Black powder was a mixture of various components, but each
individual grain of powder had to rapidly burn. It
really didn’t work very well.
Nitrocellulose, TNT, and nitroglycerin have all
of the components needed for the reaction built right
into the molecule (Figures 24-7 to 24-11). It’s a far
more intimate association, which means that the reaction goes very quickly. An explosion.
The stuff used in guns for the launching of bullets is not a high explosive, and it’s not a simple

thermal
energy
in gas

2
3
1
thousandths of a second

combustible fuel. It is a combination of the two.
The idea is to generate a large amount of gas and
heat in a very small volume, generating a high pressure in a short time(Figure 24-11). The confined
chamber has only one way out, and that one way
out is up the rifle or gun barrel, taking with it a
small projectile, a bullet. The pressure generated below the bullet pushes the bullet to the end of the
gun barrel, where it is launched into space with a
launch velocity. From then on it is a projectile subject to the law of gravity and to air resistance.
The powders used in ammunition are called propellants, and they often consist of some combination
of nitrocellulose with a little nitroglycerin, depending on the bullet they are designed to launch.
Our candle needed a match—an activation energy—to get the process going. In a gun the
activation energy is provided by the trigger, a spring
loaded mechanical device, which is essentially a hammer for smacking something called a primer (Figure
24-12). The primer is also a highly nitrated compound. The primer is seated at the bottom of the
cartridge. When struck by the trigger-hammer, it
ignites, providing the activation energy to then ignite the powder, which then, within a millisecond
or so, produces the high pressures and temperatures
which launch the bullet. The whole thing is over in
two or three thousandths of a second (Figure 24-11).
The bullet is usually launched as speeds of 1,000 to
2,000 feet per second—faster than the speed of
sound.

Guns and Bullets
Guns and explosives are a very convenient and effective way to integrate physics, chemistry, and
biology (Figure 24-13). Firing a gun involves a chemi-
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cal reaction, generating high temperatures and pressure, launching a projectile. That projectile obeys
Newton’s Laws of Motion; that is physics. That
projectile’s ultimate purpose is to kill or wound a
living organism, which is, of course, Biology, the science of living things.
The bullet’s function is to kill or wound the enemy in the case of war (Figure 24-14). It’s to kill or

Figure 24-12 A bullet cross-section. The bullet on the
left is a rifle bullet, used for hunting. The one on the
right is a handgun (pistol) bullet.
1. The rifle bullet.
2. The hand gun bullet: this one is fluted so it opens up
and stops inside the victim (see below).
3. The rigid case which contains
the explosion, “directing”
the pressure upwards,
pushing the bullet out.
4. The powder: the fuel, whose
oxidation produces the heat
and gases, generating the
high pressure in less than a
∂
millisecond.
5. The primer. When the trigger
hits the primer, a tiny
explosion is produced (like
striking a match), which
then ignites the powder (#4
above).

∏

wound some animal if you’re a hunter. In the case
of the use of guns in many parts of our society today, it’s to intimidate or threaten—to use the threat
of wounding or killing for some other purpose.
Unfortunately, there’s a fourth, and rapidly growing,
unintended application of the very widespread distribution of firearms in our country, and that’s the
killing or wounding of the innocent—the
uninvolved or innocent bystander caught in a
crossfire and, of course, those innocents who are the
victims of the accidental discharge of guns (Figure
24-15).
There are also many millions of other innocents
throughout the world who are the victims of an insidious, anonymous weapon called the land mine
(Figure 24-16). Here the explosive charge, encased
in a stable device, is initiated by local pressure, such
as a person’s weight. These have been distributed
by the millions around the world, for the sole purpose of killing or maiming the local population,
including our own peace keepers (Figure 24-17).
Unfortunately, explosives and propellants are relatively inexpensive, easy to manufacture, and with
today’s technology and knowledge, easy and safe to
distribute and employ in weapons, whether they be
grenades, mines, bullets, or explosives.

Chemistry: Chemical reaction,
generating gas and heat (cartridge)
Physics: Launching a high velocity
projectile (bullet)

∑

π

∏

Biology: Penetration of living tissue,
to kill or maim
Figure 24-13 The science of guns.

• Kill or Wound Enemy (War)

π

• Kill or Wound Prey (Hunt)
• Intimidate/Threaten/Murder (Crime)
• Kill or Wound Unintentionally (Accident)

∫
∫

Figure 24-14 The application of guns and bullets.
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Figure 24-17 Land mines kill and maim military
personnel as well as civilians (Salt Lake Tribune,
Feb. 2, 1996).

Figure 24-15 More and more guns means more and
more accidents (Salt Lake Tribune, Feb. 1996).

Figure 24-16 Land mines—there are over 100 million
of them (!), continuing to kill and maim. (This cover is
from Scientific American, May 1996, Pg. 40-45.)

Weapons are purchased to be used. Although
some guns are purchased by collectors and are to be
appreciated essentially as works of art, or as historical or cultural artifacts, the great majority of the guns
purchased or otherwise distributed in this country
are for offense or defense. They are not useful if they
are completely locked up and inaccessible, so they
tend to be available—in the glove compartment,
under the seat, under the mattress, in a purse or handbag. But the tragedy and irony of personal gun
ownership is that the odds are, the statistics show, that
a gun in your home (Figure 24-15), in your car, or
in your purse, will likely be discharged or used inadvertently, accidentally, long before it is ever used
for intentional defense or offense.
Remember one basic principle: the normal distribution curve (the bell curve) applies to everything
in our natural world, not just to the distribution of
energy among molecules in a gas. Chance and statistics exist. Accidents happen. The more guns we
have, the more gun-related accidents there will be.
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The more cars we have, the more car-related accidents there will be (Figure 24-18). And the more
drugs we have, the more drug-related activities and
accidents there will be. Guns, cars, and drugs are
not at all independent; they are often intimately interrelated.
Back to some bullet physics and bullet “biology.”
A bullet loses velocity after it is launched, due to air
resistance. It must have some reasonable velocity,
some kinetic energy, in order to inflict enough damage on the target to be effective. Its degree of
“effectiveness” depends on how that remaining energy is dissipated when it contacts and enters its
target. This is related to the concepts of range and
firepower. Most biological tissues are relatively soft,
containing nearly 70% water. Small, clean, smooth
bullets can enter such gel-like structures without dissipating a lot of energy. They can make their way
through and continue on out the other side. Bullets
for target shooting are usually of this type.
Other kinds of bullets, however, are designed and
built to dissipate much of their energy within the
target, within the enemy or prey. A good example
is so-called “varmint” bullets. When they encounter the resistance of entering a small animal, they
expand and disintegrate internally, dissipating most
of their energy within the organism, creating immense
destruction with the obvious goal of death (Figure
24-19). The good news is that the bullet doesn’t
continue through the victim to ricochet off rocks,
or other structures in some other direction.
The very bad news is that there are now bullets
for use on people, even on those with so-called bullet-proof vests (Figure 24-20). They are not intended
to intimidate, they are not intended to wound, they
are intended to obliterate.

Figure 24-18
Gun deaths are
“gaining” on
vehicle deaths in
our nation—and
gun accidents are
on the increase as
well (Salt Lake
Tribune, May 1,
1996).

Bullets for hunting are a compromise. You don’t
want to totally obliterate the deer or other prey if
you go hunting. For most hunters, part of the goal
is to bring home some meat. And, you don’t want
to simply wound or maim the deer and let it get
away. Plus, because the days of real tracking and
hunting skill have been largely superseded by advanced weapons technologies, you want the bullet
to have its effect at a very large distance.
If you have a close friend or family member who
shoots or hunts, provide her with a watermelon or
cantaloupe for her next target practice so you can
see just how much destruction a bullet produces.
Picture that watermelon as a rabbit, a deer, or even
a man. It’s obvious what destructive power bullets
have. They are intended to kill, to terminate a life.

Airbags
Figure 24-19
An expander-type
bullet, designed
specifically to
produce extensive biological
damage with the
goal of death.

Let’s move from killing lives to saving lives: airbags
(Figure 24-21). Many cars on the road today have
at least one airbag. Airbags are to protect you from
a very rapid deceleration, from an abrupt stop. Your
car stops but you keep going (inertia). Since energy
is conserved, your kinetic energy must be absorbed
(transformed), preferably not by deforming and damaging your face and body. The airbag is there to help
absorb and transform your kinetic energy.
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Figure 24-20
Bullet politics—
and common
sense (Deseret
News, May 20,
1996).

Figure 24-21 An airbag test. “Your” collision with the
airbag absorbs much of your kinetic energy, minimizing
damage to your anatomy and physiology. (from the
Automotive Occupant Restraints Council, Lexington,
Kentucky).

The bag must inflate in hundredths of a second
and then begin to deflate almost immediately so you
hit a soft, rather than a hard, or rigid, bag. Let’s focus only on the chemistry (Figure 24-22).
The gas which inflates the 70 liter bag is produced by a chemical reaction—a slow detonation
liberating nitrogen gas. Generally, sodium azide is
electrically detonated to producing sodium and nitrogen. In a second but very rapid step, the sodium
reacts with potassium nitrate to form even more gas.
And finally, the potassium and sodium oxides interact with silica (SiO2) to form an inert glass. This last
step is just a way of getting rid of the sodium and
potassium oxides. The end result is that in milliseconds enough nitrogen is produced to inflate and
pressurize the 70 liter bag, allowing it to deform as
you hit it. The deformation of the bag takes energy,
your kinetic energy, protecting your face and body
from undesired energy absorbing deformations!
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An airbag is a good example of a closed, controlled, entropy-driven explosion.
There are many good and useful applications of
explosives. They are safely used in mining, for excavation, for demolition of buildings, to launch space
shuttles, and to inflate auto airbags, protecting you
and your passengers in accidents. But there is also
the widespread use of bullets, land mines, and other
explosives for absolutely inhumane and abominable
purposes. Those applications are destroying our society. Do what you can to stop them.

2NaN 3
10Na + 2KNO3

2Na + 3N 2
K 2 O + 5Na 2 O + N 2

K 2 O + Na 2 O + SiO 2

inert glass

Figure 24-22 Common airbag chemistry.

From Chemistry to Biology
This chapter, Chemical Reactions in Action, concludes Part 3 of the book. We’ve worked through
Chemistry (Figure 24-23). We’ve learned about the
stuff of our natural world:
• Elements and the Periodic Table, including your
personal Periodic Table
• Atomic and molecular orbitals
• Bonding
• Water
• Solutions and pH
• Materials and chemicals in the home
• Molecular alchemy—chemical reactions
• Explosive reactions
But, as with Physics, there’s so much more. You really
should take a chemistry course and read some chemistry books.
With your Physics skills (the rules of the universe), and now your Chemistry skills (the stuff of
the universe), we’re ready to move to Biology, the
Science of Life. It’s time for the living world!

Chemistry
Elements
Your Periodic Table
Orbitals—Atomic & Molecular Bonding
Water, Solutions, pH
Chemistry in the Home
Molecular Alchemy—Chemical Reactions
Explosives

Figure 24-23 Key topics of chemistry.
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HOMEWORK
1

There is a lot of interest in airbags by the press and by the public. Let’s do some airbag
homework. See what you can learn from a local car dealer. Ask him/her some technical
questions: how fast does it inflate, what is its final pressure, how fast does it deflate? Why
does it deflate? Summarize the chemistry and physics of airbags. If you can’t get anywhere, call Morton International in Ogden, Utah. Ask for Automotive Safety Products
Group Consumer Information: 801-625-4800. They are willing to talk with you. Another
source is the Automobile Occupant Restraints Council: 606-269-4240.

2

Visit your local gun and bullet store. In many states you can buy guns at department
stores! Ask the salesperson some questions about a particular gun and bullet. What is the
chemical nature of the explosive in the primer? And in the bullet? How fast is the bullet
moving when it leaves the gun barrel? How far will it go (range)? If he/she can’t answer
the questions, ask if any one else can. The local gun club? The gun/bullet manual? How
about a reference book like Shooters Handbook or an encyclopedia?

EXPERIMENT
1

Safety glasses on! Matches are little explosives. Get some different matches, preferably
large wooden ones. Have a bowl of water nearby to snuff out the matches. Have a large
clean non-flammable work area. Have a fire extinguisher nearby. Do your own experiments on striking the matches. Try a quick, light, tiny strike; then try a high pressure
strike. Try different strokes, angles, and pressures. Use your magnifier to see up close and
personal (with your safety glasses on!). What is happening? So how do matches light?
What’s involved in getting them started? Be as complete as you can, and don’t forget your
new friend, activation energy!

2

Review the part of Chapter 11 dealing with microwave heating of the water balloon (page
120). You now know a bit about heating of water in your microwave. Use that knowledge
and your careful observation of the water balloon to explain what’s going on! Now design
a much more complete and better experiment on the PVT properties of water vapor. What
will you do? What will you measure? What results do you expect? Why? Explain those
“virtual” results.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Snyder, Extraordinary Chemistry
Morrison, Ring of Truth
Atkins, The Second Law
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Biologists in the Wild
Plants, animals, the beauty and diversity of life: all are part of the science
of Biology. It is time to be a biologist in the wild.Try to imagine—to
“see”—the images and situations described in this chapter.

QUESTIONS
1

What are the five kingdoms?

2

Why do biologists need to categorize and classify?

3

What is the ecological pyramid?

4

Why are you in the Phylum Chordata?

5

What is an ecosystem?

6

What is a species? What does it have to do with sex?

7

How are biologists different from physicists? Or chemists?

8

Why do arthropods have to molt?
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Life

Here we are again, alone in the wild—in the real
world. We’ve been here before, looking at the natural world from the perspective of a physicist, someone
interested in basic forces and energies—in the rules
of the natural world. We’ve also been here before
from the perspective of a chemist, considering the
stuff of the natural world, its gases, liquids and solids—and the atoms and molecules which make them
up. Now, we’re back, this time from the perspective
of a biologist. We’re interested in that unique and
special part of the natural world called life—things
that give birth, grow, and die; things which move,
which respond to their environments; things which
attack and devour, and things which communicate
and respond.
“Our senses crave novelty,” said Diane Ackerman.
“They sense change.” So the part of the living, natural
world to which we are perhaps most initially drawn
is the part that moves, rapidly, smoothly, beautifully.
We are also interested in the part which moves more
slowly, perhaps less symmetrically, less smoothly.
We observe that these animals, are in many respects similar to us. They can be attracted, coaxed;
they are curious; they can be startled and made to
flee. Some animals like to eat their fellow creatures—
we call them hunters or predators. Others prefer to
eat these things we call plants. They are the plant
eaters or herbivores.
We begin to realize that there are two fundamental kinds of living things: animals and plants.
We understand that animals need food and water
and, depending on the animal, that food can either
be other animals, or plants, or both. We understand
that plants need water and they generally need soil.
They are rooted; they are connected to the earth.
Plants are immobile, at least as compared to animals.
Plants tend to be green. We don’t find them in our
caves where it’s dark. Most plants change in the winter, they seem to become dead. They lose their green
coverings.
In addition to the green coverings we call leaves,
some plants produce other things. They may produce flowers, fruits, things we find easy and
convenient to collect, to harvest, to eat. We’ve also
learned that sometimes they produce things which
are not good to eat, which can make us ill, or may
even cause death. We rapidly realize that there are

Figure 25-1 A schematic diagram of the food chain,
this one for a fairly “simple” ecosystem (from Audesirk,
Biology, pg. 899).

many different kinds of plants, and many different
kinds of animals. We realize that this natural world
of ours is very diverse.
We rapidly notice the interactions, or lack of interactions, between certain types of animals. We, of
course, are already well-acquainted with our own
anatomy and that of some of our fellow humans.
We have already discovered and possibly experienced
sex and reproduction, birth, growth, and we have
observed death. We notice similar features and characteristics in the animals around us. We discover the
various types of animals by their tendencies or their
abilities to interact, and to participate in sex and to
reproduce. We notice that only very like kinds of
animals do that with one another. We rapidly arrive
at a concept of species: a group of animals which
breed and reproduce. Interspecies breeding and reproduction rarely occurs. We already know about
the family, tribe, social unit. We see that these same
attributes and characteristics apply to many of the
animal species we observe and study.
As we travel, migrate, mingle, and otherwise interact and communicate with others of our species,
with other biologists in the wild, we realize that our
species is very adaptable. We can tolerate, and even
flourish, in many different natural environments: in
the tropics, in the cold of the north, in the temperate regions, in deserts. Man is a very resourceful,
intelligent, and problem-solving creature. We learn
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that some other species are not quite as adaptable
and are limited to more specific environments. We
rapidly develop the concepts of environment, habitat,
and even ecosystem. We learned that there are interactions between different species. We are actually
hunted by some of the more aggressive carnivores.
We learn to protect and defend ourselves and, of
course, we also learn to hunt and to develop weapons and strategies to hunt effectively.

The Food Chain
By observing all of these different creatures, different species in the wild, we learn that there is a food
chain or a “pecking” order in nature. Some species
are more preyed upon than others. Some are more
aggressive, or more passive, than others.
After considerable observation, we eventually
appreciate that all life depends on plants. Herbivores
feed on plants, but most of those herbivores are in
turn preyed upon by still other animals who, themselves, may be preyed upon and eaten by others
(Figure 25-1). We appreciate that the food chain can
be quite complex and is an intertwined food web
that involves a diversity of very small and very large
animals.
We begin to recognize that the anatomy of animals—their teeth, fangs, size of mouth and jaws, their
front feet, paws, claws, hind feet, and paws and
hoofs—is related to what they do and what they
eat. We appreciate why some are very fast and others are slow, why some—like turtles—are armored,
and others are not. We understand that each has a
role, a place. We not only observe the more rapidly
moving animals, and the more predatory ones, but
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we sit and observe the various levels, the various
hierarchies of sizes and behaviors.
Those past biologists in the wild who were organized and numerically inclined, began to keep
records, possibly by scratching the pictures of the
animals on cave walls (Figure 25-2) and making various counts and inventories. They learned that the
population of an animal is inversely related to the
animal’s size. An acre or so of land is unlikely to
have a large wild animal. But smaller animals, like
rabbits and mice and chipmunks, are there. Maybe
a few of them, maybe ten of them, maybe even a
hundred of them in an acre. We notice a few, or
tens or even hundreds of different bird species on
an acre of land, and we can’t even count the number of crickets, flies, or mosquitoes or ants, or worms
on an acre. We focus our attention on a much smaller
piece of land, maybe a square meter, and wait, observe, and count.
If we look very carefully at the plants in that square
meter we see that practically each leaf, every stem,
is home to some insect or other small creature. We
now realize that there might be literally hundreds,
thousands, or more very small creatures in one square
meter, and therefore millions or billions or more in
an acre. On an even smaller scale, focusing on one
small centimeter of soil, and very carefully observing, we see even smaller creatures. We might, if we
were quantitatively, powers of ten, inclined, appreciate that there is a pyramidal structure to numbers and
size of organisms. There are extremely large numbers of small creatures and much smaller numbers of
larger creatures. There is a pyramid-like structure or
relationship among the species (Figure 25-1).

Old Scheme:
Animal? Vegetable? Mineral?
Figure 25-2 Utah rock pictographs of animals made
by prehistoric Native Americans.

Figure 25-3 An old, simple categorization method.
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Our early biologists put life in two generic categories: animals and plants. Our physicist and
chemist friends had already separated the natural
world into organic and inorganic—living and nonliving. A good example of this simple categorization
is the old Twenty Questions game where the only
clue is animal, vegetable, or mineral (Figure 25-3)?
But we learn that biology is more diverse than
simply animals and plants. We learn that there are
many forms of life which are neither animals nor
plants, but require other major categories.

Similarities and Categories
We observe, make records, count, categorize, and compare our notes and observations with other biologists
in the wild. We go beyond superficial observation.
We note major similarities and dissimilarities among
the animals. The whole idea of science is to develop
the simplest ways of looking at, explaining, and categorizing things. It’s like the physicist looking for
fundamental forces. Biologists look for fundamental,
integrating characteristics or traits to somehow tie together widely diverse groups of living things.
We have already defined species as groups of animals which can breed and reproduce. We see that
some of these, including our own kind, give birth
to live organisms. In our own case, the babies we
produce are nearly helpless, but they are definitely
alive. In the case of some of the other large creatures, we see that they can give birth very quickly
and that the newborn can sometimes stand and even
walk and even run within tens of minutes of being
born. There is something similar to all of these animals—they bear their young alive and they feed them
milk. We call them mammals.
Birds are clearly distinct and different from mammals. Birds come out of shelled eggs that are
produced and deposited by the mother bird. There
are other creatures that come from shelled eggs, but
they seem very different from birds. These long, thin
egg-laying creatures that often squirm and scurry
around we call reptiles.
There are others very much like reptiles that have
the strange characteristic of also being able to exist
in the water and even under water, as well as on
land—amphibians. If we live near a lake or near the
sea we of course experience fishes and put them in a
class of their own.

Figure 25-4 We are similar to all vertebrates due to
our backbone. The human skeleton includes lots of
other bones (from Audesirk, Biology, pg. 54).
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We eventually realize that all of these fishes, amphibians, reptiles, birds and mammals, including
ourselves, have a unique anatomical structure. By
examining carcasses and skeletons, and perhaps even
by doing dissections out of curiosity, we notice that
all of these different classes of creatures have something we call a backbone (Figure 25-4).
So, although these various classes of animals are
different, they are also all similar. We call their segmented or jointed backbone a vertebral column. We
call all of them vertebrates.
Even more surprisingly, we learn that this vertebral column of bony structures has within it a strange
set of fibers, a strange cord which seems to connect
from the brain to many other parts of the organism,
going down along the vertebral column and branching out into other places. This integrating, or
connecting, cord seems to be of great importance.
We discover other large groupings. The vertebrates obviously have an internal skeleton—the bones
and supporting structures are inside; the soft, edible
tissues and skin are on the outside. But in our studies we also learn that many animals are just inverted.
That the soft stuff is in the inside, and the hard stuff
is on the outside. We say they have an exterior, or
exoskeleton (Figure 25-5), and we call them arthropods.
In fact, we’re always finding new arthropods. We can
easily find thousands of different kinds without even
looking for very long or very hard. It turns out that
there are probably over a million different arthropod species, possibly as many as 30 million. That
hard, external skeleton of theirs is not particularly

Figure 25-5 Exoskeletons
are fairly common in the
animal kingdom. Here are
two types: The grasshopper’s (top) outer structure, and a mollusk’s shell
(from Audesirk, Biology,
pg. 473 and 478).
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smooth. It generally looks to be segmented, kind of
pieced together.
We observe other animals that sort of look like
arthropods. They have hard, external shells, but are
obviously very different. They seem to carry their
houses around with them, or they seem to be trapped
inside saucer-like structures which are hard and rigid,
but which can obviously open under their control.
These snails, clams, and other organisms are put in a
group called mollusca (Figure 25-6).

Vertebrates: Interior Skeleton
Arthropods: External Skeleton
Mollusks:

External Shells

Figure 25-6 A skeleton summary.
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Then there are all kinds of worms. Initially, we
throw them all together into something called
worms, but as we begin to examine them, we find
that various types of them have their own unique
characteristics. And there are other categories too.

Kingdoms, Phyla, and Species

Later on we learned to call these very major categories of the animal kingdom phyla, from one of our
words for tribe (Figure 25-7). Phyla represent groups
of creatures with similar characteristics. There are
obviously sub-categories, sub-classifications. There
are sub-phyla, there are classes, there are sub-classes,
there are orders, and there are species.
In the 1700s, a Swedish botanist named Linnaeus
developed an hierarchical categorization system
which is still widely used today. Man, for example,
is in the animal kingdom (Figure 25-8) in the chordate phylum, vertebrate sub-phylum, class of mammals,
order of primate, family of hominids, genus of homo,
and species of sapiens. So, our biological name is Homo
sapiens; the category called genus is given first, species second.
Our Swedish biologist, Linnaeus, was actually
more interested in plants. So let’s consider plants.
They don’t run away, they don’t hit or strike back,
they don’t hunt, they don’t growl, they don’t bite.
They are much easier to harvest than most of the
animals, and they are also incredibly diverse. Plants
are very different from animals. They are usually
green. They need sunlight. They need water. They
have structures above the ground, and structures below the ground. They obviously grow and they are
obviously born in some very different way than animals. We can watch them very slowly poke their
heads through the dirt as if desperately reaching and
grasping for sunlight, but much more slowly than
the emergence of a reptile or a bird from the egg.
We can cut their stems or stalks and often see that
there is liquid inside. There seems to be a liquid
movement within the plant, almost like a circulation, but very different from what we’ve observed
in animals. We see that plants grow up, grow out,
and sometimes grow along the ground. They can
even grow from below the ground. They can produce beautiful structures, flowers, to which bees and
hummingbirds are obviously attracted.

Phylum
A major category in the
classification of living organisms.

Phylum
Class
Order
Family
Genus
Species

Smaller Categories

Figure 25-7 Definition of phylum and hierarchy of
biological classification.

The ability of these plants to reproduce seems
complicated to us. The process is not nearly as obvious as in the case of animals. It seems to have
something to do with flowers and with structures
within the flower. We suspect that it even has something to do with bees and hummingbirds and
butterflies. It seems to be related to those tasty things
we learn to call fruits and other things, sometimes
within fruits, which disperse separately, which ap-

Man
Kingdom ......... Animals
Phylum ............. Chordates
Sub-Phylum .... Vertebrates
Class .................. Mammals
Order ................ Primates
Family ............... Hominids
Genus ............... Homo
Species ............. Sapiens
Individual ........ You! One of 5 billion
Homo sapiens
Figure 25-8 Your biologic classification.

Chapter 25 Biologists in the Wild

pear to be capable of bringing forth additional plant
life. We call them seeds.
We learn to categorize and classify plants into
phyla or divisions—those that produce flowers, those
that produce cone-like structures, and many others
(Figure 25-9). Like Linnaeus, we’d like to learn more
about plants, but we must move on—there’s more
to life than plants and animals. Although we didn’t
know it then, we know now that there are five major Kingdoms of Life (Figure 25-10). Animals and
plants are just two of them. Fungi are a third, which
include the yeasts and the mushrooms. Fungi, plants,
and animals are multi-cellular living organisms.

Protozoa and Prokaryotes
It will take the improvement of the microscope by
von Leuwenhoek, well into the 17th century, before we learn that there are even smaller creatures,
in some cases made up of only a single cell. We call
these the protozoa. They are part of the Kingdom
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Corn
Kingdom ...
Phylum ......
Class ..........
Order ........
Family .......
Genus ........
Species ......

Plants
Anthophyta
Monocots
Commelinales
Poaceae
Zea
Zea Mays

Figure 25-9 A typical plant classification: corn.

Protoctista (Figure 25-10). They include amoeba,
paramecium, and many kinds of plankton.
Later we discover that there are even smaller
single-cell creatures, and that their cells are very different than the cells in the other four kingdoms.
This kingdom is called Monera, and the cells are called
prokaryotes—meaning “no nucleus” (Figure 25-11).
The cells in the other four kingdoms are called eukaryotes (Figure 25-12), meaning they have a nucleus;
a membrane which encloses, contains, and protects

Prokaryotes
No nucleus • Mainly bacteria

Figure 25-11
Prokaryote
properties.

Kingdom: Monera

Figure 25-10 The Five Kingdom Model of biologic
classification and evolution. the lower part of the hand
and thumb represents the oldest kingdom, Monera, the
prokaryotes; the little finger and palm represent
Protoctista, mainly single cell eukaryotes. The three
other fingers, from left to right, represent Fungi, Plants,
and Animals (from Margulis and Schwartz, Five
Kingdoms).

Eukaryotes
Have nucleus (all other cells)
Kingdom.... Protoctista
Kingdom.... Fungi
Kingdom.... Planta
Kingdom.... Animal

Figure 25-12
Eukaryote
properties.
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their genetic material. Cells without nuclei, prokaryotes, are primarily bacteria and they are generally
very, very small, so they were not seen until very
good microscopes were available.
How all of this diversity of life came to be is a
very major field of biology, commonly called Evolution, and ties closely to geology and paleontology,
and to the reading of geological and fossil records.
Our biologists in the wild are unaware of bacteria, unaware of protozoa, somewhat aware of fungi,
and well aware of animals and plants. It took the
extension of their senses with microscopes to see
the two tiny kingdoms: Monera and Protoctista (Figure 25-10).
But they did have their other senses and they
used them, especially smell and hearing. They
learned to be downwind if they wanted to successfully track prey. They knew the prey could sense,
both by scent and by sound, as well as by sight. They
rapidly defined the major senses and learned to appreciate and apply them. We learned to respect the
greater sensory capabilities of some of our fellow
creatures, the sharp vision of the eagle and other raptors, the smell and hearing skills of wolves and dogs.

Specialization
Even then we realized that Biology is an incredibly
broad subject and that we simply didn’t have the
mental or organizational skills to learn everything
about it. So some of us specialized (Figure 25-13).
Some of us focused on plants and we were called
botanists. Some botanists built arboretums or botanical gardens. Some of us focused mainly on
animals—the zoologists, and some built zoos. Some
of us focused primarily on man—they are the medicine men or doctors. We learned to domesticate
some animals, to keep them nearby and use them
for our own purposes, whether it be to produce milk,
to be harvested for meat, or to carry things, including carrying us. Those who looked after the health
of the animals were called veterinarians. Those who
produced and maintained domestic animals were
called ranchers.
Our friends who lived near the sea became specialized in those organisms that live in the ocean.

Biologists
Plants ......... Botanists
Animals ...... Zoologists/Veterinarians
Man ........... Doctors/Physicians
Ecosystem .. Ecologists
Figure 25-13 Some specialties in Biology.

Those who harvested them were fishermen. Those
who studied them were called marine biologists.
We learned to use plants. We domesticated
plants. We could actually take care of them and grow
them under our control, protect them from
their predators, provide them with water, and harvest their fruits and other products. These specialists
were farmers. We transformed from a hunter gatherer, nomadic lifestyle, to a more agrarian, land-based
lifestyle.
Some of us began to worry about the balance
among the different species. We observed natural
cycles and numbers. We noted some species would
increase when conditions were optimum, and decrease when conditions were less than optimum.
There was an unwritten balance. The various creatures held one another in check. The animals and
the plants, and the land and the water, behaved like
a very complex organism (Figure 25-1). We called
it an ecosystem, and some of us were later called
ecologists.
We were primitive people and, like some primitive peoples, some of us treated our natural living
world with awe and respect. Some Native Americans, and Australian Aborigines, who live close to
the land, generally understand and respect the concepts of ecosystems and balance. It’s taken Western,
modern man, you and me and our immediate ancestors, the last hundred years to begin to rediscover
those primitive understandings and wisdom. Let’s
hope we learn very quickly.
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HOMEWORK
1

Look over a basic general biology text book, such as Audesirk’s. Briefly flip through the
various phyla. Pick out a “favorite” phylum. Try to avoid the very popular ones, like chordates. Write a brief report on your phylum, including some detail on several particular
species in that phylum.

2

What exactly is an “endangered” species? You should refer to a biology or environmental
science book. Does it relate to total numbers? Habitat? Population density? Do you have
endangered species in your town, city, backyard? Explain.

3

Visit a local zoo, arboretum, or botanical garden. Select two or more specific specimens
(plant, fungi, or animals). Identity and sketch (or photograph) them. What information
was presented about them? Now dig deeper using a biology text, encyclopedia, etc. and
tell more about those specimens? What are their characteristics? How long do they live?
How do they propagate? Are they “good” for anything? Explain.

4

Try to rent the French film Microcosmos. (It’s not in French. In fact, there is no dialogue in
it.) Those French biologists in the wild used modern video photography to capture insects
and other microorganisms from many unique vantage points and perspectives. Watch it.
It’s a great armchair trek through part of the world of biology. Write a brief report tying
the film to Chapter 25.

EXPERIMENTS
1

Get your old sand pail and scoop (actually any plastic cup and spoon will do) and collect
about 250 ml (roughly a cup) of rich garden soil. Try to find some that hasn’t been beat to
death with pesticides and herbicides (no golf course soil, please!). Get it from a flower
patch, a potted plant, or a backyard garden. Spread out some newspaper and some white
paper towels. Gently spread the soil on the paper towels. Use a square foot or two of area
to spread it out on. If the soil was very cold or frozen, let it thaw out and warm up.
Now get up close and personal! Use your safety glasses. Observe, poke, sketch, count!
What do you see? Millipedes? Centipedes? Spiders? Beetles? Larva? How big? How many?
Do they move? How fast? You don’t need to be ultra scientific about this. Just make your
own categories. Make up your own names for these critters. Look even more closely. Use
your magnifying glass or Fresnel lens. What do you see? Be as complete as you can. Life is
everywhere!

2

This one’s tougher if it’s very cold. Go for a hike. Go off by yourself in a park, back yard, ski
run (off the main run, where it’s quiet and untraveled), hiking, or cross-country trail. Now
just be still. Watch and listen, sketch or photograph, count, and record. Who, what, is out
there? Look on the leaves or needles, on the bark, on and in stumps, dead wood, under
rocks (careful!). Are there any birds? Insects? If there’s snow, look for life on the snow. Be
patient. Observe especially the untracked areas. If there’s water, look for life on the water,
in the water, and on the shoreline.
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What did you see? What did you hear? Roughly summarize and categorize. Tell what the
conditions were (date, time of day, temperature, etc.). Enjoy being an unencumbered
Biologist in the Wild!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Margulis and Schwartz, Five Kingdoms
Audesirk and Audesirk, Biology
Film: Microcosmos
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What is Life?
Diversity and Extinction
The ant man and the microbe lady deal with life: its creation, its existence, and its extinction. Meet Edward Wilson and Lynn Margulis, two
very important contemporary biologists.

QUESTIONS
1

Prokaryotes and Eukaryotes—what is the difference?

2

What is natural selection? And evolution?

3

What are tardigrades? Are they like brine shrimp?

4

Who is Lynn Margulis? Who cares?

5

Darwin—why is he so important?

6

Why do you say I am an ecosystem? Do I have endangered species on me? In me?

7

What is symbiosis? What’s symbiogenesis?

8

Am I a mutant?

9

Why does extinction happen?

10 Who is Edward Wilson?
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Resurrection
What is life? We think we know it when we see it.
But here’s a little surprise.
Remember von Leuwenhoek—the guy who
developed the microscope? Here’s an experiment
that von Leuwenhoek accidentally did. Dry dirt and
dust appear to be completely inanimate. Looking
at them under the microscope, we don’t see much.
Nothing moves. No life. Little dry specks of apparently lifeless earth can exist for years in many parts
of Utah and throughout the Southwest—on the
sandstone, in the desert, on rocks, in the gullies and
stream channels. And yet when the rain comes, a
pool forms, and perhaps for only a few minutes,
maybe for a few hours, life appears.
Certain animals can resurrect, come “back to life.”
Such remarkable resurrection is not that uncommon
in nature. So-called “resurrection plants” can completely dry out and, with the addition of a little water,
begin to grow again. Many other organisms can survive almost total drying and come back to life when
the water returns. Little creatures called tardigrades
(Figure 26-1), related to the fragile “cryptobiotic”
soil in desert lands of Utah and Arizona, can be baked
and dried without any special treatment or conditions, and, with water and the right conditions,

Figure 26-2 Lynn
Margulis, Professor of
Biology, University of
Massachusetts.

resurrect. They come back to life, quickly search
for a mate, do their thing, propagate their species,
and are often promptly desiccated again. The phenomenon is called anhydrobiosis. Amazing!
Tardigrades, and other anhydrobiotic creatures, are
wonderful examples of life’s way of dealing with difficult environments—part of the incredible diversity
of life.
There are two ver y important concepts in
Biology:
• the diversity of living things (biodiversity) and;
• how and why this incredible biodiversity is rapidly
shrinking (extinction).
We will refer to several beautiful, well-written and
extremely important, contemporary books, produced
not for scientists, but for you and me, the general
public.

Five Kingdoms

Figure 26-1 Close-up of a tardigrade, a “resurrectable” animal. (Photo by R.O. Schuster in Margulis &
Sagan, What is Life?, pg. 139).

Lynn Margulis is a biologist who has helped interpret and organize biology (Figure 26-2). There are
many ways to organize—to categorize the diversity
of life. One way, largely as a result of her efforts, is
the five kingdoms model. Her little paperback book
titled Five Kingdoms goes into more detail. The metaphor ical hand (Figure 25-3) represents the five
kingdoms present on earth today, and illustrates their
approximate origins in time. The thumb and base
of the hand represents the earliest kingdom, which
includes all of the many kinds of bacteria. This is
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Eukaryotes
Have Nucleus (all other cells)
Kingdom
Kingdom
Kingdom
Kingdom

.......
.......
.......
.......

Protoctista
Fungi
Animal
Plant

Physics: Laws of Motion
Conservation Laws
Laws of Thermodynamics
Chemistry: The Periodic Table
92+ Elements
Biology: 5 Kingdoms
100+ Phyla

Figure 26-3 Eukaryote characteristics.

Figure 26-4 Basic facts of the three basic sciences.

the mother kingdom, Kingdom Monera, single cells
which do not have nuclei, called prokaryotes. They
are the most primitive life forms.
The four fingers are all similar in the sense that
they represent cells with nuclei, eukaryotes (Figure
26-3). The index finger represents animals, the next
finger represents plants, and still the next represents
fungi, and finally the little finger represents those
small, mainly single-celled creatures, the protists. Protists and bacteria are both single-celled organisms,
but they are fundamentally different because the bac-

teria have no distinct nucleus, while the protists certainly do.
The back of the hand and the small finger are
continuous, showing that all of the multi-cellular kingdoms, involving nucleus containing cells, originated
from the protists, our single cell ancestors. The thumb
is continuous with the base of the hand, illustrating
that all cells trace their cellular genealogy back nearly
four billion years to those ancestral prokaryotes.
Figure 25-10 shows this metaphorical hand gently holding our little planet in a universe of stars.
Physicists have their basic rules, their basic laws
of the universe (Figure 26-4). Chemists have their
Periodic Table—92 natural elements, plus a dozen
or so man-made ones. Biologists have their five kingdoms, their five major groupings, and within them
over 100 phyla (Figure 26-5).
When we considered the Periodic Table we used
Peter Atkin’s little book, The Periodic Kingdom, to fly
over the 92 elements and their landscape, or rather
their chemical scape, to get some general feeling and
appreciation for their properties and characteristics.
Lynn Margulis and her co-author, Karlene Schwartz,
give us a taste of life in their book Five Kingdoms,
subtitled An Illustrated Guide to the Phyla of Life on
Earth. As you get motivated and interested to learn
more biology, you’ll probably get to know and love
Five Kingdoms and Lynn Margulis’ recent book, What
is Life?
Although we generally think of life as being either plant or animal, those are only two of the five
basic kingdoms of life (Figure 26-5). The Fungi are

Five Kingdoms
Monera ....... Prokaryotes: Bacteria
Protoctista .. Eukaryotes:
Mainly single cell protists
Fungi .......... Multi-celled Eukaryotes:
Mainly molds &
mushrooms
Animalia ..... Multi-celled Eukaryotes:
The Animals
Plantae ....... Multi-celled Eukaryotes:
Green Plants
Figure 26-5 A summary of the Five Kingdoms.
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not plants and they are not animals. They are separate, different, and they have their own kingdom,
their own classification. Fungi have a unique role
and niche in recycling. They turnover dead matter,
organic matter, in our biosphere. They permit complete recycling of nearly all matter on the planet,
including many inorganic minerals.
We can’t see the two most primitive kingdoms
without microscopes. The protists are single-celled
organisms who, together with animals, plants, and
fungi, all have complex cells with nuclei in which
much of their genetic and reproductive machinery
is housed. Many protists are photosynthetic, but that
doesn’t make them plants, and many protists eat other
protists, they are predatory, but that doesn’t make
them animals. Protists and other creatures in the
kingdom Protoctista are distinct, they are different,
and they are very old.
Even older are the bacteria, the kingdom Monera,
which includes the oldest and most primitive life
forms on Earth. Their single cell does not have a
nucleus. Their genetic and reproductive machinery
is distributed throughout the entire cell.
There are probably millions of species of bacteria. From man’s perspective, some are good, some
are bad. Our entire biosphere, all of life on Earth, is
completely dependent on bacteria. We cannot grow
food without them, we cannot raise animals without them, we cannot operate our gastro-intestinal
tracts without them.
All life on Earth, with the possible exception of
a few bacteria, involves complex symbioses, cooperative interactions, between life forms spanning the
five basic kingdoms (Figure 26-5). Fungi in the roots
of plants allow them to fix nitrogen. Bacteria in your
gut allow you to digest. Bacteria in the guts of cattle
allow them to digest. Lichens, which are important
in breaking down rocks and minerals into soluble
components, are symbiotic associations of fungi and
of certain photo synthetic bacteria or protists.
We largely ignore what we cannot see. So we
are usually unaware of the protists and the bacteria.
When we do recognize them, it is often because of
some negative trait or characteristic, such as the infections caused by some bacteria. But without
bacteria we, and most other life forms, simply could
not exist.

The Diversity of Life
Let’s now appreciate the
enormous diversity of
life, not from the perspective of our early
biologists in the wild,
but from the perspective of Edward Wilson
of Harvard University
(Figure 26-6). He is
Figure 26-6 E.O.
best known in the biWilson. (From video
ology community for
Reflections on a Life in
his extensive studies of
Science, Harvard
ants. But Wilson’s eyes,
University Press.)
and his biological skills,
encompass far more
than ants. His book The
Diversity of Life is our guide (Figure 26-7).
Life is confined to a very thin band on the surface of the planet, extending to the top of the highest
mountains and down to the deepest depths of the
ocean. This 50,000 or so foot shell, less than ten
miles thick, is almost infinitesimally thin on the scale
of the earth. If we were to scale the earth down
nearly a million times to the size of a ping pong
ball, the earth’s surface would be far smoother than
the smoothest ping pong ball. But within that thin
band is an enormous diversity of life forms—perhaps 30 million species.

Figure 26-7
Wilson’s book,
The Diversity of
Life. Due to
copyright issues,
please memorize
this hastily drawn
version of the
work, then locate
and read it!
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You know that a species is a group of creatures
which can breed, can reproduce, under natural conditions, thus propagating the species.
Organisms change in response to changes in their
environment and living conditions. When a group
of the species has been separated for a long time
and gone through so many generations that it cannot, or chooses not, to breed with others outside
the immediate group, then diversity has increased
and that group is now an independent, different, species. Diversity in one g roup may encourage
diversities in other groups. A good example is insects and flowers. There’s an immense diversity of
both kinds. These two groups are, in Wilson’s words,
“united by intricate symbioses.” Species can be created quickly and diversity can expand explosively,
sometimes only requiring a few generations. And
species can die out completely, become extinct, very
rapidly.
Biology’s incredible biodiversity—its 30 million
or so species—has thrilled and confused man and
woman. How did it all come to be? How did it all
evolve?
It took the brilliance of Isaac Newton to sort
out, explain, organize, and understand much of the
physical world—the basic rules of the cosmos. Biology is far more complex, and potentially more
confusing. Fortunately, Biology now has an incredible unifying principle—the principle of natural
selection.

Natural Selection
Natural selection, often called the survival of the fittest, was first clearly presented by another genius,
Charles Darwin, only a hundred or so years ago (Figure 26-8). Organisms are born, grow and live, give
birth to others of their own kind, and die. This goes
on for hundreds, thousands, tens of thousands of generations—even for millions of years. Half of your
genetic code, and half of your mate’s, guides the development of your offspring. We know that in the
wild the naturally weak do not generally survive.
Their line, their genes, die with them. Survival or
death produce an incredible selection process, a natural sieve. The able, the smart, the strong make it
through the sieve. The weak or less able do not.
There is a natural selection process. That is Darwin’s
great idea (Figure 26-8).

Figure 26-8 Darwin
is on lots of stamps
and in most Biology
books.

You know that the code of life, the instructions
for development, are in your genes, in your DNA.
And although DNA has an incredibly good replication process, mistakes do occur. Such a mistake is a
mutation. A mutation can occur due to a random,
statistical error in copying. Mutations can also occur due to environmental influences, perhaps by
exposure to certain chemicals or radiation, for example. If your private mutation is in the half of your
DNA passed on to your offspring, then it may affect how that son or daughter develops.
Most mutations are not beneficial. So natural
selection helps screen or sieve them out. But a very
few mutations could be beneficial. If that benefit is
sufficient to enhance survival, then those survivors
successfully reproduce, replicating their mutated
DNA, passing it on through many generations, improving the species.
Natural selection is a very effective, but extremely
slow, filter. Mutations which tend to decrease survival are eventually selected out, but mutations which
enhance survival are slowly selected in. The result is
that the species, generally and statistically, slowly improves—incrementally, one statistical step at a time.
Each tiny step is selected for or against by natural
selection. Mutations are statistical throws of the
DNA dice (Figure 26-9), but the dice are loaded,
loaded via natural selection.

Figure 26-9 Dice: picture them “loaded” by natural
selection.
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But changes can also occur in large jumps—
jumps which are also filtered and sieved by natural
selection. And this is where Lynn Margulis now
comes in (Figure 26-2).

Symbiogenesis and New Paradigms
Margulis realized that a very large jump in properties or characteristics will develop if two very different
organisms somehow come together, literally fusing,
to become one new organism, very different from
its components. The new whole is now very much
different than its component parts. If the new “symbiotic” organism has enhanced characteristics, then
it will do well, natural selection will favor it, and a
new species will eventually evolve. Margulis calls this
evolutionary process symbiogenesis.
So there appear to be two processes by which
species evolve (Figure 26-10). One is incremental,
statistical, and slow—the trial and error process of
DNA mutations which play themselves out in many
future generations, acted upon by Darwin’s natural
selection. The other is a process of internal symbiosis called symbiogenesis. And of course both
processes are underway all the time.
Lynn Margulis and others argued forcefully for
many years that the major energetic machinery in
your cells and mine, the mitochondria (Figure 26-11),
trace their origins to bacteria that were encapsulated or somehow injected themselves into our
ancestral cells, providing those ancestral cells with
incredibly new capabilities and characteristics. After several frustrating and skeptical decades, the
orig ins of mitochondria and the process of
symbiogenesis are now widely accepted in biology.
If a very major dramatic change occurs, like the
sudden appearance of mitochondrial structures in
cells that previously didn’t have them, then there is
an enormous jump in the capabilities and properties of that organism. It can now compete very
differently, perhaps much more effectively, in the
natural environment.
So things happen slowly, incrementally (Figure
26-12), and things happen quickly, dramatically, with
a sudden jump in capability. From that new plateau
or new level many new things are possible.
The incremental and sudden jump model isn’t
unique to biology. It is valid in all areas of science
and indeed in all fields. Science tends to develop in

Key Models of Evolution
Incremental Evolution
Symbiotic Evolution (Symbiogenesis)

Figure 26-10 Components of evolution.

incremental little steps. You and I make our small
contributions, and so do other individual scientists.
Still other scientists build on those contributions,
those laws, those understandings, produced by everyone who has gone before. That’s why Newton
said he “stood on the shoulders of giants.” But every once in a while knowledge and understanding
accumulate to the point where a particularly brilliant, insightful, creative individual comes along and
sees a new way of synthesizing, of explaining, of
understanding, that accumulated knowledge, generally from a very different perspective, thereby
producing a whole new way of seeing. It’s called a
paradigm shift (Figure 26-12). That’s what Galileo did.
That’s what Newton did with gravity and forces at
a distance. That’s what Darwin did with natural se-

Figure 26-11 Schematic of a modern mitochondrion,
an important bioenergetic structure inside nearly all of
our cells (from Silverthorn, Human Physiology, pg. 49).
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Figure 26-12 The incremental—paradigm shift models.

Figure 26-13 A very rough clock! In billions of years.

lection. That’s what Lynn Margulis did with intracellular symbiosis (symbiogenesis or endosymbiosis).
Such seminal ideas are generally viewed very
negatively by the scientific community, because the
new synthesis, the new view, is so radically different
from the old one that the first reaction is that it is
science fantasy. It may take years, decades, or even
centuries before the general scientific community
eventually accepts the new view. It takes time for
very new ideas to be proven correct. With time, if
correct, they win support and, eventually, even make
it into textbooks! Lynn Margulis was a scientific heretic, and now she is a guru. Her symbiosis model is
now in almost every basic biology textbook (see
Audesirk, pg. 92). Her paradigm shift has lead to an
entirely new plateau (Figure 26-12).

Life has been developing and evolving on our
planet for over 4 billion years, almost since the planet
formed (Figure 26-13).
The universe was created roughly 15 billion years
ago in the Big Bang, the most accepted model today. Earth coalesced nearly 5 billion years ago.
Primitive life forms actually developed fairly rapidly, 3 1⁄2 to 4 billion years ago. For the first 2 plus
billion years, life was mainly bacteria. Most of the
life forms that you and I relate to on a daily basis,
and that we think of when we think of the diversity
of life, began to originate less than a billion years
ago in what is called the Cambrian Explosion. Although most of the species that existed back then
are now extinct, the species derived and evolved from
them are our fellow inhabitants of the planet.
More different species are alive today than at any
time in the past, because there has been a general
tendency for diversity to increase, that is, until man
started to fully dominate and take over the planet.

Biodiversity
The scientific world now recognizes that we really
know very little about the life forms on our planet.
Wilson says we dwell on a largely unexplored planet.
We’re only now beginning to appreciate the diversity of species in the deep ocean, the diversity of
species in the rain forests, and even the diversity of
species in our own back yards. There are roughly
5,000 different tiny species in just one gram of forest soil, and most of those species are unclassified,
unstudied, and largely unknown. Wilson calls species classification the “Black Hole of Taxonomy.”
Taxonomy means the process by which biologists
name, categorize, classify, and differentiate species—
like Linnaeus did.

Extinction
Biologists and ecologists are now finding very rapid
decreases in the number of species, due to the great
decrease in the available habitat for these species.
That decrease in habitat is due to man—to the human species. Wilson’s schematic figure illustrates the
point (Figure 26-14). Man, with his superior hunting and intellectual skills and his ability to expand
his population at a rapid rate, means the demise of
big animals. This is, of course, happening in Africa,
has happened extensively in Australia and North
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America, and is also happening in other parts of the
successful and more adaptable species. That means
world. There are many species which exist only in
that out of a million species, about one goes extinct
very small areas of the planet and which, when gone,
every year. Wilson defines that as the background
will be gone forever. Extinction hot spots exist on
extinction rate.
every continent. As one species becomes threatened,
We’ve seen that there is a pyramid to life forms
all the other species which interact with and are par(Figure 25-1): large animals are relatively rare and
tially dependent on it are also threatened. The
require a very large land area for their sustenance,
bumper sticker that says “Extinction is Forever” is
smaller animals are more common, even smaller ones
correct. Jurassic Park and the rebirth of the dinomore common, and so forth.
saurs is science fiction.
There were five great extinction
events in the history of life on
Earth over the last half billion years,
prior to the arrival of man (Figure
Figure 26-14 The demise of large animals in various parts of the world
26-15). These mass extinction
is due to the presence and expansion of man (from Wilson, The Diversity
of Life, pg. 252).
events were probably due to major
cataclysms that adversely affected
the global environment. For at least
one of the mass extinction events
in the past, some scientists have
hypothesized that the crashing of a
large meteorite may have caused
major changes in global weather
patterns and climate. Immense
geological disturbances, such as
massive tectonic and volcanic activity, also may have contributed to
global environmental changes that
probably underlay most mass extinction events. Such geologic and
climatic disturbances are statistical,
unpredictable events, perhaps five
of them over the last 5 hundred or
so million years.
We can ask, after each down
turn, how did biodiversity recover?
How long did it take for evolution
to restore the diversity after major
extinction episodes? The answer is,
roughly, 5 million years are required
to regain the biodiversity. There is
no way, using conventional, slow,
Darwinian evolutionary processes
to rapidly restore biodiversity once
it is gone. Wilson says that, very
roughly, an individual species tends
to exist for about a million years.
It is slowly replaced by other more
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Figure 26-15 Five major
extinction episodes
evident in the fossil
record. Number six is
going on right now (from
Wilson, The Diversity of
Life, pg. 191).

The pyramidal structure required for species diver sity and for stable ecosystems has been
dramatically altered by you and by me, and our Homo
sapiens cousins, in the last 50 years. Men and women,
over 5 billion of us, are now 100 times more numer-

ous than any other land animal of comparable size
in the history of biology (Figure 26-16). Human
activity has increased the extinction rate dramatically, by 1,000 to 10,000 times in the rain forest due
to reduction in land area.

Figure 26-16 The human population is now growing exponentially, consuming resources and habitat, and threatening most other species (from Audesirk, Biology, pg. 861).
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Wilson begins and concludes his book, The
Diversity of Life, by saying (Figure 26-17):
Humanity has initiated the sixth great extinction
spasm, rushing to eternity a large fraction of our fellow species, in a single generation.

Limits and Constraints
Life requires space—ocean space, river and lake space,
and land space. Space that is accessible to water, to
light and isn’t covered in asphalt or concrete, or permeated with herbicides or pesticides.
The United States has always had a lot of space
and a few people. Even Utah, which until 15 to 20
years ago was one of the least populated states in
the Union, with a fairly large land area and a rich
and diverse geography, now has growth summits,
wilderness debates, and traffic gridlock.
Physics teaches us that there are limits—there are
rules and constraints. So does chemistry, and now,
so does biology. Utah, the United States, and Earth’s
humanity can no longer ignore those rules and constraints.
Diversity and Extinction are two key concepts
in Biology which we need to understand. We must
insist that our social and political leaders also understand them.
Observe the natural world. Consider its diversity. Think about extinction. Tune into nature
programs. Open your eyes and ears when outside.
Roll the windows down in the car. Remove the
headphones of your Walkman or Discman, at least for
a short time (Figure 26-18). Smell the flowers, listen
to the birds, lie in the grass, walk among the aspen.

“Humanity has initiated the sixth great
extinction spasm, rushing to eternity
a large fraction of our fellow species—
in a single generation.”
—E.O. Wilson
Figure 26-17 E.O. Wilson’s words.

Figure 26-18 Let’s give our ears a rest—and a change!

There is still an incredible diversity of life out there.
Experience and appreciate it—and please, protect it.
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HOMEWORK
1

Look up the term “paradigm shift.” The guy who made it popular was Thomas Kuhn, in
his book The Structure of Scientific Revolution 1970, Univ. Chicago Press. What does it
mean? Give examples of three major paradigm shifts in the history of science. Tell who,
what, when, and why. Was the shift well received when first presented? Why or why not?
Have you had a personal paradigm shift, yet? Please talk about it!

2

Why are we so unsure about the number of different species now living on the earth—or
even in your front yard? Try to speciate some animal or plant that lives nearby—a bird,
spider, worm, weed, flower, etc. Most biology textbooks have a section on how to categorize and identify different species. Give it a try!

EXPERIMENT
If you have a Labless Lab Kit, it has a test tube
which contains “Resurrection Sand.” If you
don’t have it, try to get some already dry soil,
dirt, sand, etc. Get at least a cupful if you can.
Take a clean transparent glass or plastic container. Pour the Resurrection Sand or your soil
or sand into the dry container.
Examine your soil or sand carefully. Spread
it out on the clean, dry container. Look at it.
How much dark material is there? Any fibers?
Is there anything that looks like a dehydrated
body, anything that looks like eggs? Make
some rough sketches, make a rough count, try
to categorize what you see. Then take one of
your magnifying glasses and take a look at
higher magnification. The Fresnel lens works
well to look over the whole area. Use a more
powerful magnifier to look at individual regions. Gently spread it some more. Look,
count, categorize, and record.
Now take a few cc of spring water, not tap
water, not distilled or purified water, but bottled
drinking water from a spring source. Its the
kind you find in plastic bottles in the supermarket. There should be just enough water to
really cover the sand or soil. Now place a transparent cover over the dish to minimize
evaporation. Don’t seal it because it needs
some air circulation.
Set your new Resurrection ecosystem on a
stable surface where you can leave it undis-

turbed at normal room temperature and in
normal room light. It shouldn’t get unduly hot
or unduly cold. Now, just watch and wait. Patience!
The upper surface of your ecosystem may
have some condensed water on the inside surface which might make things difficult to see.
Its okay to simply take the top off and wipe off
that condensed water with a paper towel. Then
put the top back on and take a look. Use your
magnifiers to help you see what is going on.
As noted in the Labless Lab instructions (appendix), Resurrection Sand was obtained from
a dry wash in south central Utah. In such Utah
washes, and indeed in many other parts of the
Southwest, there is life in the sand. Sometimes
it is quite abundant and forms a dark black like
clump on the surface. This is similar to the
cryptobiotic soil common throughout the
Southwest, which you are told not to disturb
when you go hiking in that part of the country. Even where the cryptobiotic soil is not well
formed, there are often life forms in the dry
sand. They are there waiting for that sporadic
thunderstorm or flash flood to wet them, to
hydrate them, allowing them to recover from
their dormant state, to literally resurrect, come
to life, look for a mate, do their thing, and procreate their species until they are dehydrated
again. These life forms are not unique to the
Southwest. Any dry soil or sand may have
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resurrectable life. Most of these organisms have
some unique biochemical mechanisms to deal
with near total water loss, near total dehydration. We can’t go into that here, but you will
find it discussed in a some advanced biology
books. The mechanisms these animals use are
now being studied by biologists and technologists as means to preserve proteins, vaccines,
cells, and tissues for a range of medical and
technological purposes.
That was all background—here’s the experiment: Simply watch your now well-wetted
resurrection sample. Observe it every day, preferably in the morning and in the evening, just
before going to bed. Record what you see. If
you’re lucky, you will see life in the dish. The
density or concentration of dehydrated organisms or their eggs in the sand or soil is often
not very high. There is a high probability that
your sand or soil may not contain anything that
is alive. But it might, so look very carefully.
One of the characteristics of living things,
particularly animal living things, is that they
like to move. They are motile, they have means
of locomotion. So, if something is moving and
it is obviously not due to turbulence or convection, it is probably alive, because it takes
energy to move. Observe it. Record it. Record
when you first noticed an organism. What is
its size? Briefly describe and draw it and keep
observing it over the next ten to fourteen days.
Get to know it, poke and perturb it. Does it
eventually die? Animal organisms of course
need food, and there is probably enough in
the sand or soil to maintain them for several
weeks, but maybe not. They might find themselves resurrected, eager to live, and suddenly
without enough food to sustain themselves. If
you’re worried abut that, put in a few crumbs
of bread or cereal.
Consider your little dish with wet Resurrection stuff as a tiny ecosystem. Observe and

study that ecosystem over the next two weeks
as completely as you can. If you’re unlucky, you
won’t see any life. That’s how the real world
of biology works. There are a lot of variables,
and a lot of uncertainty, when you deal with
living organisms, unless you are fortunate
enough to have large populations in a small
volume or area. When you deal with very small
numbers, statistics are very tricky and it is hard
to draw definitive conclusions. That’s why
physicists and even chemists often don’t like
biology. It is just too complicated and uncertain for their simple minds.
Make the observations over a two-week period.
Prepare a preliminary report for the first
week, and a more comprehensive report for
week two.
After two weeks your little ecosystem may
start to go sour (it may start to stink), but you
may want to continue the experiment. Pour
off the excess water, leaving most of the sand
or soil and solid material still in the dish. Throw
away the water. Now put the open dish with
the wet sand/soil spread as uniformly as possible out in the sun and let it totally dehydrate.
Leave it like that for five days and then repeat
your experiment. That is, add more spring water just as before and start the process all over
again.
If you did not see any life at all in your first
two weeks of observation then you can probably forget this second experiment. It is unlikely
that you will see anything now. But if you did
see life, then see if it can make it through another resurrection cycle. Write a very brief
report. When it is all over, you can simply throw
it in the nearest lawn or garden.
When you’re in the Southwest or other dry
apparently lifeless land, you’ll know to tread
very carefully. It’s not lifeless at all!
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What is Life?
The Very Early Days
Genealogy usually refers to family history, but it can also refer to other
histories. Let’s now trace your chemical and molecular genealogy. The
record is going to take us way, way back, billions of years back.

QUESTIONS
1

Why does de Duve say “life is a cosmic imperative”?

2

CHNOPS—Who are they? Why are they important?

3

What are nucleotides? Polynucleotides? Bases?

4

How do polynucleotides “use” hydrogen bonds?

5

What’s a protocell? What’s it doing in my kitchen?

6

What are phospholipids? And cell membranes?

7

How can molecules store information?

8

Why is my genealogy nearly four billion years old?
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The Earliest Days
Some four billion years ago, on a hot, inhospitable,
probably unpleasant new planet, life appeared. Some
four billion years later, here we are. What were those
very early days like?
Christian de Duve asks those questions in his
popular book, Vital Dust: Life as a Cosmic Imperative.
de Duve is a chemist, a biologist, and a Nobel prize
winner. Vital Dust asks the question, what is life?
How did it all come to be (Figure 27-1)?
Some 15 billion years ago there was a huge explosion—the Big Bang (Figure 26-13). We have no
idea why, how, or what, if anything, was there before. The force of gravity coalesced the sub-atomic
particles and atoms involved in that explosion. Some
of those coalescences densified and ignited, and the
stars which resulted now produce energy by fusion
processes. Other smaller coalescences became planets, comets, and other structures. The best guess is
that Earth developed that way some five billion years
ago (Figure 26-13). Parts of the earth then started
to cool. The elements and molecules present reacted
with each other, forming many new molecules. Very
primitive life forms developed, already nearly four
billion years ago. This first life probably formed in
the oceans, under water where it was protected from
the intense, ultra-violet light of the sun. Later photosynthetic bacteria developed, producing oxygen
and eventually changing the atmosphere of the
planet.
What is life? Lynn Margulis and her son, Dorion
Sagan, ask and try to answer that question in their
beautiful book, What is Life? (Figure 27-2). This is
one of their answers:
Life is planetary exuberance, a solar phenomenon. It
is the astronomically local transmutation of Earth’s air,
water, and sun into cells. It is an intricate pattern of
growth and death, dispatch and retrenchment, transformation and decay. Life is the single expanding
organization connected through Darwinian time to
the first bacteria and through... space to all citizens
of the biosphere. Life... is a whirling nexus of growing, fusing, and dying beings. It is matter gone wild,
capable of choosing its own direction in order to indefinitely forestall the inevitable moment of
thermodynamic equilibrium—death. Life is also a
question the universe poses to itself in the form of a
human being.

Figure 27-1
Christian de Duve’s
fascinating book
Vital Dust: Life as a
Cosmic Imperative,
(Basic Books, 1995).
Again, a cartoon
representation of
the cover, to give
you an idea of what
to look for.

What happened to living matter to make it so different? The answer is both scientific and historical. Life
is its own inimitable history. From an everyday,
uncontentious perspective ‘you’ began in your mother’s
womb some nine months before whatever your age
is. From a deeper, evolutionary perspective, however,
‘you’ began with life’s daring genesis—its secession,
more than 4,000 million years ago, from the ...early
Earth... the primeval soup. (Pg. 49)

De Duve asks the same question. What is life? He
also asks why? Why is life? He asks where did the
organic molecules come from that finally led to cells.
So, with de Duve’s Vital Dust we start at the very
beginning.
De Duve defines seven successive ages of increasing complexity (Figure 27-3).
• First, the age of chemistry, simple atoms and molecules—the chemistry of carbon;
• Then the age of information—the more complex
molecules which can store and provide informa-

Figure 27-2 The
beautiful book What is
Life? by Lynn Margulis
and Dorion Sagan
(Simon and Schuster,
1995). For the real
cover, picture lots of
photos of diverse lifeforms.
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•

•
•

•
•

tion—molecular instructions and chemical history—primarily RNA;
Three, the age of the protocell, how collections of
molecules partially isolated themselves from their
environment, in part to protect themselves from
the natural entropy tendencies of that environment—the beginnings of bacteria;
Next the age of the single cell, the beginnings of
simple life as we now know it, bacteria, cell division—and then—protists, eukaryotes;
Then the age of multicellular organisms, individual
living creatures composed of more than one cell;
so cells could then afford to specialize. And that
went on and on to mammals, primates, and you;
And we’re now in the age of the mind, the development of complex neurostructures, the brain, and
particularly the brain of man: Tomorrow is,
The age of the unknown, of the unknown future.

The Seven Ages of Life on Earth
(in millions of years)
Age of Chemistry
Age of Information
Age of the Protocell
Age of the Single Cell
Age of Multicellular Organisms
Age of the Mind
Age of the Unknown

~ 4,600 - 4,000
~ 4,000
~ 3,900
~ 2,000
~ 1,000
~ 500
Tomorrow

Figure 27-3 The seven ages of life, from de Duve’s book.

We know that each of us began with a single cell—
not four million or even four billion years ago, but
just 20, 30, 50 or more years ago—a mother’s egg
and a father’s sperm combining their chromosomes,
their genes, to form a fertilized egg, producing an
embryo which, some nine months or so later, became you or me. Although the more easily readable
fossil records only go back some 600 million years,
much of the history of life is written in each of our
individual chemical records. You and I carry a nearly
complete handbook, an encyclopedia, of the origin
of the development of life on our planet, going back
nearly four billion years—it’s our DNA—our genetic code (Figure 27-4). What we haven’t yet fully
learned is how to read that record in historical terms.
Molecular evolutionists and molecular historians are scientists who combine molecular biology
with paleontology, geology, the fossil record, and
chemistry—to try to decipher that long, four billion-year-old code.

The Age of Chemistry

The Age of Chemistry you already know. The major
elements of the living world are the C-H-N-O-PS (carbon, hydrogen, nitrogen, oxygen, phosphorous,
and sulfur). These six elements are the bulk of all
living matter. They must be the main actors in the
chemical part of life’s story. De Duve says there was
a lot of geological cookery going on four billion

Figure 27-4 The very long DNA double helix in the
nucleus of our cells consists of sequences called genes,
organized in regions called chromosomes. That
incredibly long sequence is the basic code or “blueprint” for that organism, but also contains much of the
history of the development and evolution of life over
the last 4 billion years. (From the National Center for
Human Genome Research, National Institutes of Health.)
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years ago—geysers, hot springs, volcanoes, earthquakes, meteorites. Earth was a very dynamic and
energetic place. It had elements and energy. We
know that when we put elements and energy together we get, statistically, some of the key molecules
of biology.
De Duve argues that the pre-life, the pre-biotic
world, was a fairly putrid and smelly place, with large
amounts of hydrogen sulfide, H2 S (rotten egg gas).
There were also other carbon, sulfur, and oxygen
compounds, a lot of water, and a lot of iron, a seventh element important and vital to most life. Iron
and sulfur are key parts of many of the enzyme catalysts involved in practically all of biology. De Duve
argues that it is this combination of carbon/oxygen/sulfur compounds, and iron-sulfur compounds,
that provided the initial chemical soup which led
to the chemical reactions, which then produced the
key molecules of life.

The Age of Information
Life doesn’t only require molecules and chemical
reactions, it requires a way of storing information,
of storing the instructions of life, so
that it can reproduce itself. The Age
of Information was needed to provide information-containing or
storing macromolecules—polymers
to store our chemical histories and
recipes. Most folks believe the first
information storing molecule was
a primitive RNA (ribonucleic acid)—
a polynucleotide (Figure 27-5).

Figure 27-5 RNA, ribonucleic acid, is
a macromolecule, a polymer, made up
of four nucleotides (the mers)
covalently linked together. The four
nucleotides in RNA are A, C, G, and U
(adenine, cytosine, guanine, and
uracil) (from Silverthorn, Human
Physiology, pg. 33).

Polynucleotides are large information carrying
molecules constructed of four simpler, smaller components, nucleotides. Nucleotides are the monomers,
the building blocks, of polynucleotide polymers (Figure 27-6). Amino acids are the monomers for
polyamino acids, for proteins. Saccharides, another
name for sugars, are the monomers, the building
blocks, of polysaccharides. Phospholipids and membranes will be covered later.
The RNA nucleotide “mer,” or repeat unit, is
more complicated than the monomer units in man
made synthetic polymers, like polyethylene, Plexiglas,
or PVC (recall Figures 23-1 and 23-19). A nucleotide (Figure 27-7) has a phosphate component, a
sugar component (called ribose in RNA and deoxyribose in DNA), and a third component called a
base. The nucleotide mers react together, through
their phosphate and ribose parts, to form polynucleotides (Figure 27-8). The “base” part of each repeat
unit is responsible for the specificity of information
storage and replication. Today there are four different kinds of bases in the polynucleotide, RNA:
adenine, guanine, cytosine, and uracil (A, G, C, U). RNA
is a polymer of four different “mer” or repeat units
(Figure 27-9). DNA is a polymer of the bases A, C,
G, and T, where T is thymine.

Key Molecules of Life
Monomers

Polymers

Nucleotides

RNA, DNA (Polynucleotides)

Amino Acids

Proteins (Poly amino acids)

Saccharides (Sugars)

Poly-saccharides

Phospholipids

Membranes

Figure 27-6 Polymers are poly-mers, large macromolecules consisting of much smaller building blocks
(mers) covalently linked together. The three major
types of polymers in biology are polynucleotides, poly
amino acids, and polysaccharides. “Polyphospholipids”
are different. They are associated, but not covalently,
to form two- and three-dimensional structures, such as
cell membranes.
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Figure 27-7 One of the nucleotides in RNA. The upper
right is the “base,” the center is the sugar, and the left
is the phosphate group. In this nucleotide, the base is
uracil, the sugar is ribose. (From Hill and Kolb, Chemistry..., Pg. 475).

Figure 27-8 A
typical polynucleotide
segment, showing
how individual
nucleotides (mers)
are linked together
(from Audesirk,
Biology, pg. 52).

Figure 27-9 Space-filling models of the four different
bases making up the four RNA nucleotides.

Most modern biology books focus on DNA,
deoxyribonucleic acid, because it is today’s key information storage molecule. A key development in
biochemistry, and the birth of what is now called molecular biology, occurred in 1953 when Watson and
Crick realized that there was a unique and specific
pairing or matching between the four basic nucleotides in DNA. The specific pairing is based on their
ability to form hydrogen bonds—uniquely and specifically—as a result of their particular chemical structures.
RNA and DNA are a polymers, each with a particular sequence of mer units along the chain. Thus
RNA and DNA can now serve as patterns, or tem-

plates for the assembly of other polynucleotides—
not identical to, but matching, complementary,
through the specific base pairing process (Figure
27-10). If the nucleotides match up, and if there is a
mechanism for hooking them together—for polymerizing the new chain, then a second polymer is made
using the first one as a template or pattern—a sort of
replication process—although not an exact replica.
Now it becomes a mathematical game or puzzle.
Given four mers in various patterns, what sort of
polynucleotide can be templated and made? This was
the first hint of “a possible copying mechanism for
genetic material,” according to Watson and Crick.
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So, already on the infant Earth, some 4 billion
years ago, some nucleotides were apparently created
and formed primitive RNA-like molecules. There
was then a means of information storage and of information replication, but not necessarily identical
replication, that was to come later.
Well, the rest, as they say, is history. Eventually
deoxyribonucleic acid, DNA, came on the scene. It became responsible for information storage. DNA
became the library, the archives, of our molecular
genealogy. RNA serves as a messenger and template
and is now directly involved in the synthesis of enzymes and other proteins. The nucleotides in RNA
are a code for individual amino acids, a code for
proteins. Each of the twenty common amino acids
in proteins has a specific nucleotide code (Figure
27-11). You already know some of the amino acids
as food supplements, such as lysine or tryptophan.
De Duve argues that the formation of the nucleotide and polynucleotide molecules should be no
great surprise. The very nature of the elemental com-

Figure 27-10 The unique DNA double
helix showing the specific, complementary base-pairing process. (Silverthorn,
Human Physiology, pg. 33.)

position, the availability of water, the availability of
chemical energy, and the nature of chemical reactions suggests that the pre-biotic earth was essentially
pregnant with a primitive biological chemistry.
We won’t worry about the details of the genetic
code, replication, or transcription, because most biology books today spend far more time on that
material than they do on life itself. You’ll have plenty
of opportunity to get those details in other books
and courses that get into genetics and molecular biology. Here we now shift from pre-biotic solution
chemistry to the concept of encapsulation.

The Age of the Protocell
Life consists of far more than simply the duplication
of a single polymer of RNA, or its use as a template
on which to synthesize proteins or other polynucleotide molecules. Life involves reproduction, not only
of molecules but of cells and of organisms. The basic unit of all life is the cell, so we have to move
further and ask how cells may have developed.

Figure 27-11 RNA is a template for the synthesis of proteins. Three
RNA bases code for a specific amino acid. In this example the amino
acid Lysine (Lys) is carried by a specific transfer (t) RNA molecule which
binds specifically to the RNA template molecule (called “messenger” or
m-RNA) which carries the AAA sequence (codon) which codes for Lysine.
Lys will be attached to the amino acid tryptophan (Trp) on the growing
peptide chain (from Silverthorn, Human Physiology, pg. 101).
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Cells are small structures in which water, ions,
and molecules including RNA, DNA, and proteins,
are separated, isolated, and sealed, by means of a
membrane or a wall, from the rest of the solution
(Figure 27-12). A cell is a tiny bag of a molecular

solution or mixture which can float around in a
much bigger molecular solution.
We already know how to make inanimate versions. Remember the detergents and soaps in your
kitchen chemistry lab (Chapter 23)? Soaps and deter-

Figure 27-12 A typical, complex eukaryotic cell. The outermost “skin” is the cell membrane, originally thought to be
a bag which contains and protects the many specialized intra cellular structures, the organelles within the cell. See
the definitions and descriptions of each of the organelles on the next page (from Martini, Fundamentals of Anatomy
and Physiology, pg. 67-68).
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Figure 27-13 Phospholipids are like fatty acids except that the polar group is a phosphate. Glycolipids have a
carbohydrate polar group. Such polar/apolar compounds self-organize into micelles (from Martini, Fundamentals of
Anatomy and Physiology, pg. 51).

gents have hydrocarbon tails and hydrophilic or polar
heads. When we force them into water they selforganize into structures called micelles (Figure 27-13),
with all the apolar or hydrophobic parts pointing
inwards, and the polar, or water binding parts forming the surface of the spherical micelle. Imagine you
want to put something in that micelle, but you want
that something to also be in water. Imagine pushing, playing, and otherwise stressing the micelles.
Since the water doesn’t want to have anything
to do with the hydrocarbon chains, but would love
to interact and bond with the polar ends of those
molecules, what if they accidentally popped into
structures like Figure 27-14 (left or right)—structures that are polar, hydrophilic, on both sides, so water
could be both inside and outside, and yet the nonpolar, hydrophobic hydrocarbon tails are still
sequestered and protected from the water? We call
such a structure a bilayer. If it is completely closed
as a spherical bag containing water, it’s called a liposome. Liposomes are the basic structure of cell
membranes. The cell bag contains RNA, proteins,
amino acids, sugars, and the other stuff that make
up the insides of a living cell (Figure 27-12).
Real cell membranes are not made of the kinds
of molecules used in kitchen detergents. The cell
membrane is mainly phospholipids (Figure 27-13 and

27-14) molecules whose polar head group is made
up, at least in part, of phosphate. That’s not too surprising because phosphate is a key component of
RNA. Phosphorous in the phosphate form is critical
to many of the key molecules of life.
Phospholipid bilayer structures are not particularly rigid. They can distort and bend. They allow
your little red blood cells, whose membranes are also
phospholipid bilayers, to deform as they flow through
capillaries which are much smaller than the cells
themselves, allowing blood to nourish regions of
your body, providing oxygen and removing carbon
dioxide, that it would otherwise have difficulty in
reaching. Bilayer structures are also very common
in soap bubbles and soap films.
So, the formation of primitive cell membranes
was not particularly difficult. If you have soap-like
molecules in water, micelles, bilayers, and liposomes
will form. It’s just the nature of the molecules involved. De Duve calls this structure a protocell. It’s a
precursor, a non-living ancestor, of a real cell.
Lipids, including phospholipids, are one of the
four major classes of molecules in all of biochemistry and biology (Figure 27-6). The others are amino
acids and proteins; nucleotides and polynucleotides;
sugars, or saccharides, and polysaccharides. But lipids and phospholipids are different from the others.
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Lipids do not polymerize, they do not chemically react with each other. Yes, they make
membranes, but the individual lipid molecules are
only weakly held together. They are not covalently
bonded. The result is that lipid bilayers are weak
and delicate.
So those very early protocells, which eventually
became the first bacteria, had to develop a reinforcing system to protect that delicate membrane. They
used their polysaccharide polymers to build an outer
defense structure, producing a cell wall, which was
highly open and porous, mainly a mechanical structure to protect the delicate, soft, lipid bilayer
membrane inside. They also built structures inside
the cells called the cytoskeleton (Figure 27-12).
This protocell exchanged nutrients, molecules,

and ions water with the outside world. Special pores
and other structures rapidly developed, probably statistically through defects or fractures in the lipid
bilayer. These eventually evolved to become specific and efficient transport pathways—doors and
windows to the outside world (Figure 27-15).
These nearly four-billion-year-old protocells had
to learn how to replicate and divide into identical
halves. That all took time, a lot of time. But the
primitive bacteria that resulted, ancient members of
the Kingdom Monera, were already here three and
one half to nearly four billion years ago! Pretty old
members of our family tree!
We now know something about your chemical
and molecular genealogy. Next we’ll probe your
cellular genealogy. Keep reading!

Figure 27-14 Phospholipids can also form spherical liposomes and planar membranes, consisting of a bilayer of
lipids, with water on both sides ( (from Silverthorn, Human Physiology, pg. 110).
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Figure 27-15 A schematic close-up view of a modern cell membrane. The lipid bilayer (cell membrane) contains a
variety of pores, channels, and other structures to facilitate interaction with the outside world (from Martini, Fundamentals of Anatomy and Physiology, pg. 70).
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HOMEWORK
1

Pull out that Periodic Table, again! Find our friends CHNOPS. Make a table and summarize
their valence (or valences), electron configuration, and first ionization energy. See any
connections or relationships? Explain.

2

Find a good modern biology book (such as Audesirk’s) and read up on RNA and DNA.
How are these two important molecules similar? Different? How, why, is hydrogen bonding so vital to their structure and function? Try to explain how mistakes could occur in the
replication of DNA.

3

Rent and watch the film Lorenzo’s Oil. You now know enough chemistry and biology to
really appreciate the scientific and medical nature of Lorenzo’s problem and the scientific
and medical issues relating to it. Summarize Lorenzo’s problem from your new chemical
and biological perspectives. Knowing what you know now, if you were Lorenzo’s parent,
what would you do? Formulate hypotheses, design experiments.

EXPERIMENTS
1

Let’s play with pre-life! The biological “purpose” of a chicken egg is not to make omelets,
it’s to make chickens! We disturb that process. So, get an egg (an uncooked one). Observe. How much does it weigh (roughly)? How big is it? Does it float? Shake it (gently!)
next to your ear. Feel or hear anything? Explain. Examine the shell. Use your magnifier.
What do you see? Sketch and describe.
After your careful, complete, exterior examination, carefully crack it in a transparent bowl
or very large glass. What is the yolk? Why is it there? What is in it? And the “white”—
what’s it for? Poke at the white. It’s about 90% water and 10% protein. Take a small
amount of the white and heat it. You know what happens. It starts to turn really white.
Why? Is it only the “color” changing? What happens to the texture, the properties? And
now the yolk. Assuming you haven’t punctured it, what are its properties? Why is it yellow
or orange? Touch it with your wetted finger. How is it different than the uncooked egg
white? There’s a membrane or bag separating the yolk from the white. Puncture it. The
yolk interior oozes out. Is it a liquid? What does it feel like? Go ahead, rub it between your
fingers—really feel it!
Consider your egg as a huge macro-eukaryotic cell (that’s what it is!) Where is the outer
cell membrane? Can you find that membrane in a hard-boiled egg? Explain.
Formulate a set of real scientific experiments with which you could learn a lot more about
cells—using eggs. Briefly describe those proposed experiments. Now make your omelet.
Enjoy!
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What is Life?
From Bacteria to You
We each have a very extended family. It’s time to map your personal
cellular genealogy and to consider your symbiotic dependencies.

QUESTIONS
1

What is meant by “bacteria are lean, mean, replicating machines?”

2

What are organelles?

3

Why do we now have antibiotic-resistant bacteria?

4

Where did (does) our oxygen come from?

5

What’s an anaerobe? An aerobe?

6

The filthiest part of my house or apartment? What is it? Why?

7

What are mitochondria? What do they do?

8

What is sex good for—really?

9

What is natural selection?

10 How is sex related to mutations?
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Lean Reproduction Machines
Our chemical genealogy goes back 4 billion years—
and our cellular genealogy some 3.5 billion years.
Those ancestors are not just memories. They’re still
here. They are on us, in us, and even inside the individual cells which make up our organs and tissues.
Most have turned out to be very helpful and useful.
You and I could not survive without this extended
family.
We, Homo sapiens, are a species of mammal in
the Phylum Chordata, one of the major phyla in
the animal kingdom (Figure 25-8). With the exception of the Monera, the prokaryotes, all other
life forms, all members of the other four kingdoms,
use cells with nuclei—eukaryotes (Figure 25-10).
Now what really distinguishes bacteria from all other
types of cells is that bacteria have no nucleus (Figure 28-1). So, if our prototype ancient bacteria from
the last chapter were ancestors of more advanced
cells, we’re going to have to figure out how to give
them a nucleus, how to make them into eukaryotes.
A nucleus is an intracellular particle. Intracellular particles are called organelles, sort of like little
cells inside bigger ones (Figure 27-12). Modern cells
have many different kinds of specialized organelles,
each surrounded by a membrane. So our ancient

cells had to learn how to form, or acquire, organelles.
Bacteria have several key characteristics which
makes them so incredibly different from other, nonbacterial cells. It’s not just that they’re very small,
it’s not just that they have no nucleus, and it’s not
just that their intracellular contents are not very well
structured or organized. It’s that they are lean, mean
reproducing machines. Bacteria have been built to
grow and multiply as fast as materially possible (Figure 28-2). They are life at its rawest, with no frills.
And multiply they did. In a very short period of
time those earliest life forms basically conquered the
planet.
A bioengineer trying to design a structure to
multiply and proliferate as fast as possible could not
come up with anything faster than bacteria. The
bacterial genome, the string of DNA which carries
the recipe for that bacterium, is streamlined for fast
replication. Bacteria are constantly duplicating their
DNA. As soon as they have two copies of it, and of
the other molecules needed, they divide. It takes
some bacteria only 20 minutes to go through a complete growth and division cycle. The cells of most
advanced organisms, including your cells and mine,
may take 20 hours or more. If you do some rough
estimates, assuming one bacterium becomes two in

Figure 28-1 A bacterium in the process of becoming
two bacteria. Note that there is no distinct nucleus.
The DNA fibrils are distributed throughout the cell
(from Margulis & Schwartz, Five Kingdoms, pg. 64).

Figure 28-2 Some bacteria can divide as often as
every 20 minutes. It doesn’t take long for one or two to
become a very large population. This is exponential
growth and results in the graph shown on the right
(from Audesirk, Biology, pg. 852).
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20 minutes, and then in the next 20 minutes two
become four, and then four become eight, and eight
become sixteen, and let that go for a little while,
you have an exponential function (Figure 28-3). It’s
convenient, as you know, to plot that in a semi-log
form. If those bacteria had no limitations or constraints in raw materials or energy, and they could
keep going at that rate, they could cover the surface
of the entire planet in several days with a layer one
bacterium thick! And they would keep going! For-
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tunately, food and resource limitations generally keep
such overproduction under control.
Here’s an example. Imagine you’re a single bacterium in a bottle. Imagine many doubling times,
as in Figure 28-2, until the bottle is half filled with
bacteria. It’s crowded, but not yet gridlocked. That
last doubling, that last 20 minutes, used all remaining nutrients, filled the jar, produced total gridlock,
and obviously killed the entire population! Exponential growth has limits.

A

B

Figure 28-3 Plotting the data of Figure 28-2 on semilog paper (Figure 6-6) results in a straight line. The
vertical log axis is the population at a particular time.
The horizontal linear axis represents time. At any point
on the graph, a vertical line representing a population
doubling (say, from 10-20) corresponds to a horizontal
line of 20 minutes, the doubling time for this particular
data.

Figure 28-4 The Petrifilm® experiment. (A) A sheet of
Petrifilm. A water sample is spread in the center of it.
(B) The same film after two days of incubation in a
very warm place. Each little spot is a colony of growing
bacteria. Microbiologists count the colonies and use
this number (the number of Colony Forming Units or
CFUs) as a measure of the bacterial concentration of
the sample. (Petrifilm® is a product of the 3M Corp.,
Microbiology Products Division, St. Paul, MN.)
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Mistakes Make Mutants
Back to the early stages of bacterial doubling. What’s
the point of such rapid duplication? A big advantage to rapid multiplication is mistakes. A mistake is
a mutant. So, a mutant is a new bacterium, a different bacterium. When the mutant divides, it
reproduces the mutation and basically starts a new
line or type of bacteria. If that type does well, it
will prosper and grow. If it does poorly, it will die
out. It’s Darwin’s Natural Selection in action!
A bacterial genome, its DNA, contains about 3
million repeat units. The replication error rate is about
one in one billion which means that, very roughly,
about one in a thousand bacteria is a mutant. Once
in a while, one of these mutants may have a better
property or characteristic.
For example, your physician may have been liberally prescribing antibiotics for you for many years.
Some common antibiotics, such as penicillin, knock
out bacteria by messing up their cell wall synthesis,
so that basically the bacteria cannot reproduce. But
you know from reading the newspapers that we now
have bacteria which don’t care whether we use penicillin or related antibiotics. In the last 10 to 20 years
in which antibiotics have been so liberally used, many
bacteria have statistically, accidentally, Darwinially,
developed mutants that are no longer susceptible to
conventional antibiotics. They are antibiotic-resistant bacteria, and are a major concern today (see
Chapter 38).
You really have to give them credit. These lean,
mean, replicating machines are pretty impressive.
They still dominate the planet. They use you and
me to provide optimum niches, optimum environments, on which many of them grow and flourish.
They grow in and on all of our body orifices, cleavages, and surfaces. They grow throughout our
gastro-intestinal tract, they’re in our mouths and
throat, in our nose, in our hair, on our feet. You are
a walking ecosystem and, from the point of view of
the bacteria, you’re there for their benefit. That puts
a different perspective on things, doesn’t it?
Very soon after the first bacteria formed, nearly
four billion years ago, some of their successful mutants learned to do other things. Some learned to
collect and use light as an energy source. Photosynthetic bacteria developed, populated most of the
world’s oceans and other waters and, through that

wonderful process of photosynthesis, began to produce oxygen.
Photosynthesis was an absolutely wonderful development. It provided essentially free energy. The
bacteria only needed sunlight, carbon dioxide (of
which there was plenty), and water. Photosynthetic
bacteria became free of their dependence on chemical sources of energy, like sulfur hot springs and the
other places where they were able to obtain useful
chemical fuels. They could simply obtain energy
from the sun, get carbon from the abundant carbon
dioxide in the air, and make molecules from almost
nothing at all—from air, water, and sunlight.
So, for a billion years or so they produced oxygen—lots of it. At first what they produced reacted
and bound with other elements, forming the minerals and rocks. But eventually the oxygen content
began to rise and the planet’s first major air pollution crisis began. It was Earth’s first major ecological
disaster, because oxygen was toxic to most of the
life forms present at that time.
The very first bacteria were anaerobes, organisms that live without oxygen, because there was no
oxygen! Anaerobes still exist. They don’t do well in
oxygen rich environments, but you get them in
places where oxygen is in low concentration, like in
deep unstirred lakes and ponds. Together with the
right nutrients and other materials, they do very well
indeed. And, of course, there are now many classes
of bacteria which do need oxygen—we call them
aerobes.
Microbiologists are the folks who study bacteria
and protists. They have developed nutrient solutions,
called media, on which they can selectively grow specific kinds of bacteria. In fact, that’s how physicians
identify whether or not you have a bacterial infection. They, and their microbiologist friends, have
developed specific ways of growing or culturing and
identifying those problem bacteria.
Ever wonder what’s the filthiest place in your
house—and mine? It’s probably the kitchen sink
sponge or dish cloth. To see just how filthy it is, let’s
do another experiment. Petri-film is a special test
system made by 3M Corporation for just this purpose (Figure 28-4A). It’s a dry bacterial culture
medium on a plastic sheet. Squeeze about one milliliter of water from the sponge onto the center of
the Petri-film. If we spread the sponge solution out,
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sandwiching the water between the two plastic sheets
and then let it incubate in a warm place for two
days, we’ll find little spots, little colonies of bacteria
(Figure 28-4B). Each spot was originally one or several bacteria, which then divided for the last 2 days,
producing so many bacteria that we can see the individual colonies. It’s pretty easy to monitor hygiene
in this way.
Bacteria are all over. We could have taken a
sample from almost anywhere: from the surface of
your skin, from my counter top, from a door knob,
and we’d culture bacteria. There’s no escaping them!
They really have taken over the planet. Fortunately
so, for they are our cellular ancestors. Now back to
your cellular genealogy.
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Bacteria also engulfed or internalized each other
(Figure 28-5). In some cases the internalized bacteria actually lived and became an organelle, a cell
within a cell, initially with its own DNA and means
of dividing. So, given time, all kinds of specialized
bacteria developed, making their way through the
sieve of natural selection.
As some ancestral prokaryote was randomly acquiring intracellular organelles, it was also apparently
incrementally organizing an ancestral nucleus (Figure 28-6). Eukaryotic cells may just be the result of
incremental, naturally selected, means of the protection of DNA, thereby enhancing cell division. No

Symbiogenesis and Organelles
It turns out that DNA in bacteria, though not in a
distinct nucleus is, in at least some bacterial species,
located in a sort of pre-nucleus-like structure called
a nucleoid. So, those ancestral bacteria that evolved
means to protect their DNA apparently did better.

Figure 28-5 A schematic view of the probable origin
of mitochondria, a key bioenergetic organelle (from
Audesirk, Biology, pg. 370).

Figure 28-6 Schematic possibilities for the origins of
the nucleus (from Audesirk, Biology, pg. 370).
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Figure 28-7 (a) Many
cells have tiny cilia which
can function as micro-oars
(paddles) for movement
or (b) larger flagella
(tails), also for movement
(from Audesirk, Biology,
pg. 101).

one knows the details, and there’s no way to really
know.
So let’s just assume that we now have a eukaryote, a cell with a nucleus (Figure 27-12). From
DNA-based molecular genealogy studies, our ancestral eukaryote is probably about 2 billion years
old (Figure 26-13). But having a nucleus now really complicates cell division, because not only does
the cell have to pinch off and divide in two, but its
nucleus has to also divide, and that requires an enormous amount of intracellular machinery. It needs
machines to move stuff around in an ordered, directed fashion, like conveyor belts, molecular
escalators, molecular elevators.
Ancient bacteria evolved such fascinating processes. There are lots of biologists and engineers who
study the molecular motors of biology, the molecular structures which allow cells to move and allow
them to move stuff around inside of them. For now,
we’ll just have to assume that those properties developed, and that they, too, were incorporated in
those ancestral eukaryotes, even allowing some of
them to have tails (flagella) and micro-oars (cilia)
(Figure 28-7), permitting swimming and movement.
And they, of course, evolved the complex machinery of eukaryotic cell division.

Ancestral Eukaryotes
So now we really do have an ancestral eukaryotic
cell, perhaps two billion years old. It has intracellular organelles, it has internal structures for moving
stuff around, it has a nucleus, it has ways to eat and
digest. But other capabilities also evolved, involving
other ancient symbiotic bacteria.
Environmental changes greatly influence natural selection. If the environment changes, then it is
those organisms which optimally survive in that
changed environment which are naturally selected.
So, the newly polluted, oxygen-containing air favored organisms which had ways to remove oxygen,
to “detoxify” their environment. Eventually the process of aerobic respiration evolved. Respiration
allows organisms to use oxygen, together with other
available organic compounds, to extract far more
energy than they could get in the absence of oxygen. These early respiring bacteria eventually became
primitive mitochondria, the aerobic power plants of
your cells (Figure 28-5, 26-11).
Although primitive respiration may have evolved
as a result of an oxygen-rich environment, it turned
out to be useful, and the bacteria which evolved this
skill did well in many environments, just as those
bacteria who had evolved or acquired photosynthetic
skills earlier did well in their environments.
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Eventually the respiring bacteria somehow made
their way into some of the new eukaryotic cells, becoming a new intracellular organelle, the
mitochondrion (Figures 28-5 and 26-11), an internal
chemical plant which allows the cell to combust organic molecules (to respire) and thereby obtain
energy from those changed chemical bonds. That
was an enormous advantage, because now the cell
could extract energy very efficiently and from many
different organic molecules through this controlled
combustion process. In a sense, the first animal had
evolved. It wasn’t an animal yet, because it was still
a single cell. It was a eukaryotic protist.
The protists, remember, are single-celled organisms that have a nucleus. There are photosynthetic
protists and there are respiration-based protists, and
there are protists with both capabilities (Figure 28-8).
Primitive photosynthetic bacteria eventually became
the chloroplasts (Figure 28-9), the organelles in protists and plants which do photosynthesis. Respiring
bacteria became the mitochondria—the organelles,
which permit the oxidation of chemical fuels (Figure 28-5).
But we’re still a very long way from you and me.
We have come about three billion years—just a billion or so to go. Hang on! We need to go from
single cell, respiring eukaryotes to multi-cellular organisms, because that’s what we all are. It wasn’t
enough to import new skills into the cell. Individual
cells had to somehow get together and cooperate.
By cooperating they could specialize, and that specialization then provides a wide range of new
capabilities.
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Protist Capabilities
Photosynthesis
CO2 + H 2 O + light
Respiration
Sugar + O 2

Chloroplast
Sugar + O 2
Mitochondria
CO 2 + H 2 O

Figure 28-8 Summary of key protist properties:
respiration and/or photosynthesis.

Sex and Mutations
But another major feature evolved. The DNA in
eukaryotes is so incredibly complex that replication
and cell division are very slow. Photosynthetic protists may take three to seven days to divide, very slow
compared to bacteria. Because division is slow, eukaryotes generally have a lower copy error rate or
mutation rate than do bacteria. Remember, we said
that one of the major positive features of bacteria is
that they divide so rapidly that mutants are regularly produced, due to statistical errors in copying,
in replication. That’s what slow, statistical evolution,
is all about—little errors, little changes, mutants.
Some do better and some do worse.

Figure 28-9 Symbiogenesis probably led to the evolution of chloroplasts, the organelles of photosynthesis,
in eukaryotic cells (from Audesirk, Biology, pg. 370).

312 UNIT 4 Biology

So those eukaryotes which evolved ways of enhancing mutations, ways to mix or modify their
DNA, provided a bigger pool of organisms from
which natural selection could select. And that, eventually, lead to sex. Sex is a mechanism where two
different cells become one which utilizes both sets
of genetic material.
In a sense, the development of sex should have
been no big surprise, because in a crude sense that’s
what was already going on by bacterial engulfment.
Bacteria brought their own DNA, their own genetic
material, with them. Sometimes it was separate in a
specific organelle, as in the mitochondria, but in
other cases, it became mixed up with the genetic
machinery of the host bacteria. So, intracellular symbiosis (Lynn Margulis’ symbiogenesis) was already a
very primitive form of sex.
Mitosis, cell division, today produces two cells,
each with an identical nucleus (Figure 28-10). But
our primitive eukaryotes didn’t have things well
worked out, so there were lots of mistakes. So cell
mitosis often occurred without nuclear mitosis, without the division of the nucleus, producing one cell
without a nucleus and the other cell with one (Figure 28-10). It also probably happened that the
nucleus divided, but the cell didn’t, so now one cell
had two apparently identical nuclei (Figure 28-10).
Then you have to imagine that in the soup in which
these cell divisions, cell fissions, were happening, there
were some cell fusion processes (Figure 28-11). After all, that’s how the eukaryotes probably came to
be in the first place, through a fusion of different
kinds of bacteria.
So, all of this stuff was happening all the time:
randomly, statistically, sorted by natural selection.
Those eukaryotes who couldn’t replicate and divide
accurately died out, while those who could replicate and divide correctly continued. Those that were
successful were obviously those that got the DNA
replication, nuclear division, and cell division process worked out reliably. Certain of those cells
continued to evolve and became the protists of today, which reproduce primarily asexually, by cell
fission. But others became species which reproduce
sexually. Cells which had two nuclei, diploid cells,
might, statistically, “remember” to divide later, producing mononucleated (single nucleus) haploid cells
(Figure 28-12). Then you can imagine two different

+
+
(dead)

= nucleus

Figure 28-10 A very rough schematic of eukaryote cell
division mitosis, (top) and early “mitotic mistakes.”

Fusions:

+
Figure 28-11 Cell combination or fusion probably also
occurred.

+
haploids

diploid
+
Haploid A

Diploid A/B

Haploid B

2 Different DNA's = Sex
Figure 28-12 Schematic cell division steps which may
have lead to the evolution of sexual reproduction (two
different DNAs).

Cell Colony

nutrients/fuel
Figure 28-13 A schematic grouping or colony of cells.
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haploid cells coming together and fusing to form a
new diploid cell—a cell with two nuclei, but each
one from a different cell source (Figure 28-12). This
new diploid, two nucleus, cell is different. If that
difference helps insure its survival, it continues. This
new cell was the result of a sexual process. It was
not very intentional, not very romantic, but it was
sexual in the sense that it now has DNA from two
different ancestors. Well, it turned out in time that
all this had some benefits. A major benefit was DNA
mixing, thereby ensuring mutations, producing new
cells which were different.
So we are now well on our way to sex. There
are many protists today that reproduce asexually
when things are okay, but when the environment
changes, when the going gets rough, so to speak, a
sexual reproduction process is activated. Apparently
the environmental distress sends a signal that new
or different skills are required, that a stirring of the
gene pool would be helpful, initiating a sexual reproduction phase. Then, when the environment is
satisfactory again, these cells continue to reproduce
asexually by simple cell division.
Finally, we have eukaryotic sexual reproduction
processes—but it’s still single-cell based.

Multicellular Organisms
There is no trace of multi-cellular life much before
600 to 700 million years ago, although eukaryotes
were plentiful and sexual reproduction of single cell
eukaryotes was common.
It is not surprising that different cells might come
together to form associations. When we hear the
word symbiosis, we normally think of two different kinds
of organisms working together—for example, bees
and flowers or algae and fungi in lichens.
Imagine a colony of cells which have somehow
stuck together (Figure 28-13). The ones in the center are in a very different environment than those
on the outside. So, if the ones in the center are going to live, they are either going to have to
manufacture their nutrients directly, or somehow get
them passed in from the neighbors around them. If
the neighbors are cooperative, the guys in the middle
survive, probably doing things which are in some
way useful to their neighbors. We have to imagine
billions and billions of such different associations
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being sampled out over a billion years of time. We
also have to imagine a mechanism whereby some
of those interior cells perhaps became specialized
for reproductive purposes.
Now this unique, multi-cellular colonization/
specialization, including symbiosis and sexual reproduction, was enormously complicated. It apparently
didn’t fully develop until six or seven hundred million years ago. Primitive eukaryotes were here
already over two billion years ago (Figure 26-13).
So it apparently took over a billion years of trial and
error to get to complex, multi-cellular, sexual reproduction-based organisms. But when that finally
happened, the world exploded in multicellular
biodiversity. This is what is called the Cambrian
Explosion, and it apparently began some 600 to 700
million years ago. If we could have some sort of
enormous time machine and a rapidly sped up film
of the last 600 to 700 million years, there would be
an enormous blur of new, expanding, and fascinating biodiversity. Biology on the planet made literally
millions of fascinating, and often successful, life experiments. Most, of course, have gone extinct, but
many are still with us. Thirty million or so species
are still here. We can see and experience many of
them in the wild, and in zoos and arboretums.
Most biology books and biology courses focus
on the animal and plant kingdoms, including their
evolution, genetics, and sexual reproduction. That
is perhaps appropriate, because those are the organisms that you and I are most used to.
We haven’t done that. We’ve used our limited
space to look into your chemical and cellular genealogy, into your very ancient history. We’ll just have to
assume that the past 600 to 700 million years indeed
happened. Fungi, animals, and plants all came to be,
proliferated and evolved the enormous biodiversity
which now exists, including you and me.
But all this wonderful life, its reproduction, birth,
and growth, could not happen without energy. Next,
we focus on how life collects, transforms, and uses
energy, not only because it’s an interesting and fascinating subject, but because the future of mankind
depends on understanding and utilizing the energy
collection and transformation processes which biology has kindly developed over the past four billion
years.
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Time for doubling times! Assume you have one bug
and in one hour it becomes two, in the next hour
those two each double so you then have four, etc.,
etc. Plot the total number of bugs as a function of
time at every hour for 24 hours. Discuss! Good luck!
Yes, I know you’re frustrated. Go back to Chapter 6
and figure out a better way of presenting this data!
Now do the same problem but for a typical Mormon or Catholic family. Marry at 20, four kids, each
kid then has four kids, etc., etc.... Seriously! Let’s
see that curve over a 100-year period. What does
this mean in terms of cars, houses, jobs, etc.?

Hours
# of people

1

# of bugs

HOMEWORK

Years

EXPERIMENTS
Petrifilm® is a little device which allows you to grow aerobic bacteria easily. Imagine you
have two pieces of Petrifilm®. Now do a virtual experiment. Put a sample of water on it
(from the tap, toilet, a mud puddle, whatever). Observe the film every eight hours or so for
at least 48 hours. Count the number of spots that appear in one of the center grids. You
could also measure their size (diameter).
Plot and present your “observations.”
Each spot was one or more live bacteria
which are now growing exponentially
on this optimum, nutritious medium.
You don’t even see them until there are
10,000 or so present in each spot! Then
as each bacterium continues to divide,
the spot (colony) grows rapidly.
2

# of spots

1

0

8

16

24 32 40
Time (hours)

48

Do a second virtual experiment with a second imaginary sheet of Petrifilm®. Take a swab
or cotton ball, wet it with spring water (the chlorine in tap water helps disinfect bugs so
we don’t want that here), sample the surface you want to test, and then apply the swab
water to your Petrifilm®. Now wait, observe, count, and describe. Interesting!
The Explorabook (see Chapter 19, Experiment 1) has agar packets in it and instructions on
how to do a similar, real, experiment. You can also try to get some Petrifilm from a local
science lab supplier.
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Energy In:
Fuel & Light,
Plants & Animals
You don’t have an electrical cord for a tail, nor do you have a big battery
compartment.Where do you get your energy? What makes bioenergetics
so portable and so special?

QUESTIONS
1

What do you mean we are anti-entropy machines?

2

Are you serious? Plants are going to teach us how to get energy for free?

3

What is this ATP thing? What is an ATP “dollar?”

4

Why is phosphorylation so important?

5

Why is glucose so important? And diabetes so threatening?

6

What do you mean I ferment?

7

Bio-chips? Really?

8

You said earlier you can’t get something for nothing, and now you say photosynthesis
is energy for free! Why?

9

What are the three ways life can charge ATP?
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Bioenergetics

What is life? Life is order. Living organisms are born,
grow, reproduce, and die. But while they are here
they appear to be highly ordered structures. In spite
of our lost car keys, messy desks, and dirty sinks, we
are fundamentally regions of order in a universe striving for disorder. We know that we can indeed buck
entropy locally, if entropy wins globally. But it takes
energy.
The ultimate source of energy for you and me,
and for the entire planet, is the sun. The nuclear
reactions on the sun transform mass and energy and
produce vast amounts of entropy more than compensating for the ordering that living things produce.
But to produce order, life had to develop ways of
harvesting or capturing energy. The bacteria did it
first, or at least some of them did, over three billion
years ago. Photosynthetic bacteria developed; then
protists and then, much later, multi-cellular organisms.
Some multicellular organisms internalized photosynthetic bacteria and eventually became today’s plants.
The proliferation of photosynthetic bacteria produced a rich oxygen atmosphere. The plants didn’t
do that. Plants were the last of the five major kingdoms to evolve (Figure 25-12). The planet already
had animals living off the fuels and materials produced by the bacteria and the protists.
But when we think of photosynthesis today, we
normally think of plants—they are abundant, obvious, diverse.

Bioenergetics
Photosynthesis:
CO 2 + H 2 O + light

sugar + O 2

Respiration:
Sugar + O2

CO 2 + H 2 O

Figure 29-1 Bioenergetics is that part of biology and
biochemistry which deals with transformations of
energy. There are two major fields of bioenergetics:
photosynthesis, which produces oxygen and “fuels,”
and respiration, which produces CO2 and water.

How do plants collect, trap, utilize, and transfer
that free and readily available energy from the sun?
And how do they use that solar energy, together with
carbon dioxide and water, to make molecules, to
make the fuels, which you and I and all other animals then use as our energy sources? And how do
animals use those fuels? The animal side of the energy coin is the process of respiration—of organic
molecules combining with oxygen to yield different structures, and to yield the energy which the
animal kingdom uses to fight its entropy wars.
Photosynthesis and respiration are the two main
areas of a field called bioenergetics (Figure 29-1). Bioenergetics means all of the processes by which living
systems acquire, utilize, and transfer energy. It’s a field
we knew very little about until some 50 or so years
ago—a field that’s been expanding very rapidly and
is vitally important for humans. Because with over
five billion people on the planet (Figure 26-16),
growing to 10 billion in a decade or two, we are
indeed going to have to find other ways of producing energy. Our current fossil fuel sources of gasoline,
oil, and natural gas are too polluting and too limited. Engineers are just starting to turn to bioenergetics
as a hopeful solution to our energy cravings.
We normally think of biochemical energy processes as being a balance between photosynthesis,
which consumes CO 2 and produces oxygen, and
respiration, which consumes oxygen and produces
CO2. Photosynthesis is driven by photon energy from

Phosphate Group:
(PO 4 )

-3

add one phosphate: phosphorylation
remove one phosphate: dephosphorylation
Figure 29-2 In the early age of chemistry (Chapter
27), phosphates were apparently abundant and
became the basis of much of bioenergetics. Phosphorous binds to four oxygen atoms to form PO4 , phosphate. The binding leaves PO4 with three extra
negative charges, giving it a high charge and lots of
bonding possibilities with other molecules and ions.
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the sun, using carbon from CO2 , from the air, to
produce sugars and other energy containing organic
molecules (Figure 29-1). Respiration, on the other
hand, takes energy containing molecules and oxidizes them at low temperature, in such a way that
the energy is carefully and efficiently extracted (Figure 29-1).
As you might expect, all of these energy transfer processes involve electrons and protons. And they
specifically involve phosphates (Figure 29-2). We’ve
already seen that phosphates are critical as components of nucleotides and polynucleotides—the RNA
and DNA all life forms depend on for information
storage, replication, and protein synthesis. So, it’s
perhaps not surprising that since phosphate-based
molecules were apparently common in the pre-biotic soup, that biology discovered that phosphate
compounds were also effective in the storage and
transfer of chemical energy.
Adenine is part of one of the four nucleotide
bases found in RNA, where it is present in the form
of adenosine monophosphate (AMP) (Figure 29-3).
But this structure can also have two phosphates (Fig-

ure 29-4), called ADP (or Adenosine diphosphate),
and even three phosphates: ATP—Adenosine triphosphate. Biochemistry has developed efficient
enzyme-based ways of breaking the phosphate bonds
in ATP and of using the energy stored in those bonds
for other purposes. Phosphate can also be removed
from ADP, producing AMP. Like all chemical reactions, the process can, of course, go the other way.
But it takes energy to put phosphates on AMP or
on ADP.
Catalysts position molecules in such a way that
they decrease the activation energy, the hill you have
to climb in order for the chemical reaction to occur
(Figure 29-5). But they decrease that hill in both
directions, so an enzyme which helps a chemical reaction go one way, can also help that chemical
reaction go in the other direction. AMP, given the
presence of some phosphate and some energy, can
be induced to form ADP and even ATP.
Cells store energy in fats (lipids) and carbohydrates, which are both basically fuels. ATP is an
energy currency, a currency with an extremely rapid
exchange rate. It’s as if you had a few hundred dollars, each dollar an ATP molecule (Figure 29-6). All
the chemical and metabolic processes of the cell re-

Figure 29-3 Adenine (top) is a base (see Figures 27-5
to 27-9) and it is also part of Adenosine Monophosphate (bottom) (AMP), one of the important bioenergetic molecules.

Figure 29-4 Phosphates can easily share oxygens to
make di- and even tri-phosphates. Adenosine diphosphate (ADP) and adenosine triphosphate (ATP) are the
major energy exchangers in bioenergetics.

Phosphates and ATP
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quire some energy to make the chemical reactions
go. They get that energy from ATP. So these ATP
dollars are quickly spent. They must be replaced.
ATP must be resynthesized and that takes energy.
Fortunately there are other chemical reactions which
recharge the bank account by synthesizing ATP.
There’s a capital of ATP molecules, which are
constantly being drawn upon and replaced. Your
ATP capital is being used about 1,000 times per day.
A little bacterium has a much more active metabolic rate than you or me (remember, they’re
constantly dividing. We, fortunately, are not). The
bacterium can turn over its ATP capital some
300,000 times per day.
So, ATP is an extremely dynamic and important
molecule. It operates with phosphates. It turns out

Figure 29-5 Catalysts decrease the activation energy
barrier, dramatically increasing the rate of reactions.
Enzymes are biochemical catalysts which facilitate
reactions at normal biological temperatures (from
Audesirk, Biology, pg. 64).

Recharge ATP: 3 Basic Processes
Fermentation: Anaerobic Phosphorylation (Glycolysis)
Photosynthesis: Photophosphorylation
Respiration: Aerobic Phosphorylation

Figure 29-7 The three major processes for recharging
ATP. Life uses all three but we animals are not advanced enough to directly use photosynthesis.

that much of our biochemistry operates with phosphate groups (Figure 29-2). Biochemistry puts
phosphates on molecules and takes phosphates off
all the time. Phosphorylation and dephosphorylation are critical to practically all life on earth.
Think of ATP, ADP, and AMP as analogous to
components of a battery—a battery whose energy
can be drawn upon and used to do work. As the
energy wears down, as those phosphates are removed
from ATP and ADP, the battery needs to be recharged. Biology can’t plug a charger into the wall,
so biology recharges ATP by three different chemical processes (Figure 29-7):
• fermentation, breaking down glucose in the absence
of oxygen. Fermentation is also called anaerobic
glycolysis or anaerobic phosphorylation;
• photosynthesis, using the energy of absorbed photons to produce high energy electrons and ATP,
also called photophosphorylation; and
• respiration, breaking down molecules using oxygen and using that energy to recharge ATP, also
called aerobic phosphorylation.

Figure 29-6 ATP can be considered as a currency—an
energy currency.

Oxidation — Reduction
Oxidation: Providing Electrons
Reduction: Acquiring Electrons
Figure 29-8 Much of chemistry is dependent on
exchange or transfer of electrons, on oxidationreduction processes.
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Figure 29-9 Another scientific Yin-Yang.

These recharging processes require electrons and
protons and involve what we commonly called “oxidation reduction reactions” (Figure 29-8).
Remember the three-dimensional Periodic Table and
the tendencies of atoms to give up electrons—their
ionization energy (Figure 19-10)? The process of giving up electrons is also called oxidation, while the
process of taking on electrons is reduction. If one gives,
another receives, so the two processes are tightly
coupled. Yin-Yang, remember? (Figure 29-9) The
tendency of atoms, ions, or molecules to give up or
take on electrons is a key underlying principle of
chemistry. It is what makes corrosion happen and
what powers our batteries. Oxidation-reduction is
also a critical part of all biochemistry. It’s what recharges our ATP—our biological batteries.

Respiration
Let’s begin with what is probably the oldest, the most
primitive, of biology’s energy mechanisms: anaerobic glycolysis or fermentation (Figure 29-10).
Long before the development of photosynthesis or of respiration, bacteria were doing just fine
in the anaerobic, oxygen free, tumultuous world of
nearly four billion years ago. They were replicating and dividing using chemical-based energy
sources and using anaerobic chemical processes.
Bacteria had means to convert natural pre-biotic
fuels, including glucose, to ethanol or to lactic acid
in several steps, extracting energy from each step:
The process is called glycolysis—“lysis” meaning destruction, and “glyco” meaning glucose.

Glucose forms two CO2 molecules and two ethanol molecules. A related glycolysis process produces
two lactic acid molecules (Figure 29-10).
Fermentation to ethanol is how alcoholic beverages form. Fermentation to lactic acid is how
athletes get a little more endurance, a little more
power, and then feel the results later due to the pain
in their muscles. Anaerobic glycolysis uses part of
the energy in glucose to recharge ATP. It took biochemists some 40 years to figure out anaerobic
glycolysis. Remember De Duve (Figure 27-1)? In
another book, A Guided Tour of the Living Cell, he
tells us that:
Organic chemists could not possibly have predicted
the astonishingly circuitous route taken by the natural process. Every step came as a surprise... Anaerobic
glycolysis is the cradle of dynamic biochemistry, because without energy cells could not grow, divide, and
propagate. Life could not be.

We can’t go through that fascinating process. But
in order for it all to work, biology had to evolve,
already nearly four billion years ago, an incredible
little biochip (Figure 29-11)—an energy transforming device which takes high energy electrons in one
end and uses that energy to recharge ADP to ATP.
Think of it as a tiny ATP recharger, but instead of
the electricity coming from a battery or the wall
outlet, it comes from electrons squeezed and coaxed
out of chemical bonds (Figure 29-12).
The oxidation reaction must produce and deliver electrons with sufficient energy needed to attach
a phosphate group to ADP. Once the electrons are
stripped of their energy, the used, low-energy electrons must be removed. Biology has developed
special electron transporting molecules for these

Glucose

2 Ethanol + 2 CO 2
or

Glucose

2 Lactic Acid

Figure 29-10 Anaerobic (without oxygen) fermentation or glycolysis is an inefficient process which
generally uses glucose as the major fuel source.
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functions. But the electrons only come out, they
only actually transfer and move through the biochip,
if they’re coupled to another process, and this other
process is the recharging of ADP to ATP. One can’t
happen without the other. It’s what we call a coupled
oxidation-reduction, or redox, reaction (Figure 29-8).
Electrons can’t flow in biology. Biological tissues are not metals; they are not electron conductors.
Electrons have to be handed over or passed along.
There are proteins and other molecules which take
an electron from one spot and pass it or hand it over
to another protein in another spot. An analogy is
water running down a series of very shallow stairs,
or steps, and then every now and then dropping over
a small dam (Figure 29-13). Water (like the electron) moves from one region to the other by little
shallow steps (like electron transfer proteins) and
then, at a particular point, its energy is tapped for
some other purpose. Then it goes on moving,
through more shallow steps, until it’s tapped again
at the next dam.
It takes about 300 millivolts on the oxidationreduction scale to put a phosphate on ADP (Figures
29-11, 29-13). If we have energetic electrons which
can fall a 300 millivolt step, they provide the energy
to recharge ADP to ATP, recharging the energy
“bank account.” That is anaerobic glycolysis. All
anaerobic glycolysis (fermentation) really does is split
glucose into two molecules, using the energy from
the split bonds to recharge two ATP molecules. It
is not an efficient process, because there’s lots of energy left over in the bonds of those two remaining
molecules. But that’s where aerobic respiration comes
in—it harvests the rest of the energy, producing 30
or more additional ATP molecules. This aerobic process needs oxygen, and it occurs in our
mitochondria. We can’t go through the process. It’s
called the Kreb’s or Citric Acid cycle and involves
lots of steps, lots of enzymes, and lots of ATP/electron bio-chips.
Your respiration and mine uses both anaerobic
and aerobic processes. We start with anaerobic, splitting glucose and getting some ATP. Then we go into
the aerobic part, wringing a lot more energy from
those split glucose molecules, using oxygen, to produce a total of 36 ATP molecules from every
molecule of glucose. A very efficient process. But if
we run out of oxygen, as you do during an intense

strong
electrons
in
> 300 mV

ATP out
micro lightning

weak
electrons out

ADP in

Figure 29-11 A schematic ATP “Biochip”: high-energy
electrons and ADP go in, low-energy electrons and
energetic ATP come out.

Sources of Electrons:
wall outlet
(electromagnetic
induction)
battery
(oxidation —
reduction reaction)

Sugar

chemical bonds
(oxidation —
reduction reactions)

Figure 29-12 Typical sources of electrons.

etotal
energy

> 300 mV

Figure 29-13 The electron transport or transfer
system in bioenergetics is somewhat analogous to
water falling down tiny steps, losing a little energy in
each step, and losing larger chunks of energy in the
larger steps.
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workout, then your body gets much of its energy
from the anaerobic route, building up lactic acid,
which can produce local muscle cramps.
Respiration uses the energy in the chemical
bonds in glucose and in other energy-containing
molecules. But how are those energy-rich molecules
originally produced? Where do they come from? That
part of the energy story is photosynthesis (Figure 29-7).

Photosynthesis
Some ancient mutant bacteria evolved ways to use
light and carbon dioxide to produce fuels, to do
photosynthesis. They developed very highly efficient
and well-packaged means to do this, and they, too,
were eventually internalized by some eukaryotic protists, and then later by multi-celled eukaryotes, and
eventually became the plants. Photosynthetic bacter ia and protists evolved long before aerobic
respiration. These ancient photosynthetic organisms
produced the oxygen in our atmosphere. When there
was sufficient oxygen available respiration began to
evolve.
So, in areas where there was adequate sun and
carbon dioxide, and significant limitations of chemical fuels, ancient bacterial mutants evolved molecules
which could absorb the photons from the sun. These
molecules, the chlorophylls (Figure 29-14), have a molecular orbital electron which is kicked up to an
excited state by absorbing the energy of a photon.
Normally such excited electrons come back down
through rotational and vibrational energy states, dribbling away their excess energy as heat.
But you also know that in some atoms and molecules the excited electron jumps from the excited
orbital to the lower orbital (refer to Chapter 16).
The excited electron essentially jumps the whole energy distance, releasing its excess energy by emitting
a photon. We call that process fluorescence, or phosphorescence. Now imagine we could develop a way
to get that electron from the top to the bottom, by
a different route—by forcing it to run around a circuit of some sort, tapping its energy as it goes. It
could be drawn into one molecule for a short period of time, using some of the electron’s energy to
do something, then go on to another molecule for
another period of time, using some of its remaining
energy to do something else, and so on. Remember the water analogy (Figure 29-13)? So, instead of

Figure 29-14 Chlorophyll is a special photon absorbing molecule which absorbs a photon, causing an
electron’s energy to be raised to an excited state. That
high energy electron then partially fuels photosynthesis
(based on Levine and Miller, Biology, pg. 506).

dribbling away its energy, the energy is distributed
in an organized, controlled way, to do biochemistry,
similar to what we did earlier with high energy electrons in our ATP bio-chip (Figure 29-11).
That’s the magic, the mystery, and the beauty of
photosynthesis. You have chlorophyll molecules (Figure 29-14), which have this wonderful property of
absorbing photons, thereby exciting electrons. But,
the particular structure of the chlorophyll, the environment it’s in, and other factors detour the excited
electron, in the very short period of time available,
to another path where that electron’s energy is intercepted by electron transfer proteins (Figure 29-15)
who help use that energy to produce recharged ATP.
It’s similar to the glycolysis process, except that this
time the energy comes from the photon absorbed
rather than from the energy in chemical bonds. Basically the same ATP bio-chips are used except that
the electrons now come directly from the excited
chlorophylls.
The plant kingdom operates by photosynthesis
using intracellular organelles called chloroplasts. The
animal kingdom operates aerobically through intracellular organelles called mitochondria. Plants are far
more versatile, energetically speaking, than animals,
because plants also have mitochondria.
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Photosynthesis and respiration are the great Yin Yang
(Figure 29-16), the great balance, of our biosphere: plants
and other photosynthetic organisms consuming CO 2 ,
producing oxygen, and animals
and other non-photosynthetic
organisms consuming oxygen
and producing CO2.

Oxygen/Carbon
Dioxide Balance

n

io

Pho
to

The balance between photosynthesis and respiration has
worked very well for the last
half billion years, until about
50,000 years ago when that
frail, delicate, vulnerable, but
very intelligent mammal called
Figure 29-15 The chloroplasts contain chlorophyll-rich structures called
man started taking over the
thylakoids, in whose many membranes the magic of photosynthesis is
carried out. The reaction centers (there are two different ones) result in
planet. Man eventually found
excited, high energy electrons. Their energy is transferred and “harvested”
oil and coal, hydrocarbon
by the electron transport systems and used for ATP synthesis (from Audesirk,
sources that had been deposBiology, pg. 131).
ited over billions of years, and
began to burn them to produce
heat and steam, powering the
industrial revolution and our
modern world (Figure 29-17). Burning is an aerobic, oxygen consuming process, but a very inefficient
one. Burning consumes oxygen and produces enormous quantities of CO2 . This same organism, man,
has been burning and cutting down the rain forest,
a major means of CO2 consumption and oxygen
production on the planet. The result of all of this, as
thesis
we’ll see later, are major changes in the chemical
n
y
s
nature of our atmosphere. The delicate oxygen/CO2
balance, which was so important in producing and
supporting you and me, is now being dramatically
altered, by you and by me.
That would not be of such concern if the atmospheric changes were happening slowly, over millions
at
r
i
p
of years. During the last four chapters, our smallest
Res
unit of time has been about 500 million years (Figure 26-13). We’ve considered time frames like a billion
years, enormous numbers, enormous lengths of time.
There is time for evolutionary experimentation when
Figure 29-16 Perhaps the greatest biology Yin-Yang
of them all.
you’re dealing with hundreds of millions and billions
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of years. But when you’re dealing with a hundred
years, when major changes are being imposed on the
planet in a very short period of time, there is no way
that species can cope. Evolutionary processes are just
too slow. The end result is rapid, major changes on
the planet, potentially catastrophic for those 30 million or so species now living on the planet, including
you and me. Many species are already dying and going extinct, dead forever (Figure 26-15).

So there is now growing interest in trying to utilize some of what we have lear ned about
bioenergetics to help decrease our use of fuels which
produce so much CO2, and other pollutants. This
subject is vitally important to our collective future
on this planet. We need to learn how to tap bioenergetic resources and mechanisms, and we need to
control our energy gluttony. Perhaps you’ll play a
key role in those developments.

Figure 29-17 Man’s per capita energy consumption has increased dramatically in the last 10,000 years, and
especially in the last 50 years. Per capita energy use continues to dramatically increase today (from Hobson, Physics,
pg. 449).
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HOMEWORK
1

The heat or energy content in foods is given in calories. What is a calorie? Is it related to a
Joule? How? Food folks and physicist folks both use calories, but they use different calories.
Physicists use calories (lower case); nutritionists use Calories (upper case). 1 Cal = 1000 cal
= 1 kilo calorie. How many calories (Calories?) do you consume in a day, roughly? You can
look this up in a good biology or health book, or ask your pharmacist or health food sales
person (or study Figure 29-17). How many are you using—burning? How many are you
converting to storage (buttocks, belly, elsewhere)? Minimize high calorie foods—unless
you do enormous quantities of physical work!

2

You probably know someone with diabetes. Read up on diabetes. Talk with this person.
What’s the defect in diabetes? How does it relate to glucose and to bioenergetics? Talk
with a pharmacist or physician. Study the glucose measuring products in a pharmacy.
What’s a normal glucose concentration in blood and urine? What’s an abnormal concentration? Can diabetes be treated by diet alone? What is insulin? Why do some diabetics
need regular insulin injections? How is the effectiveness of insulin treatment monitored?

EXPERIMENTS
1

You can see macro-photosynthesis. Take a leaf from a live growing, healthy indoor plant (if
you don’t have one try your neighbor again! or ask to take one from the nursery or plant
section of a supermarket). Be sure it’s a living, real plant, not some fake plastic thing! Put
the leaf in a glass of spring water, top side of leaf up, and put it in the sun, but don’t let it
get too warm! Now wait and watch. Be sure that the bubbles you see are not just coming
from dissolved gas in the water nucleating bubbles on the leaf surface. If you had put the
leaf in a carbonated soft drink or beer, you would see lots of bubbles; they’re not from
photosynthesis! How many bubbles? How big? At what time? Are they there at night? Are
they related to light intensity? Be complete! See the magic of photosynthesis in action!
Take a deep breath of the oxygen produced by photosynthesis.

2

How could you directly measure the heat content of food—the caloric content? See
Homework #1 and look up calories in a chemistry or nutrition book. What if you could
burn—combust—the food in a controlled way, measuring the heat given off? How can
you measure the heat given off? Look up “calorimetry” or “calorimeter” in a chemistry or
nutrition book. A calorimeter is a calorie meter, an instrument to measure calories, usually
by controlled combustion. Now, re-read and answer the first sentence in this question.
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Energy Out:
Biomass and Work
Biology collects and transforms energy. It uses that energy for growth and
reproduction. Biology builds organisms, communities, and civilizations.

QUESTIONS
1

How do plants grow from the air?

2

If Rubisco is so common, why doesn’t anybody talk about it?

3

How can photosynthesis occur in the dark?

4

How are Nylons like simple proteins and proteins like complex Nylons?

5

If they’re so common and important, then why haven’t I heard about lignin,
chitin, elastin, actin or myosin?

6

What is hemoglobin? Myoglobin? And chlorophyll?

7

Say again—red meat or white meat? Beef or turkey?

8

How do enzymes work?
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Photosynthesis
Multi-cellular, complex organisms are born, grow,
reproduce, and die. That’s the basic life cycle. A lot
happens in between, of course, and everything that
happens requires energy. You know that there are
three basic processes by which life collects and stores
energy (Figure 29-7): Fermentation (also called
anaerobic glycolysis or anaerobic phosphorylation),
Photosynthesis, and Respiration, which is also called
aerobic phosphorylation. Life uses that stored energy to grow, to move, to work.
Life uses energy to produce more life—to make
organic matter, biomass. It starts with photosynthesis, using carbon dioxide, water, and photons to make
bigger molecules. It makes carbon/oxygen-based
molecules, primarily glucose and cellulose in the case
of plants.
One part of photosynthesis is collecting that photon energy, exciting chlorophylls, and delivering
excited electrons high in energy so that they can be
used to produce ATP (Figure 30-1). That’s the lightdependent side of photosynthesis. But, there’s a second part of photosynthesis, a so-called dark side. The
synthesis part of photosynthesis is where the carbon
dioxide comes in.
Just as photon absorption and electron excitation is dependent on a special molecule, chlorophyll,
carbon dioxide fixation is dependent on another very
special molecule, called ribulose bisphosphate, RUBP
for short (Figure 30-2). It works like this: a CO2
molecule comes in from the air, into the plant, into
the chloroplast, where there is high concentration
of ribulose bisphosphate. RUBP has five carbon atoms
with a phosphate group on each of the end carbons. We won’t worry about how that molecule
comes to be, but it has the very interesting property
that it reacts with CO2 to become a six carbon compound:
RUBP + CO2 ———> 6 carbon
This process requires an enzyme commonly called
rubisco (Figure 30-3). It is the most common enzyme on the planet. It is found in all organisms
which utilize photosynthesis.
We don’t have the time to go into the fascinating details, but the point is that life evolved a way of
incorporating carbon, from carbon dioxide, into bio-

Photosynthesis
Light: Photons in — electron excitation —
recharge ATP
Dark: Fix CO2, synthesize glucose
Total: CO 2 + H 2O + light

glucose

Figure 30-1 Photosynthesis is really two key processes:
(1) the light or photo part, and (2) the dark or synthesis
part. Part 1 collects photons, and Part 2 collects CO 2.

Figure 30-2 The chemical structure of RUBP, ribulose
bisphosphate, the molecule responsible for capturing
CO2 in Part 2 of photosynthesis.

Figure 30-3
The enzyme
which catalyzes
the RUBP + CO 2
reaction is
Rubisco, a very
important
protein
(from Stryer,
Biochemistry,
pg. 673)
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Light In (Photon Energy):
Collecting Photons : Chlorophyll
Energizing Electrons : Chloroplasts
Recharge ATP : ATP Biochip
Bind CO2 (needs ATP) : RUBP
Bind lots of CO2 : Calvin Cycle
Glucose Out (Chemical Energy)

Figure 30-4 A summary of photosynthesis.

Figure 30-5 Trees. Although most plants are rooted,
practically all of the carbon they use comes from the
air, initially as CO2.

chemistry. There is a series of reactions, called the
Calvin cycle, which perform the carbon fixation
process. The cycle keeps going, incorporating more
and more CO2. The end result is a molecule of sugar,
containing a phosphate group, and the regeneration
of the RUBP molecules, which then bind more CO2,
and so on (Figure 30-4). The steps which lead to
the sugar and to the regeneration of our CO2 loving compound, RUBP, take energy—energy
provided by ATP. Photosynthesis uses photons to
generate ATP via those special bio-chips, and then
uses the ATP and RUBP to produce carbohydrate—
sugars, which are then used as fuel or as a raw
material for the synthesis of other molecules.
So, we’re now home free. We have a way of collecting photons and energizing electrons; those
energized electrons produce ATP (in the bio-chips),
then RUBP binds CO2 , and, binding CO2 many
times in the Calvin cycle, carbon is condensed out
of the atmosphere and used to make new molecules.
It’s all summarized in Figure 30-4, both the lightdependent and the light-independent reactions.
But that’s oversimplified. It’s actually a fairly complex set of reactions, and there are some other key
molecules involved which store and transfer energy,
and some other key processes, including a key proton-based process. But that will have to wait until
you take a Chemistry or Biology course or read more
specialized text books.
Well what do cells and organisms do with that

energy, with the molecules and fuels which photosynthesis has helped produce? They build. They build
molecules, cell walls, proteins, DNA. They make cell
stuff until there’s enough stuff for the bacteria or
protist to divide. Multi-cellular organisms, like you
and me, need to divide our cells to make more cells
in order to grow and to replace worn out cells. Plants
grow and reproduce. Plants may be harvested or
grazed to provide fuels and raw materials for animals. We harvest plants for their heat content via
inefficient burning processes. And, when the biomass is burned, releasing the energy stored in its
chemical bonds, it transforms back to CO2 and water. From CO2 to biomass—and back to CO2.
Many people believe that trees grow from the
ground up (Figure 30-5). They think that they take
in most of the material from the soil. Yes, they take
in most of their water through the roots, but practically all of the mass of a plant that is not water comes
from the air, from the fixation of carbon dioxide.
So, your flowers, lawn, trees, and vegetables are literally growing from the air. The most dramatic
example is a tree—which grows from a tiny plant
to a massive, towering structure. Yes, much of the
tree’s weight is water, but all of its solid stuff is due
to carbon fixed by the process of photosynthesis, and
that’s true for all plants everywhere.
How do plants make the cellulose they need for
its stems and leaves? How do plants make all their
chlorophyll? How do plants put together that initial
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ATP currency and all of that RUBP needed for carbon dioxide fixation? How does a plant make all
the stuff it needs to grow? And how do you and I
synthesize the proteins which make up our muscles
and blood, and the fat, often in excess, we so desperately try to get rid of? And our hair and our nails,
and everything that goes into making you and me?
All living things are exquisite organic and biochemists, with incredible talents for synthesis. We
take different kinds of molecules and put them together in unique, specific, and important biochemical
structures.
We’ve talked about synthesis before—how
monomers come together to form polymers (Chapter 23), including biopolymers like proteins and
polynucleotides. Most of those reactions require special activators—catalysts. Biochemistry does all of
its synthesis at normal body temperatures, at normal pressures, and without any expensive, exotic
metal catalysts. Biochemistry makes, out of common chemicals, highly specific and special organic
catalysts, called enzymes.

Biochemical Synthesis
Let’s assume we have a couple of amino acids (Figure 30-6) and ask how they might go together to
form the beginnings of a protein. An amino acid
has an amino group (NH2 ) on one side, and an acid or
carboxyl group (COOH) on the other. Two acid
groups don’t tend to react with one another because
they’re basically the same kind of thing—and neither do two amino groups. But if you put an amino
and an acid together, it turns out that one tends to

Figure 30-6 Molecules with carboxyl (-COOH) and
amino (-HN2) groups can react to form amide (-NHCO-)
bonds and water. That’s one way to make Nylons. But
it doesn’t happen in water. The reaction arrow actually
goes the other way, because there is so much water
present in biological systems. So biology had to evolve
some chemical help: enzymes and ATP.

donate electrons, and the other tends to accept electrons, and they will react together to form a new
chemical bond, an amide bond, with water left over
(Figure 30-6).
It turns out that’s how we made Nylon in Chapter 23. Proteins are being made right now, in all of
your cells, but they don’t require the exotic solvents,
temperatures, or catalysts we use to make Nylons.
The reaction of Figure 30-6 doesn’t really occur
in biochemistry because there’s so much water
around that the water would push the reaction the
other way.
Single amino acids are stable. They exist in water and in your biochemical fluids. They don’t
spontaneously react. So biochemistry somehow

Figure 30-7 Cellulose is a poly (glucose). Cellulose polymers hydrogen bond with each other to form microfibrils,
which then assemble into cellulose fibers. (Audesirk, Biology, pg. 43).
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Figure 30-8 Lignin is
another key biopolymer of
the plant kingdom,
although it looks a lot like
man’s synthetic polymers
(from C.K. Mathews
and K.E. Van Holde,
Biochemistry, 2nd ed.,
Benjmin/Cummings,
1996, pg. 752).

evolved a means to force amino acids to link together and eventually form proteins, in the presence
of that enormous amount of water. It turns out that
we must do work, we must input energy, to get those
amino acids to react with each other. That’s where
ATP comes in.
Practically all biochemical reactions are coupled
in some way to ATP, to drive synthetic chemical reactions which otherwise would have great difficulty
occurring in our particular biochemical environment. Similar processes are used in putting
nucleotides together to make your RNA and DNA,
and in putting your carbohydrates together to make
polysaccharides. Much of the function of ATP, and
of enzymes, is to synthesize the molecules needed
for life.

Figure 30-10 Chitin is a unique
biopolymer, although we can think
of it as a modified cellulose. Remove
some -OH from cellulose, replace
them with the groups shown, and
you have chitin, the material from
which exoskeletons are made
(Audesirk, Biology, pg. 43).
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Cellulose, a polysaccharide (Figure 30-7), is the
major structural component of the plant kingdom.
Plants have another structural material, lignin (Figure 30-8), and it’s the cellulose and the lignin
together that are responsible for the strength and
structure of trees and other plants. The major structural component of the animal
kingdom is collagen (Figure 30-9), a
protein, a polymer of amino acids.
Animals have another protein
called elastin, which has elastic or
rubber band-like properties. Synthetic elastin is now the basis of a
whole new generation of materials.
Collagen, elastin, and the mineral in
your bones and teeth are the major
structural components of vertebrates. Another major structural
component of parts of the animal
kingdom is the exoskeleton of
arthropods, made of a polymer called
chitin (Figure 30-10). Whenever you
eat shrimp, you normally throw the
chitin away. Insects and other

Figure 30-9 Collagen is a complex protein
often organized in a unique and very
strong triple helix structure (from Stryer,
Biochemistry, pg. 32).
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arthropods make enormous amounts of chitin. Since
the exoskeleton is rigid and they grow inside this
rigid shell, they have to regularly dump the shell—
they have to molt and get rid of it. They produce a
new, larger shell. So it’s common to find chitin carcasses all over, not just from eating shrimp.
Synthesis of molecules is one major use of the
energy we take in—but there’s a second major use:
movement and motion, for doing work.
Bones are a composite of mineral and the protein
collagen. They form our internal skeleton, our mechanical support system (Figure 25-4). Attached to

most bones are muscles (Figure 30-11), and muscles
of course enable you to move. Your muscles consume a large amount of ATP, which you then
recharge by taking in food, as fuel, utilizing the energy in the molecular bonds of that fuel through
respiration.
You know that your brain sends signals, along
your nerves (Figure 30-12), which activate your
muscles, which then move in some coordinated fashion to move your various limbs, such as extending
your arm. In our world, imposing a force over distance is work—and takes energy. Muscle is a tissue
containing very unique and special cells. Each cell
looks like a fiber (Figure 30-13). The fibers, the cells,

Figure 30-11 The Muscular System, one of the key
“systems” of advanced animals. Muscles make up over
40% of your total weight. (from Martini, pg. 8).

Figure 30-12 The Nervous System is another critical
system, closely coupled with and connected to muscle
(from Martini, pg. 8).

Muscles and Motion
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Figure 30-13 A schematic of skeletal muscle, which contains structures called fascicles, each made up of individual
fibers which are the muscle cells (from Silverthorn, pg. 328).

are usually oriented so that muscle is strong. It has
good mechanical properties.
Muscle cells are there for one function only, to
use ATP to make motion. They are a very special
type of motion fiber. They’re very long. They have a
nucleus, actually they usually have many nuclei. The
bulk of the inside of each cell is a bunch of little

Figure 30-14 Those
individual muscle cells
and fibers contain
many intracellular
myofibrils, the basic
contraction units of
muscle. There are
also lots of mitochondria to regenerate the
ATP used to power
muscle contraction
(from Silverthorn,
pg. 329).

fibers called myofibrils (Figure 30-14). It is the contraction of these fibrils in the muscle cells and thus,
the contraction of each of the muscle cells, which
causes the overall contraction of a muscle. The individual myofibrils are made up of a particular
structure with some periodicity or repeat characteristic. These little structures, segments of myofibrils,
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Figure 30-15
Each myofibril
consists of sarcomeres, which are
interpenetrating
tiny filaments,
designed to move
past each other
thereby providing
the means for
muscle contraction
and relaxation
(from Silverthorn,
pg. 329).

are called sarcomeres (Figure 30-15). They are the
basic units of muscle contraction. At even higher
magnification, those myofibrils are seen to consist
of even smaller things, called myofilaments. Some
are thin and some are thick and, if we look even closer
at very high magnification, we find that the myofilament is made up of thick filaments and thin ones
(Figure 30-16). The beads on the thin one are a protein called actin, and the beads on the thicker ones
are a protein called myosin, which happens to have a
bead like head and a long tail (Figure 30-16).

Actin and myosin are individual, large, protein
molecules with some very unusual and interesting
properties. They are actually little molecular motors. Proteins, because of the way the amino acids
are hooked together and then organized in space,
form unique and special geometries—most proteins
are really little molecular machines (Figure 30-17).
Under the right conditions, usually involving the
binding or unbinding of a molecule someplace on
the protein, proteins undergo a change in shape or
conformation.

Figure 30-16 At even higher magnification, the interpenetrating filaments, the sarcomeres, consist of thick and thin
filaments. The thick ones are composed of the protein myosin, and the thin ones are primarily the protein actin.
(from Silverthorn, pg. 329).
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Figure 30-17 Proteins contain (a) a primary structure, due to the sequence and order of the amino acids (mers) in
the polymer chain (biochemistry use some 20 different amino acids or mer units to produce proteins); (b) secondary
structures formed in part by hydrogen bonding—two important ones are a helical structure and a sheet structure; (c)
a tertiary structure, often involving complete folding and packing of the main chain; and (d) often a quaternary
structure, where multiple chains or globules of proteins are organized into an even larger, unique structure. This
tertiary structure (c) is the protein myoglobin, which includes a “heme” group which bonds and stores oxygen. The
quaternary structure in (d) is hemoglobin, the blood’s oxygen transporting protein, which is similar to four myoglobins attached together. The fiber structure in (d) represents keratin, the structural protein of hair and nails. These are
just a few of the 100,000 or more different Proteins functioning within you (from Martini, pg. 54).
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Figure 30-18 The first step in glycolysis is the phosphorylation of glucose. On the left, glucose approaches the
enzyme. It binds to the enzyme’s special active site. Then the enzyme (on the right) closes in around glucose,
sequestering and protecting it from the water environment, permitting a chemical reaction to occur which cannot
occur in the presence of all of that water. The ability of many proteins to adjust their structure (adapt their conformation) is an important property of many proteins (Mathews and Van Holde, pg. 369).

That is also why enzymes work. Enzymes are
proteins which are catalysts, and aid chemical reactions by binding to and often distorting the reacting
molecules (Figure 30-18). That distortion decreases
the activation energy barrier (Figure 29-5), producing a local environment which makes that reaction
much more probable or possible. Sometimes the
enzyme actually has to wrap itself around these molecules, almost enveloping them, to provide the right
environment and conditions (Figure 30-18).
Since practically all enzymes are proteins, it’s not
surprising that proteins adopted these interesting
shape change mechanisms to also become molecular machines for doing work, whether that work is
cranking electrons uphill (in photosynthesis and respiration) helping make ATP, or causing muscles to
contract to make motion.
Myosin’s head binds to actin and then is stimulated to actually twist its shape, moving backwards
in this case, pushing the actin molecule along (Figure 30-19). After this so-called power stroke, actin
is released and then another cycle happens. The process keeps going until the actin/myosin filaments

have fully moved passed each other. The power stroke
of myosin requires energy, and that energy is provided by ATP. In fact the head of the myosin protein
is an ATP enzyme (Figure 30-19), meaning that the
enzyme causes ATP to react with water to form ADP,
releasing the energy needed for muscle contraction.
To continue muscle contraction, the ADP has,
of course, to be replaced for subsequent power
cycles. Aerobic and anaerobic respiration provide that
energy. Muscle tissue is very rich in mitochondria,
where aerobic respiration occurs (Figure 30-14).
During moderate exercise aerobic respiration provides most of the ATP needed. But if the exercise is
so intense that it exceeds your capacity to deliver
ATP by these highly efficient processes, usually due
to oxygen deficit, then you generate ATP by lactate
fermentation, by the anaerobic glycolysis pathway.
That leads to lactic acid build up in the muscle, resulting in aches and pains.
There’s a great deal more to muscle biochemistry. The key point here is that energy out is used to
produce ATP, which basically fuels muscle, and it’s
muscles which cause your heart to pump, your chest

Chapter 30Energy Out: Biomass and Work

Figure 30-19 The molecular basis of muscle contraction. Now you see why proteins are often called
molecular machines (from Silverthorn, pg. 333).
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to expand and contract in breathing, and of course
all the rest of your body movements. Any and every
movement you make, voluntary or involuntary, requires ATP.

Red Meat, White Meat
Incidentally, myosin and actin are the major proteins
in meat. When you eat meat, you’re basically eating
muscle, and the bulk of that muscle protein is actin
and myosin.
The difference between red meat and white
meat? Your blood is red because it has a protein
named hemoglobin (Figure 30-17), which is actually
the bulk of the mass inside your red blood cells. Protein hemoglobin has built into the middle of it a
molecule called heme (Figure 30-20), which is a lot
like chlorophyll. The purpose of your red blood cells,
and the hemoglobin within them, is to transport oxygen around your body for aerobic respiration, and
also to get rid of the CO2, released as a result of
aerobic respiration. Well, it turns out that when heme
is fully bound to oxygen, it’s red. It absorbs blue
and green and doesn’t absorb red, so it looks red to
you. It is a red pigment. Chlorophyll is slightly different (Figure 30-21) and absorbs blue and red, and
so looks green. There are other kinds of chlorophylls
and pigments in plants, as well, but the one we’re

most used to is the green.
Muscle needs to store a lot of oxygen. It’s not
easy to store oxygen because it’s a gas. It needs to be
bound up in something to tie it down, so it can then
be delivered as needed. Blood uses hemoglobin. Your
muscles use a protein which is a lot like hemoglobin,
but only about one quarter the size—it’s called myoglobin (Figure 30-17). Myoglobin also has a heme
group in it and it also carries and stores oxygen. So
myoglobin containing bound oxygen is also red.
There’s a lot of it in muscle—therefore, red meat. Red
muscles, red meat. So, what about white meat?
Birds, like chickens, and even dinosaurs, which are
probably related to birds, have (or had) a very different kind of lung and respiratory system. Their muscles
are designed for short bursts and strokes, such as for
flying. Much of their oxygen comes from outside of
the muscle cells by direct diffusion from the blood,
so they don’t have to have high concentrations of
myoglobin in the muscle. Their meat is not red.
The difference between white and red meat has
to do with the amount of myoglobin inside the individual muscle cells—the ability to store oxygen in
the muscle cells. So, the next time you have a hamburger or a chicken sandwich, you can enjoy it in a
much fuller biochemical context.

Figure 30-20 The heme in myoglobin and hemoglobin has a special structure containing iron (Fe) which
permits it to bind and release oxygen (from Silverthorn,
pg. 463).

Chapter 30Energy Out: Biomass and Work

341

The Bottom Line
Energy which we take in is stored in ATP and in a
variety of fuels and storage compounds, like carbohydrates and fats, and drawn upon as needed. ATP,
and several other energy currency molecules, which
we didn’t cover, are fast, efficient stores which are
then recharged in animals by both aerobic and
anaerobic processes. This stored energy is used to
synthesize the bio-polymers needed for living, for
growth, for reproduction. And the stored energy is
used to power myosin, to produce muscle contraction, so we can move, breath, and work.
There is so much the scientific community has
yet to learn about bioenergetics and biosynthesis.
We have even more to learn in applying it to our
everyday needs and wants. There are enormous opportunities. If this intrigues you, take a chemistry
and then a biochemistry course and get into this in
more detail.
Enjoy your myosin, actin, hemoglobin, and myoglobin, and, of course, your ATP and aerobic exercise!

Figure 30-21 Chlorophyll. There are some similarities
with heme, but chlorophyll has a central Mg atom and
is designed to produce an excited electron. There are
several different kinds of chlorophyll, which absorb
light of different wavelengths. That’s why not all
photosynthetic life forms are green. Some are red.
(from Levine and Miller, pg. 506).
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HOMEWORK
1

Enzymes are catalysts. Most biochemical reactions have large activation energies. The
reactions don’t occur spontaneously (if they did, they would have all already happened,
there’d be no more biochemistry, and we wouldn’t be here! So biochemical reactions are
controlled, regulated, and facilitated by enzymes). Look at Figure 29-5. The reaction’s
activation energy is lowered in the presence of the enzyme—of the catalyst. There are a
variety of mechanisms enzymes use to do this. You’ll get to them in a biochemistry course
(it’s advisable to take a good chemistry course first)! For now look for common, everyday
applications of catalysts (and enzymes). Start by considering your car’s catalytic converter
and enzymes in laundry detergents. But also find several more. Why are the enzymes or
catalysts there? What do they do? Explain (you may need to refer to a chemistry and
biology book).

2

Can you digest cellulose? Can cows or horses? What’s the major difference between you
and a cow in terms of cellulose digestion? Be specific and complete! (A biology or physiology book will help here. Look under cows, horses, ruminants. You could also ask your local
veterinarian).

3

What is silk? Look it up and briefly describe and sketch the structure of silk. Be specific as
to its composition.

EXPERIMENTS
1

Time for a little hair chemistry. Hair is mainly a protein called keratin. The major amino
acid in keratin is cysteine, one of the few amino acids which contains sulfur. Why does hair
stink when it burns? Really explain.
Because of cysteine you can force your hair into interesting and even weird shapes using
sulfur chemistry. Talk with your hair dresser about “permanents” or go to the store and
read the products which deal with home made hair chemistry, with permanents. What
chemicals are used to uncross-link and cross-link your hair? They do oxidation-reduction
reactions via sulfur chemistry. If you’re into hair-do’s and permanents, you should know
this. After all, it is your hair. Design a set of experiments which could be done on some of
your hair to help understand how hair reacts, how it can change shape, how long to hold
it in place before it “sets”, the role of temperature, etc. Good luck!

2

Try a little tenderness. Outline a set of experiments related to meat tenderizers. What are
they? How do they work? concentrations? time? temperature? Types of meat? Problems or
concerns? Your health food store might help, but a good kitchen chemistry book will be
better!

3

Most Northern European Caucasians have a lactase mutation. Lactose is an important
carbohydrate in milk. Lactase is an enzyme which breaks lactose down into two smaller
carbohydrates, glucose and galactose. If you don’t have lactase, then you are lactose
intolerant, which gives you some gastrointestinal discomfort. Read up on lactose intoler-
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ance. Ask your pharmacist or local health food store. Are you lactose-intolerant? How
could you do some personal experiments to find out? Look for Lactaid Milk and related
products in your grocery store and pharmacy. Are you one of the mutants who can deal
with lactose or one of the more normal folks who cannot? Explain!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Snyder, Extraordinary Chemistry
Silverthorn, Human Physiology
Martini, Anatomy and Physiology
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Information In:
The Senses
You are a set of sniffing, seeing, hearing, tasting, and touching information
gathering machines. Your senses are your only clues to the outside world.
Let’s use and understand the senses.

QUESTIONS
1

How is the retina like a leaf? How is it different?

2

What do rods and cones do?

3

What do cones have to do with primary colors?

4

You mean primary colors aren’t special or primary?

5

Why do I see right side up?

6

Am I really like an electric eel? Why do I have an aura?

7

More Biochips?

8

What is dark adaptation?

9

What does it mean to “smell in stereo?”
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Sensing Information
Energy and entropy are very closely connected. Life
is a battle against entropy. Life has developed remarkable ways of collecting, transforming, and using
energy to fight its entropy wars. But entropy is more
than the disordering of matter, the disordering of
atoms, the scrambling of chemical bonds. Entropy
is also the disordering of information. It takes energy to acquire, order, process, and utilize
information, and entropy disorders that information.
Your senses acquire information from the natural world (Figure 31-1). Those same sensory organs
pre-process that information before delivering it to
the appropriate regions of your brain (Figure 31-2),
which further processes it, merges it with all the
other information coming in and already stored, and
develops a perception of the natural world, of the
events you are sensing.
In Chapter 2 we discussed the nature of our
senses and their intentional lack of objectivity about
the natural world. There we focused on using the
senses for objective scientific observations. We also
realized that our senses are limited—that there are
signals in the natural world which we simply cannot detect. So we extended our senses in Chapter 4
by developing tools and instruments with which to
sense more information and transduce or transform
that information to a form which our limited senses
can detect and process.
The senses are tools for scientific
observation of our natural world, but
they are also fascinating subjects of scientific study themselves. Although our
senses are all integrated and interconnected, we also know that at least some
of their processing is done in specific
areas of the brain (Figure 31-2).
The brain and its associated sense
organs are based on neural tissues, one
of the basic types of tissue (Figure 313). Neurons are highly specialized cells
designed to transmit electrical pulses.
Nerve tissues also contain glial cells
that support and insulate the neurons.
Neurons are highly specialized to receive signals from either the external
environment, various internal environments, or from other neurons.

SCIENTISTS/ARTISTS

SMELL
TASTE

VISION
HEARING

TOUCH
SENSES

BALANCE
OBSERVATION

Figure 31-1 We observe and perceive via our senses.

Figure 31-2 There are certain regions of the brain
where our primary sensory information is received and
processed (from a Hughes Medical Institute Report,
Seeing, Hearing, and Smelling the World, 1995, pg. 4.)
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Figure 31-3 Nerve or neural tissues contain several types of cells. The most prominent and well studied are the
neurons, which connect to other neurons through dendrites and the axon. There are supporting cells called glial cells,
or neuralgia. (See also Figures 30-12 and 2-1.) (From Martini, pg. 139.)

Neurons interconnect via long transmission fibers
called axons and specialized, interconnecting structures called dendrites (Figure 31-3).
The cells which actually receive the signals are
specialized neural cells called sensory receptor cells (Figure 31-4). The signals they receive result in electrical
pulses which make their way along the sensory neuron, possibly pre-processed in various ways, and
finally makes it to the brain, to the central nervous

system. The perception generated may result in a
decision to stimulate another part of the anatomy,
possibly to contract a muscle. That new signal, initiated and developed in the brain, makes its way along
the spinal cord and various motor neurons to the
so-called effector cells, those cells that actually effect
an appropriate response, such as muscle cells.
All of this is covered in biology and physiology
books and courses. For now, we’ll assume that each

Figure 31-4 Sensory
receptor cells: rods and
cones for vision, free
nerve endings respond
to pain (from Hughes
report, pg. 10).
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of your basic senses has developed very special receptor cells (Figure 31-4), cells which can receive
and transduce those basic physical stimuli—those
information-producing physical processes in the
natural world.
Receptor cells include the special rod and cone
cells in the retina for transducing photons (Figure
31-5). There are special hearing cells in the inner
ear (Figure 31-6) which transduce the mechanical
oscillations, induced by sound waves, into electrical

signals in the auditory nerve fiber. Olfactory neurons (Figure 31-4) are special receptor cells at the
back of the nose to which odorants bind, causing a
stimulus. There are taste receptor cells on the tongue
and the back of the mouth which perform a similar
function for those chemicals in solutions. There are
special cells for rapid response to touch, and there
are a range of free nerve endings which, when stimulated, bring sensations of temperature and pain
(Figure 31-4).

Figure 31-5 Vision is based on rod (black and white) and cone (color) cells in your retina. They are each remarkable
biochips designed to detect photons and process those spatial signals so the brain perceives an image (from
Silverthorn, pg. 297).
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retina

cornea

pencil

lens
Figure 31-7 A crude optical schematic showing image
formation on the retina.

g
Figure 31-8 If you see the
actual image on the retina,
it is, of course, upside down.
Figure 31-6 The cilia at the top of an auditory hair
cell in the inner ear. The cilia respond to the vibrations
in the inner ear (Hughes report, rear cover).

Vision
Since our introduction to vision and optics in Chapters 2 and 4, we’ve learned more about light, and
we’ve learned about cells and biochemistry. Let’s put
some of that together now to begin to appreciate
vision in more detail. Hold a pencil in your hand.
Photons reflected from the pencil travel in straight
lines in many directions (Figure 31-7). Their straight
line travel takes some of them to the surface of your
eye where they are refracted and then continue on
a new straight line path to interact with the cells on
the retina. You see an inverted image of the pencil
on your retina (Figure 31-8), just as we see inverted
images on the back of a camera. The brain presents
that image to you right side up—the camera doesn’t!
But now there’s more to the story. Your retina is,
in a sense, inside out (Figure 31-9, next page). It’s
actually amazing that it works as well as it does because the photons traveling through the insides of

your eye actually have to travel through small, transparent axons, through other cells, and then have to
keep traveling through another layer of cells, and then
finally hit the rod or cone cells. Those rod and cone
cells are really very unique biochips (Figure 31-5)
consisting of structures which look a lot like plant
chloroplasts, which are also designed for photon collection (Figure 29-15). In the chloroplast the photon
absorption event is designed to excite electrons
which are then utilized as energy sources. In vision
the excitation event is only to recognize the presence
of a photon, and its position in space. The eye does
not try to extract additional energy from the photons absorbed. It wants to keep that information
where it is collected.
So, photons come in from different places, interact with different points on the retinal surface, are
appropriately processed, allowing you to perceive an
image of where those photons originated.
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Figure 31-9 The back of the eye. Light enters from the left, passing through several layers of cells before interacting with
the rods and cones. The dense pigment layer at the back of the retina absorbs excess light (from Silverthorn, pg. 293).

Each retinal cell, each rod or cone, efficiently
collects photons. Chloroplasts also collect photons,
so it is no great surprise that these two different
biochips have some similarities. Your rod cells each
contain millions of individual receptor proteins,
called rhodopsin (Figure 31-10), embedded in the
membranes through a stack of discs (Figure 31-5).
Opsin is a protein, a receptor protein, which con-

tains a tiny molecule called retinal, which is the molecule that actually absorbs the photon, just as in the
chloroplast it is the chlorophyll that did the absorbing. The absorption of a photon by retinal results in
the retinal molecule becoming distorted, its threedimensional structure changed, by the photon absorption event. As its shape changes, it separates from
the protein in which it is embedded, causing opsin
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Figure 31-10 Rhodopsin is a protein in the membrane stacks of rod cells. There are similar proteins in cone cells. A
small molecule in the protein, called retinal (which is related to Vitamin A), absorbs the photon (from Hughes report,
pg. 17).

to have enzyme properties, which help generate a
nerve signal, which then makes its way to the brain.
With help, you can see your own retina. Your
ophthalmologist sees it (Figure 31-11) when she
gives you a complete eye examination, and may take
photographs of your retina. It turns out that it presents diagnostic information, particularly when you
get to be 50 and older. The rods outnumber the
cones in the retina by more than 10 to 1, except in
a very special part of the retina near its center, called
the fovea. The fovea is the high resolution imaging
or seeing portion, the part you use the most, consisting almost entirely of cone cells. It’s been called
the most valuable square millimeter in the body. The
rod cells provide your highly sensitive night vision,
or dark adaptation.

Figure 31-11 A part of the human retina (from
Audesirk, pg. 736).
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The cones give you color. There are three different kinds of cones, one most sensitive to red,
another to green, and a third to blue (Figure 31-12).
So the primary colors that we learned in kindergarten and first grade are primary because of those three
different specialized cone cells in each of our retinas. All other colors are perceptions which your
brain derives by essentially comparing the signals it
gets from those three different kinds of cone cells.
The retina is connected to the brain through the
optic nerve. If that optic nerve is severed, there is
no way for that transduced information to make its
way to the brain and be sensed and perceived. Without an optic nerve, you are blind. But, amazingly, if
you delicately and appropriately stimulate the visual cortex of the brain, that part that appears to be
largely responsible for vision, you can perceive virtual light—a sensation of light, and even of crude
images. That’s exactly what Dr. Richard Normann
and his colleagues in the Dept. of Bioengineering
at the University of Utah do. They’re developing
artificial vision for the blind, by direct stimulation
of the visual cortex in the brain. They do that with
a small chip of microelectrodes which they use to
stimulate the brain, using modern micro-electronics technologies. If you were blind and you had a
miniature TV camera scanning the world for you,
you could, in principle, use the information from
the camera to activate the micro-electrodes implanted in your brain, to generate low resolution
virtual images. That’s what Normann and his coworkers are developing.
But vision is only one of our fascinating and wonderful senses.

Hearing
Hearing is often considered second only to vision
for sensing and perception of the natural world. Vision is the detection of electromagnetic waves, of
photons. of very high frequency and very short
wavelengths, transverse electromagnetic waves. Hearing is the detection and transduction of sound—of
pressure pulses in air. Remember the Slinky model
in Chapter 15? Pressure waves are different from
electromagnetic waves. We know that we can generate sound by very rapid movements of something
in air, like a guitar string. We know that the range
of those air movements that we can detect are

Figure 31-12 Rods and the three different types of
cone cells each have different absorption spectra. A
good biology or physiology book shows you all this in
color. Please look it up! (From Silverthorn, pg. 298.)

roughly 15 to 15,000 cycles/second if we’re young
and healthy, perhaps 50 to 10,000 cycles/second if
you’re a little older, or even less if you’ve had your
ears damaged by loud music or an unusually loud
work environment—damaged enough to give you
measurable hearing loss.
You can actually feel the air being moved by a
very high power speaker. A plucked string vibrates
rapidly, but eventually dies out. Each time we pluck
the string, we produce a musical note. We can detect and transduce those sounds with a speaker in
reverse, with a microphone. A little membrane in
the microphone moves in response to the pressure
pulses, producing a voltage that can be detected and
processed using electronics, and displayed on a computer screen. A nice clean sound, like from a tuning
fork, produces a clean, pure wave. And for those of
us who have very imperfect pitch and can never
make a clean sound, the sound output is much more
complex. Of course we can use electrical energy
and electronics to take the small signal produced by
the microphone, amplify it enormously, and power
massive speakers—so powerful they can actually
damage your hearing!
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Figure 31-13 A typical ear anatomy diagram (from Silverthorn, pg. 282).

So sound is pressure pulses, air molecules moving. How does your ear transform that into the
perception of sound and music? Figure 31-13 shows
an ear. Air comes in the funnel (the outer ear) as a
mixture of various pressures, of various sounds. Your
ear drum responds to that mechanically. The middle
ear is very simple. It uses three little bones as a tiny,
rapid mechanical system to transmit pressure pulses
and essentially knocks on the outer part of the inner ear, called the oval window. The knocking on the
oval window’s thin membrane causes fluid inside the
cochlea to vibrate, transmitting a liquid pressure
wave. So, we’ve gone from pressure in air, to the
vibration of bones, to the vibration of liquid. That’s
pretty straightforward. The real mystery, although
it’s now becoming understood, is how those liquid

pressure pulsations interact with the cells which line
the cochlea to detect the intensity and frequency of
sound. These cells contain cilia, hair-like projections
(Figure 31-6, 31-14), which respond to the vibrations of the sound wave in the fluid. It’s the way
these cells and their cilia are arranged that is responsible for your hearing.
The hair cells in the cochlea are very vulnerable. By the time you’re 65, you’ll probably lose 40%
of them, and that’s assuming that you don’t work or
live in a very high sound intensity environment. If
you do, your loss will be much worse.

Other Senses and Fields

Smell is another important sense (Figures 31-1 and
31-2). We try to mask it, cover it, suppress it, or en-
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Figure 31-14 Hair cells, which respond to minuscule
pressure/flow changes. This drawing is based on the
hair cells in the inner ear (Martini, pg. 584).

Figure 31-15 A computer model, based on experimental data, of the electric field (produced by heart
tissues) on the surface of a human chest (courtesy of
Drs. C. Johnson and R. Macleod, Departments of
Bioengineering and Medicine, University of Utah).

hance it. But it’s interesting that we often do this
with other smells, with appropriate perfumes imported from flowers, and even from animals.
Your olfactory (smell) cells contain perhaps five
million olfactory neurons, together with additional
cells. You actually smell in stereo because there are
two patches of olfactory cells, one on either side of
the nose. And there are thousands of odor combinations you can sense. Most of us don’t consciously
use our sense of smell very much.
There are many information sources in our natural world that our senses cannot detect, at least not
consciously.

For example, you and I generate significant electrical fields. They can be detected and mapped on
the surface of our skin. Dr. Chris Johnson, in the
University of Utah’s Computer Science and Bioengineering Departments, models the electric fields on
the surface of our bodies due to the electrical activity of the heart, the electrocardiogram or ECG.
Those fields are there, they can be measured, they
can be sensed by using instruments. By putting electrodes on your skin, cardiologists and bioengineers
can measure and map these electrical fields (Figure
31-15). Dr. Johnson and his co-workers can now
mathematically model the process using computers
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and advanced graphics. We can also sense the electr ical activity of our brains—our electro
encephalogram or EEG. This is popular in some
circles for biofeedback therapy.
The third of the common bioelectric fields (Figure 31-16) which can be easily measured are those
produced by your muscles, the electromyographic
fields. These can easily be detected on the skin surface and then used to control remote robots and
other devices. You and I cannot directly detect or
sense these electric fields, although some animals can
(Figure 31-17).

Summary
We started this chapter by talking briefly about energy, entropy, and information. There is an inherent
energy cost in obtaining useful information. The
field called Information Theory worries about the
energy needed to move bits around—to store, move,
and process stored information.
Computers need to be plugged in. Their batteries need to be recharged. Their disks need to be
magnetized or optically encoded. It also takes en-

ergy to acquire and process your neural information.
You actually use a lot of energy in your brain, although none of us is energy limited when it comes
to thinking and using our head. We could all afford
to direct more ATP in that direction!
So use your remarkable senses. Man is a visual
animal. Our visual senses are very well developed.
Our pattern recognition, facial recognition, image
processing skills, are incredible, so incredible that we
basically ignore our other senses, and use them only
superficially at best. Close your eyes, turn off the
lights, and listen, smell, taste, touch, feel. Pretend that
you’re blind and have to make sense of the natural
world through your other senses. Try not to be so
hooked on photons.
The same with sound. Turn it down, even turn
it off. Take the Walkman plugs out of your ears (Figure 26-18), and listen to the birds and to the wind.
How does that song go from the movie Pocahontas?
Something about “can you paint with all the colors
of the wind?” Use, enjoy, and appreciate, your remarkable senses.

Bioelectric Potentials
Heart ECG: Electrocardiogram
Brain EEG: Electroencephalogram
Muscle EMG: Electromyogram

Figure 31-16 There are three common sources of
electric fields in living organisms: the heart (ECG); the
brain (EEG); and the muscle (EMG).

Figure 31-17 Some organisms can sensitively sense
electric fields. Some can even produce very strong
electric fields. There’s so much to learn in biology!
(From Audesirk, pg. 742.)
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HOMEWORK
1

We learned about primary colors in elementary school, and we learned later that they
were related to cone cells. Discuss how the world would look if you were missing one type
of cone cell (which kind?!) Is this related to color blindness? What is color blindness?
Again, a good encyclopedia, biology or physiology book, or private expert will help!
Explain.

2

Many kinds of birds apparently have the ability to sense the earth’s magnetic field and use
it to navigate during migrations. Do a brief report on this topic. What is the mechanism of
the bird’s sense? How accurate is it? Does it work the same in the Northern and Southern
hemispheres? What else is known about it? Do humans have an innate magnetic sense?
There are lots of folks skeptical about such magnetic “senses.” See Sheldrake’s Seven
Experiments (in the sources section below).

EXPERIMENT
1

Your eyes can increase their sensitivity for photons by thousands of times, allowing you to
see in very dim light. Get some small print, like a newspaper story, and some large print,
like newspaper headlines. By crossing two polarizers in front of a light source, you can use
them as a variable light filter. Try it—hold your two polarizers, or two sets of Polaroid
sunglasses, and look through them. Now rotate one of the polarizers. See the filter effects?
Take a small flashlight. Mount it so it can shine through one of the polarizers. The polarizer
cuts the light in half. Now put the other polarizer in front and rotate it while shining the
light on your newspaper. You’ll see that you can vary the light intensity from black (nothing)
to fairly bright. Rig this so no other light is leaking out of the flashlight. A good way is to put
the flashlight in a small, covered box (figure below). Make a hole in the box, mount your
polarizers over the hole. Your covered box is now a weak variable light intensity source!

paper
hole
light
light
Put polarizers
in front (outside).

little flashlight
in box

box

Your eye
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Now take the box and your newspaper into a pitch black room. A bathroom with no
window or closet should work. Don’t even let light come in under the door! With your
flashlight on, box closed, and polarizers adjusted for maximum light, read the paper. Then
rotate the outer polarizer 1⁄4 turn. Wow—lots less light. Can you read the small print? If
not, sit there and wait until your eyes dark adapt enough so you can read. (How long did
that take?) Can you read the large print headlines? Now cut the light even more. Read.
Adapt. Time. Keep going, cutting the light intensity each time. Finally, with zero or minimum light, can you read?
You’ve been dark adapting. What can you say about your ability to see little things versus
big things in near darkness (your visual acuity)? Can you see in the “dark”? Look up dark
adaptation in a biology or physiology book. Explain. Sketch the orientation and position of
everything in this experiment. How could you do this experiment more effectively? This
experiment will not work if there’s light leaking into the room or from your box. Do you
think cats or owls have good dark adaptation—good “night” vision? Explain.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Ackerman, Natural History of the Senses
Audesirk, Biology
Martini, Anatomy and Physiology
Silverthorn, Human Physiology
Sheldrake, Seven Experiments...
Video: Mystery of the Senses
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Information Out:
Language,
Communication,
and Culture
A child’s cry, the Beatles, and your significant other’s most sensuous voice:
what do they all have in common? Perhaps a dropped larynx, a 50,000year-old mutation that makes them—and you and me—far more communicative than our chimpanzee cousins.

QUESTIONS
1

Do you have unique smells or odors?

2

How is bioluminescence related to photosynthesis—or is it?

3

Can you see the sounds you make? How?

4

Why do I sing in the shower—or hum or whistle when I’m happy?

5

How are music and mathematics related?

6

Are bigger brains better?

7

What is a circadian rhythm?

8

Why do fireflies glow?

9

How do you make sounds?
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Big Brains
Information in from many different sources, through
all of your senses, is considered individually and in
an integrated manner, resulting in perception, which
further results in action. In most species that action is
instinctual, perhaps reactive—run, mate, eat, attack.
But information need not only be taken in and
analyzed, information can also be produced and projected, such as the warning calls or sounds of a
rattlesnake or a bird trying to distract a predator.
But even in the most advanced animals, the number
of calls, the number of sounds, appear to be very
limited. Man, and possibly dolphins, appear to be
the only species that have really developed and utilized language. We have oral language, visual
language, and written language.
Why is it that man appears to be the most communicative of all species and appears to be the only
species that is aware of past and future, as well as
present? Man is apparently the only species that is
really aware of death and the only species that has
developed a culture. Brain size, you say, we all have
big heads and big brains (Figure 32-1, next page).
Maybe.
True, much of the brain of smaller mammals is
used primarily for sensory and motor purposes. The
sensory parts collect information and the motor parts
act on that information, generally through functions
like muscle movement. There isn’t a lot of brain left

Brain Volume (ml)

1500

X

over for other things in the case of the mouse and
even the cat. Non-motor, non-sensory parts of the
brain are often called the association areas. Primates
have some of that, but man has the highest known
proportion of association area among all the mammals and, presumably, among all species.
Our very primitive ancestors appear to have had
a relatively small brain volume (Figure 32-2). That
didn’t change much until 4 to 5 million years ago.
There was obviously some major event that resulted
in the selection for larger brains. Jared Diamond, a
professor of physiology at UCLA, has written a
popular book, The Third Chimpanzee (Figure 32-3).
He suggests that, perhaps 5 million years ago, certain chimps left the trees and focused on the land,
walking erect, leaving their hands free for many purposes, including the making of tools, signals, and
perhaps advanced communication. The increased use
of the hands helped evolve larger brains, to more
fully and effectively utilize those now freed hands.
Much of our brain is devoted to our hands.
So natural selection selected larger brains. The
brain reached its peak, volume wise, perhaps 100 to
200 thousand years ago in our distant cousins the
Neanderthals (Figure 32-2), who apparently disappeared from the scene some 30 to 50 thousand years
ago. They appear to have gone extinct, in spite of
having even larger brains than you or me—about
1400 ccs, 1.4 liters. There is apparently no record
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Figure 32-2 Nature apparently does select for larger
brains, up to some “optimum.” Our brains are not the
largest to have evolved.

Figure 32-3 Caricature of Jared Diamond’s book, The
Third Chimpanzee: The Evolution and Future of the
Human Animal, Harper-Collins, 1992.
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that they had language, certainly not written
language.

The Language Leap
Human communication and language may have begun about 50,000 years ago in what Jared Diamond
and others call the Great Leap Forward. Something
happened, and it wasn’t brain size, that apparently
led to our language and communication skills.
Humans speak. No other
species appears to have this ability. Although the Neanderthals
may have had the brain capacity
for speech, they may not have
had the vocal equipment
needed. To produce speech requires a larynx, a voice box,
located low in the throat (Figure 32-4). Neander thals
apparently didn’t have that.
Newborns and very young infants don’t have it either. It was
probably a mutation that led the
Cro Magnon peoples, and perhaps others, to develop the
ability to easily communicate
orally, presumably giving them
an advantage over their Neanderthal cousins and over all
other species. The Neanderthals are gone. The Cro
Magnons are believed to be our
immediate ancestors.

Figure 32-1 Much of the brain of smaller animals
seems to be used for sensory and motor function.
Only in man and the other
primates is there apparently
room for the association areas
(based on Gould & Gould, The
Animal Mind, Scientific
American Library Series, 1994).

The anatomical location and position of the larynx is very interesting. Young children have high
larynxes because that allows a young child to swallow and breath at the same time, without choking.
But having a high larynx restricts the kinds of sound
we can make. The human infant is not capable of
speech, though he or she can make a variety of
noises. But, as children get older, the larynx drops,
together with other anatomical and physiological
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changes. Then speech, as we know it, starts to become possible. We do pay a price for speech in terms
of the sharing of breathing and swallowing passages,
and our tendency to choke occasionally.
There is another reason why we may have developed the talents for speech and language, whereas
our Neanderthal and earlier forebearers may not.
Neanderthals probably operated in very small groups
or tribes, with apparently little interaction among
those tribes. Interaction among greater numbers, a
larger community or society, requires communication. And with communication comes culture.
Homo sapiens is a language-based organism. No
matter where they are located, they develop language. There are over 6,000 different languages on
the planet today.
Language does not need to be precise. It’s contextual. We fill in, we use facial expressions,
mannerisms, body language, in a smooth and coherent fashion, with our oral communication skills,
to provide maximally effective communication. Just
watch people communicate.
Steven Pinker, an experimental psychologist and
neuroscientist, has written The Language Instinct. (Figure 32-5) He argues that our brains come with the
equivalent of a hard-wired language learning program. He and others before him believe that

Figure 32-5
Steven Pinker’s The
Language Instinct:
How the Mind
Creates Language,
Harper, 1995.
Another book whose
real cover we can’t
show you. Try the
library!

Figure 32-4 The larynx or voice box is often erroneously called the “Adam’s Apple.” But this structure is
really the thyroid cartilage, a protuberance near the
vocal folds.

language is a biological system, and not just a cultural and learned skill. He and others feel that parts
of the brain contain a language organ, allowing language to integrate with sensory information to
provide a more comprehensive perception of our
world. In fact, Pinker takes issue with Jared
Diamond’s Great Leap Forward idea. He seems to
feel that Neanderthals, and even their ancestors, perhaps back for several million years, may have had
appropriate vocalization skills. In fact, he argues further that vocalization and language characteristics
originated in our brains a very long time ago. Pinker
would argue that baby scientists do not operate with
a clean slate at all, at least not as far as language is
concerned; he says babies are already genetically
wired for language—not for English or Finnish or
Chinese, but for language in general. Babies will very
easily learn one or several of the 6,000 or so languages on the planet when exposed to them, and
will speak them fluently when their vocal apparatus
has descended and matured, permitting them to form
the sounds required. This happens roughly by their
first birthday. After that first birthday, most of them
no longer babble, they speak.
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Figure 32-6 Diagram
of the anatomy of the
vocal folds (from
Martini & Timmons,
pg. 605).

Human Sounds

Men and women can produce, can generate, sounds
over an incredible frequency range—from very low
bass to extremely high soprano, generally only two
but sometimes as many as three and even four octaves. Bobby McFerrin has a very wide range, as do
many sopranos, such as Barbara Hendrix.
They accomplish this, as do you and I, by a very
small larynx, a very small voice box, containing what
appear to be a few flaps of skin connected to muscles
which are not particularly impressive (Figure 32-6).
But it does a remarkable job.
We generally use exhaled air to make sounds. In
the words of Steven Pinker:

the frequency of their opening and closing that determines pitch.
There’s a lot more to sound, speaking, and singing, than just the vocal folds. There are all the
chambers between the folds and the outside world

Syntax overrides carbon dioxide. We suppress the delicately tuned feedback loop that controls our breathing
rate to regulate oxygen intake to match the length of
the phrase or sentence we intend to utter. This can
even lead to mild hyperventilation, which is why public speaking is so exhausting, and why it is difficult to
carry on a conversation with a jogging partner.

The lungs are connected to the trachea, the windpipe, and from there to the larynx or voice box
(Figure 32-7), which we often erroneously call, from
its outside appearance, the Adam’s apple. The opening of the larynx is covered by two flaps of muscle
tissue, called the vocal folds or vocal cords (Figure
32-6). The larynx is really a valve. Because vocal
folds are highly versatile, we stretch and otherwise
deform and control them by action of muscles. It’s

Figure 32-7 Location of the larynx with respect to the
trachea and the lungs (Silverthorn, pg. 478).
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(Figure 32-8), including the part of the throat behind the tongue, the volume in the mouth between
the tongue and the palate, the position of the tongue,
the openings of your lips, and the specific size and
shapes of all of these chambers. And, of course, you
don’t normally produce a single tone or pitch. We’re
not like a tuning fork. What you produce is a rich
sound with many harmonics. In the case of the normal male voice, that may be centered at about 100
cycles/second, whereas in the female it’s pitched
higher, around 200 cycles/second. There is a richness to the sound you produce. Some of those
sounds are vowels, sounds where the air is not significantly obstructed in passing from the vocal cords
to the outside world—a, e, i, o, u. But using your
tongue and other outside structures, you can put
barriers in the path of that air and, depending on
how you do that, reach the various consonants—b,
t, n, s (buh, tuh, enn, sss). In the end, every sound is
a combination of sounds which you produce by the
way you instinctually and effortlessly contort your
anatomy—both internally and externally.

Written Language
The development of oral language and communication eventually led to written language and
communication. Jared Diamond, has written about
that as well. He claims there are three basic strategies for written language systems (Figure 32-9): the

How are you

Figure 32-9 Modern written language systems:
icon-based (Chinese); Alphabet, single sound-based
(English); Alphabet, syllable-based (Korean).

Figure 32-8 The internal air chambers, from the lips
to the lungs, all affect the sounds we produce (from
Greene & Mathieson, pg. 22).

characters or symbols can denote a single basic sound,
a whole syllable, or a whole word. Of course, the
most common strategy in your world is the alphabet, which provides a unique sign, a letter, for every
basic sound or phoneme, such as ABCDE. Chinese
is an example of a language where a written sign
stands for whole words. In addition to complex iconbased wr itten languages, such as Chinese, and
complex alphabet-based systems, like English, there
are very well designed, structured, and simplified alphabet systems, such as modern Korean. Korean is
probably the most logical and regular written language in the world today. It was proclaimed and
implemented by Korea’s King Sejong in the mid
15th Century (Figure 32-10). A superficial look at
Korean leads you to think that it’s an icon-like language, like Chinese, but it has an alphabet, where
the vowels and consonants are very different, and
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the various phonemes, or letters, are packaged in
syllables.
Although languages tend to fall into those three
general categories, the more than 6,000 known languages provide an enormous diversity in oral and
written communication forms.
Braille is a special example. Here the characters
are sensed and perceived by touch, allowing a printlike form of communication, sensed by touch rather
than sight.
Another special language is Mathematics, the language of science and of many other fields.
Mathematics is the language of patterns and relationships.
Man doesn’t speak, or even write, solely to communicate. Man often speaks or sings for private
entertainment. There are those who say that speech
is independent from language—that making sounds
is different from communication. Don’t you talk to
yourself? Don’t you sing for your own pleasure or
your own release or relaxation? What’s the point of
talking or singing if there’s no one to receive those
signals? Some speaking, like much baby babbling,

Figure 32-10 Korea’s King Sejong is credited with
implementing modern Korean, often considered to be
the planet’s most logical written language.

seems to be just enjoyment, recreation, perhaps entertainment. Pinker says that when there is no one
to talk with, people talk to themselves, to their dogs,
to their plants. Most of us love to talk—and not
just to transfer information. The sounds we make
with our mouths and with our feet and hands can
cause new combinations of ideas, not only in our
own minds, but in the minds of those to whom we
are communicating.
Written language is a form of visual communication. You are sensing images with your eyes and
perceiving messages or information in your brain.
You do the same with oral language. You sense, you
receive sounds, and your auditory brain system has
attributed meanings, information to those particular sounds. But it could all be visual.

Other “Languages”
You’ve seen signers before, translating information
from an oral mode to a visual mode, so that the deaf
can “hear” through their sight (Figure 32-11). There’s
been enormous interest, activity, and understanding
of signing as a formal language in the last 20 or so

Figure 32-11 The signer’s “alphabet” (from the
Official Boy Scout Handbook, 1979, pg. 352).
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years. A signer’s communication is aided greatly by
her gestures and expressions. We all use such expression, together with the oral information, to
attribute meaning to things—to express optimism,
pessimism, sarcasm, cynicism, confidence. We can
read all of those attributes into a message through
gestures, facial expressions, and inflections. We often call it body language.
There are many other ways that life forms communicate and interact with one another. Most of
us detect photons (Chapter 31), their position in
space, their frequency or wavelength and, of course,
their number—the intensity of photons reflected
from various objects. Although we are exquisite at
detecting photons, you and I cannot produce photons.
Yes, we can invent and develop tools which do that
for us—such as lights and television screens. We can
re-direct the photons produced by other sources with
the use of mirrors and optical fibers. But you and I
cannot directly produce photons.
Other organisms can. Fireflies have an exquisite
system of producing photons. They use this unique
signaling system primarily for mating purposes. Light
produced directly by living things is called bio-lumi-

Figure 32-13 These protists are bioluminescent dinoflagellates, Pyrocystis lunula. They’re easy to culture
and are remarkably bright—at night. The University of
Utah’s Center for Integrated Science Education (801581-4171) distributes these at cost to students and
teachers. (Photo courtesy of Dr. R. Stewart, University
of Utah.)

Bioluminescence
Chemicals

Light
Photosynthesis

Figure 32-12 Bioluminescence can be viewed as the
inverse of photosynthesis.

nescence. A large proportion of deep sea creatures
are bioluminescent , producing light with which to
see and communicate in that otherwise pitch black
environment. There are many bioluminescent organisms, including protists and bacter ia.
Bioluminescence is, in essence, the inverse of photosynthesis (Figure 32-12).
Rather than taking in photons and making
chemicals with that energy, bioluminescent organisms take chemicals which they have laboriously
synthesized, and use the energy in those chemicals
to produce light. A good example is the protists that
live on the surface of the oceans all over the world.
These are marine phytoplankton, “phyto” meaning
plants or plant-like, and “plankton” meaning they
float free in the ocean, unattached.
The Center for Integrated Science Education at
the University of Utah grows bioluminescent phytoplankton for research and teaching purposes. These
are protists, about 1/5 of a mm long (Figure 32-13).
They divide every seven days or so and they grow
very easily in recycled plastic milk bottles. And, if
you could look at them in the dark at night, and scare
the daylights out of them with a very hard shake,
they respond with beautiful blue light, marine bioluminescence.
They don’t produce light all the time, only when
they’re agitated. They don’t produce it in the day
because it wouldn’t be very effective. It would be
so hard to see, together with all the photons coming from the sun, or from the room lights.
Why do they do it? Apparently for communication. Maybe they’re trying to communicate to a
predator stirring up the water, telling that predator
to go away—but that’s just one of several hypoth-
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eses. Bioluminescence occurs in some 30 or more
of the hundred plus common phyla of biology. It’s
believed to be there primarily for communication
purposes. Bioluminescence is communicating with
self generated light.
Many animals and even some plants communicate with chemicals. Animals like to claim territory
by marking it with unique body odors, either from
their urine or from special odor glands. These organisms have far more sensitive olfactory talents than
you or I do; their competitors, and perhaps their
predators, sense and perceive those odors.
There are many chemical languages in biology,
made up of molecular messengers and associated
information systems. One set of molecular messengers is called pheromones. Wilson, whose book, The
Diversity of Life, taught us about biodiversity and extinction, is one of the early pioneers in animal
pheromones, particularly in ants. It’s only been in
the last 20 or 30 years or so that we’ve had sufficiently sensitive and specific chemical analysis tools
with which to begin to detect, measure, and understand the nature of animal pheromones. Simple
organisms, like insects, can detect incredibly low
concentrations of chemicals by means and mechanisms which are still largely unknown to us. Even
bacteria communicate chemically, enabling bacterial
cells to operate in ways which approach the complexity of multi-cellular organisms. It’s now
recognized that bacteria can aggregate in very special structures and geometries which give them the
appearance of functioning as colonies rather than as
anarchistic, individualistic, single cells. They apparently use special chemical messengers, perhaps special
proteins which they secrete and which are then detected by other bacteria. Bacteria are incredible.
Many bioluminescent fish make their light by
inducing a special species of bacteria to grow in a
socket of the fish’s anatomy called a photoorgan (Figure 32-14). The bacteria are so concentrated, so
organized, that the light they produce is very intense—so intense that certain fish are called
Flashlight Fish. The bacteria which make up the
light emitting part of that photoorgan talk to each
other through various chemical messengers.

Fish Photoorgans

reflector

Light Production
(often bacteria)

Lens

Intense,
directed beam

Figure 32-14 A schematic diagram of the components
of a photo organ in a bioluminescent fish.

The Bottom Line

Information can go out by a variety of means—but
mainly these four:
• by light—and other electromagnetic waves
(bioluminescence);
• by sound—in longitudinal pressure waves (speech,
sound, cries);
• by gestures or body language, signing;
• by chemical concentration—pheromones and
body odors.
Chemicals are perhaps the most versatile form of
communication because there are literally millions
and even billions of potential chemicals which could
be used, if only we had the means by which to specifically recognize and detect them.
You have a set of enhanced communication skills
and talents that have been slowly selected over the
last 4 million years. Use your senses and your communication skills, sensitively, effectively, and
responsibly.
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HOMEWORK
1

This one’s for our musician friends! Pitch is frequency. The “A” above middle C, for example, is 440 cycles/sec. Define and present the concept of an octave, and multiple
octaves, in terms of frequency or pitch. How do the notes within an octave (ABCDEFG)
relate to each other? What are the relationships between music and mathematics? Explain
and discuss.

2

Do a short report on pheromones. There’s an entry in most modern encyclopedias and in
practically all biology textbooks. If you’re into web surfing, see what you can find on the
web. But don’t just find it, study and digest the information, and write a brief report—with
sketches and diagrams. Put yourself in the right frame of mind—a little incense, perfume,
cologne. A scented candle, perhaps? Enjoy!

3

Are there bioluminescent organisms in your part of the planet? In your back yard? What?
When? How many? How bright? What color? Discuss and explain.

EXPERIMENTS
1

Have you ever flown very far away, like eight time zones or so? Your day became night
and your night became day. That’s jet lag. How did you feel? How long did it take you to
reset your rhythm, your biological clock? Design a set of experiments on human circadian
rhythms, including the jet lag effect.

2

Tune up your sense of smell at a perfume counter or in an aroma therapy shop! Select
three specimens. They should each smell quite different. Experiment with the three very
different perfumes or aromas. How little of each can you smell? How far away? Try switching quickly from one scent to another. Is it easy to detect the new one? Does it take some
time? Design and conduct a range of simple experiments to characterize and tune up your
sense of smell. Now write up and describe what you smelled and experienced.

3

You see in stereo, you hear in stereo. Can you smell in stereo? Design and do a set of experiments to assess your ability to smell in stereo. Sketch. Explain. Can you? How effectively?
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Brain & Consciousness:
Use it or Lose it!
What does a scientist have in common with Jay Leno, Madonna, and
President Clinton? They all utilize a one-liter, two-pound mass of wet
and squishy tissue—the least-understood piece of matter in the universe.
Their brains, like yours and mine, are conscious.

QUESTIONS
1

How can I focus and concentrate more effectively?

2

How do I get ideas? How can I be more creative?

3

What is attention deficit disorder? Depression? Schizophrenia? How do they relate
to consciousness?

4

Is the brain Newtonian? Does it utilize quantum phenomena?

5

What do we mean by brain or neuronal “plasticity?” What is “hard-wiring?”

6

What is consciousness? What is Unconsciousness? Subconsciousness?

7

How does “use it or lose it” apply to the brain?

8

What are epicenters? Where do they come from?
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Brain Archeology
You are attentively, consciously, reading this chapter. What motivates you to pay attention? How do
you think? Remember? How do you take in information and ideas, process them, store them in
memory, and somehow retrieve and use them in the
future.
The least understood and perhaps most misunderstood two pounds of stuff on the planet is your
brain. Don’t take this too personally! I should have
said our brains—all of them.
First, a little brain anatomy. We begin with a core
sample, a tool from archeology, used to sample soils
and rocks and fossils backwards in time by drilling
deep into the earth. Let’s take a core sample of your
brain, metaphorically, of course (Figure 33-1)!
The oldest, evolutionary speaking, parts of your
brain, are the deepest parts. The most modern, most
recent is the outer surface, the cerebrum and cerebral cortex.

Figure 33-1 A cross-section of
the brain, ranging from the inner
most, lowest, most “primitive”
portion (which merges with the
spinal cord) out to the most
recent surface region, the
cerebral cortex (from Audesirk,
Pg. 714).

The brain is at the top of the spinal cord (Chapter 25). That cord is encased in, protected in, the
spinal column, in the vertebrae. That’s why we’re in
the subphylum vertebrata. At the top of that spinal
column begins the brain. The deepest and oldest
part controls critical and vital processes, such as the
heart and breathing. This is often called the reptilian brain, and evolved hundreds of millions of years
ago. So, deep down inside, there’s a reptile lurking!
The next region out represents our more recent
heritage, perhaps tens of millions of years old. Finally, the most recent brain stuff, the cerebrum,
includes the two cerebral hemispheres, left and right,
each characterized by lobes (Figure 33-2). The outermost layer, about 2 to 5 mm thick, called the cortex,
from a Greek word for bark. It’s that thin outer surface of those cerebral hemispheres, of the right and
left hemispheres, that make you a Homo sapiens.
The brain includes over 100 billion neurons and
a wide number of other supporting cells. Each neu-
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Figure 33-2 The two hemispheres showing the outer cerebrum and the internal ventricles, part of the internal fluid
circulation system in the brain (Silverthorn, pg. 240).

ron can have over 10,000 different connections (Figure 33-3). Those connections can be of many
different types—perhaps 50 or more. Each of those
connections, those interactions, can be modulated
or controlled in various ways. The number of combinations and interactions are almost infinite. The
neuronal connections are absolutely amazing. They
are pieces of art in their own right (Figure 2-1).

Figure 33-3 Neurons and their
connections—greatly oversimplified (from Hughes report, From
Egg to Adult, 1992).

Neurons are miniature dynamic biochips, receiving and transmitting devices, based on chemical ion
channels and electrical potentials across their membranes. There are sensory neurons—the basis of our
sense organs, the basis of our information in from the
outer world. There are motor neurons, which activate
muscles and enable us to produce actions and outcomes based on the sensory information we take in.
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The major part of our brain, the cerebrum, includes
the two hemispheres and the outermost cortex. The
right and left halves are connected by the corpus
collasum (Figure 33-4), a large band of nerve fibers.
You’ve already seen that much of the cortex is devoted to sensory processing functions. Other parts
are related to motor functions. We can say, for now,
that sensory and motor functions are fairly hard
wired. We take in and process sensory information

sub-consciously. We may, as noted in the last chapter, even have at least partially hard-wired regions
for the rudiments of language, which we also learn
and utilize subconsciously.

Use It or Lose It

We know we can consciously hard-wire portions of
our brain. You’re trying to do that right now. You
are trying to learn, to store the information and ideas
you are reading. We know that
we learn. We can internalize
facts, scenes, ideas, words, vocabulary, multiplication tables,
Figure 33-4 The corpus collasum is the connection between the two halves
batting averages, and birthof the brain and is believed to be the reason why man can think, create,
days. We can call those up at
ponder, love, etc. This drawing also show some of the various functional
areas and left/right brain differences (Silverthorn, pg. 249).
will most of the time. We also
know that we forget. But if
we do forget something, we
normally say “It’ll come to me
later.” We have every confidence that the information is,
indeed, there.
Most things we learn are
not easily retrievable unless we
continue to use them, including language, music, or facts.
If we don’t continue to process, to retrieve, to use, to
remember that information, it
partially disappears. It doesn’t
disappear completely, it’s generally there in a latent or
somewhat diminished form.
We can reinforce it, enhance it,
recharge it, with far less effort
than it took to learn it in the
first place. Languages come
back to you. Birthdays, names,
faces, come back to you.
Neuronal connections need
to be regularly stimulated or
fired, otherwise they change—
that’s why the “use it or lose it!”
subtitle of this chapter. Use it
or lose it applies not only to
individual facts, faces, and skills
but even to the ability to learn.
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Figure 33-5 Brain
jogging is a term
actually used in France.
Brains improve with use.
Use it or lose it! (from
The Economist,
February 24, 1996).

The more you use it, the easier it is to use it.
A good analogy is muscles. If muscles are not
used, they atrophy—they diminish. The body decides to use its energy and talents in other areas for
other purposes. And, of course, if you do use your
muscles, you strengthen them, you build them, you

enhance them. It’s as true for our brain and its neuronal cells and connections as it is for our muscles.
The earlier we start to use that brain, the more
it sets a pattern, the more we want to use it, the easier
it is to use it. It’s more or less like joggers and exercise enthusiasts. Once you get into that routine, you
need it. You need to jog, you need to exercise. It simply makes you feel better. You’re incomplete without
it. It’s the same with mental jogging, with brain exercise (Figure 33-5), whether it’s becoming a
musician, whether it’s learning languages, or whether
it’s reading science books.

Consciousness

Figure 33-6 Susan Greenfield’s book Journey to the
Center of the Mind: Toward a Science of Consciousness. She has several other related books; see the
bibliography.

We don’t just live in the present. We have a past.
We have a history which we can consciously call up.
We have a future. We can predict, project, and plan.
We can generate ideas. We can generate fanciful and
even fictitious images. We have control over much
of the activity of our brains, control over those neuronal connections, their strengths and even their
types. We are conscious.
There have been many recent popular books on
the subject of consciousness (Figure 33-6). The author of one of the very best of them is Dr. Susan
Greenfield of Oxford University. She says:
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The consciousness you are currently experiencing is
the result of neurons generating electricity and squirting chemicals around inside your head. No product
is being exported for appreciation elsewhere; nothing
is being translated back into the color red or the sound
of a bird chirping. Everything happening in the
outside world is reduced to the diffusion of free floating molecules and the banal fluxes of ions, and stays
that way.

Consciousness doesn’t require sensory input or any
output. When you finish this chapter, you might
close the book, turn off the lights, perhaps go to
bed, and just think. Just be conscious. You might
review the day, perhaps review this chapter. It’s all
up there—millions of images and facts, and ideas, all
of which contribute to our thought and to our consciousness.
Susan Greenfield has developed a preliminary
model of consciousness. You know that the brain
and its neuronal networks are three-dimensional. But
we’ll use a two-dimensional model for simplicity.
Let’s assume that there is a local group of neurons
that are connected, perhaps even hard-wired, in various ways. They represent something. It might be
an image, it might be a fact, it might be a birthday, it
might be a smell. Just assume they’re there (Figure
33-7). Now assume there are several groupings of
such neurons, each group localized in a different region of the brain. Think of each of these groups as

Figure 33-7 A two-dimensional view of
the brain, showing a hypothetical
“epicenter” (based on R.M. Restak, The
Modular Brain, Scribner’s Sons, 1994).

little nodules of information (Figure 33-8). She calls
them epicenters. New epicenters readily form—a new
face, a new word, a new smell, some sensory input.
They might even just form statistically. Some neurons firing, a few neurons somehow talking to each
other by mechanisms we don’t fully understand, perhaps the germ of an idea or a thought. But for you
to be able to utilize that tiny thought, to process it,
to think about it, Greenfield, and most of the others
writing in the field of consciousness, say that little
kernel of activity has to grow, has to expand itself.
It has to be able to recruit other neurons, probably
in the immediate vicinity. (Figure 33-9)
Her model is spatially multiple, but continuously
variable. That means you can have different things
going on in different parts of your brain and those
things can expand or contract. It’s like there’s a competition for neurons. You’re having many transient
thoughts all the time, all kinds of sensory inputs—
perhaps hundreds or even thousands of little
epicenters of activity which can grow or contract.
Let’s say that one little center expands, grows, to become a collection of cells which is now a more stable
thought or idea. You might say that you are “focusing” on it, and by mechanisms which we don’t know,
that germ of an idea grows, recruiting its neighboring neurons.
Assume that, simultaneously, another thought, or
germ of an idea, in another part of that association
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Different groups of brains cells recruited around an
epicenter are like the circles of water generated around
the stone in a puddle. The more extensive the ripples,
the deeper your consciousness. The more neurons recruited at any one moment, the deeper your
consciousness at any one time. Those brain cells can
be in different parts of the brain. They don’t always
have to be in the same place. The same brain cell can
participate in different assemblies of neurons. They
are very promiscuous. They are not hard-wired to just
be one type of consciousness. This gives a you a very
dynamic model for accommodating, no two moments
of consciousness ever being the same, which of course
they never are.

area, is also growing. There are probably hundreds
of epicenters growing at any one time. Thought and
consciousness is a competition between all those
varying epicenters. The one or two or three that
win out at this particular instant represent what you
are now thinking about—hopefully this chapter and
these topics. But a different epicenter could have
won out: the doorbell rings, the phone rings, your
little brother, or son, starts to cry, and you instantly
focus on that event. That new input or new epicenter grows, recruiting neurons, at the expense of
those which you have been utilizing to try to follow and understand this chapter. Everything is a
competition for your attention.
It’s generally believed that children less than four
years old have a much diminished ability to generate thoughts from scratch. They depend on sensory
input to produce their epicenters. That may be why
they have such short attention spans. But by the time
they are 4 years old or so, they’ve developed enough
hard wiring, enough brain structuring, that they have
an internal library, a memory, by which they can
generate their own ideas. They now have a history.
They can recall. Thoughts and concepts start to become more spontaneous.
How does an epicenter of neuronal activity
recruit additional neurons? How does it grow?
Susan says:

A cell that is activated induces the activation of its
neighbors, who in turn activate their neighbors, and
things essentially grow radially from the center out.
This expands until it may run into a different patch
of expanding neurons, produced by a different epicenter. Since it’s very difficult to think two different
thoughts simultaneously, presumably one grows at
the expense of the other. There are examples of such
competition in chemistry, when two crystals are
growing often one wins over the other. Some such
process may be going on with thought development.
It’s all focus, concentration, attention. Some folks
have incredible concentration skills. They can be in
the middle of a novel, or even a textbook, and the
world can be crumbling around them. The scream-

Figure 33-8 A second epicenter, representing another
piece of information, a thought, or an idea.

Figure 33-9 A growing epicenter. It is growing
because you are focusing on it, concentrating on it.
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ing kids, breaking dishes, or the neighbor’s loud music doesn’t phase them at all. Obviously this can be
overdone to the point where damaging or life threatening stimuli are ignored. It can also go the other
way.
If your transient epicenters cannot grow, you have
a problem. The epicenters are there, forming all the
time due to sensory input, or even forming statistically. All of those transient little thoughts and ideas,
swirling around in your mind, but you can’t give
your attention, your focus, your concentration, to
any of them. You flip from thought to thought, from
input to input. You have an attention deficit. You
cannot focus, you cannot concentrate. You tend to
live only in the present, because you really can’t direct your attention to any memory, idea, or epicenter
derived from the past, and you really can’t plan or
project the future, because that takes attention and
concentration as well. You can’t get anything done.
You’re superficial. You have a problem, sometimes
called attention deficit disorder.
On the other hand, if your epicenter grows and
takes in so many neurons that there really is no room
or no mechanism for other epicenters to form, for
other ideas, for other thoughts, then you remain fixed
on that one thought. That may be okay for a short
time, if you need to focus and concentrate, but it
may not be okay if it makes you unable to direct
your attention to other things. This is a possible
mechanism of depression or brooding, where people
are unable to develop other thoughts or respond to
new inputs.

Epicenters, Focus, and Balance
We obviously need a balance. We need the balance
of new thoughts, new ideas, new epicenters, fresh
sensory inputs, essentially this transient short term
life in the present—balanced against concentration,
focus, longer term thoughts. We need to be able to
assess new epicenters, and very quickly decide
whether they deserve attention and focus, or not.
We must be able to focus and concentrate, and at
the same time, be attentive and responsive, to have
the flexibility to choose.
If a brain becomes compartmentalized (Figure
33-10), epicenters which generate in one place can
only grow so far, and can’t cross into another region
of the brain. If that compartmentalization is strong

Figure 33-10 Schematic of a damaged brain where
an epicenter cannot grow through, or communicate
with, other epicenters.

and impenetrable, then there may be thoughts and
activities that simply cannot connect. Depending on
how that plays out and manifests itself, it may be a
model for schizophrenia.
So how do we get these new epicenters, these
new thoughts—how do we get the process started?
Probably from three sources or mechanisms (Figure
33-11):
• Certainly from sensory input;
• From conscious recall, from learned facts or images, and;
• Possibly just random, statistical events—one or
more neurons just happen to fire and interact.

Sources of Epicenters
Sensory Input
Conscious Recall
Random or Statistical
Figure 33-11 Sources of new epicenters.
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Creativity

Figure 33-12 Epicenters, combined and interacting.

There’s been a lot written recently about quantum
models of consciousness—not necessarily quantum
in the tiny quantum physics sense that we discussed
earlier, but statistical, transient, unpredictable actions.
Things happen. Neurons fire. The right neurons
talking to each other, perhaps at the right rate and
at the right time, produce a tiny thought—an epicenter—which may or may not grow.
Many facts, faces, or memories are hard-wired
in specific regions of the cortex. So imagine now
an epicenter generated here, and, perhaps simultaneously, one generated somewhere else (Figure
33-8). How do they communicate? Here’s Susan’s
view:
The brain is exquisitely designed to communicate
rather large distances very, very fast. An electric pulse
can travel 250 miles per hour. You can have more specific communication by these chemicals that are
mediated with arousal, that in a sense marinate bits of
the brain and then are released and predispose the
brain. When the fast, discrete, zappy, electrical signal
comes in, they bias the cells to respond negatively or
positively very strongly or in a resistant way. It is this
conjunction of chemistry and electricity in the brain
that enables it to have very specific local communication, but at the same time there is local communication
being incorporated into a more global or holistic mode
of functioning.

Connections between two growing epicenters is one
model of creativity (Figure 33-12). Two different,
unrelated, unconnected ideas, which you have connected, have combined in a novel and new way,
which perhaps no one has ever done before—a new
concept, a new connection, a new invention. That is
creativity.
Sensory stimuli can produce transient epicenters
in several or more parts of your cortex, and these
epicenters can somehow induce other conscious
cortical activity. For example, do you like to listen
to certain kinds of music when you work? Do certain kinds of music facilitate your thought processes?
Your study processes? Why? Perhaps because that
music generates its own epicenters, which somehow
facilitate the production, the growth of your thought
processes. There is certainly a synergism, an across
brain communication mechanism, which may or
may not involve the neurons in between.
Remember Christian de Duve and his remarkable book, Vital Dust (Figure 27-1)? He argues that
there may be some special manifestation of matter
in the brain, that it may have properties not yet included in physics. If so, this would not be the first
time this has happened in physics. You can imagine
the awe, the incredulousness, when electricity was
first discovered, and when the connection between
electricity and magnetism was first realized, or when
the first nuclear physicists saw the bones in their own
hands (Figure 33-13), accidentally photographing

Figure 33-13 A
medical X-ray of
the hand.
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them with those mysterious X-rays with which they
were working. There have been lots of surprises in
physics and in science in general. De Duve would
not be surprised if the brain provides one or more
new surprises for physics.
If you’re interested in learning more about this
absolutely fascinating and exploding subject, read
Susan Greenfield’s new book The Human Mind Explained: An Owner’s Guide to the Mysteries of the Mind,
1996. The Discovery Channel video series, The Brain,
with David Suzuki—5 hours of video on the current status of brain research and understanding—is
also very good.
Enjoy and use your remarkable brain. Pity the
poor Scarecrow in The Wizard of Oz:

I could wile away the hours
conferring with the flowers,
consulting with the rain.
And my head I’d be scratching,
while my thoughts were busy hatching,
if I only had a brain.
Oh, I can tell you why
the ocean’s near the shore.
I could think of things I never thought before.
And then I’d sit and think some more.
I would not be just a nothing,
my head all full of stuffin’
my heart all full of pain.
if I only had a brain.
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HOMEWORK
1

Back to the Encyclopedia or a good biology book. Sketch a perspective or three-dimensional view of a human brain. Now imagine you’re dissecting a brain. Sketch the vertical
slice between the left and right hemispheres, right down to the beginning of the vertebral
column. Name and label the key parts or structures. Be sure you indicate the corpus
callosum and our very old reptilian components! Don’t just copy a drawing or picture,
draw it yourself—after reading and studying the book drawings and descriptions.

2

How does a neuron “talk” with other neurons? What is the nature of the signal? How can
we detect, measure, and even stimulate such signals? What is an EEG? Explain! A good
biology or physiology book will be helpful! (Sketches, please!)

EXPERIMENTS
1

Do you listen to music when you study? Why or why not? Try reading and studying while
listening to different types of music: classical, soft rock, hard rock, jazz, country, new age,
etc. Select and describe at least five very different kinds of music, including some you
really like, strongly dislike, and in between. Now experiment on you. Which of the five
types of music is best for you for:
• Hard studying, like memorizing or really learning something?
• Soft studying, like reviewing something you already know?
• Recreational reading, like an easy novel or magazine?
• Fantasizing (see Experiment #2, below).
• Other, more routine activities, such as while driving a familiar route?
Now try to analyze, to consciously interpret and understand, why the music is beneficial or
appropriate to those activities for you. Is there a correlation between music and your
personal creativity or study? Describe.

2

Use your own consciousness to answer this question. Don’t review any videos or books.
Don’t ask anyone. Just enjoy your own brain, your own thoughts, your own consciousness.
Let’s experiment with your personal brain. Find some very quiet, alone time in a quiet,
preferably dark place. A good place is in bed, with lights out, all sounds off. Close your
eyes and just think. Exercise your consciousness by:
1. Reviewing the day (or plan your next day)
2. Trying to imagine—generate mental images of various events.
3. Trying to generate (just using your mind) sounds—a favorite song or phrase.
4. Imagining a nonsense, non-existent image: a scene, a face, a monster, another planet.
How did you do that? What started the process? How did you form and connect the
epicenters needed?
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5. Recalling a real image: a favorite scene, face, whatever.
Describe your experience with these consciousness exercises (#1-5). Now evaluate your
brain games. Is it easy to call up an image? Is it easy to fantasize? Can you fantasize
sounds? Can you fantasize images? Can you exercise your brain? Does such exercise enhance your creativity? Does it enhance your ability to study? Explain and discuss.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Susan Greenfield, Journey to the Center of the Mind, Freeman, 1995; and her new, more popular book, The Human Mind Explained: An Owner’s Guide to the Mysteries of the Mind, Henry Holt
and Co., 1996.
A Discovery Channel video series: The Brain: Our Universe Within, with David Suzuki
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Is There Intelligent
Life on Earth?
Let’s pretend that you are cruising the solar system in an extraterrestrial
starship. You’re on life detection watch, manning the sensors. Is there life in
this solar system? Is there intelligent life on Earth?

QUESTIONS
1

How could aliens determine if there is life on Earth?

2

What color is Mars or Venus?

3

What makes Earth blue, green, and white?

4

Why is Earth so high in oxygen and so low in CO2?

5

What is ozone? Is it harmful? Beneficial?

6

Who was Carl Sagan? (He died December 1996.)

7

Why did Carl Sagan call Earth “a pale blue dot?”

8

Where does atmospheric methane come from?

9

What is the Troposphere? Stratosphere? And where is the ozone layer?

10 What?! The dominant “life” form on Earth is a moving, hollow metal box?
11 How has Earth changed in the last 50 years?
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Our “Pale Blue Dot”
Many people are fascinated with the possibility of
extraterrestrial intelligences (ETIs). Is there life on
other worlds? How would we sense and detect it? If
it followed an evolutionary development in any way
comparable to ours, extraterrestrial life might be far
more primitive than the life we know. Ours began
nearly four billion years ago with primitive prokaryotes. How would we detect prokaryotic life forms?
If life elsewhere started much earlier than it did here
on Earth, might it have advanced much further?
Could we even begin to conceive what that intelligent life might be like? Could we sense or detect it?
Does it know we are here—can its sensors detect
our signals? Could we receive the signals that it might
be sending our way?
In 1990, as the Voyager I space probe was in the
vicinity of Neptune (Figure 34-1) and on its way
out of our solar system, Carl Sagan and the thenadministrator of the National Aeronautics and Space
Administration (NASA) had the control team here
on Earth reorient the Voyager space craft so its cameras could look back at the planets it had already
passed, including Earth. They photographed Earth
and several of the other planets. The earth from

Figure 34-1 A National Aeronautics and Space
Administration (NASA) photo of Neptune (from the
Voyager 2 mission, view from 5000 km, Aug. 1989).

Neptune, from the outer fringes of our solar system,
is very small. In Carl Sagan’s words, “a pale blue dot.”
This is what Earth looks like to an alien spaceship
approaching our solar system. What that spaceship
sees, what it actually detects, is dependent on the instruments it has available.
Let’s pretend you are in that spaceship. You are
on life-detection watch, manning the sensors and
the instruments. Your starship coasts into our solar
system until it gets quite close to planet Earth. The
rules of this encounter are: Thou shalt not touch.
The starship or its probes cannot enter our lower
atmosphere. That’s not allowed in this game.
Let’s assume that you’re standing there on the
bridge looking at that pale blue dot in the distance.

Planetary Atmospheres
As you travel towards Earth you travel among the
outer planets (Figure 34-2) and investigate their atmospheres. You have spectrometers on board. You
have ways of measuring the electromagnetic radiation either emitted by, or reflected or scattered from,
the various planetary atmospheres. You are familiar
with the atoms and molecules in this solar system.
You know their characteristic spectroscopic signa-

Figure 34-2 Mars. Photo taken by the Viking Orbiter
in 1980, about 2500 km from Mars (NASA and the
Planetary Society).
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tures. You know their absorptions in
the visible region of the spectrum, and
in the infrared, indeed throughout the
electromagnetic spectrum. You have efficient means of analyzing the gas
content of the planetary atmospheres.
You have extended your senses by using the scientific instruments on board.
Yours, of course, is not the only
starship that has explored and examined
this particular solar system. You have
data on file on these planetary atmospheres and how they have changed
over time. You know that the major
molecular constituents of the atmospheres are nitrogen and carbon
dioxide. You and your colleagues understand the chemical reactions that go
on in planetary atmospheres—particularly those close to the sun (Figure
34-3). The intense, ultraviolet radiation
Figure 34-3 Image of Venus reconstructed from radar images
from the sun produces a chemistry
obtained by the Magellan probe (the Planetary Society).
which is now well understood. The atmosphere of Venus is almost all CO2 ,
with about 2% nitrogen and just a trace
of oxygen. Mars (Figure 34-4) is 95%
You also have infrared thermal sensors. Venus’
CO2, with about 3% nitrogen and, again, a very small
amount of oxygen. Earth lies more or less midway
temperature approaches 500°C, Mars about -50°C.
between Venus and Mars. So you expect Earth’s atSo you expect Earth’s surface temperature to be in
mosphere to be comparable—perhaps 98% CO2 , 2%
the range of 200° to 300°C—much, much hotter
nitrogen, a trace of oxygen.
than boiling water!

Figure 34-4 Atmospheric composition of Mars and Venus (from Margulis and Sagan, What is Life?, pg. 27).

386 UNIT 5 Earth

You also have various kinds of other remote sensing instruments on board, such as infrared lasers
which can send out radiation of a certain wavelength
and look at that reflected or scattered radiation coming back. You and your co-workers know how to
interpret that decreased return radiation signal, in
terms of the concentration of gas in the planet’s atmosphere. You can also use light radiation, visible
lasers, to make similar measurements.
These various spectroscopies enable you to figure out the molecular composition and
concentration of planetary atmospheres. You make
these measurements while abiding by intergalactic
exploration ethics—thou shalt not land, thou shalt not
touch. You are allowed to touch only remotely and
indirectly through electromagnetic radiation.
So, as you approach Earth, your spectrometers
begin to detect the actual composition of the earth’s
atmosphere. It is not an average between Venus and
Mars (Figure 34-5). Earth’s atmosphere is about 79%
nitrogen, 21% oxygen; it is also high in methane, a
gas not normally found on the other planets. The
high oxygen content of Earth suggests that the methane should oxidize in the presence of oxygen and
ultraviolet radiation, to form carbon dioxide and
water:

The fact that there is a significant concentration of
methane in the earth’s atmosphere, suggests that there
is a means of continually producing methane on
Earth. And the very presence of high amounts of
oxygen in Earth’s atmosphere suggests that there is
an active oxygen production source on Earth—otherwise that oxygen would be bound to carbon,
producing the high CO2 concentration which is
what we find on the other planets. On the contrary,
the CO2 level on Earth is unusually low. Earth’s atmosphere is very unusual.
The total gas compositions suggest that the atmosphere is really very dense. It’s not just that it’s
high in oxygen and nitrogen and low in CO2, but
that the actual concentrations of the gases, the density of the atmosphere, is very high, which must be
why the surface temperature of the planet is relatively cool. There is some sort of mechanism which
prevents many of the photons from the sun from
being absorbed and transferring their energy to produce heat on the surface of the planet. Your thermal
sensors show that Earth is over 200°C cooler than
you expected. The average surface temperature is
only about 14°C—incredibly low for a planet so
close to the sun. Your sensors also detect a lot of
water vapor in the atmosphere, another very unusual

CH4 + 2O2 ———> CO2 + 2H2O

Figure 34-5 The earth’s atmosphere is very different
(from What is Life?, pg. 27)!

Figure 34-6 A view of Earth from space. The atmosphere and topography are very unusual (Earth from
space—NASA).
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observation. Water is a somewhat rare and unusual
molecule in much of this solar system.
You are now close enough for your telescopes
and cameras to show that Earth really looks different. It appears to have a morphology, a structure
(Figure 34-6). There are alternating areas of blue
and red or green, very unlike the more homogeneous color that your eyes and optical spectrum
sensors on board detect from Venus, Mars, or the
other planets.

Modeling Planet Earth
You consult with your scientific colleagues and
quickly come up with a model for planet Earth.
Your observations and models, based on the images
and the chemical data, suggest that it consists of relatively dry land areas with an unusually high
concentration of green pigments, but that 3⁄4 of the
planet’s surface is apparently water (Figure 34-6).
The model suggests that water vapor apparently condenses in the atmosphere into white structures,
clouds, giving the planet an eerie blue, white, red,
and green appearance—with the white part more
or less shifting around the surface of the planet.

Figure 34-7 A model of Earth’s
atmosphere (from Chaisson and
McMillan, pg. 149).
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We know Earth’s position from the sun, and we
know the amount of solar energy received by Earth.
We also know the solar spectrum. Although it has
an infrared and ultraviolet component, much of the
energy is in the so-called “visible” region of the spectrum. We know that some of that light is absorbed
by the molecular structures on the surface of the
planet. The sensors also suggest that much of the
ultraviolet radiation impinging on the outer surface
of the earth’s atmosphere probably does not penetrate—that there’s something in the atmosphere
which absorbs much of the ultraviolet radiation.
Your spectral information suggests that it’s an unusual oxygen molecule, O3, ozone. There appear to
be major regions of the planet’s surface in which
this molecule is apparently depleted, where ultraviolet radiation penetrates all the way to the surface. But
the rest of the planet’s ozone layer apparently absorbs
the solar ultraviolet. All of these complex processes
must result in that 13°C average surface temperature.
So your data allows you to develop a model of
the earth’s atmosphere (Figure 34-7). There are several layers, the moderate troposphere, extending out
to perhaps 20 kilometers from the surface of the
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planet, getting thinner and thinner with altitude.
From 20 km out to about 50 km is the stratosphere,
also thinning with distance. There seems to be little
vertical mixing in the stratosphere, but a great deal
of vertical and horizontal mixing in the lower troposphere. In the lower regions of the stratosphere,
and above the troposphere, is where ozone appears
to be the most concentrated; there is an ozone layer.
As you’ve come closer, you’ve learned that there
are other gases in the atmosphere of Earth (Figure
34-8). There are some nitrogen oxides, some ammonia, and some dimethyl sulfide (Figure 34-9). It
is a rich, diverse, and fascinating atmosphere.
You’re very confused by the very high amount
of oxygen in this atmosphere. In other planets any
water vapor is acted upon by the intense ultraviolet
radiation from the sun, breaking the water down into
hydrogen and oxygen. Hydrogen is such a light
molecule that it eventually diffuses out into space—
it isn’t heavy enough to be held by the planet’s
gravity.

Water breakdown accounts for some of the oxygen in the planet’s atmosphere, but certainly not for
so much oxygen, not unless there were a means by
which the visible radiation, not just the ultra-violet,
could break water apart. But there simply isn’t
enough energy in a visible light photon to break
the chemical bond in water. So the high oxygen
content in this atmosphere is a real mystery.
The land areas of the planet are rich with green
pigments. Some of the large blue areas also have
green pigment and even a red pigment, which seems
to be somewhat fluid, unattached, floating on the
surface of the water. You are confused.
Your advanced sensors also detect the composition of those blue regions of the planet, its oceans.
The water regions contain many of the known elements in the solar system, in the solar periodic table.
Perhaps two thirds of the Periodic Table is represented in the earth’s oceans (Figure 34-10), although
the most common elements are sodium, magnesium,
calcium, potassium, chlorine, sulfur, carbon, bromine
and, of course, hydrogen and oxygen.

Earth’s Gases
O2

.................................

Oxygen

N2

.................................

Nitrogen

CO2

.............................

Carbon Dioxide

H2O ............................. Water
H2S
O3

..............................

.................................

NO, NO2
NH3

...............

.............................

Hydrogen Sulfide
Ozone
Nitrogen Oxides
Ammonia

H3C – S – CH3 ... DMS (Dimethyl Sulfide)
CH4

.............................

Methane

Figure 34-8 The gases detected in Earth’s atmosphere.

Figure 34-9 The gases nitrogen oxide, ammonia, and
dimethyl sulfide.
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Earth’s Luminescence
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ing on the other lifeless planets. That green mateThere is an enormous amount of radiation in the
rial consists of carbon/oxygen/hydrogen-based
visible region of the spectrum emanating from this
molecules. It is clear that such massive amounts of
planet, even during its night. There are obviously
carbon on the surface could only come by use of
many means of producing luminescence on the surface
the atmospheric carbon dioxide. Apparently, the
of Earth. The regions of luminescence match with
green regions actively, dynamically produce oxythe land areas of the planet (Figure 34-11).
gen—maintaining the unusually high atmospheric
Your electromagnetic sensors have been receivoxygen concentration.
ing emissions from this planet, which are very
different from the typical background electromagnetic spectrum in the solar system. These emissions
are in very narrow frequency ranges, and they appear to be ordered and patterned. In fact, you have
intercepted some of these emissions emanating from
what appeared to be small, primitive Earthen spaceships—perhaps beaming or directing such emissions
back towards planet Earth. You conclude that these
radio frequency emissions emanating from Earth, and
apparently being received by Earth, are intentional,
and are perhaps evidence of intelligent life.
Your computers have now deciphered the code
of these unique emissions. Apparently there is life on
Earth, apparently concentrated in the land areas. After considerable study and deliberation you conclude,
Figure 34-10 The ocean Periodic Table.
especially after perusing the databases and the information gathered from
previous voyages, that this
planet has evolved life, and
that the high oxygen content of Earth’s atmosphere
is somehow tied to the
green pigment in many of
the land areas of the
planet.
You conclude that
there is a life form which
has developed means of
collecting solar energy
from the sun, using the
visible part of the sun’s
spectrum, together with
carbon dioxide, to release
oxygen. It is clear that
these green regions are
thick and dense, and do
not consist of simply the
Figure 34-11 A portion of the earth at night from space (©1993 W. T.
typical inorganic matter
Sullivan III, University of Washington, Seattle; and Hansen Planetarium
which we are used to seePublications, Salt Lake City, Utah).
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There is no evidence that these
green regions are the actual source
of the luminescence you observed,
or of the radio emissions you now
so easily receive. There is some
luminescence in the green regions,
but it seems to be inconsistent, it
seems to change, and it seems to
indicate carbon combustion, the
production of carbon dioxide and of
heat. The other areas of intense
luminescence emit pure white
light and seem to be an efficient
form of light production (Figure
34-11). You conclude that this luminescence is intentional and is
being produced or generated by an
advanced life form. You further
conclude that the reddish, heat intensive luminescence, produced
primarily in those green regions,
is a simple oxidation reaction—
combustion of those carbon rich
Figure 34-12 Some of the strange, ordered patterns in the apparorganic entities which appear to
ently densely inhabited regions of the planet (NASA).
be responsible for the thick green
regions of the planet.
As you view at even higher
resolution, you see very complex
structures in the highly luminescent regions of the planet—patterns, arrays (Figure
34-12). Clearly these are not random or apparently
natural formations. On particularly clear regions of
the planet’s surface your image-enhanced cameras
can actually detect strange structures which move
in relatively ordered paths (Figure 34-13). Your resoEarth's Intelligent Beings
lution is about 1 to 10 meters, the highest you can
purposeful motion
achieve without violating the intergalactic exploragas
tion code of ethics: thou shalt not touch or disturb.
emissions
At this resolution you see a variety of multi-colored
colored reflection
beings, highly smooth, reflective, ordered and controlled—apparently quite polite in a sense, and very
purposeful. At night these same beings appear to be
1-2 m
the source of some of the luminescence.
7-15 m
You conclude: the dominant life form on planet
Earth is of a rigid, metallic-like character with highly
luminescence
reflective and colored surfaces—approximately 3 or
4 meters in width by 7 to 15 meters in length, and
Figure 34-13 A model of Earth’s dominant “life form.”
perhaps 1 to 2 meters thick. The organism is hol-
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low. Sounding measurements suggest that it is filled
primarily with air, but often with some additional
organic matter. It produces considerable heat and a
variety of gaseous emissions, including carbon dioxide, carbon monoxide, and var ious oxides of
nitrogen, as well as water vapor. It seems to move in
very purposeful, although somewhat dull and uninteresting, paths.
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This has been a most interesting voyage and expedition. You recall there was an expedition made 50
years ago—a brief and very rapid one. Some of their
data is comparable to the data you have just gathered about planet Earth. However, there have been
some interesting and substantive changes in the last
50 years. The green areas have decreased dramatically, the luminescent sources in the remaining green
areas appear to be larger and more intense than they
were 50 years ago. You now realize these are fires

due to the combustion of the green organic matter
on the land areas of the planet. It is clear that much
of the green area is being removed—apparently for
other purposes. You note that there has been a significant increase in the CO2 concentration in the
atmosphere in the last 50 years (Figure 34-14). This
is correlated not only with the combustion in the
green areas, but with the number of these 3 x 7 meter
metallic organisms which have greatly multiplied in
the last 50 years. It also seems to be correlated with
the much greater luminescence intensity in the land
areas of this planet. These activities are all apparently thermally very inefficient because we’ve noted
a significant increase in the surface temperature of
the planet (Figure 34-15). This increase is indeed
planetwide, although practically all of the activity
responsible for this temperature increase is confined
to the land areas of the planet. These temperature
changes have begun to produce violent and unusual
weather patterns in recent years.

Figure 34-14 Average CO2 concentration in Earth’s
atmosphere (from NASA).

Figure 34-15 Average global temperature measured
over the last 100 years, plus additional CO2 data (from
Audesirk, pg. 909).

Changes in Planet Earth
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Fifty years ago the expedition noted that the
ozone concentration above the stratosphere encompassed the entire planet, but on this expedition you
have concluded that the ozone concentration has
significantly decreased in many areas of the planet
(Figure 34-16). And the ozone is largely gone over
the region called Antarctica and has diminished in
the isolated areas called Australia and New Zealand.
You predict that the actions and activities of these
dominant metallic life forms (Figure 34-17) is in
some way coupled to the increasing CO2 concentration, the increasing temperature, and the decrease
in ozone, as well as the significantly increased luminescence of this intriguing and fascinating planet.
You would like to stay, but unfortunately you
and your colleagues must leave this solar system and
return home. Your next starship exploration is scheduled for 30 years from now, assuming no budget cuts
or government problems at home.
There is data to process; there are reports to write
and file. As you turn back to the outer solar system,
you take one last look at this apparently unique, special, living, colorful, and rapidly changing planet
(Figure 34-6).

Actions of Metallic Life Forms
Increasing CO 2
Greenhouse Effect
Surface Warming
Decreasing in Ozone Layer
Increased Ultraviolet Exposure
Increased Luminescence

Figure 34-17 Effects of Earth’s metal-based dominant
life forms.

Acknowledgment: This chapter is based in part on writings in Lovelock’s books on Gaia and on Carl Sagan’s
two papers:
• “Is There Intelligent Life on Earth?”, Parade Magazine, June 6, 1993, pg. 4-6.
• “A Search for Life on Earth from the Galileo Spacecraft,” Nature, 365 (Oct. 21, 1993), pg. 715-719.

Figure 34-16 Ozone decrease over the Antarctic region of planet Earth. The ozone
concentrations have decreased dramatically in recent years (from NASA).
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HOMEWORK
1

Pick up a good picture book on astronomy, space or the planets. Many map atlases have
such pictures. So does your local planetarium or science center. Look at images of the
earth from space. Look at Earth from the perspective of an inter-Galactic alien “seeing” it
for the first time. Assume that alien “sees” like you and I do—blue to red (400-700 nm).
Now look at the images of the different planets. (Don’t look at infrared, UV, or other
special images, just normal, visible spectrum images, The kinds you see through telescopes.) Which planets are similar? Is Earth similar to any other planet? How is Earth
different (visually?)?

2

Now to the supermarket, pharmacy, or ski shop. It’s sunblock time. Select three or more
major brands of sunblock. How are they different? What are their ingredients? How do
they work? What are their SPF Factors (Sun Protection Factors)? Does it absorb UV-A or
UV-B? And what do these terms mean? Which ingredient absorbs the UV? The package
insert won’t help you very much. Your pharmacist might. You’ll probable need to get a
good article on sunblock to fully answer the questions. Your friendly librarian can help you!

3

Do a report on Carl Sagan. Look at his Cosmos book and videos. Do a brief review of his
final book, Billions and Billions (1997).

4

Contact is a 1997 science fiction film starring Jodie Foster as an astronomer who makes
contact with an extraterrestrial intelligence. The novel was written by Carl Sagan, and he
was involved with the screenplay and production. View it, then critique and review it

EXPERIMENTS
1

Photographers and video camera enthusiasts generally have to know something about
light intensity (and wavelength). Cameras have light measuring devices which measure the
intensity of the light reflecting off the subject and entering the camera. By controlling the
shutter speed and the iris behind the lens, modern cameras automatically adjust both, to
control the exposure so you nearly always get well exposed photos or videos.
Modern video camcorders have sensitivities of 1 to 2 lux. What is a “lux?” What are the units
of light intensity? An old unit (English) is the foot candle (intensity of light given off by one
candle viewed a foot away). Take a
candle, light it (carefully), and look at it
from a foot or so away, in the dark. Now
Polarizers
take your two well-used polarizers. Look
through one polarizer at your candle. The
light should appear only half as intense
because one polarizer blocks about half
of the light. You now see a light intensity
Your eye
of about 1⁄2 foot-candle. Put the second
polarizer in front. (But not crossed—reCandle
member the labs in Chapters 16 and 31?)
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You’ve cut the light in half again so now you see a 1⁄4 foot candle. Now cross the
polarizers—nearly no light. Okay, now you have your eyes roughly calibrated. Try to make
some rough estimates of the intensities of the following light sources:
• The only light available is a single candle 1 meter away. (How many foot candles?
Remember the inverse square law!)
• The full moon on a very clear night. (Can a 1 lux camcorder “see” it?)
• Starlight on a clear night with no moon. (Any chance of recording starlight with a
camcorder?)
• Normal room light (probably in the range of 500-3000 lux).
• Extremely bright light, such as a very clear day with full sun (perhaps 20,000 lux).
Try to estimate the relative intensities of those five situations. Would you expect a normal
camera or camcorder to be more or less sensitive than your eyes? Explain.
2

It was reported in 1996 that an Antarctic meteorite, known to have originated from Mars,
has evidence of bacteria-like life forms. Find a magazine article, extensive newspaper
report, or a detailed TV report on this topic. Your librarian can help you. Practically all
popular science magazines have had stories on this topic during the past two years. Read
such an article critically. Address the following topics:
• Why do some scientists think the meteorite came from Mars? How good or reliable is
their evidence?
• What do they see or measure on or in the meteorite which leads them to conclude that
is has “signs of life.”
• Could such evidence be due to contamination? Are there other interpretations?
• Are any of these views changed as a result of the Pathfinder mission to Mars in July, 1997?
Critically review the article(s) you read. Is there (was there) life on Mars? Discuss!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Lovelock, Gaia
Sagan: Cosmos, Pale Blue Dot, and Billions and Billions
Margulis and Sagan, What is Life?
Film: Contact
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Planetary Medicine:
The Gaia Model
It’s time to consider the health of that super-organism on which we all
depend: planet Earth. Does Earth need some planetary medicine?

QUESTIONS
1

Who is (was) Gaia? and James Lovelock?

2

What is the Greenhouse Effect?

3

What is this ozone problem?

4

Is Earth a “sick” planet? Why?

5

What is our national attention deficit disorder epidemic?

6

What is homeostasis?

7

How is the earth’s atmosphere “unstable?”

8

What is the Gaia hypothesis?

9

What is planetary health? Pathology? Medicine?
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Gaia
James Lovelock has been credited by major science
and medical writers as having produced “one of the
major discontinuities in human thought, the view
of the earth as a coherent system of life, self regulating, sort of an immense organism.”
James Lovelock is a somewhat isolated, controversial, non-traditional inventor and scientific genius who
has encouraged many people to change their views
and perception of planet Earth. For the last several decades Lovelock has been an independent scientist,
engineer, and inventor—not tied to any institution,
government agency or company. He has had success
as an inventor, which allowed him an income to pursue his scientific interests in his own home in
Southwestern England. He is a true inter- and multidisciplinarian who looks at planet Earth from the widest
possible perspective. Lovelock is not a geologist, he’s
not an oceanographer, he’s not an atmospheric scientist, he’s not a microbiologist, he’s not a physician. He’s
neither a chemist, physicist, nor biologist. He is all of
these, and he utilizes all of these disciplines to focus on
the nature and behavior of planet Earth. He is the
world’s first planetary physician.
We discussed earlier how life might have evolved
on Earth, and we took the existence of Earth as a
given. The Earth formed nearly 5 billion years ago.
Life was constrained to evolve, given the conditions—the elements, chemicals, and temperatures—of planet Earth. We now know that bacteria evolved with the abilities to collect the sun’s
photons and use the energy collected, together with
carbon dioxide, to produce oxygen, chemicals and,
of course, more bacteria. Their photosynthesis was
so successful that these bacteria, together with photosynthetic protists, brought down the carbon
dioxide level and greatly increased the oxygen level,
permitting large respiration-based organisms, like you
and me, to evolve, live and prosper.
So, there’s no question that life on Earth has
modified the earth itself. Life has made it green.
Photosynthetic life has decreased CO2 and increased
oxygen, and animal life does just the opposite—producing a wonderful balance. That’s all been known
and appreciated for a long time. But Lovelock says
this is just part of the story. He believes that life,
and the planet it inhabits, have a variety of mechanisms for regulation of the temperature and

Figure 35-1 The earth from space (NASA).

composition of that planet. He argues that there’s a
balance between the inorganic part of the planet,
and the organic or living part. He says that Earth is
a kind of “super organism.”
He, of course, doesn’t really believe that Earth is
alive in the sense that you and I are. Earth doesn’t
reproduce, there are no long strings of Earth DNA.
He calls his idea the Gaia Hypothesis—named after the Greek Goddess of the earth. He has
developed the Gaia Hypothesis to encourage all of
us to take a broader view of our activities here on
Planet Earth—to induce us to get above our narrow, discipline-focused, myopic views and look at
Earth, and the life on it, as a large system (Figure
35-1). Earth is a somewhat isolated system in this
particular solar system, receiving energy from the
sun and radiating some of that energy back into
space. Every now and then we accept matter in the
form of meteors, and throw some matter out in the
form of space probes, like Voyager and Galileo, but
basically we are a materially closed system, meaning
no matter is exchanged.
And we are an energy open system. We do, indeed, exchange energy through our atmosphere. An
example of a fully sealed, closed system is a sealed
can of fruit. You are an example of an open system,
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exchanging both energy and matter with your surroundings (Figure 35-2).
So, let’s assume that 30 years from now your
daughter comes back on that starship—the one in
the last chapter—and re-analyzes planet Earth. Assuming business as usual, between now and then,
and assuming that her instruments are more sensitive, she will discover that the dominant life form
on the planet was not metallic automobiles, but
rather those little organic things that inhabit and
control them—humans. But now there are not 5
billion of them on the planet, there are over 10 billion. Most of the green has been eliminated. Earth’s
average temperature has increased because the CO2
level has continued to increase significantly, further
increasing the Greenhouse Effect. These 10 billion
organisms seem to be constantly enmeshed in wars
related to food, water, and land.
If you look at the earth from the perspective of
a planetary physician, you might conclude, already
in the last program, that Earth was a sick planet (Figures 34-14 to 34-16). Your daughter might well
conclude, visiting 30 years from now, if nothing was
done in the meantime, that Earth is terminally ill,
that it may indeed be in the process of transformation to a dead, lifeless planet, like Mars (Figure 35-2).
This is all part of Lovelock’s message. He intentionally overstates the case to draw attention to the
problems of the present. We are all so immersed in
our over-size, over-stuffed dayplanners—so involved
in our own duties, responsibilities, schedules, and
commitments, and constantly bombarded by a barrage of ads, bells, buzzers, programs, screams, cries,
and telephone calls, it is difficult for anyone to get
our attention. We have so many transient epicenters (Figure 33-8) constantly forming in our
consciousness, that we have trouble allowing any one
of them to grow to the point where we can focus,
concentrate, or think. We’re so worried about kids
with Attention Deficit Disorder. But we have a
national Attention Deficit Disorder epidemic. We all
have far too many transient epicenters and little real
thought—and that is Attention Deficit Disorder!
So Lovelock has had to ring the bell very loudly
and very often. He, and others like him, including
Carl Sagan and Lynn Margulis, are trying hard to
get our collective attention—to encourage some
planetary diagnosis and some planetary medicine.

Planetary Pathology
A physician treats a patient by first making a diagnosis of what’s wrong. She tries to learn the patient’s
pathology. Physicians try to figure out the reason for
that pathology and then try to eliminate whatever
it was that caused that pathology—the treatment
phase. So, the first stage in serving as a planetary
physician is to determine, or to define, what is health.
What is a healthy planet? Lovelock argues that for a
billion years life and the rest of the planet have been
in balance, maintaining an oxygen concentration of
about 21% and a CO2 concentration of about .03%,
and an average surface temperature of about 13° C.
That’s the normal temperature of the planet.
We can measure your temperature with a thermometer, and measure the gasses in the air you inhale
and exhale, determining if there is any significant
disturbance in the amount of oxygen you take in,
or the amount of CO2 you release. If your lungs are
very inefficient in taking in oxygen, or your hemoglobin is very inefficient in binding or releasing it,
or if your respiratory system is inadequately removing carbon dioxide, you would have some sort of

Closed:
no exchange
completely isolated

fruit in
metal can

Partly Open:
only energy exchanges
no exchange of matter

Energy

Open:
matter and energy
exchanges
Like You and Me

Figure 35-2 Examples of closed, partially open, and
fully open systems.
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respiratory distress. This would result in biochemical changes, which would alter your overall
metabolism. You would, indeed, be very sick.
Lovelock argues that Earth’s temperature and respiration—its atmospheric gasses—have been roughly
constant for a billion years, and that’s what we should
define as health. If the atmosphere seems to be significantly changing, particularly over a very short
period of time, you might say that the planet is ill,
and will get sicker unless there is some kind of medical planetary intervention.
Lovelock begins his study of planetary medicine
much as you’d begin the study of medicine if you
were a medical student. Medical school involves six
basic subjects (Figure 35-3):
• Anatomy, physiology, biochemistry—these tell you how
you function;
• pathology deals with what goes wrong;
• diagnosis tells what is wrong;
• medicine is the fix-it or treatment part.
Lovelock considers the anatomy of the planet, its atmosphere, its land masses, its ocean masses. The
exchange of the gasses in the atmosphere is Earth’s
respiratory system. The movement of the waters of
the planet (condensation, rain, snow, rivers) is its circulatory system. He considers the major ecosystems
of the planet as analogous to organs. For example,
the rain forest could be considered an enormous
photosynthetic organ. The land area with high animal populations would be considered another organ.
All of these ecosystems—these various organs—are
linked to each other. All, of course, are components
of planet Earth. They are subsystems of Gaia.
He then considers the physiology of Earth, the
feedback loops, how things are regulated, and compares that to the regulatory and feedback mechanisms
in your own physiology. How is your temperature
regulated? How is your blood oxygen content regulated?
He looks at the life span of the planet. It’s already about 5 billion years old. It may have another
5 billion years to go before its energy input, the sun,
begins to significantly change. Earth is already
middle-aged, in a planetary sense. You and I have a
life expectancy of about 75 years. We expect things
to change, to deteriorate, as we approach the end of
that life expectancy, but we expect our health to be

Medical School Subjects
Anatomy
Physiology
How does it work?
Biochemistry
Pathology
What can go wrong?
Diagnosis
What Is wrong?
Medicine
FIX it!
Figure 35-3 Key subjects in medical school.

relatively stable until we begin to reach old age. If
your health changes abruptly in the next few hours,
or the next few weeks, you suspect something is
wrong—and you’d see your physician.
Lovelock also examines planetary biochemistry. He
looks at the carbon dioxide cycle (Figure 35-4). He
realizes that it’s due to plants consuming CO2 and
animals producing it. But he also understands that
life has evolved ways of binding carbon dioxide in
minerals and releasing it from those minerals. We
have many inorganic materials which contain carbon dioxide, such as calcium carbonates. Much of
our calcium carbonate, our limestone, is not inorganic, it’s organic in the sense that it was actually
produced by living organisms. These are organisms
which make beautiful calcium carbonate shells—
corals, mollusks and many plankton. Much of the
limestone and chalk on our planet would not be
there, at least not in that form, were it not for the
life which secreted and deposited it. Lovelock notes
a very close coupling between the organic and the
inorganic. In fact, there are new emerging scientific
disciplines that go by the names of Biogeology,
Geochemistry, Geobiology, and Biogeochemistry.

Planetary Homeostasis
The major components to this global carbon cycle
are photosynthesis and respiration. Lovelock says
oxygen concentration is tightly regulated, possibly
because of the effect of oxygen concentration on
chemical oxidation—on combustion. If the oxygen
concentration is below 10%, burning is difficult, and
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Figure 35-4 Summary of the carbon and carbon dioxide cycles of the planet (Levine & Miller, pg. 48).

above 25% combustion is intense—the organic matter on the surface of the planet would literally have
combusted away. So oxygen has been approximately
stable at 20 to 21% for a billion years.
Lovelock has looked at the phosphorous and sulfur balance (Figure 35-5), concluding that the oceans
and their marine algae play a key role in the nucleation of clouds through sulfur containing aerosols
produced by marine algae.
Lovelock and others have also examined the nitrogen cycle (Figure 35-6) and the flux of all other
major atmospheric gasses, just as a physiologist and
physician would look at your metabolic fluxes in
trying to assess or diagnose metabolic or physiologic
problems.
You regulate your temperature, your pH, the
number and type of ions in your physiologic fluids
to maintain the conditions which your biochemis-

try and your metabolism require. If your pH changes
by just a few tenths of a pH unit, if your temperature changes by just several degrees, if the ionic
makeup of your blood changes even slightly, you are
very ill.
You must maintain relative constancy in these
chemical and physical parameters. You maintain an
active homeostasis, meaning you continually regulate
your internal environment to keep it relatively constant. Lovelock claims that that’s exactly what the
planet does. The life forms on the planet, in an unintentional, undirected, non DNA-controlled way,
essentially regulate the planet’s atmosphere and temperature. As atmospheric gas concentrations change,
the amount of solar radiation hitting the surface of
the planet changes, the temperature changes. If CO2
and solar flux go up, green plants tend to increase,
consuming CO2 and producing oxygen. Animals
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Figure 35-5 The phosphorous cycle. The sulfur cycle has not been very well studied, although acid rain effects are well
known (Starr & Taggart, pg. 860).

consume oxygen and produce CO2 . Man burns incredible amounts of organic matter, producing heat
and CO2 in a variety of processes. Cattle and other
large herds, domesticated and managed by man, produce large amounts of methane. There are other
means by which CO2 concentration is controlled,
such as the equilibrium between carbonates in rocks
and minerals and the CO2 in the air.
All of these processes interact and regulate each
other as an extremely complex system with very
large numbers of feedbacks. It’s all worked to maintain a relatively constant environment for over a
billion years.

Planetary Healing
Until, a 100 or so years ago. It used to be that it
took thousands, tens of thousands, even millions and
tens of millions of years to produce significant
changes, but it’s now clear that humans in the last
hundred years have produced major changes (Figure 29-7).

Although the planet may indeed be somewhat
self-regulating, its regulation processes take time—
hundreds of millions of years to adjust. The massive
changes that mankind has made are instantaneous in
terms of Gaia’s planetary metabolism. Earth’s systems are unable to respond fast enough to prevent
major biological crises.
So, Lovelock concludes that Gaia, that Planet
Earth, has a significant fever(Figure 34-15). We call
the fever the Greenhouse Effect. All studies show that
her fever will increase dramatically over the next 10
to 20 years and beyond. Lovelock fears that the increased fever, the increase in pollutants and toxins,
the continued burning of fossil fuels, and other human activities are leading to even more serious
pathologies for planet Earth.
James Lovelock is a remarkable man. He first
began to appreciate the complexity and delicateness
of Earth in the 1960s when he was a consultant for
NASA, helping them to design instruments and experiments for the detection of life on other worlds.
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Figure 35-6 The nitrogen cycle
(from Audesirk, pg. 903).
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He says, “For me the personal revelation of Gaia
came quite suddenly, like a flash of enlightenment.”
He did the thought experiment you did in the
last chapter. By approaching our planet from afar,
could we tell anything about life on that planet from
the composition of its atmosphere? He concluded
that we certainly can. He understood that if life were
indeed strong and widespread, throughout the planet,
life’s actions and activities would have some measurable effect on the atmosphere of that planet. By
comparing the atmospheres of the various planets
in the solar system with that of Earth, he concluded
that the other planets are lifeless—that Earth appears
to be unique (Figures 34-4 and 34-5).
Lovelock further concluded that the earth’s atmosphere is a very unusual and unstable mixture of
gases. There is no way Earth’s gases could be in static
equilibrium. There had to be continual production
and replenishment, otherwise, the gasses would
chemically react with one another and produce a
static composition, similar to Mars or Venus. The
only way the concentrations of the reactive gases, oxygen and methane, can be maintained is if they are
being actively produced on the surface of the
planet—produced by life.
Almost no one argues anymore that the presence of life on Earth actually has and continues to
influence the composition and properties of its atmosphere. And almost no one argues anymore that
man’s activities in the last 100 years have significantly
altered the nature of that atmosphere and the composition of the oceans. The question today deals with
the magnitude, the significance, of those changes—
today and over the next 10 to 20 years.
It is very clear, however, that if our population
continues to exponentially increase (Figure 26-16)
as dramatically as it has in the last 50 or so years, and
if that increasing population continues to expect an
energy intensive (Figure 29-7) and materials intensive quality of life or standard of living, then the earth’s
atmosphere, its oceans, its soils, will continue to dramatically deteriorate. It’s unlikely that man will be
able to technologically accommodate to such dramatic changes. Your children and grandchildren will

Figure 35-7 Some relevant bumper stickers.

fully experience the negative outcomes of these
trends. That’s why so many folks are worried about
the population problem—the population bomb.
So the next time you feel a bit ill or feverish, or
someone in your family gets sick, and you’re lying
there with a thermometer in your mouth, possibly
sick in bed waiting for the flu to subside, think about
our beautiful blue, green, red, and white ball (Figure 35-1). Deliberate on its health and viability. After
all, no matter how technologically advanced man
may become, no matter how many planets or even
solar systems we may eventually explore, and possibly even populate, Earth will always be the home
planet, our pale blue dot. It would be a real tragedy
for your progeny 20, 50, or 200 years from now to
come back to trace their genealogy and find Earth
lifeless and dead. That’s why you see bumper stickers (Figure 35-7) and posters that say:
• “Think Globally: Act Locally”
• “Respect Your Mother” (Earth, that is)
• “You Are Here,” and
• “Extinction is Forever.”
Enjoy your beautiful, dynamic, and fragile planet.
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HOMEWORK
1

Pretend you have an ultra-conservative grandfather and he is visiting you. You start talking
with him about entropy and inefficiency and get onto the Greenhouse Effect. He says
that’s a lot of crap—just a lot of environmentalist hooyie! (He really does talk like that!) Try
to explain to him, using a sort of plastic bag greenhouse model, how the greenhouse
effect “works” and how it connects to energy use and inefficiency. (Do a little background
reading in a biology or environmental science book before he visits.) Now write up and
submit your “tutorial and demonstration.” Good luck!

2

Ditto for the ozone hole. Being an older fellow from Utah, your grandpa has spent a lot of
time outside in Utah’s bright, sunny, UV-intensive climate, so he’s concerned about skin
cancer. You gave him some quality sunblock for the Fourth of July. Now explain to him
how ozone, sunblock, skin cancer, and chlorofluorocarbons all tie together. Good luck!

3

The atmospheres of Mars and Venus are said to be in a stable equilibrium, but Earth’s
atmosphere represents a very dynamic equilibrium. Explain the differences between static
and dynamic atmospheres. Use the methane + oxygen reaction as an example. How do
CO2 and the Greenhouse effect relate to our dynamic atmosphere?

EXPERIMENT
1

Assume you have a tiny, transparent bag of photosynthetic phytoplankton, like Pyrocystis
lunula (see Figure 32-13). They grow and survive nicely in their miniature “ecosystem.”
Assume that about three months from now you notice that the bag is bulging a bit. It’s
expanded. The water volume is unchanged, but the gas volume has apparently increased,
causing the bag to bulge due to the gas pressure. What is the gas? Of course, you don’t
know, exactly, but you should have some idea. What gases were present when the colony
was first “made?” What gases might be there now, responsible for the bulging?
You test its bioluminescence by shaking it in the dark at night. There is none. The Colony
appears to be dead or at least non-bioluminescent. Do you now change your hypothesis?
If the colony is dead, are the gases in that little atmosphere likely to be different? Why?
How might you measure what gases are there? Assume you had 10 identical bags, all
bulging, and 10 new bags with no bulge. You can cut open the bags, observe, and experiment. Now how would you figure out what the gases are? Design a set of experiments to
figure out this puzzle. (Hint: think of the gas in the bags as a planetary atmosphere.)
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Your Stuff: Cars &
Transportation
Our economy is based on the buying and selling of stuff. We want places
to buy stuff, places to store stuff and places to use stuff. How do you move
you and your stuff?

QUESTIONS
1

Why do we have auto emission catalysts? How do they work?

2

Why are cars so inefficient? Or is it just that most folks drive inefficient cars and
drive inefficiently?

3

What is gridlock? What’s being done to decrease it? What can (should) you do?

4

Are electric cars also inefficient? Why?

5

Why is there controversy about public transit in many parts of the country?

6

Why is gas so much cheaper here than in Europe?

7

What is a thermal inversion? Why does Salt Lake City get so many of them in
the Winter?

8

Why does it take work to move stuff?

9

What are the components of your automobile system?
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Cars
Welcome to Part 6, the final part of Science Without Walls (Figure 36-1). In these final five chapters
we connect and apply much of what we’ve covered
and learned to you—to your world.
First, your stuff, especially your car, then we’ll
cover your luck, your health, your creativity, and finally, your responsibilities.
So first, stuff: Our economy is mainly based on
the manufacture, distribution, and acquisition of
material goods, consumer products, and services. We
live in the most consumer-oriented, materials-based
society in the history of the planet. We love to acquire stuff. Stuff is made of matter—of the elemental
stuff in the Periodic Table. It takes energy to make
stuff, energy to use stuff, and energy to move stuff.
So the basic principles of physics, of chemistry, and
of biology apply to all of your personal stuff.
For most of us the most major single piece of
stuff we have, with the possible exception of a home,
is a car. Cars are big, heavy, expensive, require maintenance, gasoline, insurance. The cost of a car tends
to scale with its mass and size, which isn’t too surprising, because mass costs money (mass is stuff). It
takes resources to construct it, and those resources

have to be mined, or grown, refined and purified or
synthesized, and processed and constructed to become the parts of our automobile.
Cars run from small and light to large and massive. They range from being relatively inexpensive
(although it’s hard to get a new car in the United
States anymore for anything less than $8,000), and
they can easily exceed $40,000—they can, of course,
go much higher. Cars can be noisy or quiet, open
or closed, high clearance or low clearance, large
wheel-base and a large turning radius, or small
wheel-base and a smaller, tighter turning radius (Figure 36-2). The laws of physics obviously apply,
especially potential energy and center of gravity. The
lower a car is to the ground, the more stable it is;
the higher it is from the ground, of course the more
clearance there is, but obviously, the less stable it is.
The wider and further apart the wheels generally
the more stable it is and, of course, the less maneuverable it is. The sleeker the car, generally the less
wind resistance, the more economical it is, particularly at higher speeds.
All of these factors relate to fuel economy . The
lighter a car, the less mass to move around, the more
economical. The lower it is to the ground, the less
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Figure 36-1 The final section of Science Without Walls.
Chapters 36-40 deal specifically with You!

Figure 36-2 The center of gravity concept is basically:
the lower you are to the ground, the less it hurts if you
fall. The wider and lower the car, the more stable it is.
The higher and taller it is, the easier it is to roll over.
(Watch out for sport utility vehicles!)
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How Much Energy

Car Energetics:
Economy:
Speed:
Duration:
Fuel:
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1 gallon of gas produces ~ 130 million Joules

20 miles per gallon
50 miles per hour
Drive for 1 hour
2 1/2 gallons of gas

2 1/2 gallons (1 hour drive) ~ 300 million Joules
300 Million Joules/hour ~ 100,000 Joules/second
1 Joule/sec = 1 watt
car consumes 100,000 watts = 100 KW

Figure 36-3 Auto Energetics: setting up the problem.

Figure 36-4 Auto Energetics: your car could power
100 homes!

wind resistance and the more economical. GenerFigure 36-5 shows how the energy is actually being
ally, the greater the number and size of cylinders,
distributed. Look at the bottom third of the diathe more total gasoline burned, the less economigram. About 26% (less than 1⁄3!) of the energy actually
goes to engine motion. The rest (over 2⁄3 !) is dissical. Generally, the greater the acceleration capacity,
pated as heat through the radiator and out the
which scales with the number and size of the cylintailpipe. It’s interesting that of the energy used to
ders, the lower the economy.
move the motor, only a little more than half goes to
Let’s assume your car gets 20 miles/gallon and
overcoming air resistance and rolling or tire resisyou’re driving on the local interstate at 50 miles/
tance. The energy used to run your air conditioner
hour. If you drive for one hour, how much energy
is often comparable to the amount used to move
is being consumed? If we do a fast estimate, we find
about 300 million Joules during that
hour, or roughly 100,000 Joules/second
(Figure 36-3). Since 1 Joule/second is
1 watt, our unit of power, your cruising
Heat
car uses 100,000 watts, or 100 kiloenergy out
watts—a very large amount of power.
(radiator + tail pipe)
74
kw
That’s the electrical power equivalent of
100 kw
1,000—hundred watt bulbs (Figure
Chemical
36-4). Looked at another way, it’s the
energy in
same as the average power consumption
of 100 households. And that’s assuming
Accessories,*
the car was cruising, not accelerating. If
26
12 Pumps, etc.
it were accelerating, the gasoline conEngine Work
sumption would increase by up to five
14
Air and Road
times.
Resistance
Now, obviously, all of that energy
isn’t being used in moving your car and
the stuff within it. Remember the Laws
* Assuming no air conditioning
of Thermodynamics:
• You can’t get something for nothing.
Figure 36-5 Energy consumption in a car: 74% is dissipated as
• You can’t ever break even!
heat; only about 14% goes into actually doing useful work (from
Hobson, pg. 174).
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the tires along the road. So every time you turn
that air conditioner on, you significantly decrease your
fuel economy. So, your 20 mile/gallon car easily becomes a 12-15 mile/gallon car when the air
conditioner is on.
There seems to be a growing habit in some parts
of the country of leaving the motor running, often
with the air conditioner on, while the driver runs
in to make a quick purchase. The energy situation
is almost as bad with the car idling as it is with the
car moving, since most of the energy burned is
wasted, whether the car is moving or not. Of course,
if it’s not moving and the air conditioning is on for
no good reason, then even more energy is being
wasted. Turn off your engines, and minimize use of
the air conditioners. Don’t be a wimp. Leave the
air conditioner off unless it’s really uncomfortable.
A typical compact or sub-compact car, which
might cost in the range of $8,000 to $15,000, weighs
in the range of 2,000 to more than 3,000 lbs. The
car’s function is to move 1.2 people during any average vehicle trip. Most cars are solitary people
movers. The weight of the driver is negligible
(roughly only 5 to 10% of the total weight) (Figure
36-6). Most of the chemical energy the engine is
burning is being used to move your car, not to move
you or even your stuff. Your weight and the weight
of your stuff in a normal commuting trip is less than
10% of the total weight of the car + driver + stuff
system. So, all of this money we spend on gasoline,
maintenance, and insurance is not really being used
to move you or me around, it’s being used to move
our car. In a sense, your conclusion in the alien
starship encounter was right. In our society the main
life form appears to be the automobile. You and I
could be viewed, from the perspective of a distant
solar system and some sort of extra-terrestrial scientist, as a little organism that gets in and out of the
automobile to fill it with gas!
The movement of stuff by cars is incredibly inefficient. What you pay for, and what you want, in
owning a car is not efficiency or economy, it’s convenience and comfort. It’s comforting to be able to
climb into a car at any instant and go almost anywhere without waiting, without asking for
permission, without concern for the weather, with
little concern about where we store our stuff once
we get to our destination (we simply lock it in the

+

+
car
3,000 lbs

driver
150 lbs

=
stuff
100 lbs

Total
Mass
3,250 lbs

Figure 36-6 Your stuff mover weighs ten times more
than the stuff it moves.

car). We won’t be jostled, annoyed, suffer loud and
uncomfortable noises, or have to worry about missing our bus. We are a convenience oriented society,
and our individual automobiles are the most expensive manifestation of that quest for greater and greater
convenience.
Most of us require less than four square feet of
surface area, standing or walking (Figure 36-7); 20
square feet on a bicycle or motorcycle, and about
150 square feet with a typical car. Although each
car occupies 150 square feet or so, the average space
per car in a parking lot, or in total gridlock on Interstate 15, is closer to 300 square feet, and on
highways, assuming reasonable car length figures for
safety, 500-1,000 square feet or more. Cars take
space—on the highway, in parking lots, in garages.
So, it’s cars, our ownership of them, and the convenience they provide, which is largely responsible for
the high percentage of our land area devoted to asphalt and concrete—even on a university campus .

Pollution
Cars require resources. They require gasoline, produced in refineries from oil pumped from wells.
They produce carbon dioxide and a variety of other
emissions which contribute to air and water pollution. The typical car owner and user is often unaware
of just how much pollution and air degradation is
caused by his automobile in action. The only time
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Figure 36-7 Area needs.

Figure 36-8 Typical concentration profile for air
pollutants in an urban area (based on Gray, Braving
the Elements, pg. 339).

we really become aware of it is when there is a traffic jam in some area where the air is not well mixed
or in an underground parking garage. If you’re trying to breathe that air, you very quickly realize the
degradation in air quality caused by automobiles
whose engines are running.
It has been suggested that when people buy a
car they should be asked to drive it into a small closed
test room, sit at the wheel with the windows down
and the engine running, and try to breathe. They
would then very quickly realize the environmental
damage caused by a large vehicle with low fuel
economy. (Don’t try this; it can be lethal!)
The major contributor to air pollution in most
urban areas today is not industry nor is it busses or
trucks. It is automobiles—yours and mine.
The daily levels of auto pollutant gases generally
increase with the morning commute and drop after

the late afternoon commute (Figure 36-8). The catalytic converters in the emission system of your car,
assuming they’re functioning properly, do significantly reduce much of the harmful emissions.
Catalysts decrease the activation energy for various
reactions, enhancing the oxidation of unburned fuel
and carbon monoxide to CO2 and water. Automobile catalysts include palladium, platinum, and
rhodium metals (Figure 36-9), because these elements have very unique surface properties which
facilitate the binding of carbon compounds and their
oxidation at low temperature. Catalysts do significantly reduce CO and hydro-carbon emissions, as
much as 90%. They also reduce other emissions.
Ozone is very reactive (Figure 36-8). We don’t
want it down here in the air that you and I breathe,
although we do want it up in the stratosphere to
absorb the ultraviolet coming in from the sun. Down

Figure 36-9 The most catalytically
active metals in the Periodic Table.
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here, it’s dangerous; up there, it is beneficial. And up
there it’s normally produced, as long as there aren’t
man-made compounds which serve to destroy it.
Down here we’d just as soon it not be produced, or
get rid of it if it is.
New technologies can be very useful and must
be continually developed and applied to help solve
these problems. But new technologies by themselves
cannot solve all the problems, they’re just part of a
mix of solutions to these very complex issues. Air
pollution is a major and a growing problem as the
numbers of people and numbers of cars increase in
urban areas.
It is true that if you burn natural gas instead of
gasoline, your pollution is lower, although you’re still
producing CO2 . It is also true that if you use an
electric vehicle, the emissions from your vehicle are
reduced to nearly zero. Of course, you have to recall that the electricity needed to re-charge the

Coal
100%

Up the stack

12%

Turbine exhaust

48%

Electrical
Energy

Total
waste
~64%!

Transmission loss
4%
40%
To you!

Available
energy
36%

Figure 36-10 Energy distribution in a typical electricity
generating plant. They are only about 36% efficient—
a lot better than the typical car (based on Hobson,
pg. 180).

Figure 36-11
This headline
says it all!
(Deseret News,
Salt Lake City,
May 24, 1997)
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batteries of this electric car is generated back at the
power plant (Figure 36-10). And that process is very
inefficient, although it’s more efficient than your
gasoline-powered car.
The real difference is in economy of scale. The
large electric generating plant will have far more effective pollution control equipment than you could
ever afford for your individual automobile. So with
electric cars the pollution is concentrated at one
source, at the power plant, and can be more effectively and efficiently handled there.
There are some other aspects of efficiency that
we should consider. The fuel efficiencies of our cars
is far less than that in other parts of the world. Even
more disconcerting is that Americans today are buying primarily low mileage cars (Figure 36-11).
Many folks argue that they buy big, low mileage
cars because they are safer. They are—for you and
your passengers. The more metal and mass around
you, the safer you are in an accident. But the kinetic
energy dissipated when your large, massive automobile collides with someone else’s smaller, less massive
car, is far more dangerous to your unintended victim. Yes, mass may be safer—for you—but it is not in
the best interest of society (review Chapter 12).
Cars are available which can get 50 and even 60
miles/gallon. There are prototype advanced automobiles that will get over 100 miles/gallon.
Unfortunately, their performance, in terms of acceleration and other characteristics, is not what people
have come to expect, and, because the price of gasoline is so cheap today, high efficiency automobiles
are just not very popular—yet.
Many areas of the country are concerned about
growth, including Utah’s highly urbanized Wasatch
Front, and particularly the area from roughly Ogden
through Provo. The nearly 2 million people now
along that Wasatch corridor will continue to increase,
dramatically, between now and 2002 (Figure 36-12).
What if Salt Lake City has one of its, ugly, inversion periods in February, 2002, causing a large number
of Winter Olympic visitors to have severe respiratory
problems? Although the governor and other politicians are very concerned about Utah’s image, Utah
residents have to live there. They’re not coming just
for the Olympics or just for a winter vacation, and
they’re not going to spend much of their time above
the inversion layer escaping that polluted air.
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Figure 36-12 Utah’s birth rate is higher than many
third world countries! (From the Salt Lake Tribune, June
12, 1996.)

Public Transport
The good news is that the Utah Transit Authority
(the UTA) is now building a Light Rail system and
producing enhanced bus service.
These plans, when fully implemented, will help
alleviate some of their traffic congestion and gridlock,
but they will not fully eliminate it. Increasing the
number of lanes on the local freeways will also help,
but will not eliminate congestion and even gridlock.
Utah and Salt Lake City are just one example.
The same overpopulation, growth, gridlock, and pollution problems are increasing all over the country.
So even if you think you will never, ever be
coaxed out of your metal box, you won’t be able to
go anywhere with it unless you can get lots of other

412 UNIT 6 You

Figure 36-13 An
editorial in the Salt Lake
Tribune (February 25,
1996).

folks to leave their cars at home. So you need to do
all you can to support rail, bus, and bicycle services
so they (the others!) can ride light rail, take the bus,
or bicycle, otherwise it is certain that you won’t be
able to drive your car anywhere!
There is no one solution—there are no easy solutions. We need a set of integrated solutions, including
better public and personal use of public transit (this
means you and me).

Energy Gluttony
We no longer have a national consciousness about
energy conservation and efficient resource utilization.
We no longer see public officials speaking out, we no
longer see public service ads, we no longer see any
national consciousness dealing with energy. We see
just the opposite. There are fewer and fewer economical cars being purchased, and more and more big cars,
heavy cars, with low gas mileages on the road (Figure
36-13)—and the trend is predicted to continue.

We have seen some environmental controls being eased, lifted, ostensibly for the health of the
economy. Our government, our society, has effectively stuck its head in the sand regarding energy
use and energy conservation for the last 10 plus years.
We are now beginning to pay the price.
The price is not being paid by the upper classes
or even the upper middle class. The price is being
paid by the lower middle class, the lower class, and
especially the very poor. They are the ones who must
operate in a society with inadequate public transpor tation, polluted air, excess noise, and an
intolerance for pedestrians and bicycles.
You—we—need to pay the price for improved
public transit. We need to accept the challenge of
smaller and more efficient private transit, and we
need to insist on public officials with some planning and problem-solving skills. We need to get
those folks out of their limousines, out of their luxury
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cars, and into the real world, or simply get them out
of office altogether.

Scientific Driving

When you do drive, drive as safely and efficiently as
possible. Here are some science-based guidelines to
enhance your own driving and to encourage your
friends, colleagues, and family to do likewise—these
guidelines are based on concepts of biology, chemistry, physics, and environmental sciences (Figure 36-14):
• Always be alert. That means minimizing cosmetic
use while driving, no pets romping around the
car, no cellular phones or over-involved talking
with your passengers, no reading maps or books.
Just pull over and have your conversation, read
your map, put on your lipstick, or talk on your
phone.
• Drive at safe speeds and at safe distances. If you crash
into the guy in front of you, it is your fault, because you were following too close or driving too
fast. No excuses.
• Anticipate what’s going on all around you. Don’t only
look at the guy in front of you and to each side.
Look in front of the car in front of you. If you see
brake lights 5 car lengths ahead, it may be significant. Let up on the accelerator way in advance of
the stopsign or stoplight. Every time you apply
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brakes you are literally throwing away your car’s
kinetic energy. People often accelerate to within
2 or 3 car lengths of a stop light and then abruptly
brake. They waste energy by accelerating, and then
waste more by rapid braking. That energy could,
and should, have been saved by simply anticipating a few car lengths earlier that the light was
indeed red.
• Keep your own car healthy and tuned. Be sure your
emission control system is functioning and your
tires are properly inflated. For most cars, as you
go over 50 or 55, much more of your gasoline
energy goes to overcoming wind resistance. Driving just 5 miles/hour slower will increase your
mileage significantly.
• Drive as if the price of gas was 3 to 4 times what it is
here—pretend that you’re living and driving in Europe or Japan. Put $3 in the bank for every dollar
you spend on gas!
The final bottom line on the efficiency of a car is simply the gasoline burned—your mileage, your total
annual gasoline bill. Try to minimize it.

The Laws of Science

There are no easy solutions. The laws of physics, of
chemistry, and of biology provide certain limits, cer-

Tip

Scientific Reason

Be Alert

Reaction Time (Biology)

Safe Speed

Kinetic Energy (Physics)

Safe Distance
(Don't tailgate!)

Reaction Distances (Biology & Physics)

Anticipate

Energy Efficiency (Chemistry); Stopping Times (Physics)

Safe and Tuned Vehicle

Common Sense (Biology); Energy Efficiency (Physics)

1 for 3 Savings Plan!

Realistic Cost (Earth Science)

Figure 36-14 Science-based driving tips.
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tain boundary conditions. If you are a Star Trek fan,
then you know the phrase, “But I can’t change the
laws of physics, Captain!”
The laws of science are sound. We cannot turn
them off. Ignoring those laws, through ignorance
or naive wishful thinking, is the same as putting our
collective heads in the sand. Some day we’ll have to
come up for air and when we do, the air won’t be
there. But the problems we’ve ignored for so long
will be there. They’ll be much worse and more difficult to solve. It’s not only your environment and
mine, but those of our children, grandchildren, and
the others yet to come. Protect it for them.
Difficult problems are never pleasant. We have
to address them head on, effectively and creatively,
and that may well involve less convenience, less privacy, and less independence. Remember, the Chinese
symbol for crucial point, ji, also represents opportunity (Figure 36-15). Think creatively.
See you on the bus!

Figure 36-15 The Chinese symbol Ji (from N. Myers,
Gaia... Atlas, pg. 18).
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HOMEWORK
1

Estimate your personal annual transportation costs. If you don’t own your own car, get
with a friend or family member who does. Then answer these questions—include all
annual costs, including insurance, maintenance, tires, etc. How many miles per year is the
car driven? What is the average cost/mile? Can the driver better organize his/her life to
decrease the number of daily or weekly trips? Would he/she drive less if gas prices were 3
to 4 times higher, as they are in most of the rest of the world? Explain.

2

Explain the inversion effect in Utah’s valleys (or in Denver or Los Angeles). The effect
occurs to various extents in most mountain valleys and in many other parts of the country.
How does it form? Why is the temperature inverted? Why does that result in horrible air?
What causes the inversion to change? Use sketches or diagrams in your answer. What do
inversions have to do with cars?

3

The major auto companies are planning to build even larger, lower mileage cars. Why? In
addition to poor mileage and more pollution, what do larger cars mean in terms of the
sizes of parking spaces, ease or difficulty in getting in and out of parked cars in full lots or
garages, and the probability that your car gets dinged and scratched by wide cars with
massive doors? What do larger, more massive cars mean in terms of inertia and kinetic
energy (See Chapter 12: Interstate Physics)?

4

Let’s assume you will drive with a friend from Salt Lake City to St. George, Utah and back
this weekend. What is the actual road distance to downtown St. George (estimate to the
nearest 25 miles)? Choose a car to drive (yours, a friend’s, a rental—whatever). Estimate
the mileage (miles/gallon) at 60 mph. How much gas will the trip require (gallons). Assume the cost of gas is that available at your local, nearby gas station ($ ?/gallon). What
will be the cost of gas for the entire trip?
Now get a map of France and fantasize a bit. Say you are in Nice on the French Riviera.
Pick a place in France to drive to that is about the same distance as is St. George from Salt
Lake City. Assume you have a French rental car that gets the same mileage as the car you
used to drive to St. George. The cost of gas in France is roughly 5 French Francs per liter.
How much will the trip from Nice and back (round trip) cost you just in gas? (The currency
exchange rate is published in the newspaper every day in the Business/Financial section).
Any idea why French gas is more expensive than U.S. gas? Explain. Why do the French
have good public transit and we don’t? Explain.
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EXPERIMENTS
1

Find a busy intersection with a traffic light where you can stand, sit, or park safely. Observe the intersection, preferably at a fairly busy time. Count the number of cars in each
direction every 5 minutes for at least 30 minutes. Estimate the average speed through the
intersection when the light is green for that direction. Establish some reference points for
length and use your watch (it may even have a stop watch mode on it) to measure time;
determine the velocity. Do this for 30 or so cars and make a bar graph of number of cars
and their velocities. It might look very roughly like this:
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What is the speed limit? How did cars respond to a yellow light? Did you witness much
tail gating? Explain? What can you conclude based on your observations at this intersection? Did you do anything like this in Driver’s Education in high school? Why or why not?
2

Visit a busy shopping mall or a very large general department store. Loiter near the check
out counters and observe what other people are buying. Keep an approximate record of
what 25 or so people buy. Consider three categories of stuff:
1. Stuff they really need, to survive.
2. Stuff that’s “needed” for health and well-being.
3. Unneeded stuff (stuff they want but don’t really need).
Now summarize your observations. Any conclusions?

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Hobson, Physics
Gray, Braving the Elements
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Luck and Risk:
Personal and Private
Statistics
The luck of the draw, breaking your leg, a gun in your house, and your
chance of getting cancer—they are all due, in part, to randomness, statistics,
and luck.

QUESTIONS
1

How is borrowing money like gambling?

2

Are most of the risks I worry about really significant?

3

What is insignificant?

4

Want versus need? What do you mean?

5

Why do some people voluntarily take great risks?

6

Why is one of the riskiest occupations “no occupation at all?”

7

How is interest an exponential function?

8

What is the Bell or normal distribution curve?
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Good and Bad Luck
Life is statistical. Science is statistical. Much of science is based on randomness and probability. The
oxygen molecules you are breathing in right now,
passing through your lung membranes and into the
hemoglobin of your red blood cells, are the same
molecules which had been bouncing randomly in
the air. Molecular motions, lottery winners, and evolution are all largely statistical. A random mutation
in DNA, one nucleotide changed, results in a code
for a different amino acid in the particular protein
coded by that DNA segment. A different amino acid,
a different protein; a different protein, different properties; different properties, different characteristics.
Perhaps better characteristics, perhaps worse. Millions, billions, and trillions of random mutations,
throws of the DNA dice, weighted and filtered by
Darwin’s natural selection, brought us to Homo sapiens—to you and me (Figure 37-1).
The drive into school or work along a rapidly
congesting highway—a chance, unpredictable action
by you or by some other driver, and another accident statistic (Figure 37-2)—unintentional,
unpredictable. It is partially your fault if you were
distracted or otherwise not driving attentively or defensively. You may be the best, most careful, most
attentive, most defensive driver in the world, and it

could still happen because of statistics, randomness,
probability—bad luck.
Life is statistical. Insurance is statistical. You probably have some life insurance. You’re betting that
you’re going to die. If you do, the insurance company pays your beneficiary. The insurance company
is actually betting that you’re going to live. Insurance companies understand statistics and probability
better than any other part of our society. They make
their money on statistics.
Other people who understand them are those
who run the casinos, the lotteries and others who
encourage us to gamble. The difference is that when
you gamble in Las Vegas you are gambling—they
are not. They have engineered, they’ve adjusted, the
odds so they always win, statistically. The casino rarely,
if ever, loses. Slot machines are not random. Yes, they
may have a 97% payback, but that other 3%, statistically, never comes back. So, on the average, the only
people who make money in Vegas are those who
own the casino. Yes, you may hit it big, and people
do, but most everybody else loses. Their losses pay
your winnings and, of course, pay the profit made
by the casinos and lotteries.
Yes, some of the profit goes to pay for the staff,
which provides jobs, and that’s good. And in the
case of state or public lotteries, what is left over is

Man
Kingdom ..... Animals
Phylum ....... Chordates
Sub-Phylum Vertebrates
Class ............ Mammals
Order .......... Primates
Family .........Hominids
Genus .........Homo
Species ........ Sapiens
Individual .... You! One of 5 billion
Homo sapiens
Figure 37-1 Man, one of 30 million or more
species present on the planet today.

Figure 37-2 Accidents will happen—often due to
tailgating and other unsafe driving (Deseret News, Salt
Lake City, May 4, 1996).
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generally used for some public function, like
education or museums. But, if all the money
put into lottery tickets was put directly into
education or into museums, it would be a
lot more. But it’s fun to take your chances in
Wendover or Idaho—maybe you’ll be lucky,
just this once. But the odds are, you won’t.
You don’t see stories in the papers about
the millions of people who lost their money
in lottery tickets; Figure 37-3 is made up!
You do see stories about the one in a million who won, but each of the one million
who lost is not news. The one who won is
news. That’s just the way the media operates, because that’s what you want to hear
or read. You identify with that one person
who won, and not with the million who
lost. You’re not alone, most of us are that
way. That’s why the media are completely unrepresentative, in a sense
completely dishonest, because the
whole story is rarely presented.
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Another, less direct, aspect of statistics, is borrowing
money. Credit requires interest. A rural philosopher
once described interest: “Thems that understands
it, earns it; thems that don’t, pays it.”
When you borrow, you’re betting that you will
be able to pay the loan back, on schedule. You have
to pay a rental fee, called interest, for the use of that
money until you pay it back. The major difference
in renting money, as opposed to renting goods, is
that you normally rent money in order to spend it,
to purchase other things and to pay other bills. The
money is gone, there is no money to pay back. It’s
very unlike renting a car. When you’re finished with
your rental car, it’s still there, so it’s easy to give it
back. It’s often not easy to give back borrowed
money. You have to earn more money in order to
pay it back. So you’re gambling that you’ll be able
to earn the money needed to pay back what you
owe and also to pay the interest on what you owe,
the rental fee. If you’re unsuccessful in doing that
then you’ve accumulated even more debt and started
to develop a bad credit rating.
Credit cards are a great convenience if you’re
fiscally and financially responsible. But the credit card

Figure 37-3 Stories which ought to appear in the
papers.

companies don’t only make their money from the
small percentage on each transaction paid by the
merchant. In the fine print of every credit card is,
of course, the interest rate. If you don’t pay your
monthly bill on time, you have to pay what is among
the highest interest rate in the nation for borrowed
money, about 18%. The average American household
has four credit cards with a total debt of nearly
$5,000—at a rental fee of about 18%! And we have
a very high personal bankruptcy rate (Figure 37-4).
We all have debts. Even if your car and all your
personal stuff is paid for, you have a major debt. As
a citizen of the U.S. you have a personal debt of
about $20,000. You are personally responsible, as one
of 260 Million Americans, for 1/260 Millionth of
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our national debt, which now stands at about 5 Trillion dollars, and still increasing each year.
So our federal government is also addicted to
credit. We haven’t been taking in enough in taxes
and other income to pay all of the federal expenditures. So, the federal government borrows. It
borrows from you and me, it borrows from major
banks, major investors, and from a lot of overseas
investors who see U.S. debt as a fairly good bet.
Every federal dollar spent includes a chunk of borrowed dollars, and we have to pay interest for that
borrowed money—to pay interest on the national
debt.
When you accumulate a lot of debt, the interest
really begins to add up (Figure 37-5). The debt continues to accumulate, continues to grow.
We discussed exponential functions before. Remember, bacteria and people grow exponentially, and
often so does debt. If bacteria have the space and
the nutrients, they grow and multiply every 30 minutes. The doubling time for human population on
Earth, assuming no dramatic famines, diseases, or
other constraints, is down to about 20 years.
Interest on debt is also an exponential function.
If you continue to accumulate debt, then your total
debt, of course, increases. As that total debt increases,
your total money rental, the interest, also increases.
It can increase to a level or amount which becomes
very difficult to deal with, just as it has with the
federal government. If you don’t pay that interest
and those bills, your car is repossessed, your TV set
may be repossessed and, if you are paying on a house,
it may be repossessed.
Figure 37-6 is a good example of a very popular
modern gamble—the home equity loan. I get several of these great offers every week! I bought a
house and have been paying on it for some time. I
own part of it. But I don’t own any of it until the
full debt is paid. Until then, if I fail to make those
payments, the bank can come in and repossess, take
away, the entire house. I would then be one of the
“homeless,” living on the street.
Now we have banks running around asking me
and perhaps you to borrow money on the equity in
my (or your) home. These things are called home
equity loans. They encourage people to gamble what
is, in most cases, their major asset. In some ads they
suggest you use the loan for unneeded, unnecessary,

Figure 37-4 Americans are addicted to credit cards.
Personal debt is rapidly increasing (Salt Lake Tribune,
March 10, 1996).

Figure 37-5 Credit card interest rates are very high.
Here’s the fine print in my VISA statement.
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Figure 37-6 A common
home equity loan mailer.

essentially superfluous stuff—furniture, diamond
rings, recreational vehicles. So you sign over the equity on your home to a bank in exchange for a loan
that you probably do not really need. If you make
your mortgage payments, but don’t pay back the
home equity loan, then the loan company can take
your home. It is gone. You have become homeless.
Of course, you can pawn the diamond ring and sell
the recreational vehicle, but I assure you you’ll lose
money in that process.
It’s a gamble. Gambling is statistics and probability. Statistics and probability have very simple rules.
Those rules are used throughout many areas of mathematics, and throughout most of the sciences. Those
same rules are the fundamental basis of much of economics, including bank loans and insurance policies.

Good advice. Here’s some more. A passage from
a not-very-well-known book says it even more explicitly:
What does a man need—really need? A few pounds
of food each day, heat and shelter, six feet to lie down
in—and some form of working activity that will yield
a sense of accomplishment. That’s all—in the materials sense. And we know it. But we are brainwashed
by our economic system until we end up in a tomb
beneath a pyramid of time payments, mortgages, preposterous gadgetry, playthings that divert our attention
from the sheer idiocy of the charade.
—Sterling Hayden, Wanderer, 1963.

Do try to minimize the materialism trap (Figure 37-8).

Four Letter Words
There are two four letter words in our vocabulary
that are greatly misused by the advertising and credit
industries (Figure 37-7): need and want.
There are certain things you need: food, shelter,
medical care, companionship. And there are many
things you may want. Listen very carefully to ads,
because they constantly tell you that you need what
you want. The difference between need and want is
intentionally confused and ignored in practically all
advertising today. I read a wonderful message in my
dentist’s office the other day: “Happiness is not getting what you want, it’s wanting what you have.”

Need:

Food, Shelter, Medical Care,
Companionship

Want: Everything else—mainly
material goods & services

Figure 37-7 Two important, misused, four-letter words.
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Figure 37-8 Advice on escaping from excess materialism and debt (from The Salt Lake Tribune,, May 31, 1996).

Life is Risky
Let’s move from buying stuff with money we don’t
have to another major area of probability, risk. Life
is inherently risky. There is risk all around us. Your
house or apartment could crumble right now, perhaps because a huge Richter 7+ earthquake has
finally arrived (Figure 37-9), or perhaps because some
airplane just happened to fall out of the sky right
onto your place. Unlikely? But not impossible! Simply improbable—your bad luck!
A much greater risk, of course, is being involved
in an auto accident on your way to work or school
tomorrow. If you are an alert, attentive, safe driver,
that risk is of course much lower than if you are a
bad and careless driver. But the risk is never zero.
There is always the possibility, and the probability, that
you will be the unlucky one—the statistic. There’s
no point in worrying a great deal about it, that’s just

the way the world works. We can minimize those
probabilities by means of our decisions and actions,
but we can never completely eliminate them.

Figure 37-9 Most natural catastrophes are unpredictable
and unpreventable (from The Salt Lake Tribune, 1996).

Chapter 37 Luck and Risk: Personal and Private Statistics 423

Figure 37-11 From penny flips to opinion polls—it’s just statistics (Salt Lake Tribune, Jan. 13, 1996).

Figure 37-10 The bell curve again

Since so much of science, so much of our everyday lives, is related to probability, to randomness,
let’s take a more detailed look at the bell curve (Figure 37-10)—better called “the normal distribution,”
which seems to govern much of the statistics in our
world. Do an experiment. Take 10 pennies in a cup,
shake and throw. Count the number of heads. Do
this 100 times and plot the result. You’ll get a distribution function. Five heads and five tails is the
average, the most common result, but only 25% of
the time (Figure 37-11)! The other 75% of the
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throws don’t give you five and five. The result is a
typical normal or bell curve. Almost everything you
measure in nature gives a similar curve. If we were
to do this with the height of typical university students, it ranges from under five feet to over six feet.
There are no eight-footers, or three-footers. The majority of us are average, about 5.5 feet.
Now, obviously I could change the statistics.
Because any set of statistics depends on the population, the group from which the data were gathered.
If I were to look at the distribution function for the
height of professional NBA basketball players, you
know that it’s not going to peak or average around
5.5 feet. It peaks at about 207 cm, about 81 inches,
nearly 7 feet! But this is not a normal bell curve. It
is skewed towards the taller end of the curve; it’s a
non-symmetrical distribution.
When you read the polls in the paper—when
you read anything in the paper, don’t ever take it
literally. You always have to go beyond the headlines, or even the first paragraph, and ask yourself
what is really going on. Has this data or this population been selected?

Risk and Perception
Another very important subject is risk—and this one
is closely tied to perception. Perception is not only
related to what we do with the physical and chemical information provided by our senses, perception
is also involved in dealing with a wide range of sociopolitical and psychological issues. Risk perception
is particularly interesting and important. We all want
to avoid risk. We do not intentionally fall down stairs,
slip on the ice, or otherwise cause harm or injury to
ourselves, and yet those risks are all around us. We
make hundreds, perhaps thousands, of decisions everyday which relate to r isk avoidance or risk
acceptance. But almost no one objectively assesses
their personal risks.
There is a science of risk assessment which has
developed in the last 20 years. It says that you and I
have a strategy for assessing risk (Figure 37-12), although the components of that strategy are often
subconscious and not directly understood or appreciated.
We apparently use the following criteria in assessing risk:

Risk Criteria
• Beyond our Control
• Unknown — Unfamiliar
• Familiar — Common
• Voluntary
Figure 37-12 Risk perception factors. Things which
are voluntary are perceived as far less risky (a thousand
times less!) than unfamiliar risks or risks completely
beyond your control.

• Is it beyond our control? Examples include global, catastrophic events, such as a major, devastating
earthquake;
• Is it relatively unknown or unfamiliar? Is there
little experience or data, such as the genetic engineering of new organisms;
• Is it common, familiar? Is it readily observable and
interpretable? A good example is auto accidents;
• Is it voluntary or largely self controllable? Examples are smoking, skiing, sky diving, driving.
Even if we have data and are told that risks are approximately the same, we perceive risks very
differently, based on these four criteria. Stuff which
is uncontrollable or unknown is considered to be
the greatest risk—the ones for which we demand
protection by society. Those risks which are more
common, more well known, are accepted because
of their commonness, especially if we have some
voluntary choice over them. Risks that seem fairly
shared are seen as more acceptable than those that
are not. We perceive natural risks as less threatening
than man-made ones, and risks from exotic or new
technologies are more feared than those involving
more familiar technologies.
You’re easily willing to take risks a thousand times
greater when you perceive them as being voluntary.
Another way of saying it is, if it’s an involuntary risk
and you don’t have much choice, you insist on it
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being over a thousand times safer than those things
which you might normally chose to do.
So, just as you perceive the world, non-objecSpace Shuttle Explosion . ~ 1 in 130 flights
tively (Chapter 2), based on your experience, your
attitude, your mood, and a variety of other factors,
Auto Accident Death ...... ~ 1 in 5,000 per year
you also perceive statistics, probability, and risk the
Pedestrian Death ............ ~ 1 in 26,000 per year
same way, non-objectively. Your risk perception is
largely conditioned and controlled by what you have
Death by Lightning ........ ~ 1 in 1,000,000/year
already learned or think you have learned by familHome Accident .............. ~ 1 in 10,000 per year
iarity or lack of familiarity.
Let’s look at some risk numbers. Flying in the
Figure 37-13 Some risk numbers .
space shuttle is a very risky job—Utah’s Senator Garn
knew that (Figure 37-13). All the astronauts know
that, even if the press is surprised. Mountain climbing can
be very risky, but it’s a voluntary risk (Figure 37-14). You
choose to take it or you don’t.
The greatest daily risk most
of us face is being involved in
an auto accident (Figure 3713). One in 5,000 per year!
That’s pretty risky. If you’re a
pedestrian, that decreases by a
factor of five. It’s much safer
being a pedestrian. You also
have about a 1 in 10,000 annual risk of having a significant
accident in your own home.
But in many parts of the counFigure 37-14 Mountain climbers know the risks. Adventure is generally tied to
try your risk of getting shot is
risk; if it wasn’t risky, it wouldn’t be an adventure! (From Deseret News, Salt
now approaching the #1 risk,
Lake City, May 15-16, 1996.)
auto accidents (Figure 37-15).
One of the riskiest occupations in society is no
occupation at all. The riskiest
occupation is to be unemployed. Being unemployed
rates as the equivalent of smoking about 10 packs of cigarettes
a day. Being very poor is just
as risky. It’s been reported that
living in poverty reduces your
life expectancy nearly 10 years.
Severe emotional or psychological stress is generally far
Figure 37-15 Guns are risky. More guns mean more risk. Enough said. (From
riskier than the physical risks
Salt Lake Tribune, 1996.)
we routinely face.

Risk
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Risk Prediction and Risk Responsibility

derstanding of statistics, of randomness, of risk,
Risk prediction is very similar to dealing with the
coupled with a “let’s get rich quick” or “make someproperties of individual molecules. Chemists and
one pay for it” attitude, have led to an enormous
physicists can easily predict the behavior of large collevel of litigiousness in our society, which is conlections of molecules using their normal distribution
tinuing to be of great concern. But that’s another
averaging methods, but we cannot predict the bestory.
havior of that individual electron, atom, or molecule.
Question everything you see and read. Ask yourRemember Heisenberg (Chapter 16)? His uncerself: Is this representative? Is this general? Is this
tainty pr inciple always wins. The intr insic
reasonable? Or is this an isolated event, blown out
uncertainty makes individual predictions impossible.
of proportion? And remember that there is no such
Those same statistical problems or principles apply
thing as zero risk of anything. Random events hapat the level of our individual risk. Insurance compen. Senseless, horrible events happen—and so do
panies cannot predict whether you will be killed or
senseless, wonderful events.
injured in an accident, although they can accurately
Good luck!
estimate the annual number of car accident-related
deaths in the U.S. When
that statistical event happens to you it can be the
cause of great sorrow or
great celebration. If it’s
winning the lottery or a
jackpot at Wendover, then
presumably it’s cause for
celebration. But if it’s a
senseless statistical event
that results in great loss,
then it seems so senseless
(Figure 37-16).
There is a lot we can do
to minimize risk—putting
on our seat belts, driving
carefully, alertly, defensively; walking carefully on
the ice; wearing safety
glasses. But we also have
to understand, appreciate,
and even accept that rare,
random, senseless events do
happen. And when they
do happen, if they were
truly random, then it simply is no one’s fault.
Our legal system today,
both the judges and the
lawyers, simply do not understand that fact. This
Figure 37-16 Unfortunately, guns are used and senseless gun-related deaths
lack of education and unare becoming more common. (from the Salt Lake Tribune, Feb. 5, 1996).
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HOMEWORK
1

Do a simple interest calculation. Assume you have $100 in a savings account paying 4%
interest, compounded annually. Let it build up for 10 years. How much is in the account
after 10 years? Your banker will help you, but please, no formulas or tables. Figure it out
the old, hard way—so you understand it.

2

If you like to visit gambling casinos, such as in Wendover, Elko, Las Vegas, or Mesquite
Nevada, ask the casino manager what the slot machine payback rates are. Are the various
slots different (nickel, dime, quarters, dollars)? Do the casinos vary? You may have to ask
many different folks before you find someone who can really answer the question. Be
polite but persistent! Discuss.

EXPERIMENT
If you do try your luck in Nevada or elsewhere where gambling is legal, write up your
experience. Try to do some objective experiments using a low cost instrument, like the
nickel or dime slot machines. 100 dimes in, how many out? Can you do this one experiment 50 different times? If the payback is 97%, how much will you lose? Could you lose
more? Less? Explain. Good luck!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Paulos, Innumeracy and Beyond Numeracy
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Medicine and
Health: Yours
What is the most important thing you need?
Your number one priority is your health.

QUESTIONS
1

Why are we health hypocrites?

2

What are viruses?

3

Why is it likely that there may be more viral and bacterial problems in the future?
What can we do about it?

4

What is the Public Health Service? Is there one in your state? Where?

5

What do statistics have to do with cancer? And getting shot? And getting in a wreck?

6

Why should I keep a personal health “lab” book?
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Fanatics and Hypocrites
We are a nation of fanatics. We are fanatical about
health and health care. We spend more on health
and health care per capita than any other nation on
Earth. With 15% of our gross national product, over
a trillion dollars/year, devoted to health care, we have
the most technologically and scientifically advanced
health care system in the world. We have more health
care professionals, per capita, than most nations in
the world.
But we have a less positive set of statistics. We
have 40 million people without health insurance or
health coverage—roughly 15% of our population.
Our health and life expectation statistics are not particularly good in comparison with other so-called
advanced technological nations. We ingest incredible amounts of junkfood and junk drinks. We have
a growing epidemic of obesity in this country—overweight Americans, not only adults, but growing
numbers of children, often very young children (Figure 38-1). Most of us won’t even climb a single set
of stairs or walk up or down an escalator, or walk
on a moving sidewalk.
If eating that junk food results in increased cholesterol and a heart attack, if smoking those cigarettes
results in respiratory problems, or if driving and

riding everywhere instead of walking results in health
problems, we expect medicine and medical technology to fix it—quickly, cheaply, effectively. We are
fundamentally a nation of health hypocrites.
Certainly, nothing of what you just read applies
to you. Hopefully you walk whenever you can—a
block or two to the corner grocery store. You’ll take
the stairs up one or two floors, rather than the elevator. You walk up and down escalators. You
minimize your consumption of junkfood and sugar
water, eating, instead, healthy foods. You have a healthy
lifestyle, but most of your fellow citizens do not.

Health Factors and Fears
Your individual health is the result of four key factors or components, each of greater or lesser
significance, depending on particular health or disease conditions or situations (Figure 38-2):
• Lifestyle refers to food and drink intake, appropriate exercise, and appropriate rest. We can all recite
components of a healthy lifestyle, and we can all
recognize actions or activities which are inconsistent with a healthy lifestyle.
• Mental Attitude refers to your individual psychology, social interactions, and environment—they all
play an important role in health. A positive atti-

Figure 38-1 Obesity is an epidemic (from the Associated Press).
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Key Health Factors
Lifestyle: What you eat and do
Mental
Attitude: What you think

Societal Health & Safety Fears
• Getting shot
• Getting AIDS

Genes:

DNA and genealogy

• Getting other infections
(antibiotic-resistant bacteria,
viruses, others)

Luck:

Statistics

• Getting cancer

Figure 38-2 Four important health factors.

Figure 38-3 Common societal fears.

tude, optimism, and low stress work and social environments are important.
• Your Genes: your hereditary makeup and family
history. The old joke is, pick your parents carefully, because we now know that certain disease
propensities do indeed have a genetic component.
• Luck: just plain statistics. You can simply be in
the wrong place at the wrong time. No matter

how positive or strong the other three attributes,
you may simply be the victim of some very bad
luck. Fortunately, luck is the least important of
the four factors.
Our society seems more and more worried about
health and safety (Figure 38-3). The major health
fear, particularly of young, inner city teenagers, is
getting shot (Figure 38-4). Until recently that was

Figure 38-4 Guns are a major fear
of, and risk to, the young (Associated Press, April 8, 1995).

Figure 38-5 The more guns, the
more accidents. It’s just simple
statistics (Salt Lake Tribune, 1996).
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not a major concern in places
like Utah, but it is now, particularly along Utah’s rapidly
urbanizing Wasatch Front.
Drive-by shootings, homicides, and interstate murders
are no longer rare events. And
because guns are becoming
more commonplace, accidental shootings have become
more common (Figure 38-5).
There is a lot we can do
to minimize such risk, including major efforts to inform
and educate everyone of the
risks involved in living in the
nation with more guns per
person than any nation on
Earth. This problem is a sociopolitical one, having to do
with education, job opportunities, and social/cultural
opportunities for those segments of the population most
involved in such problems.
Figure 38-6 Cities draw people, and cities are all connected via air travel.
That is not really a technoThe bugs travel for free (from Salt Lake Tribune, June 8, 1996).
logical or scientific topic, and
so we will leave it at that.
Another major health fear
is AIDS (Acquired Immune
Deficiency Syndrome). There
are several million Americans now infected with the
The fear of AIDS is to the current generation what
HIV virus—a large number of others may have it
the fear of nuclear war and its potential devastation
but have not yet been tested or diagnosed. There is
was to my generation. Fortunately, the nuclear war
particular concern about AIDS among the high
did not materialize; the political environment has
school and college age populations. How can you
changed so that it is unlikely that such devastation
be sure that the person you’re going out with, and
could occur today. We all hope that scientific and
may eventually want to marry and become intimate
medical research on AIDS will eventually lead to
with, is not someone who, perhaps unknowingly, will
cures and vaccines. Enhanced education and awarecompromise your health in the months, years, or
ness are emphasizing prevention. But for now,AIDS
decades ahead? This fear has lead to three general
is a very major social and medical concern.
responses:
Several leading causes of death are due to infec• Avoidance, which can lead to alienation and detious diseases, including AIDS. Infectious diseases
pression;
account for 25% of all visits to physicians. The most
• A “To hell with it” attitude: a fatalistic approach to
common treatment for bacterial infectious diseases
life—behavior similar to that of the drug and gang
is antibiotics.
segments of society; and,
So, another major health risk and concern is the
• Carefulness or cautiousness in all social interactions.
emergence of bacteria highly resistant to antibiotics.
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So-called drug resistant bacteria are becoming more
prevalent and commonplace in most of the world.
Bacteria grow and divide very quickly—remember,
they are basically lean, mean, replication machines.
They also have unique abilities to scramble their
DNA, playing the DNA mutation game very efficiently, so new strains evolve quickly. Many bacteria
have now evolved to be resistant to our present generation of antibiotics.
The good news is that we’re learning a lot more
about bacterial replication and division and about
other bacterial properties so new generations of
drugs are likely to emerge, which should help treat
bacterial infections.
But there’s also growing concern that the 5 billion or so of us on the planet are a really unique
resource. Some are saying we’ve been under-exploited in recent years by the bacteria and the
protozoa. One scientist has said:
Our very existence, our tools, our medicines, our antibiotics, are providing an incremental, Darwinian
pressure on the viral and bacterial communities to
evolve to make a diet out of us.

A greater and greater percentage of the earth’s population lives in major urban areas, so once a resistant
and dangerous strain does develop, it can spread very
rapidly (Figure 38-6). We’ve also become complacent; malaria and cholera and even tuberculosis are
making major comebacks and expansions in the
world today. Some of this may be tied to changing
environmental conditions—warming of the planet,
circulation of the oceans, and other factors. We have
a lot to learn! We learned recently that bacteria are
responsible for some types of ulcers, and they may
even be involved in heart disease (Figure 38-7).
There is a similar situation in the case of viruses.
Viruses are not living organisms. They are essentially
protein DNA complexes (Figure 38-8) which make
their way into your cells or mine and induce those
cells to replicate the virus, making more virus which
is then released to then infect more cells and, in turn,
make more virus. You do have some mechanisms to
deal with that. It’s not antibiotics. It’s your own internal defense mechanisms, including special defense
cells and antibodies, special proteins, which bind to
those viruses and target them for destruction. That’s
what happens with the common cold and with most
flu viruses.

Figure 38-7 Even certain types of heart disease may be bacteria-related (Deseret News, Salt Lake City,
June 1, 1996).
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But there are viruses which are far more dangerous and even deadly. Many of them have been
around for a long time and don’t normally make it
into man. An example of a natural indigenous virus
is the Hanta virus, which was such a scare in the
Four Corners region in 1993. Its increase was probably due to a set of unusual climatic conditions which
led to a great increase in the virus’s host organisms,
wild deer mice.
A major cause of new viral outbreaks is due to
ecological disruptions resulting from human activities. The expansion of the world population alters
ecosystems that were stable, enhancing contact with
viruses dangerous to humans (Figure 38-9).
By the turn of the century, there will be over 2
billion humans living in overcrowded cities, the majority crammed into about 20 mega-cities (Figure
38-10), many of them in poor or third world countries. All are directly connected on almost an hourly

Figure 38-8 Structures of some common types of
viruses (from Audesirk, pg. 401).

Figure 38-9 As humankind spreads out, we encroach onto land
inhabited by others (from Salt Lake Tribune, May 4, 1996)!

basis to other major cities throughout the
world by rapid air transport. Baggage
inspection at airports is sophisticated, but
it cannot screen for bacteria. Remember
there are thousands of species, and they’re
all microscopic. They are on and in you
and other travelers, generally doing good,
useful, vital chores.
And there are millions of species of
bacteria and protists which are not yet
categorized or even discovered. There are
also hundreds, perhaps thousands, of undiscovered, uncategorized viruses.
As we get more urbanized, as we
destroy and perturb more ecosystems, and
as we rapidly move from place to place,
we have to expect those pathogenic viruses and bacteria will come our way
(Figure 38-10). We don’t want to be paranoid about it, but we should be prepared.
The United States Public Health Service,
the Federal Centers for Disease Control,
and state, county, and city health depart-
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ments all have to be prepared to
monitor, to diagnose, to treat, to
deal with such eventualities before they become severe
problems—before they g row
from a small number of isolated
cases to major epidemics. But it
costs money. No one wants to
pay for such preparedness or such
services. So, the next time you
talk with your congresswoman,
or governor, or other elected
public official, ask them about
the funding and infrastructure of
the U.S.—and your state’s—public health system. They need to
know that you’re informed and
that you care.
The final health fear we’ll
note is cancer. The younger, college age population is not so
Figure 38-10 The top ten mega-cities (Salt Lake Tribune, May 27, 1996).
concerned, because the incidence in that age g roup is
generally low, but your parents
and grandparents are very concerned. Breast cancer is of
particular concern to women,
century the average life expectancy was only 45 to
ages 40 to 50 and older, and prostate cancer and re50 years. Today it’s around 75. The longer we live,
lated problems are of concern to men, generally 50
the more chance of something going wrong—
and older. What’s a woman’s real chance of sufferwhether it’s getting cancer, having hip problems, or
ing breast cancer? Recent reports say that roughly 1
dying of heart disease.
out of 8 women will suffer breast cancer sometime
Most of you who have an old car know exactly
in their lifetime. That doesn’t mean in the next 10
what I mean. It wears out. But if you do have a
years or even in the next 40 years. Remember that
problem with your car you’ll often go to the owner’s
average life expectancy today is roughly 75 years, so
manual to help diagnose what is wrong. Admittedly,
that means that of those 8 women, whose average
many things today, including your car, are too comlife expectancy is 75, by the time they reach 75, one
plicated for the average owner to repair. When you
of those eight may develop breast cancer.
bought your car, if you bought it new, in the owner’s
Breast cancer is now being diagnosed much earmanual there was a maintenance schedule. You bring
lier, and treatments are improving, so 1 out of 8 is in
it in for maintenance, the dealer does the mainteno way a death rate—it’s a lifetime incidence rate.
nance, signs off on it, that reconfirms your warranty,
Also 1 out of 8 is a very general number. If you’re
and you drive away. But you don’t have an owner’s
really concerned, you need to look beyond those
manual. They should have given you one when you
numbers.
turned sixteen, or graduated from high school, or
Preventative Maintenance & Insurance
went through puberty, but they didn’t. Your health
Part of the reason cancer is such a problem today is
care provider, health insurance company, or employer
that we’re all living longer. Around the turn of the
should provide you with one. Ask for it.
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If you don’t have an owner’s manual, then you
don’t really have a maintenance schedule. You probably have a health insurance plan which doesn’t even
pay for periodic maintenance. You may belong to a
health maintenance organization, an HMO, which
makes money if you’re healthy, and loses money if
you get ill. So, it’s in their best interest to keep you
healthy. It’s like the car company wanting you to
do preventative maintenance on that car, at least
during the warranty period. Because if the car has
a problem, it will cost the manufacturer and dealer
a lot more to repair it under warranty than it costs
them to encourage you to do the preventative maintenance.
Health insurance today costs, on the average,
somewhere between $2,000 to $3,000 per person
(per year) for fairly comprehensive coverage. If you
only have catastrophic or very limited coverage, then
it is substantially less.
What do you spend on your car per year (Figure
38-11)? The insurance policy is probably in the range
of $900 a year, maybe more, depending on the degree of coverage. Your moving automobile is a
massive projectile with an enormous kinetic energy
capable of doing a great amount of damage to both
life and property (review Chapter 12). Your insurance company is supposed to pay liability and
property damage if your massive projectile becomes
involved in an accident.
You may spend around $300 a year on routine
service and maintenance, assuming no major problems. Depending on how much you drive, you’ll
spend at least $500 a year on gas and oil.
So, between gas, insurance, maintenance, and
maybe a few car washes, you probably spend close
to $2,000 a year on your car. If you’re a typical college student, you spend a lot less than that on your
own health and health insurance. Interesting...

Who Is “Responsible?”
There are a large number of cost/benefit/risk issues
associated with health care. Let’s say you have a more
or less typical health insurance policy. Pretend you’re
a macho hot-dog skier and you blow out your knee
one day on an obviously unlucky run. You want
your knee patched, and hopefully made functional
again. Depending on how bad it is, it’s going to cost
$20,000, $50,000—maybe even $100,000. Who

Car Expenses
Insurance ....... ~ $900
Registration
& Taxes .......... ~ $100
Maintenance/
Service ........... ~ $300
Gas ................ ~ $500
Total ......... ~$1,800
Figure 38-11 Typical annual car expenses.

pays? Your insurance, of course. But let’s say I’m a
member of the same insurance plan, and I don’t want
to pay high insurance rates just because my insurance company chooses to insure foolhardy high risk
types.
Should the ski resort pay? Let’s say you were
outside the posted area, so in principle they have no
liability or obligation.
Should the state pay? Should the federal government pay? Should the ski patrol simply bring you
down, lay you in the back of your car, and leave you
there?
Let’s say you have a strong incidence of heart
disease in your family and you take a new job. Your
employer’s health insurance company refuses to cover
you because you are a high risk. Or, if you don’t
like that example, let’s say that you have diabetes,
and now they refuse to cover you because you have
a “pre-existing condition,” and you simply can’t afford to buy health insurance on your own.
These simplistic examples reflect some of the
problems, some of the issues, that we have with health
care in our country.
The fundamental problem is that the people with
the greatest need and the greatest problems have the
least political voice. They are the poor, the uninsured, the college student population. Those with
the greatest political voices, the middle aged and
middle and upper class, are generally very well in-
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sured. They don’t have a problem. So who do the
politicians and the state and national leaders listen
to? They listen to those who have a voice. How can
they hear those who are not speaking?
Here’s another example. You want to be a model
or an actress and you’ve read that without the proper
measurements, your career will not develop. So you
decide to have breast implants. It’s a cosmetic procedure, so your insurance won’t pay. You pay. It’s
expensive, but you feel it’s a good investment towards your future career and earning potential.
What’s the risk? You have a pretty good idea of
what the advantages might be. What are the disadvantages? Ask your physician what that risk is. If he
or she says, “Oh, there’s no risk,” or, “There’s just a
minimal risk,” insist on some numbers. Ask them:
What if the bag or capsule is punctured? Is it possible that there could be some local irritation? Does
the procedure have any effect on your risk of getting breast cancer? Can it have any effect on the
potential diagnosis of breast cancer? Make them give
you numbers.

Patient Empowerment
You must be an empowered patient (Figure 38-12).
After all, it’s your body and your health. You must
ask those questions. Not asking them is putting your
head in the sand, and essentially asking for trouble.
If your physician is uncomfortable with those kinds
of questions, then you should immediately change
physicians.
An empowered patient is one who cares enough
about himself, herself, to involve themselves in their
health care decisions. Empowered patients observe
their own physiology and behavior, are aware of scientific and technological issues, and communicate,
question, and interact with their physician and health
care provider. Most of us have far more communication with our mechanic than we do with our
physician. Empowered patients are responsible patients.
Treat your body as a scientific system. Mentally
detach yourself from it and observe it, regularly and
objectively. Make notes. Keep a personal lab book.
Make your own owner’s manual, or at least maintenance manual. You check your tire pressure, your
oil level, and whether your headlights are working
on a regular basis, but most of us, except for maybe

Empowered Patients:
• Are Involved in Health Care Decisions
• Are Aware of Health and Medical Issues
• Observe Their Own Physiology and
Pathology
• Communicate With Their Health Care
Providers
• Are Responsible
Figure 38-12 Empowered patients.

doing a few stretches and minimal exercises in the
morning, rarely do much observation or diagnosis
of our own incredible machine.
Finally, if you do end up with a serious medical
problem, try to deal with it positively. Norman
Cousins’ little book, Anatomy of an Illness as Perceived
by the Patient: Reflections on Healing and Regeneration
is well worth reading (Figure 38-13).

Figure 38-13
Drawing of cover of
Norman Cousins’
important book
Anatomy of an
Illness as Perceived
by the Patient.
Please read it.
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A lot can go wrong over which you have no control, due only to randomness, to bad luck. But there
is much over which you do have control: a positive
attitude, a positive outlook, a will to live—these can
all be incredibly effective and important. And if you’
are in a hospital bed, it may be a unique opportunity to do something new and different, to learn
something new, appreciate music, maybe even write

a book. Our track star friend, Henry Eyring (Utah’s
perhaps best-known chemist, in Chapter 22), did
some of his most important and seminal work while
lying in a hospital bed, recuperating from a major
auto accident.
Here’s hoping you do have health insurance, a
caring physician, a healthy lifestyle, good genes, and
good luck.
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HOMEWORK
1

Read your newspaper or news magazine. Look specifically for stories and features related
to AIDS, other infections, cancer, shootings, and auto accidents. Read for information on
the medical consequences and outcomes and on the statistics and risks involved. Review
and critique several stories based on the concepts you have learned.

2

How much do you spend annually on health insurance (include your employer’s contribution—your health benefits). And on your car? How much of your total annual income
(percentage)goes to your health? To your car?

3

Go to your health care provider. Do they encourage empowered patients? Do they have a
personal health lab book for you? Do they encourage routine “maintenance” and preventive care? Why or why not? If the person at the desk can’t help you, call the manager/
director of the local office and ask her. Again, be polite, but be persistent, and insistent!

EXPERIMENTS
1

Set up a personal health laboratory book. Buy a permanent lab book specifically for this
purpose (unless your health care provider provides one). Now go back through your
personal private medical records and summarize what’s happened so far—chronologically.
Birth, surviving childhood, puberty, broken arms or legs? Acne? Cold sores? Vaccinations?
Serious problems? Now set it up so you make weekly personal physiologic observations:
temperature, pulse, etc. What is normal for you? How do you know what’s abnormal?
Record increased temperature (fever), sweating, chills, sore throat, etc.
Don’t turn this in. This one is for you. Be serious about your health.

2

There’s more to the newspaper than just the sports. The story on the next page appeared
in the Salt Lake Tribune on May 28, 1997. Read it carefully. Answer the following questions as completely as you can: What is an antibiotic? How do most of them work
(roughly)? How can S. aureus “develop” resistance to antibiotics? Is there any hope of
combating such infections? How? Explain. How could you quickly get more information on
this subject? Be specific.

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Adams, Maintaining the Miracle: Owner’s Manual for the Human Body
Allison, Blood and Guts
Kemper and Smith, Healthwise Handbook: A Self-Care Manual for You

440 UNIT 6 You

Chapter 39 Your Creativity

Your Creativity
Leonardo da Vinci, Richard Feynman, and You have something in
common. It’s your enormous corpus callosum, the connection between
your left and right brains, the basis for your creativity—and for theirs.

QUESTIONS
1

Who was Rachel Carson? What did she do?

2

Why did Feynman say, “What do you care what other people think?”

3

What was Leonardo’s “problem”?

4

Why are cartoonists important and influential?

5

What is chi?

6

How are you unique, special, and different?

7

What is personal excellence?

8

How can you approach problems and situations from a new, fresh,
creative perspective?
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Be a Child!
Let’s go back, way back, to Chapter 1: The Science
of Art, the Art of Science. We said that scientists and
artists are both creative. Creativity. What does the
word mean? What is your definition?
Is it looking at things in a new way? Do the words
new, novel, original, inventive, genius all come to
mind? Albert Einstein was certainly creative—so were
Leonardo da Vinci and Richard Feynman. All the
great scientists and artists are said to have been creative, to have been geniuses. Many inventors fall into
that category, and many engineers. Creative people
see things in a new light, in a new way. Albert SzentGyorgyi, who won a Nobel Prize in Chemistry for
discovering Vitamin C, said it is “to see what others
have seen, but to think what no one has thought.”
Children tend to be very creative. They don’t
know what is correct, what is accepted, what is right,
so they combine things, put things together, in novel
and unusual ways. It is how they do their scientific
exploration and questioning. It’s how they try to
make sense of their natural world. This is their scientific method. It’s also their artistic method.
Splashing paint, mixing, drawing squiggles—it’s okay!
We’re learning, we’re being creative.
By the time we get to your age, or my age, we’ve
learned so much. We’ve memorized and regurgitated. It’s now difficult to really look at a situation,
a phenomenon, an experiment in a child-like manner. We’ve learned too many rights and wrongs—too

Figure 39-1
Feynman’s title says it
all: What Do You Care
What Other People
Think? Further
Adventures of a
Curious Character
(W.W. Horton and Co.,
1988). This image is
but a cartoon of the
actual cover...

many expected answers, too many points taken off
on exams for not having the “right” answer. Most
of us have inhibited our intrinsic creativity.
I’ve spent much of my professional life working
with graduate students and researchers. In graduate
school, and in research labs, you’re not supposed to
believe what you read. You’re expected to question,
to be critical and skeptical. You’re supposed to do
experiments and write dissertations that are new and
novel. You are supposed to take old data and look at
it in new ways, or generate new data and somehow
relate it, explain it, in light of what’s gone before, or
develop totally new explanations.
Most students have the creativity beaten out of
them in our highly structured exam-based, right
answer-based, educational and social system. To be
truly creative you have to let go of some of those
academic and social defenses—let loose, so to speak.
You cannot only look at things from the point of
view of the textbook, or the teacher, or your boss.
Look at things differently, creatively—part of the
time. Yes, it is hard to do. It takes a certain degree
of naiveté, and a bit of a devil-may-care attitude, with
respect to how your teachers or peers think of you.
The title of a book by your now good friend Richard Feynman, says it all (Figure 39-1).
I don’t want you to go off the deep end with
this, but do try to look at things differently, from a
fresh perspective.

Excellence
And do push and extend yourself. Strive for personal excellence in everything you do. A wonderful
but largely forgotten book is John Gardner’s
Excellence (Figure 39-2).
Gardner says there is an excellence within the
reach of every individual. Being excellent is not being the very best. It is being—performing—far
better than you, or perhaps others around you, ever
thought you could. We appreciate excellence in athletics, in physical performance. We appreciate
excellence in music. We need to appreciate excellence in other forms of creativity, and indeed in all
endeavors.
And it should not just be a spectator sport. We
should not just appreciate excellence, we should practice it—in everything we do. In the words of John
Gardner:
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We need excellent physicists and excellent construction workers, excellent legislators and excellent first
grade teachers. We need an approach to excellence
and a conception of excellence that will bring a whole
society to the peak of performance.

A related, and entertaining, motivator is the film The
Right Stuff, particularly General Chuck Yeager’s attitude and accomplishments. His autobiography, Yeager,
is a very good read.
We’re all unique. We each have a different set of
experiences, genes, background, interests, skills, and
neural wiring. The transient epicenters assembling in
your brain right now are different than in mine. That
epicenter, that transient thought, may be totally new
and unique. The trick is to connect a thought which
may not be at all unique, to a very different thought
which, by itself, may also not be unique (Chapter
33). But by putting those two different thoughts
together, you may indeed make a special combination, one that hasn’t been made before. Remember
there are thousands of epicenters firing, more or less
randomly and simultaneously, in your brain. You are
choosing, perhaps consciously, perhaps sub-consciously, which ones to grow—to focus on. Let them
grow. Let them connect. Fantasize a bit. Enjoy some
internal mental creative hallucinations.
A friend of mine at the University of Utah, an
individual known internationally for his creativity,
for his accomplishments and inventions, now has
Alzheimer’s Disease. He’s a scientist and engineer
who has had a very successful, productive, and rewarding career. He is not depressed or negative about
being a victim of medical statistics. He tries to look
at the situation objectively and creatively, tries to understand what’s going on, and what isn’t going on,
in his own brain. He had Alzheimer’s for several years
before it became a problem and was diagnosed. I
asked him to look back and, from the perspective of
hindsight, how he might have realized earlier that
Alzheimer’s was developing within him.
He said the first thing to go, the first indication
that he had a neural or mental problem, was that he
wasn’t getting new ideas as often as he used to. His
creative skills were diminished. He couldn’t make
the connections that he used to make so effortlessly.
Alzheimer’s disease causes damage to some of the
neural tissues, interfering with neural processing
across those damaged areas. So it’s perhaps not sur-
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Figure 39-2 John
Gardner, Excellence,
1961. Another book
cover caricature—please
locate the real thing and
read it.

prising that one of the first things to go, and one of
the first things to be recognized in some Alzheimer’s
cases, is diminished creativity (see Figure 33-10).
Leonardo da Vinci has been one of our heroes,
but Leonardo did not have a particularly good reputation in his own time as a finisher of projects. Very
creative people are sometimes blessed with so many
creative ideas that they indeed have trouble focusing. Leonardo had a lot of unfinished projects in his
career. Sometimes very creative people, like
Leonardo, can be too creative, in the sense that they
are always getting new thoughts and ideas and want
to deal with them. These ultra-creative folks like to
start things. They like to address the problem, lay
out a solution, and then they prefer to move on to
other ideas. They often leave the finishing to other
folks. That may be okay, as long as somebody else
finishes those projects. But if not, those creative folks
are often labeled “flaky” or “scatterbrained,” or some
other less positive descriptor.
The trick is to balance creativity and commitment—to have ideas, to carefully sieve and select your
new ideas, and to have the persistence and dedication to see your selected ideas through to some level
of completion.
There are indeed many connections and similarities between science and art. Jacob Bronowski,
who has written a great deal on this subject, said:
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We expect artists as well as scientists to be forwardlooking, to fly in the face of what is established, and
to create, not what is acceptable, but what will become accepted. One result of this prizing of originality
is that the artist shares the unpopularity of the scientist: the public often dislikes and fears the way that
both of them look at the world.

The connections between art and science don’t just
involve creativity. Great contributions are not solely
in great art, which changes one’s way of looking at
things, or great science, which discovers new and novel
principles or relationships. Creativity also involves
unique communication and inspirational skills.

Science Writing
One of my heroines is Rachel Carson, who died in
1964 of cancer. Her 1962 book, Silent Spring, is recognized as one of the most important books of the
20th century (Figure 39-3). Rachel Carson did not
get a Nobel Prize in biology. She wasn’t particularly recognized as an outstanding biologist or
scientist, although she did have very impressive scientific skills. She was a writer, and was already
known as an outstanding science writer from her
popular science books, The Edge of the Sea and The
Sea Around Us (Figure 39-4).
In the early years of this century, man really began to master chemistry. We learned how to make
and characterize organic compounds of a wide variety of types and forms. We learned how to make
synthetic polymers, which led to the plastics industry and to all the plastic products around you today.
We learned how to make drugs which increased

Figure 39-3 Rachel Carson’s
Silent Spring, 1962.
Caricature of cover, of
course.

man’s health and longevity. We made pesticides and
herbicides, which greatly increased agricultural production. All of this was so new, so novel and so
wonderful, that society accepted it all, uncritically
and naively. We rarely, if ever, asked if there were
side effects, disadvantages, or a downside to the production and application of these many new and novel
chemicals.
Rachel Carson was convinced by a friend to look
into the problem of chemicals in the environment,
particularly herbicides and pesticides, and most specifically DDT, an absolutely revolutionary and
remarkable chemical which was being widely used
in the late ’50s.
Carson was a shy, reserved, anonymous writer
who was not interested in public exposure or the
limelight. One reviewer of her book said:
The author is not an alarmist, but a trained, meticulously scrupulous scientist who shuns publicity and
controversy, but whose findings were too catastrophic
to keep to herself.

Silent Spring is excellent science writing. Think of
it as a historical book—a book that aroused the
American people and their government to dramatically change their behavior in a very short period
of time.
Almost everyone points to Silent Spring as the
birth of America’s environmental consciousness. It
led to the establishment of the Environmental Protection Agency in 1970. It led to the major national
initiatives dealing with air and water pollution con-

Figure 39-4 One of Carson’s
earlier books was The Sea
Around Us. For the actual
cover, picture a beach and
tidepools.
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trol. Rachel Carson never dreamt that her book
would generate the interest, the controversy, and the
action which it did.
Although she was terminally ill during part of
the writing, she forced herself to do the scrupulous,
methodical research and evaluation which provides
the substance of the book. But that itself would not
have been enough. It would have just been another
well intentioned book. What made it unique was
her writing talent, the book’s readability. You know
the difference between a well written book and other
books. It was Rachel Carson’s exquisite writing skill,
coupled with her scientific skills and reputation,
which made Silent Spring so powerful and so important. She wrote, rewrote, and rewrote again, and
edited and re-edited—pruning, honing, tuning, like
all really good writers.
The point? If you have an interest in writing, if
you have writing skills and talents, and if some of what
we’ve covered in the past 39 chapters interests you,
combine those interests by considering science writing. Good writing talents and a strong interest in
science are a unique combination. Science writing is
a highly useful, productive, and rewarding career.

Art and Science
If you can’t write, perhaps you can draw. Draw science stuff, perhaps like the work of Gary Larson of
The Far Side fame, or Bill Watterson, the father of
Calvin and Hobbes. They and other outstanding cartoonists, are incredibly creative artists. They have a
way of taking a concept, a situation, an issue of some
importance and significance and presenting it in a

Figure 39-6 Two of Willem Kolff’s renowned driftwood
sculptures.
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Figure 39-5 Feynman’s famous diagrams and van
(from C. Sykes, No Ordinary Genius, Norton, 1994).

very easy, understandable, sometimes provocative way
to a wide audience. Picasso could be a great cartoonist
when he wanted to. Political cartoonists are probably
the most influential people in our society today.
Many great scientists sketch their ideas and concepts in simple form with cartoon or icon-like
drawings. What helped give Richard Feynman his
insight to quantum electrodynamics was the
Feynman diagrams which he devised and enjoyed
(Figure 39-5)—even using them to decorate his van.
Utah’s Willem Kolff, one of two Utahn’s in the
National Inventor’s Hall of Fame, and internationally recognized for his development and invention
of the artificial kidney and the artificial heart, is also
an artist who loves to draw and sketch his inventions. He and his wife Janke make whimsical
wooden sculptures (Figure 39-6)!
Samuel Morse (Morse Code) and Robert Fulton
(the steamboat) were artists before they were inventors, as was Leonardo. In the days before photography,
many scientists had to be artists—to be able to draw
and paint their observations (Figure 39-7).
Many artist-scientists have made very important
contributions to both art and science: John James
Audubon in the worlds of ornithology and zoology.
Frank H. Netter presented clearly and accurately the
details of human anatomy in the decades before cameras and digital computer graphics (Figure 39-8).
In the area of photography, great artists like Ansel
Adams brought the beauty and frailty of the natural
world to our scientific and artistic attention. And
other wildlife photographers and filmmakers showed
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Figure 39-7 One of Robert Hooke’s first drawings of
animals observed in the microscope (from R. Hooke,
Micrographia,, Royal Society, 1664).

Figure 39-8 Frank
Netter’s drawings were
used to teach and
educate many generations of physicians and
surgeons. (F. H. Netter,
Atlas of Human
Anatomy, CIBA Geigy
Corp., 1995.)

us the living natural world, and taught us to appreciate and protect it. They are all artists and scientists
in the very best senses of both of those words.
Folks with interests and skills in the humanities
and the arts bring totally new perspectives to the
sciences and engineering. A good example is the
birth of the University of Utah’s Department of
Computer Science, which pioneered the development of computer graphics over 30 years ago.
Computer graphics was transformed from basically
simply putting points and lines on a computer screen
to what you saw in the films Jurassic Park and Toy
Story. The development of modern computer graphics required unique partnerships and collaborations
among folks with computer, mathematics, electronics and artistic talents. David Evans, the founding
Chairman of the Department of Computer Science,
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accepted into his graduate program in the College
of Engineering artists and musicians with little or
no formal technical or scientific training. He justified such actions to his critical and skeptical faculty
colleagues by saying that he needed an environment
in which artists, musicians, engineers, and mathematicians could work together—interacting, creating,
stimulating each other. It worked. The University
of Utah, Salt Lake City and the Evans & Sutherland
Computer Corporation are internationally recognized in computer graphics, including applications
to scientific visualization and to the fine arts. And it
isn’t only the visual arts. Music and sound were connected to and through computers, including the
development of digital audio by Tom Stockham and
his colleagues in the Department of Electrical Engineering, initiating a revolution in sound production
and reproduction.

Creativity and the Brain
There’s a very transient, unpredictable, uncertain
nature to thoughts, to ideas—to inspiration and creativity. There is so little we really know about how
the brain works, about how you and your Homo sapiens cousins utilize your right and left brain, and
the connections between them, to create.
There are those who argue that the brain operates on quantum principles and Heisenberg
uncertainties. There are others who argue that there
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are unique forces at work in the brain, possibly a
fifth, fundamental force, which has not yet been discovered. There are people who are reported to be
able to transmit energies and forces to inanimate
objects, and even to other people. There is growing
interest in the Western World today in Chinese and
oriental medicine. Chi, or its counterparts in other
Eastern cultures, refers to an energy balance or an
energy focus in certain individuals (Figure 39-9).
There are those who have worked with Chi masters, including individuals who appear to be able to
impart forces or energies to others. Some observers
suggest that these individuals are physically drained
after this energy transmission process. They are
physically tired. You know that thinking, studying—
that intense, highly motivated mental activity—can
indeed make you physically tired, and that’s certainly
not due to doing macroscopic work in the sense of
Newtonian physics. But information does require
energy—and so does creativity. Mental work and inspiration do require ATP to power all that neural
firing.
Your new friend Christian de Duve says, “The
mind is a special manifestation of matter.”
He goes on to say that if this means invoking a
property not yet included in the descriptions of physics, this would not be the first time. He quotes a
neurophysiologist, George Edelman, another Nobel
Prize winner and author of Bright Air, Brilliant Fire,
as saying:
Why not... propose that additional, as yet undiscovered, physical fields might reveal the true nature of
consciousness.

Figure 39-9 David
Eisenberg’s incredible
Encounters with Qi,
Norton, 1985. Can’t
show you the real
thing, so here’s a
sketch of the cover.

Edelman, de Duve, and Susan Greenfield, as well as
the others who have written recently on this subject, may indeed be right. Maybe the brain has a lot
to teach us, not only about thought, consciousness,
and creativity, but even about the physical world.
Maybe you’ll be part of that grand adventure.
Develop and enjoy your personal creativities.
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HOMEWORK
1

Consider your personal, unusual, or unique experiences and talents. How could you
contribute a fresh perspective, a creative approach to your problems, to your family’s
problems, to your neighborhood, your community? If you see a solution to a problem,
even if it’s not your problem, do you share that solution? Who can you tell? How can you
communicate it? A phone call? A letter to the editor? Get involved!
Write and submit a letter to the editor of a local paper on some issue or topic that interests you. Turn it in.

2

Find your old art creations from kindergarten (or earlier!) and grades 1-3. Your parents may
have them filed away somewhere. Are you still drawing? If not, why not? Why did you
stop? Did you have any trouble with the sketches required in the homework and experiments in the last 38 programs? Why? Draw! Create! Sketch! As the ad says “Just Do It!”

3

Ever wanted to be a musician? A rock star? Did you write songs? Poetry? Music? Same
question as above—go on...

EXPERIMENT
Experiment with your personal creativity. As Ms. Frizzle says on the Magic School Bus kids’
TV series (on most PBS TV stations), “Take chances” (In moderation, of course)!

SOURCES AND REFERENCES
Refer to the bibliography at the end of the book for the full citations.
Feynman, What Do You Care What Other People Think?
Carson, Silent Spring
Gardner, Excellence
Shlain, Art and Physics
The Magic School Bus TV programs
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40

Citizen Empowerment:
Where Do We Go
From Here?
Science Without Walls—Science in Your World—was a 40-chapter
introduction, the tip of the proverbial iceberg. What did you learn?
What did we leave out? And where should you go from here?

QUESTIONS
1

Why is water more valuable than oil or gasoline?

2

Who are Jacques Cousteau and Philip Morrison?

3

Why write letters to the editor? Why run for boards, councils, etc.?

4

What is garbage detection?

5

What is a tolerance window? Why should I widen or expand mine?

6

Who are your heroes and heroines?

7

What science subject will you study next?

8

Why did Sagan say “there are no sacred truths?” What did he mean?
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What we Learned—and Didn’t Learn
James Taylor was certainly right (Figure 1-16). We
can’t cover, comprehend, or understand it all, but
we have learned a lot. I hope you’ve enjoyed the
read—and the ride. I certainly have.
You and I are creatures of and participants in our
natural world. We are part of it, bound by its laws
and atmospheres, nourished and invigorated by its
resources, mentally and intellectually challenged by
its mysteries and actions. The natural world relates
to, connects to, everything we are and everything
we do, to all of our thoughts and actions.
Although we have covered a great deal together,
we have left out an enormous amount. There’s no
way to cover it all, certainly not in 40 short chapters. There’s so much more to learn.
Here’s some of what we did cover and learn (Figure 40-1).
In Part 1, and throughout the course, we’ve
learned that science is a tool, a process for learning
about and understanding the natural world. To paraphrase Carl Sagan:
There are no sacred truths; all assumptions must be
critically examined, and whatever is inconsistent with
the facts must be discarded or revised. We must understand the Cosmos as it is, and not confuse how it
is with how we think it should be. The obvious is
sometimes false, the unexpected is sometimes true.

We covered our senses and how they are used in
scientific observation—how they can mislead objective observation through the wonderful processes
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Figure 40-2 Basic concepts and themes.
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Figure 40-1 You made it! 40 chapters. A terrific
beginning.

of adaptation and perception. We were introduced
to the key concepts and themes of science. We have
been applying those key concepts for the past 39
chapters. What were earlier somewhat unfamiliar
terms are now familiar old friends (Figure 40-2).
We’ve covered many of the basic principles and
concepts of the three major scientific disciplines:
• Physics
• Chemistry
• Biology
We’ve covered the commonalities, the similarities, and the differences, between the sciences and
the arts, and the creativity so common to both.
But we had to leave so much out (Figure 40-3).
There was little time to consider the language of
mathematics—numbers, patterns, geometry and
their importance to all the sciences and the arts.
There was little time to really go into the arts and
the humanities—to really show their connections
and integration with the sciences.
We marched through Physics in eight short chapters—a great disservice, because there’s so much
more. Not only did we have to leave out details
and examples, which would have led to a much
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WHAT WE LEFT OUT:
Mathematics
Arts & Humanities
Physics
Chemistry
Biology
Earth & Environment

more thorough understanding of the topics we did
cover, but we had to leave out entire huge topics
and segments altogether (Figure 40-4). We hardly
mentioned fundamental particles, the substructure
of protons, neutrons, and electrons. We didn’t cover
most of astronomy. We didn’t cover anything about
relativity. We hardly mentioned radioactivity, nuclear
energy, nuclear fission or nuclear fusion. We didn’t
talk about those new areas of mathematics and physics which are leading to totally different perspectives
and understanding of our natural world. The fields
of Chaos, Complexity, and Self Organization, and

what has been called “order for nothing,” covered
beautifully in the book, At Home in the Universe (Figure 40-5).
We covered Chemistry in eight chapters, with particular focus on atoms, the periodic table, liquids,
molecules, and explosives. And again we left so much
out (Figure 40-6). My own field is materials and plastics. Although we touched on it, we would have
needed several chapters to give it a serious introduction. I wanted to have a chapter on drugs and other
biologically active chemicals, including herbicides, pesticides and toxins. No space. We could have done so
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Figure 40-3 We left out major topics in all these areas.

Figure 40-5 Stuart Kaufman’s At Home in the
Universe, Oxford University Press, 1995, a great
introduction to the mathematics, physics, and chemistry of self-organization. (Caricature of cover.)

• Drugs & Toxins

• Nuclear Physics

• Photochemistry &
Photography

• Chaos & Complexity

• Electrochemistry

Figure 40-4 Some of our omissions in physics.

Figure 40-6 Omissions in chemistry.
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B I O L O G Y:
• Botany
• Zoology
• Genetics & Molecular
Biology

Figure 40-7 Some omissions in biology.

Planetary Pathology
Major CO2 Increases
Major Ozone Depletion
Dramatic Extinction
Figure 40-8 Planetary pathologies learned by—and
caused by—Homo sapiens.

Figure 40-9 Jacques Cousteau, 1910-1997 (from the
Cousteau Society’s Calypso Log).

much with photochemistry and photography and
electrochemistry. Perhaps in the next edition!
We tried to march through the beautiful and
wonderful world of Biology in nine chapters, focusing on how life might have originated and
evolved, on biodiversity and extinction, and on energy and information, concluding with a brief
discussion of the brain and consciousness. We
learned that we exist in a delicate symbiosis and balance with other creatures and other processes on the
planet. Quoting Carl Sagan again:

We covered bacteria and protists, because they
are often ignored, and yet they are so important and
vital. But we had to ignore most of botany and zoology, the two key components of most traditional
biology courses (Figure 40-7). We left out genetics
and molecular biology, popular topics which are often covered in the media and in other courses.
Our discussion of the Earth and Environmental
Sciences was very short, just two chapters. We developed a perspective of our Pale Blue Dot, our home
planet, learning that there is a delicate balance, a delicate symbiosis, between photosynthesizers, respirators,
and the non-living parts of the planet. And we learned
that the delicate balance is now being rapidly disturbed by those most dangerous primates—you and
me. Our actions have led to (Figure 40-8):
• increasing CO2 concentrations—the greenhouse
effect;

What a marvelous cooperative arrangement, the plants
and animals each inhaling the other’s exhalations—a
kind of planet wide mutual mouth to stoma resuscitation with the entire elegant cycle powered by a star
150 million kilometers away.

Carl Sagan did have a way with words!
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• Earthquakes
• Land Use & Wilderness
• Water
• Pollution & Recycling
• Medicine, Health &
Bioengineering
Figure 40-10 Omissions related to your world.

• decreasing ozone concentrations in the outer atmosphere—the ozone hole; and
• the almost instantaneous and enormous extinction of species, the rapid depletion of the
biodiversity largely responsible for planetary and
ecosystem equilibrium.
We have learned to think in terms of planetary pathologies—and planetary medicine (Chapter 35-3).
But we ignored the oceans and oceanography—
three quarters of the surface area of the planet. And
we didn’t get a chance to meet one of my heroes,
Jacques Cousteau (Figure 40-9), who almost singlehandedly brought the oceans and their massive

pollution to the world’s attention. Cousteau died
in June, 1997. He was 87 years old and was writing
and working to the very end!
The last five chapters, the five that tie closely to
you and your everyday world, are the most important, but there is so much more (Figure 40-10). I
wanted to have a chapter on housing, including our
epidemic of massive, personal homes which occupy
enormous space and use vast amounts of energy for
their heating and operation. Our head in the sand
attitude of building homes on earthquake faults, on
unstable ground, on mudslide and avalanche pathways should also have been addressed.
We should have covered solid waste, recycling,
and the environmental and economic aspects of our
consumption-oriented, throw-away oriented, instant
gratification and convenience-oriented society. We
could have spent, time on land use planning and on
public land issues, including Utah’s wilderness controversy. Should we protect 10% of the state by
tithing it as wilderness—for those yet unborn—and
to maintain some biodiversity?
We should have covered water, because water,
like gasoline, is so cheap that most people waste it—
most could get comfortably by with much less. Water
is not only a problem in Utah and the southwest,
but is looming as a major international problem (Figure 40-11), one likely to trigger international
conflicts and wars. We need to understand it.
We could have done much more with medicine
and health. Bioengineering is one of my fields, and
it would have been fun to involve my colleagues in

Figure 40-11 A taste of
water politics (from The
Economist, Dec. 23, 1995).
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a program or two on the application of technology
to medicine and health care. Perhaps the next book...

Heroes and Heroines

I think it is very important to have heroes and heroines. You’ve met some of mine:
• Carl Sagan, who created the award-winning and
remarkable Cosmos television series and tried to
interest and involve all of us in science and in responsible citizenship. Sagan died in December,
1996 of bone cancer. His last book is Billions and
Billions (Figure 40-12), published in June, 1997.
• Richard Feynman (Figure 40-13), the fascinating,
charismatic, practical physicist who revolutionized
the teaching of physics and our understanding of
electrons and photons;
• Lynn Margulis (Figure 40-14), the biology heretic
whose persistence finally paid off in a totally new
view of evolution and a major restructuring of
the science of biology;
• Edward Wilson (Figure 40-15), who brought the
importance of biodiversity and the startling realization of massive bio-extinction to our attention;
• Rachel Carson, whose unique writing (Figure
40-16) and scientific research skills founded our
nation’s environmental awareness;
• James Lovelock, the planetary pathologist (Figure
40-17), whose Gaia Model has enhanced our study
and appreciation of the home planet and has led
us to question, for the first time in our recent history, man’s egocentric consumption of the rest of
the natural world;
• Susan Greenfield the brain/epicenter/consciousness
lady—and her husband, Peter Atkins, with whom
we explored the Periodic Kingdom and its chemical reactions;
• Christian de Duve (Figure 40-18), who taught us
Bioenergetics and pre-biotic Chemistry; and
• Philip Morrison (Figure 40-19), whom you did not
meet, but whose ideas and inspiration are in many
of the programs you’ve seen. Get to know his
book and videos: The Ring of Truth, subtitled How
Do We Know That We Know (Figure 40-20) and
his recent book, Nothing is too Wonderful to be True;
• and, of course, Leonardo da Vinci, whom you also
didn’t meet (Figure 40-21)—that wonderful 500year-old artist/scientist/engineer/inventor who
continues to amaze and inspire us.

Figure 40-12
Sagan’s last book,
Billions and Billions:
Thoughts on Life and
Death at the Brink of
the Millenium. I know
Carl would have
approved showing the
cover to you, but
copyright lawyers
didn’t!

Figure 40-13
Richard Feynman, again,
enjoying the Newtonian
world.

Figure 40-14
Lynn Margulis. Thanks,
Lynn, for your insight,
commitment, and
persistence.

Figure 40-15
Edward Wilson.
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“Of all the prizes that come from surviving more than fifty years, the best is
the freedom to be eccentric. What a
joy to be able to explore the physical
and mental bounds of existence in
safety and comfort, without bothering
whether I look or sound foolish. The
young usually find the constraints of
convention too heavy to escape...The
middle-aged have not time to spare
from the conservative business of living. Only the old can happily make fools
of themselves.”

Figure 40-16
Rachel Carson’s earthsaving book, Silent
Spring (cartoon of
cover). Please do read it.

Figure 40-18
Christian de Duve, author
of the remarkable Vital
Dust.

—James Lovelock
Figure 40-17 James Lovelock is Earth’s first practicing
planetary physician. This is one part of his successful
philosophy.

Figure 40-21 Leonardo’s self-portrait.

Figure 40-19
Philip Morrison’s wonderful book is titled Nothing
is Too Wonderful to Be
True.

Figure 40-20
One of Morrison’s other
creations, The Ring of
Truth: How Do We
Know That We Know?,
was also a Nova/PBS
series—watch and read!
(Sketch of book cover.)
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Figure 40-22 Even responsible, elected officials can talk scientific nonsense (From Salt Lake Tribune, Jan. 20, 1996).

There are many more great scientists and artists—
hopefully you’ll meet them in other books.
But now to the most important part of this book:
these last few pages.

Citizen Responsibility and Garbage
Detection
We live in a democracy. You are probably a citizen,
empowered with the right and the responsibility to
vote and to make decisions. You vote directly on
issues on various local and state ballots, and you vote
for candidates who will represent you. Only about
half of us vote. When we do vote, many of us are
highly uninformed as to the issues, and even the candidates. Our founding fathers understood that a
functioning, effective democracy requires informed,
educated voters. If we are not informed, we do not
have a democracy—we have some other form of
government.
Our society, our lives, involve science and technology. Our elected officials, and indeed all citizens,
must have some basic understanding of that science
and technology. Most of your elected officials—
commissioners, legislators, council men and women,

congress men and women—know very little science.
They must know more. They must want to learn
more. There are politicians and government officials who simply cannot add. They do not realize
that numbers mean something, that numbers are not
infinitely elastic or malleable or distortable. Many
of these folks simply do not know that there are
objective, informed ways to analyze and consider
problems, and to come to decisions.
You must insist on competent, informed, and
objective analysis of the issues, of all issues, at every
level of government. You must inform your classmates, your family, your neighbors and friends, and
encourage them to become informed and involved.
You must become your society’s garbage detector.
There is so much being said, being written, and being represented in our society that is simply incorrect
(Figure 40-22).
You have the skills and background to detect crap
(Figure 40-23) in letters, “news” stories, and ads. You
know it when you see it. You know it when you
hear it, and you know it when you smell it. If you
sense something is incorrect and misleading, that you
are being lied to—it is your duty to expose it. Oth-
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Figure 40-23 Ads are often a great source of totally
misleading and incorrect “information.” Be skeptical.
(Ad in Salt Lake Tribune.)

erwise you become an accomplice and must share
in the guilt.
When you tune into a talk show and you hear
people talking garbage, call in to straighten them out.
Educate them. When you see something in the
newspaper that is obviously incorrect or misleading, don’t let them get away with it. Send off a quick
letter to the editor (Figure 40-24). You simply cannot delegate these responsibilities to others.

Figure 40-24 A reasonable and responsible letter to
the editor, exposing grossly incorrect statements made
by the elected public official in Figure 40-22 (Salt Lake
Tribune).

The people cannot—must not—govern by emotion, astrology, hearsay, or fantasy. They must be
aware, informed, involved, and concerned. Involve
your family, involve your neighbors, involve others.

The Tolerance Window
And while we’re talking about people interactions and
involvement, let’s deal with one final semi-technical
concept. The tolerance window is the range of natural
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conditions which we can readily tolerate. In the case
of temperature, it’s 55° to 85° F, more or less.
Humans are very environmentally tolerant and
adaptive organisms. We are one of the few organisms on the planet which can live and even prosper
in practically any habitat, any niche, on Earth. We
can even live for short times in space. We can live
under the oceans. We can live almost anywhere, because of our ability to develop tools and technologies
which allow us to adapt to our environments. Even
without tools or technology we can exist in a wide
range of environments—ranging from highly arid to
highly humid, from hot to cold. We know how to
bundle up when we’re cold, and we know how to
get rid of our clothes and cool off when it’s very hot.
But with the advent of technology and essentially unlimited access to energy has come an
intolerance for “non-optimum environments.” For
example, many professionals insist on conducting
their business and interactions wearing jackets and
neckties, the uniform of our professional world. In
order to be comfortable in those buttoned up shirts
and those jackets, the room temperature has to be
65° to 68°F—even when it might be 90° or 100°
outside. So our major hotels, convention centers, and
offices are overcooled in summer months, transforming energy—making entropy.
The opposite occurs in winter. It may be freezing outside, but for some reason we tend to
overcompensate in winter. Rather than having the
thermostat set at 65° and wearing long sleeved shirts
or blouses and jackets, many of us, particularly in
the home environment, want to go around dressed
lightly, so our winter thermostat is set for 75°, or
even higher, when it’s freezing outside. More energy—more entropy. We should wear those ties and
jackets in the winter, and take them off in the
summer.
The “Tolerance Window” is not only related to
heating or cooling, it relates to many other attributes
of our society: our toast has to be just right, the
temperature of our drink has to be just perfect, the
car’s internal temperature has to perfect (thus the
boom in auto air conditioners). We cannot tolerate
any form of discomfort, so we have adapted, customized, conditioned, modified our environment.
It’s as if we’ve spent the last several decades building
a cocoon to isolate ourselves from the natural world

Figure 40-25 We have the highest divorce rate in the
world. Why? (Salt Lake Tribune, March 17, 1996)

and, in many cases to isolate ourselves from other
organisms in their own personal cocoons.
We are adaptive organisms. We can tolerate a little
discomfort. In fact, with just a little adaptation and
experience, it becomes no discomfort at all. We can
put on an extra jacket or take off an extra layer of
clothes. Do we really need to have everything so
perfect, so comfortable, so unconnected?
The Tolerance Window applies to interpersonal
relationships. We have a growing intolerance to each
other—a good example is our very high divorce rate
(Figure 40-25). We are becoming incapable of accommodating. Perhaps if we would tolerate more
physical discomfort, we could be more accommodating in adapting to psychological and social
discomfort. It is interesting that in some religions
personal discomfort or suffering is considered a positive attribute. A good example is fasting in several
of the Judeo-Christian faiths.
Clearly the ability to tolerate discomfort in some
spheres translates to the toleration of discomfort in
other spheres, thereby making us far more accommodating and adaptable. Maybe it would be
healthier for our society if our artificial environments
were not so comfortable, were not so perfect.

Where To?

So, where do we go from here? There’s so much more
to learn and to do. I hope you’ve become interested in one or more of the topics we’ve covered.
Read some good books on it. Watch good televi-
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sion programs and good videos. There are wonderful science, art, and humanities videos available for
rental and purchase. For example, you can buy, check
out, or rent the entire Cosmos video series and many
other comprehensive series. Get together with
friends and family for a science video night. Watch
the wonderful science and nature programs on our
public educational television stations. Take additional
courses at the University. There are wonderful sets
of liberal education courses that deal with the sciences, providing more depth in various areas of
physics, chemistry, biology, the environment, and
other subjects.

Get a complete and comprehensive liberal and
general education. It will not only help you immensely in your job and occupation, but will help
you be an informed, responsible, involved citizen—
and just have a happier, fuller, more creative life.
I hope that your adventure in learning about our
natural world doesn’t end with this book. I hope
you’ve enjoyed the ride and the read. May that ride
continue and accelerate so you become more involved in our natural world and participate in solving
its problems—and in making it an even better place.
Thanks for reading and doing.
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HOMEWORK
1

Call in to a talk show about an issue in which you are interested and can make some
helpful input. Don’t just criticize or complain, rather, suggest a solution or a creative,
useful approach to the problem. Write about what you called in about, when and where,
and summarize the response.

2

The next time you want to buy a gift for someone’s birthday or for Christmas, consider
something that will enhance and expand their personal education or creativity, such as a
popular science book, a kit of some kind, a rental of a science-related movie (Microcosmos,
Contact, Lorenzo’s Oil, Apollo 13, etc.), a PBS-type science video (see Bibliography). If
they’re hesitant, hold their hand and show them that this stuff is interesting, and that
they’ll enjoy it. Do them a favor!

EXPERIMENTS
1

Experiment with your personal tolerance windows. Can you lower your thermostat a few
degrees, especially while in bed?

2

Want to keep doing experiments? Well, in addition to a Labless Lab and all the components in it, there are literally dozens of kits at science shops, stores like Radio Shack, and
children’s shops. Companies like Edmund Scientific have free catalogs with hundreds of
kits and thousands of components for experiments. Indulge! Explore! Enjoy!
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Life Sense: Our Lives Through Animal Eyes, BBC Video, PBS Video.
Lorenzo’s Oil, a film available from video rental shops.
Magic School Bus (see public T.V. listings)
Mechanical Universe–and Beyond, 13 hrs on seven tapes, PBS Home Video.
Microcosmos, a film available from video rental shops.
Mind, nine one-hour tapes, PBS Home Video.
Mindwalk, a film available from video rental shops.
Mysteries of Deep Space, three one-hour tapes, PBS Home Video.
Planet of Life, Discovery Channel Videos, four tapes, 350 minutes.
Super Senses, PBS Home Video.
The Right Stuff, a film available from video rental shops.
PBS Home Video
1320 Braddock Place
Alexandria,VA 22314-1698
(800) 645-4PBS

Discovery Channel Videos
P.O. Box 788
Florence, KY 41022-0788
(800) 938-0333

Audio

*Lehrer, T. An Evening Wasted With Tom Lehrer, CD.

The World Wide Web (WWW)
Check out science centers and museums on the World Wide Web. The best place to start is with the
Association of Science and Technology Centers (ASTC) at www.astc.org. Click on Science Center Travel
Guide and click List of Member Web Sites. You can then travel to science museums and centers all over the
world! Although a web-based virtual reality tour is useful, it’s no substitute for the real thing. Visit science
centers regularly!
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Welcome!

Welcome to Science Without Walls: Science in Your
World—and to its unique Labless Laboratory. The
Labless Lab is a way to do, to participate in science,
and is a key part of the Science Without Walls course
and textbook. You do science, you experience science, every minute of every day. Science is your
natural world. It cannot be experienced from text
books or even good television programs. Science is
not a spectator activity; it is not a spectator sport.
Science is an action word. To fully appreciate, understand, and apply science, one has to do it. That is
what this Labless Lab is all about.
Typical university lecture-only courses are often
criticized on the grounds that students taking them
do not have the opportunity to do, to participate.
That is why education is often said to be “academic,”
and it is why students often say the things they learn
in school are not connected to the “real world.” Science is that real world; night and day, up and down,
hard and soft, cold and hot, breaking and spilling. It
is experiments working and not working. It is even
some times getting hurt. We do not, cannot, operate in a solely spectator or virtual world.
The materials prepared for Science Without
Walls have been selected and produced with the utmost care. But they are only a part of what you
need. The remaining key part is actually doing experiments in that real world. This Labless Lab will
help you to do just that.
In order to effectively survive, function and enjoy life in the real world, one needs to know its rules,
its boundaries, its constraints, its possibilities—that
is the realm of science. Learning the rules is physics,
the matter or stuff is chemistry, and the life of our
natural world is biology. You cannot live, you cannot exist, in the real world without doing science.
Science is everyday life. Once you know the rules,
once you learn how to solve problems and deal with
situations, that everyday life will be far more interesting, far more complete, and more satisfying.

Experiments
A wide range and variety of experiments and other
observations are described and assigned in this Science Without Walls textbook, covering all major
areas of science.

A number of the experiments and activities relate directly to the Science Without Walls videos.
If you do not have access to those videos, you can
arrange to borrow them through the Correspondence Study Office of the Division of Continuing
Education at the University of Utah:
Division of Continuing Education
University of Utah
2197B ANNEX
Salt Lake City, UT 84112
(801) 581-5752
Videos are also available for viewing at the University of Utah Marriott Library.
The materials in the kit will help you do the
laboratory and homework assignments described in
this book.

Safety
The real world can be unsafe. Life is inherently risky.
You must do all you can to ensure that your scientific experiments and observations are as safe as they
can possibly be. The experiments and activities in
this lab have been chosen and developed to be extremely safe, but you must always be cautious. You must
always use your common sense. You must always think
through and try to predict not only what may go
right, but everything that might conceivably go
wrong. You could get burned with the candle in this
kit. You could start fires with the candle in this kit.
You can scratch yourself, cut yourself, accidentally
get things in your eyes and ears and mouth. These
comments may seem pretty infantile, but you have
to understand that we are living in a society where
many individuals refuse to accept responsibility for
their own actions and activities. Indeed, that is one
of the major lessons and one of the major concepts
developed in Science Without Walls (see Chapter
37): the real world is often not fully predictable and
is sometimes even a bit risky.
Read and process the instructions in the kit. Do
the text readings. Ask questions of the instructor
and/or TA’s if you need more information or help.
Do your experiments in a safe appropriate place. Always
have someone with you, nearby, to help. There’s a
set of Safety Glasses in the kit—use them always.
Be safe, be careful, be sensible, and be reasonable.
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Component Descriptions & Instructions

Agar
The bag of agar is to make a salty agar gel, with a
nail and pH detector in it, so you can easily observe
the corrosion of iron. The specific instructions are
in the textbook. Agar gels are also used by microbiolog ists to culture bacter ia for study and
identification. The instructions on the package refer to bacteria culture.
Balloons
Lots of possibilities here: static charge, pressure, action-reaction, microwave heating, etc.
Bin or Box
This is just the box your kit came in—a useful container to keep things in, minimizing entropy.
Candle (you provide the matches)
A lighted candle is a great way to view and study
oxidation. Be careful; wear your safty glasses. The candle
should be in a safe place before you light it, like in
the middle of a sink. Be sure that nothing flammable is close to it. Observe, as in the video, the
process of lighting it, the wicking process, the actual
flame, the light it produces, convection, etc.
Clothes Hanger Balance Weights (paper clips and washer)
Mass is one of the fundamental quantities. All labs
have balances with which to measure mass and/or
weight. Balances can cost anywhere from several
hundred to many thousands of dollars!

Here’s a poor man’s balance: Take a clothes or
coat hanger (you provide it!)—preferably a light
metal one, as light and as symmetrical as possible.
The best is a pants hanger without a metal base (if
there is a cardboard rod, it should be discarded). If
you do not have one, try a local dry cleaner or a
neighbor! You could also cut the bottom off a standard metal hanger.
Be sure the two ends of the hanger are symmetrical. Take pliers and bend the ends as shown; this is
so you can easily hang weights on it (see the graphic
below). Now take a very smooth round cylinder,
like a metal or smooth plastic chopstick, a ballpoint
pen, etc., and mount it horizontally over the edge
of a table or desk. Hold it down on the table with
tape or a pile of books. Let the free end extend several inches beyond the table. Now suspend your
clothes hanger balance on the cantilevered rod.
Don’t put the hook portion on the rod. You’ll see
that it balances very sensitively. Your balance will
probably be a bit lopsided. So, you have to balance
it. That’s why balances are called…balances. You
have a set of paper clip weights and a large metal
washer. The washer weighs about 9.4 grams and the
clips weigh 2.8, 1.2 and 0.4 grams (roughly!). Try
to balance your balance using one or two of the
smallest paper clip weights.
You know how to string paper clips together if
you need to. Now that you have a balanced balance, let’s assume the weight of your washer is exactly
9.4 grams. Put it on one end of the balance. Wow—

tape (or books)

cantilevered rod

paper clip weights
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pretty lopsided! Now add large clips on the other
side until it balances again. If you do this carefullyand cleverly-you not only re-balance the balance,
but you measure the weight of your paper clips! So,
determine the average weight of each of your three
types of clips and see how your result matches with
the values given above. There—you are now the
proud owner of a calibrated, sensitive balance.

Be sure to pick up and put away all iron filings. If
loose, they can mess up electronic devices, including computers and their disc drives!

Deck of Cards—Periodic Table
This is your full deck (better than Mendeleev!) of
element cards. See the instructions for the Periodic
Table card game. Enjoy! There’s also a complete, informative Periodic Table. Study and use it often!

Optics Discovery Kit and Instructions
This is VHS tape box full of optical goodies. It was
designed for a junior high school audience. Your
job is to use the experiments described and the components of the kit at a more adult university level-that
means more objective, quantitative, and precise observations, more complete hypotheses, etc. There are
two clothes pins in this Labless Lab kit to use as
clamps to help you with the optics experiment.
Read the instruction cards carefully. Good luck!

Food Coloring
Just a small amount for a few experiments described
in the text. Careful, it can stain and make a mess!
Gold!
This is a tiny piece of nearly pure gold. Such gold
leaf is used by artists for signs, highlighting, and art
work. You’ll find some in Abravanel Hall (Symphony
Hall) in Salt Lake City. Gold leaf is very delicate
and fragile-treat it with care! Try to imagine cutting
it so fine that you could produce individual atoms
of gold.
Iron Filings—see magnets.
Lab Book
The memo pad in your kit is your private, personal
lab notebook. You can get, and use, a fancier one if
you like. Put your name and address in it. Date and
sign each entry. Scientists are constantly observing,
seeing, hearing, smelling, touching (really)! You
should do likewise. Record your observations and
questions-daily-or even more often!
Magnets
You have two simple magnets and a tiny plastic bag
of iron filings. Magnets are pretty obvious. Keep
the filings and the magnets apart except when you’re
doing experiments with them. When you go to use
the iron filings to visualize magnetic fields, pour the
filings into one of your dry Petri dishes, then bring
the one or two magnets up below the dish and
watch! Instant mapping of magnetic lines of force!

Nails
You have three conventional soft steel nails (they’re
shiny and mainly iron). They will be used in some
corrosion experiments.

Paper Towel
For contact angle and capillarity experiments
Periodic Table
There is a full page, laminated periodic table in this
kit. There’s a lot of information on it. Get to know
it well!
Petri Dishes
The Petri dishes are for your convenience. They’re
versatile flat containers with excellent optical proper ties. Use them for your iron and magnet
experiments, for your plant in water photosynthesis
experiments, and for your Resurrection™ Sand experiments! When you “grow” your Resurrection
Sand, be sure the lid is on loosely to allow air circulation.
pH Paper
You have six pH paper test strips. You can “multiply” your strips by cutting then length wise into two
or three smaller strips. Each strip has four colored
areas at the bottom. Hold the strip in the white area
(the top). Dip the colored areas (the bottom) into
the liquid you want to measure. Remove the paper,
wait ten seconds, and observe the four colors. The
pH is given by the table on the next page.
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pH

Colored Zones
Top

Top Center

Bottom Center

Bottom

3

gold

orange

gold

brownish purple

4

gold

orange

gold

dark gold

5

gold

orange

light green

yellow

6

gold

orange

olive green

yellow

7

gold

orange

dark green

yellow

8

gold

orange

greenish blue

yellow

9

gold

red orange

blue

yellow

10

gold

light rust

blue

yellow

11

dark gold

rust

blue

yellow

12

light brown

dark rust

blue

yellow

Discard the strip after you read it.You can buy other
strips or pH test paper at a tropical fish, hot tub or
spa, or science supplies shop. The color code may
be different than the one described above.
Phenolphthalein
This solution is a base indicator. Put a drop in liquid which is slightly basic or alkaline and it turns
reddish. You’ll use this in a nail corrosion experiment and for some pH experiments. The solution
is roughly 1% phenolphthalein in rubbing alcohol.
Note the cautions on the bottle.
Pipette and Syringe
Pipettes and syringes are devices for delivering precise volumes. Your pipet holds 3.0 ml—it is
calibrated. Practice filling it with water. Press on
the bulb to expel the air. With the bulb continually
pressed, insert the pipet tip in a container of water,
now release the bulb. The partial vacuum in the bulb
draws (sucks) water into the body of the pipet. Now
take it out of the water. You can now deliver a tiny
or larger volume by simply pressing the bulb again.
Try to deliver a single drop—just touch the drop
onto something and it will easily detach. Practice
with your pipet!
Ditto with your syringe. It’s basically the same,
but it’s easier to draw a precise volume of water into
the syringe. Your syringe holds about 10 cc and is
calibrated in 1 cc units. You can draw in and deliver out in a more controlled and uniform way than
you can with a pipet. With a syringe you can also
produce partial vacuums and fairly high pressures.
Practice with them!

Resurrection™ Sand
This sand/soil is probably from a dry wash in the
Southwest. It may be very dry, but it is not dead.
The experiment in the text will have you put your
sand in the Petri dishes, fill each Petri dish about
half full with spring water (not with tap water, nor
with distilled or purified water)—the kind you buy
as high quality drinking water. Then put the top
on the Petri dish, loosely, to allow air circulation.
Leave it on a counter at room temperature and normal room light. In a few days to a week or two you
may see critters swimming and floating around
They’ve literally resurrected from a dehydrated, dormant state—just as they do all the time throughout
the Southwest. Isn’t biology fascinating?! If you don’t
see any, don’t worry. You just had the bad luck of
getting some sand without dehydrated critters or
eggs. Sorry! But then do try the same experiment
with other dry soil or sand. Life is everywhere!
Safety Glasses
These plastic safety glasses must be used. Put them
on. Use them for all experiments and observations.
Keep them clean and nearby (preferably on your nose
and head).
Tape Measure
This is a cm and inch measure—mainly to help you
develop some metric neural wiring—and a good feel
for both metric (cm) and English (inch) units. So,
as the ads say, Just Do It!
Test Tubes/Holder
There are six plastic test tubes. The tubes have milliliter markings on the side so they can serve for
metric volume measurements. Test tubes are unstable-so you need a test tube rack. The cheapest is
a box with a hole in it just slightly smaller than the
tube cross-section. You can
use a facial tissue box or a thin
shoe box. Make a hole in the
corner. Now place the
tube vertically in the
hole. There—a poor
person’s test tube
rack! You can make
holes for each of your
test tubes.
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Thermometer
Pretty obvious! To measure temperature.
Urine Glucose Paper
The dipstick for glucose urine analysis is expensive.
So you only have one—and can use it just once. It’s
about three inches long with a blue pad on one end.
Hold it opposite the blue pad, where it says “AMES”.
Dip the blue end into your fresh urine. You’ll need
to pee into a clean disposable paper or plastic cup,
and then dip the dipstick in and immediately remove it. Guys can simply put it in a urine stream in
mid-air! Remove any excess urine and, 30 seconds
after initial contact, read the color; if it’s blue, your
urine sugar (glucose) level is less than 1/10% (less
than 100 mg/100 ml). If it’s dark brown, you probably have a high urine sugar level and should have a
more accurate and careful test. See your physician
or health care provider.

Attachments
•
•
•
•

List of Consumables
Materials You Need to Provide
Space-Time Slide Rule
Periodic Table Card Game Instructions (the cards
are in the kit)

List of Consumables
•
•
•
•

pH paper
urine dipstick
paper towel
Resurrection™ Sand

• lab book
• agar
• nails

Stuff you need to provide to do the
experiments in the textbook
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

audio CD
microwave oven
baking soda (sodium bicarbonate)
paper towels
calculator
10 pennies and a plastic cup
Clorox or other wash bleach
orange juice
coat hanger and rod or support
potato or radish
comb (plastic)
radio
cooking oil
refrigerator-freezer (ice)
cutting board and knife (careful!)
spring water (bottled drinking water)
dish detergent
5 styrofoam drink cups (small)
flashlight/batteries
tape
large metal spoon (funny mirror)
TV/VCR
living house plant
vinegar
matches

Table of Contents

Index
A

A Nation at Risk, 52
Absorption, 44, 45, 352
AC, 141, 146–149
Acceleration, 107ff, 117, 407ff
due to gravity, 111
Accommodation, 47
Acids, 184, 228ff, 248, 258, 332
Ackerman, Diane, 15, 17, 268
Actin, 336ff
Action/reaction, 117, 216
Activation energy, 234ff, 259, 265, 320,
338, 342, 409
Adams, Ansel, 445
Adams apple, 362
Adaptation
senses, 17, 450
Addiction, 256
Adventure, 425, 459
Advertisements, 421ff
Aerobic, 308ff, 338ff
Agar, 208–209, App.
Ages of history, 181
AIDS, 432ff
Airbags, 130, 263–265
Air conditioning, 407, 458
Air pollution, 408ff, 444
Alchemy, 234ff
Alcohols, 227ff
Aliens, 384, 393
Alkaline, 229ff
Alloys, 182ff
Alpha helix, 337
Alpha rays, 213
Alphabet, 364
Alternating current (AC), 141, 146–
149
Alzheimer’s disease, 443
Amide bond, 245, 332ff
Amine group, 246, 332
Amino acids, 294ff, 332ff, 342
Ampere (Amp), 148–149
Amphibians, 270
Amplitude, 158–161
AM radio, 160
AMU, 193
Anaerobic, 308ff, 323, 338ff
Angstrom, 166
Anhydrobiosis, 278

Animals, 181, 268ff, 279ff, 311ff, 361
Anions, 198–199, 229
Antacids, 231
Antartica, 392, 394
Antibiotics, 308ff, 432ff
Antibodies, 433
Antigravity, 236
Ants, 64, 280
Aquarium, 230-236
Aqueous solutions, 224ff
Archeology, brain, 372
Area, 408–409
Aristotle, 104, 180
Arithmetic, 26, 29
Arrhenius, S., 188, 224
Art, 2–5, 185, 442ff, 450
Arthropods, 271, 333
Artistic method, 5
Asexual, 313
Assessment, risk, 424ff
Association areas, brain, 361
Astrology, 457
Astronaut, 112–113, 425
Astronomy, 97, 99, 451
Atkins, Peter, 198ff, 207, 237, 279, 454
Atmosphere 84–85, 111, 318, 324,
385ff, 402
Atomic force microscope, 166
Atomic mass, 188
Atomic mass unit, 193
Atomic number, 188
Atoms, 71, 118, 147, 166ff
ATP, 318ff, 330ff, 355, 447
Attention, 378
Attention deficit disorder, 378
Attitude, 431
Auditory cells, 348ff
Audubon, John James, 445
Aura, 56, 345, 355
Australia, 86, 274, 392
Automobile, 54, 120, 123, 126–134,
234, 257ff, 265, 342, 390, 397, 406ff,
436, 458
Avogadro’s number, 192–193
Axon, 347ff, 373ff

B

Babies, 270, 361ff
as scientists, 14, 92

Bach, 162
Backbone, 270ff
Bacteria, 273ff, 280ff, 292ff, 306ff, 331,
367, 420, 432ff
Balance
weight, 35
equilibrium, 71, 452
Balloons, 120, 136, 147, 265
Bankruptcy, 419
Base, 228ff, 294ff, 319ff
Basic sciences, 15
Basic units, 30
Bathrooms, 250
Battery, 140–142, 149, 320
Bell curve, 236, 261, 423
Behavioral sciences, 4
Beta rays, 213
Betting, 418ff
Big Bang, 26, 213, 283, 292
Binoculars, 44
Bicycle, 412
Biochip, 321ff, 331, 349ff, 373
Biodiversity, 278ff, 313, 453
Bioenergetics, 318ff, 329ff, 341, 454
Bioengineering, 453
Biofeedback, 355
Bioluminescence, 366–367
Biomass, 329ff
Bird, 270, 340, 356
Birthdays, 152, 460
Black, 44, 45
Black body, 168
Black holes, 77
Black light, 156, 167
Blind, 22, 352ff
Blind spot, 350
Blocks, 83
Blood, 97, 326, 340
Body languague, 362ff
Boeing, 57
Boiling, 120
Bonding, 201ff
Bone, 201, 333
Braille, 365
Brain, 16, 346ff, 360ff, 372ff, 447
Breast, 435ff
cancer, 435ff
augmentation, 436ff
Brittle, 244
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Bronowski, Jacob, 443
Bronze age, 181
Brownian motion, 124
Bullets, 130, 256ff
Bumper stickers, 402
Burning, 85, 180, 324, 398–399
Bus transport, 410–412

C

Calculators, 32, 62
Caldwell, Karin, 224
Calendars, 97
Calorie, 326
Calvin and Hobbes, 445
Calvin cycle, 331
Cambrian explosion, 283
Camera, 18, 349, 393
Cancer, 86, 435ff
Candle, 235ff, 393
Capillarity, 236, 241, 247
Carbohydrate, 319ff, 331
Carbon cycle, 399
Carbonyl group, 246
Carboxyl group, 332
Carnivores, 269
Carson, Rachel, 444ff, 454
Cartilage, 362–363
Cartoonists, 445
Casio, 32
Catalysts, 319, 332, 342, 409
Catastrophes, 422
Cathode rays, 147, 188
Catholic, 314
Cations, 198–199, 229
CD, audio, 176
Celestial motion, 98
Cells, 296ff
Cellulose, 258, 331ff
Cellulose nitrate, 259
Center of gravity, 406
Centripetal force, 112
Ceramics, 181, 201
Cerebral cortex, 372ff
Cerebrum, 372ff
CFU, 307
Change, 53, 70ff, 87
Chaos, 451
Charges, electrical, 136ff, 146ff
Chemicals, 229ff, 251ff, 367
Chi, 447
Chimpanzee, 360
Chinese, 364, 414, 447
Chitin, 333ff
Chloride, 225ff
Chlorophyls, 323ff
Chloroplast, 311, 323, 349
Choke, 362

Chordata, 306
Christmas, 152, 460
Chromosomes, 293
Cilia, 310, 349, 353–354
Circadian rythym, 369
Circuit, 150, 160
Citizens, 87
Clock, biological, 369
Clothing, 184
Coca-Cola, 227
Cochlea, 353
Coffee, 247
Cold fusion, 7–8, 10
Collagen, 333ff
Colony forming unit, 307
Color
in art, 3
in optics, 168
primary, 168, 352–356
Comb, hair, 159
Combustion, 85, 180, 234ff, 311ff, 326,
389, 398–399
Commitment, 443
Common sense, 74, 83, 263
Communication, 359ff
Compass, 138, 142
Complexity, 451
Composition in art, 3
Compounds, 201
Computer graphics, 447
Computer models, 56
Computer science, 446
Concave lenses, 45–47
Concentration, 228–229, 377ff
Concepts, basic, 53ff, 450
Conductor, 137, 142, 149, 212, 250,
322
Cones, in vision, 347ff
Conformation, 336–337
Connective tissue, 335
Consciousness, 372, 447
Conservation laws, 82
of energy, 82, 118, 130, 412
of mass, 82, 118
of momentum, 118
Consonants, 364
Constancy, 53, 70, 87
Constellations, 100
Constructive interference, 157
Contact, the movie/book, 99, 393
Contact lens, 47
Contraction, muscle, 335ff
Convection, 124, 237, 250
Convenience, 408ff
Convex lenses, 45–47
Cooperation, 311ff
Copernicus, 105

Cornea, 18,47
Corpus callosum. 372ff
Corrosion, 186, 208, 321
Cosine wave, 161
Cosmic rays, 161
Coulomb, 148–149, 153
Counting, 26
Coupled processes, 238
Cousins, Norman, 437
Cousteau, Jacques, 452
Covalent bonding, 201ff, 226
Crap, 456
Creativity, 4, 379ff, 442ff
Credit, 319ff
Crick, Francis, 295

Critics, 9

CroMagnon, 361
Crossbridge, muscle, 339
Crosslink, 342
Cryptobiotic soil, 278
Crystals, 212–213, 215, 224, 244
Cubes, 72
Culture, 359ff
Currency, 26-28, 170, 319ff
Current, electrical, 148–149, 225
Cylinders, auto, 257ff, 407
Cytoskeleton, 300

D

Dark adaption, 40, 351, 357
Darwin, Charles, 281–282, 418
Da Vinci, Leonardo, 15, 57, 442ff, 454
DC, 141
DDT, 444
Deaf, 22
Deaths, 262, 281, 360, 409, 418ff
Debt, 419ff
Decimal point, 31
Decisions, 87
DeDuve, Christian, 292ff, 321, 379–
380, 447, 454
Delta Education, App.
Democracy, 87, 456
Dendrite, 347ff, 373ff
Density,199, 227, 386
Deoxyribonucleic acid, 295ff
Depression, 378
Destructive interference, 157
Detector, 16
Detergents, 248–249, 342
Diabetes, 326, 436
Diamond, Jared, 360, 364
Diamonds, 44, 421
Diapers, 247
Dice, 281, 418
Diffraction, 156, 177
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Diffusion, 123, 340, 388
Dinoflagellates, 366
Dinosaurs, 340
Diploid, 312
Dipole, 215
Direct current (DC), 141, 149
Disciplines, 2, 3
Discomfort, 458
Disease, 430ff
Disorder, 53, 82, 87, 237
Distance, 30
Distillation, 182
Distribution curve, 236, 261, 423
Diversity, 87, 278ff, 453
Division cell, 312ff
Divorce, 458
DNA, 281ff, 293ff, 333, 433
Dolphins, 360
Double helix, 293
Doubling time, 307ff, 314
Driving, 130–132, 413–414
Drug resistance, 432ff
Drugs, 262, 451
Drum, 40, 157
Dye, 123, 230

E

Eames, R., 60
Ear, 156, 349ff
Earth, 54, 132, 138, 180, 240, 280, 292,
383ff, 396ff
Earth science, 3, 4
Earthquakes, 8, 422, 453
ECG, 354–355
Economics, 406ff, 420
Ecosystem, 268ff, 308, 398, 434, 453
Edison, Thomas, 38
EEG, 355, 381
Effector cells, 347ff
Efficiency, 82, 119, 410
Egg, 270, 293, 302
Einstein, Albert, 53, 56, 74, 92, 168,
174, 214, 442
Eisenberg, David, 447
Elastin, 333
Electric field, 139, 151, 159, 225, 354–
355
Electric organs, 355
Electricity, 82, 128, 136ff, 146ff, 212,
239, 410
Electrocardiogram, 354–355
Electrochemistry, 452
Electrodes, 141, 156ff, 354
Electroencephalogram, 355
Electrolysis, 185
Electromagnetic spectrum, 39, 385ff
Electromagnetic wave, 140, 250, 352

Electromyogram, 355
Electron beams, 147
Electron orbits, 170ff, 189, 201
Electron spin, 151, 201, 161
Electron transfer, 323
Electron volt, 199
Electrons, 73–74, 82, 136ff, 147ff,
156ff, 166ff, 321ff, 330ff
Electroreceptors, 355
Electroscope, 137
Elements, 73, 76, 168, 180ff, 194
Elevator, falling, 112
Embryo, 293
EMG, 355
Emission spectra, 168, 173
Empowerment, 437ff, 456ff
Endangered species, 275
Endosymbiosis, 283
Energy, 53, 80ff, 87, 119, 127, 129, 308,
318ff, 325, 402, 436ff, 447, 458
Engineering, 3, 4
English units, 29–30
Entanglement, 244, 252
Entropy, 82ff, 119ff, 129ff, 224ff, 237ff,
318, 346, 355, 403, 458
Environmental Protection Agency, 444
Environmental science, 3, 4, 412, 433,
444–445, 454
Enzyme, 238, 296, 319ff, 330ff, 342
Epicenters, 376ff, 443
Epidemics, 432ff
Equilibrium, 71, 229, 402, 453
Equity, 420
Eratosthenes, 100
ETI, 384ff
Eukaryote, 273ff, 279ff
Europe, 29, 30, 413
Evans, David, 446
Evaporation, 120, 217
Evolution, 87, 274ff, 278ff, 325, 418,
454
Excellence, 52, 442ff
Excited states, 235, 250, 323, 330ff
Exercise, 430
Exoskeleton, 271, 333
Exothermic, 237
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