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Applying “Intelligent” Materials to Materials Education

R. J. SCHEER
Protein Solutions, lnc., 350 West 800 North, Suite 218, Salr Lake Ciry, UT 84103

J. D. ANDRADE*
University of Utah, 2480 MEB, Salt Lake Ciry, UT 8i{2

ABSTRACT: A very large number of scicnce and engincering courses taught in colleges and
universities today do not involve [aboratories. Although good instructars incorporate class demaon-
strations, hands-on hemework, and various teaching aids, including computer simulations, the fact
is that students in such courses oflen accept key concepts and experimental results without discover-
ing them for themselves. The only partial solution to this prabicm has been increasing use of class
demonstrations and computer simulations.

We fecl strongly that mzny complex concepts can be obscrved and assimilated through experimen-
tation with property designed materials, We propose the development of materials ard specimens
designed specifically for education purposes.

“Intelligent” and “communicative” materials are ideal for this purpase. Specimens which respond
in an abservable fashion to new environments and situations previded by the student/experimenter
provide a far more cflective materials science and cngincering expericnce than readouts and data
generated by complex and expensive machines, particularly in an introductory course. Modern
materials can be designed 1o literally communicate with the chserver. Although some such malerials
can be obtained fram cormmercial and research sources and are suitable for experiencing and leam-
ing cermin materials phenomena and behavior, there has been no concerted cffort to develop
materials specifically for education application,

We are embarked on a project to develop a series of cxplorations we call the Labless Labs®
wtilizing various degrees and levels of intelligence in materials. It s expected that such Labless
Labs® would be complementary to texibooks and computer sunutations and would be used o
provide & reality [or students in courses and ather learning situations where aceess o a laboratory
is non-cxistent or himited. Our initial project will cemer sround a Labless Lab® for Polymer
Science.

tion, advanced high school chemisuy or physics courses
often include a significant polymer materials component.
There are on the order of 40,000 introductory materials sci-

BACKGROUND AND RATIONALE

NDERGRADUATE students in manyv science and en-
Uginecring courses in the United States have little or no
laboratory experience in such courses. The lablcss science
and engineering course has become a very common feature
in higher education. Although outstanding instructors at-
tempt 10 overcome this deficiency with the use of classroom
demanstrations, discovery-based homework assignments,
class projects, and computer simulations, many instructors
may not have the timc or inclination to utilize these wols,
particularly in relarively large lecture environments, Labs
are also not generally available for correspondence, distance
learning, or TV/video courses. We feel there is a need for
small, inespensive, complerely self contained laboratories
which can supplement existing texibooks.

‘The several hundred undergraduate cngineering programs
in the country nearly all teach a course in materials science,
most with z significant poiymer component, and many of
them teach a separate course in polymer materials. In addi-

“Auihor to whom cerrespondence shuuid be addressed.

JOURNAL OF [NTELLIGENT MATERIAL SYSTEMS AND STRUCTURES. Vol. 6—1 anuary 1995

ence texts sold annually in the U.S. and Canada {1,2]. The
National Science Teachers Association has a high school
supplement text for polymer science which is very popular
with high schoo! teachers throughout the country,

Although many of these texts come with instructions for
experiments and demonstrations, in reality these are rarely
performed due to the difficulty in obtaining the materials in
a timely and inexpensive fashion.

The Exploratorium, an intcractive, hands-on science
museam in San Francisce, and Kluiz Press in Palo Alg,
California, recently teamed up to produce a volume called
The Explorabook, in which a range of hands-on, discovery-
based experimemts were incorporated into a smalbl inexpen-
sive book [3]. The Explorabook is the largest selling
children’s scicnece book in the United States today. In Great
Britain, the Scicnce Museum of Londos teamed up with
Watts Books to publish another popular interactive book
called The Most Amazing Pop-Up Science Book, in which
several hands-on cxpieorations center around basic science :

_ IH3-3R9NA95:00 0013-09 SI000.0
& 1995 Technowie Publishing Co., [ne,
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concepts [4]. These demonstrate the aced for chailenging
scientific materials by the general public. That need is also
present in higher education.

The recenl Praject 2061 report of the Aunicrican Associa-
tion lor the Advancement of Science (AAAS) suates [5]:

For teachers w be able te bring afl students o Lhe level of
undersianding and skill proposed in this report, they will
need a new generation of books and ather nstructional
wols, . . Textbooks and other teaching materials in cue-
TeAL Use are—to pul it siarkly —simpiy not up 1o the job.

Although there has been mujor soul searching and cven
restructuring of education throughout the natien and a
growing cmphasis on hands-on, discovery, experiential uc-
tivities, this renaissance has not vet signiticontly penctrated
higher cdueation. Scicnce and engineering education in
many institutions i still ughly didactic in nawre, relving on
computer simulation and visualizatton to provide an “ex-
permmental” expericnce for students, There are two major
probiems with this approuch:

. Motivation—students know that there s a difference be-
tween virtual reality and reai reality.

2. Swdents otherwise excellently prepared for college and
university work often lack experience in dealing with
simple tools, in working with their hands, and in making
simple conunon sense obscrvations and deductions.

This is due o two major features of vur socicty:

£ There 15 10 need for mujor segments of the sucicty
learn how to use simple wols or w do simple techmcal
manipulations with their hamds. Wo aie o sgrviee
ariented society—neariy evervthing ts done for us. We
have a whole gencration of students, and even many of
thetr parents, who lack simple tol utilization and basic
observational skills.

We have seen and tught university underzraduates
with A — grade point averages whe literatly do not know
the difference between o Philtips head and 2 siot head
screwdriver, or what a ¢croscent wrench is. We have the
same problem in graduate school — particularly with stu-
dents from the Oricnt whuse background is largely

bascd on theory and problem-solving in the ubsence of

hands-on or experimental expericnee.

2. The public cducation sysiem in this country, up untl
very recently, has not emphasized experiential, common
sense, hands-on approaches o situetions and problems,
As indicated carlier, that situation is of course changing
and is changing very rapidly, but the coblege uge genera-
tion that has been through that system needs help.

Anmather important area of education is the ficld of dis-
wace [earning [6-9]. There s groat interest in making our
educational system available inexpensively w a much wider
seginent of society, Through the new national mfornation
infrastruciure there will be o proliferation of courses and
even fufl degree programs availuble via our televisivns and

computer terminals. The Public Broadcasting Service
{PBS) has developed a new program called “Gaing the Dis-
tance” [t will let students complete an assoctate of arts
degree by walching courses on television, and is scheduled
to start the fall of 1994 at 60 colicges served by 22 PBS sta-
tions [6]. Several states, weluding Utah, are strongly com-
mitted o the development of distance learning for sccond-
ary and post-secondary cducation. Governor Mike Leavitt,
Utah. has stated: *[ challenge vou to make education an ac-
tivity that is not bound by buildings, place, or space” We
call this “Educalion and Scicnce without Walls”. Although
there is much that can be done in these arenas with excellent
lecturers and preseaters, with outstanding video segments,
and with computer uctivities and virtual reality simuic: Jos,
thc bottom hinc is the same as discussed briefly o e,
Without actual hands-on, experiential, reed reality cx-
perienee, the topics und concepts presented will never be
fully internalized —will never become “cormunon sense™ -,
the individuals involved, A Labless Lab® approach to such
real reality will Lacilitate such internalization, such experi-
cnee, and such Jearning.

POLYMERIC MATERIALS

Plustic and polymeric materials are ubiguitous in inodern
society. A significant fraction of chemists, phvsicists, and
engineers wark in polymer related industries or utilize
poiviiers o scientitic and engincering activitics. Polymer
matcrials gre umgue becausc of ther macramalecular
mature Large maleeulur weight nwslocules behave, in gen-
eraf, very dillesemly fram low melecular weight molecuics
and molecular or wnme selids, Many of the rules of thumb
leurned in clementary physics and chemistry appear to not
apply in the case of polymeric materials,

Most students come intw polyimer courses with various
cuncepls and preconceptions which fead them to conclude
thal the behavior and properties of polvmers are counter in-
tuitive, [ s theretore important that they fully discover and
abserve the properues and behavior of polymeric malerials
for themselves.

It is appropriate (o begin our Luabless Lab® effort with
polymeric materials because they are readily available for 2
wide variety of appiications and because they exhibit a
range of phenomena which are very easy to observe, experi-
enwe, and discover,

There s considerable interest in cifective peolymer educa-
tion {i0]. The American Chemical Society (ACS) Division
of Chemical Educavon often includes polymer related arti-
cles oty Journa! of Chemical Education [11.12] and in its
sassions at the American Chemical Society annual meet-
tags. The ACS also has a Polymer Education Committee, as
docs the Society of Plastic Enginecrs (SPE). Polymer
education is alsw of mterest to the American Lastitute of
Chewmical Engincers (AICHE) and the Materials Research
Socicty (MRS). There is a Polymer Education Center at the
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University of Wisconsin, Steven’s Point and a3 Poiymer
Education Newsletter [10]. The Instituie for Chemical
Education at the Department of Chemistiry at the University
of Wisconsin, Madison, is also active in providing a varicty
of educational materials for discovery based chemistry und
polymer cducation 13].

Thesc activitics are all helpful and indecd have greatly
stinulated this project. However, the typical nstructar, par-
ticularly in relatively large enrollment classes, often does
not have the tme or the inclination 10 assemble the
matesials, components, and equipment necessary o put to-
gether ar cffective discovery laboratory, particularly if the

class is a lecture only course, which is typical for many in-
troductory material scicnce and polymer seience courses.

“COMMUNICATIVE” MATERIALS

"Comnunicative” materials are those which alter their
propertics or characteristics when subjected to a perturba-
tion by the obscrver. The material's response to the pertur-
bation is readily observed without recourse to any instru-
ments or apparatus. The observer’s own senses are
suflicient. There are, of course, many exampies from com-

Tabfe 1. Major topics in a one quarter {10 weeks) undergraduate course, Intreduction to Polymer Science and
Polymeric Materials (MSE 519, Universily of Utah) [16],

Topic

Key Concepts

Conventional
Matarials/iMethods

Communicative
Materials

Polymer applecations

Macro molecules
Polymerization and

copolymerization
Morpholagy and struciure

Block copolymers

Solubility and solutions

T-t effects
Lross-linking
Additives

Surface properties

Procassing

Adhasives

Electncal fields

Biopolymers
Environmental issues

Wide range of
properties and compositions

High molecular weights,

packing, enlanglement

Properties = f (composilign,
molecular weaight)

Packing, ordenng. melting

Phase separation, incompatibilily

Solutian nteractions
and thermodynamics

7-1 superpositon: efiect of
properies an T and ¢

Nelwarks, elasticily, viscoelasticity
Plasucization

Wetting/surface modihic.

Fiper formation, film melding

Achesranfsuriace properties

Conductviy, ignization, solubihly

Straclural protmns

Cost, energy, soiid waste,
bicdegsadation

Examples from consumer
products and engineering
devices and machines

Indivicual examples
Individual examples

Individual gxamples,
molecular simulation

Blends, diblock-inblock—
copclymers

Individual exampies—-hwy,
polarity, temp.

Specihc examples
Indiviiual examples

PVC.plasticizer—
individual sampies

Individual examples

Thermopiastic, thermoset, T
and progessing

Hi and low anergy
polymers, contact
angle, peel tests

Mainly conductive polymers

Sitk, ¢ollagen

Specific examples, tlasses,
stability

MNone

MW gradient
comongmer gradien|
MW gradient
Lomongmer gradient
Cryslallizatron,
anngaling,

ardering as f{T.4),
compgstion gradient
Biend gradient

Temp. gradient—
LCST composition
gradient

T, gradient/
composition gradient
Cross-bnk gradient;
mechanmcal response
Plasticizer gradient,
7, gradien

Waeiting gradients,
capillarity

T gradiant,
cross-link gragient
composition gradient
Surtace property
gradient

lonogenic polymers and

oopolymers;
glacirically responsive
polymars; T, gradient;
LCSET

Polypepnde gradients

Comgasition/
marpheiogy gradignts;
stanilty
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man, everyday practice: the change in color or optical den-
sity of a liquid erystal thermameter or a liguid crystal based
computer screen; the chanye in hardnessfsoftness and other
mecharical properiics of polymers due 1o changes in teni-
perature: the polymcrization or seting up of glues, adhe-
sives, and caulks; the clasticity and extension of rubber
bands: etc. Although these are all usetul, there are NIy gp-

portunities for cohancing the cducational content uf
polymeric materials through the design and development of
materials which can be used o directly expericnce key con-
cepts and phenomena (Table 1),

Table | presents key concepts and topics ma typical intro-
ductary polymer science course, together with a set of
Lubless Lab® experiments.

Muaterials, polymers included, are usually develaped oy
cotstercial application and for mecting sune particulur
consumer or industrial necd. We are devefoping marerials
spectfically for science educution. Wik these special
matertals the swdent can direcely observe physicael and
chemical parameters and muterials behavior. This is pos-
sibie by utilizing grudient materials for example [14]. We
have been utilizing gradicnt surfaces for many Years 1 our
stucy of the surface propertics and biocompatbiliy of
medical polymers [I5-[7f We are now using these sur-
faces in blomaterials courses [18). beeause integrution of
matertals and devices with surrounding dssues und the bio-
compaltibility of materials und devices tends th be a slrang
function of the surtace properties of the materials (sur-
face free energy, polarity, hydrophobicity, charge density,
roughness, and surlace dynamics). These propertics piay
Hnpoitant Joles o varasus Broviinpaatbuiny suuations
[18.20).

Gradieats are used in particalar arcas of rescurch, For ex-
ample, biochemists commonly use sels with g gradient in
cross link density, thereby developing a4 sradient in purtaily.
This is widely used in clecuaphoresis tor protein anaiysis
and separation |21} Pdvelecrrsivie gradien sils e used
electric fields w produce o gradien u pH, which ailows the
separation of macromolecules on the basis vl nel charee [21).
Gradients 1n surface 10 volume ratio have been used 1o study
concentration and muss transpert dependent ellects [22.23]

What docs one do with these novet and unique polvmer
samples for scieace education? Tuble 1 presents a typical
topic outline lor an Introduction 10 Polvmer Materials
course. This represents Matenals Seience and Engincering
39, the required polymer course tor Malerials Scicnce ma-
Jors at the University o Utadr {24]. This is the tirst and last
polymer materials course for those students whe do oot 20
on inla the polymer scicnce track,

The first column in Table | presents the gencral topic, tol-
lowed by a column of commercial or convennonal polyier
exampivs, followed by a column of the speciul materials we
arc developing. The tabic indicates how ile new maeriyls,
as well as existing malerials, are used by students 10 dis-
cover and obscrve various material corcepts, prapereics,

and behavior,

PROJECT RESULTS

Temperature Gradient Device

We tested several designs of temperature gradient devices,
The heat sources were semiconductor resistors powered by
an adjustable power supply. The heating substrates were
aluminum plates machined to varying geometrics. Surface
lemperaturcs were recorded vsing thermocouples, an in-
frared deteetor, and thermochromic liquid crystals {TLCs).

This device produces a surface temperature gradient from
a hot end of 60°C to a cool end of 30°C over a distance of
approximately 8 centimeters. Our intent was to generate a
linear gradient using a single heat source and a noniinear
heat sink. For a uniform geomcetry with a single heat source
the temperature decreases with the log of the distance from
the heat source {251

= In (d)
where
T = temperature
d = distance from hewt source

By adjusting the heating substrate’s geometry, the tempera-
ture decrease was flatened to approach a linear gradient,
During several trials, data taken from the aluminum surface
after heating with 0.7 watts of power indicated a steady-state
emperature of 00°C directly above the heat source, a tem-
periatiere of 45°C a distunce of 4 cm from the heat source
and a lenperature of 30°C at a distance of 8§ cm from the
heat source. The ambient temperature was 24°C. The ge-
ometry used is shown in Figure 1

Explorations developed for the temperature gradient in-
clude winperature dependent behavior of pelymers such as
solubility, rigidity, hardness, and stress/strain relaxation.

Homaopolymer T,

We sclected several common homopolymers with 7.5 in
the range of —120°C 10 105°C. They are low density

il S

ST —
L

Mens Sink (edaren /

Figure 1. Schematic of temperature gradient profile geometry. The
high temperalure end Is the aarrow cross section portion with the
heat source. The fow lemperaiure end is the wide cross section with
the water serving as a large neal sink.




Cross-Link Gradient

We cvaluated several methods to produce cross-link gradi-
ent polymers. Cross-link density gradicmt polymers arc
routinely formed and utilized in electrophoresis studicy at
the University of Utals Center for Biopolymers. Our
studies of the acrvlamidc gel with a cross-link gradient
show that this gradient will demonstraie the cffect of cross-
finking on mechanical properucs  without requiring
sophisticated laboratory cquipment ather than human tactile
SCIINCS.

Cross-link gradients can be formed in anather way. Pho-
tocrosslinking occurs in three polymer system types: {a)
those bearing functional groups which crosslink themselves
under photoirradiation; (B) thase mixed with ¢rosshinkers;
and (c} those polymerized in the presence of di- and poly-
functional monemers. [n an effort to decrease the risk of
contact with small molecules (monomers and crosshinkers)
we will develop a systern utilizing the first of these systems,
poiymer chains swhich themseives coniain crosslinking
groups [30-31].

Two methods of creating a gradiens Sysicin arc con-
sidered, (2) nonuniform distribution of crossiinkable groups
and (b) nonuniform light irradiation. Aiso, so that light cn-
ergy will be available uniformly tw all portions of the
polymer the geometry should de that of a thin libn. (Sce
Fipure 4.}

Likely systems include polyethylene, polyviny! alcohol,
polystyrene and other svstems with carbon-carbon duuble
honds.

Exptorations for this system will include crosslinking sev-
eral polymer samples using light chemical means. The
student can feel the cffect that crosslinking has on the
mechanical properties of pelymers.

Copolymer Gradients

We are using mcthacrylate homopolymers ol varying
alkvt chain length to demonstrate the cffect of side chain
length or internal plasticization on T, and thus on the physi-
cal and mechanical propertics {33}, Two comonomer gradi-
ents were produced by pouring one type of partially cured

/‘\_N_F.._..j\\n‘ WLt Gt
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Figure 4. Depiction of nonundorm fight irraciation for faducion of
gragient in Grossiink densiy.
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manomer into 4 sccond partially cured monomer of lesser
density. Two different gradient systems werc prepared and
evaluated: polymethyl methacrylate/nolyhexyt methacrylate
(PMMA/PHMA} and  polymethyl methacrylate/pelyhy-
droxyethyl methacrylute (PMMA/PHEMA). The PMMA/
PHMA gradicms exhibited a gradient in stilfness at room
temperature (23°C); the PMMA end witha T, of 105°C was
rigid and the PHMA cnd witha 7, of —35°C was soft. This
gradicnt demonstirales the effect of sidechain bulk and
mobility on the backbene chain stiffness and bulk polymer
stiffness. The PMMA/PHEMA gradients exhibited a water
absorption gradient. At equilibrium 1n water, the PMMA
cnd kept its original shape and was ngid and collapsed
while the PHEMA end swelled and becume flexible. This
aradient demonstrates the effect of sidechain hydrophilicity
and hydrophobicity on water absorption, as well as the effect
of small molecules on the flexibility and stiffness of a
polymer.

Further efforts in this arca will ceater around creating 2
more unitorm aradient and simplifying the mixing proce-
dure. Probable procedures include mixing the mopomers
with a gradicat pumping system. (See Figure 5) This
systen of generating a gradient will produce a more uniform
and lincar gradient of materials properties. Alter speaking
with a representative of Gilson, Inc. (maker of scveral lines
of peristaltic pumps), it was suggested that we use comprter
control to develop 2 reproducible pattern of gradient gels.
We agrce and intend to develop a progrant to incrementally
adjust pumping rates 1o produce the most useful and observ-
able gradient propertics.

Explorations utilizing these sumples inciude water uptake
and stiffness measurermeats, similar to the characterization
studics performed for the evaluation of these polymer gradi-
ents. Neither of these cxplorations involve sophisticated
cquipment other than the human senses of sight and touch.
They plainly demonstrate the effect of sidechain chemistry
on the mechanical and chemical behavior of the polymer

system,

Ionic/ Temperature Responsive Polymers

Hydrophilic polymer gels absorb water and swell;
hydrophubic polymer gels cxpel water and collapse. By
reversibly  swilching @ polymers charactesistics  from
hydrophilic 1 hydrophobic we can control the amount of
water uptake. Rescarch to utilize this pheaomenon for drug
delivery is ongoing at the Center for Controlled Chemical
Delivery at the University of Utal's Research Park. In con-
sultation with the Center. we are developing a polymer
system that demonstrates the effect of hydrophilicity and
hydrophobicity on water absorption. Currently, we arc colt-
centrating on systems which utitize switching in response o
changes in wmperature, electric field, pH, and water ion
comient,

Polymee gel aetworks which form as the result of hydro-
gen bonding can be disturbed with the use of an electric
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polyethylene (LDPE), high density polycthylene (HDPE),
polypropylene (PP). {5% plasticized palvvingl chloride
(PYC). polycthylene twerephthalate (PETE), polystyrene
{PS), and unplasticized PVC.

The nomopolyimers that were chosen fur the Lubless
Lab® are listed ia Table 2.

These were chasen based on their ctass transition tempee-
atures and use ay common packaging matcrials [26-28).
Students are thus able compare conunon packaging
materials with these samples included in the kit

Sumples of these polymers were placed on the tempera-
ture gradicnt device deseribed above 1o detonstrate the
change in propertics when a polymer is heaied above its T,
{See Figure 2.)

In explorations of this type, the student can sce and fcel
the change in material propertics with temperature. The
glass transition temperature is particularly cvident and will
be different for each polymer studicd.

Plasticizer Gradicnt

We successtully refined a technique which direetly dem-
onstraics the effect of fow mwlecular weight molecules on
the mechanical behavior of polymeric materials. Several
techniques for DOP (di-octylphthalate) plastivizer extrac-
tion of 35% plasticized PVC were (ested. Long strips of -
truded PVC with a 35% by weight DOP plasticizer were

treated in 2 methanol extraction bath The sirips were sus--

pended in a flask which was clased exeept for u smail inlet
wbe for the addition of the methanol solvent. Methanal,
which dissolves DOP but not PVC, was added 1o the Dask
wihile stirring, The net effecr wus that the b of tie
plasticized PVC was immersed in methanol for 72 hours.
while the top of the plasticized PYC way never exposed tw
methanol, These techniques were based o prelimunary
work performed by Mike Goodwmn [29]. (See Figure 3.)
After drying the samples to remove residual methanol.
the strips were subjecied © o series of mechanical tests w
measure their relative hardness and ngidity, During ex-
amination of the samples we used drape wsts us well as in-
dentution testing 10 determine the eflects of the plasticizer on

Tabile 2. List of common fromopolymers, their T,
and source,

Glass
Transition Common

Polymer Temperature Source
Low density polyeihylene —120°C Lawn bags
Folypropylans =20°C Yogurt containgrs
High density palyethylene -20°C Milk jugs
Palyethylane tarephthalate FOoC Soft drnk bottles
13% plasticized 80°C Credii cards

poyvinyl chiorice
Unpiasticized aclyvinyl 105°C Sewer pipes

chionde
Pclysiyreng 100°C Compact disc cases

Polymer Sample Tn ol Polymer Samphe

-

-

.
Glihky Son + Elasic Rzt
-
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flgure 2. Schemalic explaining the mechamicat behavior of a ge-
nerc polymer sample placed ¢on the temperatura gradient <evice.
This exploration wil demonsirate e different thermai behavicrs of
various common polymers, as weil as show the range of mechanical
properties near 3 pglymer's T

the mechanical propertics of the polymer. Other tests in-
cluded placing the samples, or pieces of them, on a uniform
tenmperature portion of the temperature gradient. The
softening temperature of cach portion of the gradient
sumples was determined and related to the amount of plasti-
clzer preseat in the samples. These explorations demon-
strated chat higher concentrations of plasticizer led to lower
stiffness and hardness, as well as lower giass transition tem-
peratures than the PVC with lower cancentrations of plasti-
cizer, Again, without sophisticated equipment. the student
can study the cffccts of low molecular weight compeounds on
the mechanical and thermal behavior of a polymer.

Thesc gradicnts demonstrate an observable difference in
polymer stiffncss and clasticity. Scveral different experi-
ments were performed using these samples. We utilized a
“droop” wsl, where the sample was held ngidly zlong its
gradicat cdge and thin sections of the strip were cut and
aflowed to drupe under the force of gravity, Using this
method, the sample Jroops more where a larger concentra-
uon of plasticizer is preseat and less where the sample is
more rigtd with less plasticizer.
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Figure 3, Schesanc of the DOP extracticn precedure. Methanol is
slowly added over a period of three days untif it seaches the top of
the sampie. The bottom of the sample /g in methanol for 72 hours,
the tog is 0 methanoi far 0 hours. '
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field. An example of this phenomena is described by Sung
Wan Kim et al. They describe how the network polymer of
Polyfethyloxazoline) (PEQx) and Poly(methacrylic acid)
(PMAA), which are held 1ogether with hydrogen bonding
below a pH of 5.0 and ccicased trom their hydrogen bonding
above pH 5.4, dissolves under the influence of an clectric
current [34-36].

Poly(N-isopropylacrvlamide} (FiPAAm) exhihits ohvious
hydration-dehydration changes in water in response to rela-
tively small changes in temperaure. PiPaAm cxhibits a
lower critical solution temperature (LCST) ncar 32°C

[37-401. This behavier is shown schematicully in Figure 6, i

This is best demonstrated by dissolving a fraction of a gram
of PIPAAm in several milliliters of water and placing a few
drops in each weil un a row of culture platcs. When this row
1s piaced along 4 temperature gradient, the higher tempera-
ture wells will cloud as the poiymer precipitates out of solu-
tion. (See Figure 7.)

Expilorations for these polymer samples include studying
the effects of temperature, pH. and electric field on polymer
swelling and solubility. 8y studying how cach of these en-
vironmenua! factors affects the polvmer, hypotheses can be
made regarding why changes in outside conditions allect the
chemistry of the polymer chain.

Surface Property Gradient

The gradient surtuce is onc in which a disunct surface
property is varicd continuously from one end of the sample
to the other [41]. Wetability gradients were gencrated on
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Figure 6. Temgperature-responsive hycration-defrydration changes
for poly (N-tscpropyiacryfamide) in aqueous meaia,

P dan in water sauinen
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Figure 7. Behawior of PiPAAM(ag) over a range of tomperatures,
Darkonad fields represent wells containing solution at different

degrees of cloudiness.

samples ol polystyrene using un oxyeen plasma field
[42-45]. The gradicnts were formed by placing a plasma
barrier/mask along one half of the polystyrenc surface and
plasma treating the entire sample for 20 seconds. Because
thc oxygen plasma is a gas, some of it will travel under the
mask and generate polar groups across the surface for a
small distance [43]. (See Figure 8.) The schematic repre-
seanon of the intended treatment result is shown in Figure
9. During wettability measurcments the treated end was
completcly wetted with a thin film of water, and the un-
treated end allowed water © bead up considerably. Other
mcasures of wettabtiity included a capillary effect along the
length of the treated surfaces. The treated end ailowed water
1o wick up approximately (wo centimeters while the un-
treatcd end only allowed the water 1o wick up approximately
0.3 centimeters. These samples demonstrate dipole-dipole
bonding and the difference between butk and surfuce
properties of u material.

The treated end, with more polar surface groups, demon-
slraies a lower conwet angle with water than the untreated
ead showing mostly nonpoiar surface groups. When drops
of water are placed on the surtace, they behave as shown in
Figure 1 ,

Explorations performed with this sample center around
observable diflerences between the ends of the gradicnt
sample. After using the water droplet test and a capillacity
test W measure wettability, we are conhdent that the student
can witness on their own the differences in wettability and
calwulate the ratios of hydrophobic/hydrophilic groups on

the polviner surfuce,

=,

L
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Figure 8. Schematic of polystyrens substrate with masking barrer
to prevent surface modification from the plasma lreatment.
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F:'_gure 9. Descriptive image of Lydrophobic polystyrene surace
with aiew polar Apdrophilic surace groups afler O, plasma troat-
ment.

CONCLUSION/SUNIMARY

A Labless Lab® fue polviner materials is well on ity way
to becoming a reai reutity, Preluninary versions are being
tested in a course at the University of Utah. A ficld test ver-
sion keved to several major textbooks in polymer science
and engincering should he avaitable by summer, (993,
Limited commerciat distribution is expecied in early 1996,

The goal is to deveiop a Labless Lab® in polvmer mute-
rials which could be made muilable in classroom quantitics
with prices comparable o those of exising wexthooks, ie.,
in the $40-360 range per uait. It is anticiputed that there
will be two such products, an introductory polynwer maleri-
als version and a more advanced version.

We arc interested in learning of additional materials and
phenomena which couid be incorporated into the Labiess
Lab®in « very inexpensive munner. Lubless Labs® in other
appropriate science and engincering courses are also under
development,

The Labless Lab® is a4 registered trademark of Prulein
Solutions. [ne., Salt Lake City. Utah.
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INCORPORATING "INTELLIGENT" MATERIALS INTO SCIENCE EDUCATION
Robert J. Scheer, Ph.D.
Research Scientist
Protein Solutions, Inc.
Salt Lake City, Utah
Key Words: Polymers, Plastics, Science, Education, Intelligent materials
Prerequisite Knowledge: Basic chemistry and physics

Objective: To learn the fundamentals of polymer science/engineering through hands-on explorations.

Qutline

L. Handout of materials for exercises in polymeric and materials sciences.
DOP plasticizer gradient of poly(vinyl chloride)

Shape memory polymer, poly(norbornene)

Surface wettability gradient, polystyrene

Temperature responsive polymer, poly(N-isopropyl acrylamide)

m o o w »

Ion concentration responsive polymer, sodium polyacrylate
I1. Review of basic concepts and themes covered in introductory polymer/materials class (1-7)

III.  Rational and philosophy for the intelligent materials lab (8-10)

A. Provide "real reality" in the classroom (8)

B. Easily assimilated format

C. Provide a lab where one does not exist due to cost or logistics (9,10)
D. Free up instructor time for class preparation and student interaction

VI "Do the Jab"”




Basic Concepts and Themes in Polymer Science and Engineering (19)

Molecular Weight and Distribution %

Thermoset/Thermoplastic E g g
Stearic Hindrances/Side Groups M

Polymerization N A

Intermolecular Forces/Cohesive Energy Density
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Morphology/Crystallinity é % @




Temperature Transitions j E\
Viscoelasticity *[%_’

Surface versus Bulk Properties

Modifiers/Additives

Processing/Fabrication
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Optical Properties

Time-Temperature Superposition




Cross reference grid of Material System with Introductory Polymer Concept

Material System and Concept
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Rational and Philosophy

-

Most students come into polymer courses with various concepts and preconceptions which lead
them to conclude that the behavior and properties of polymers are counter-intuitive. It is therefore

important that they fully discover and observe the properties and behavior of polymeric materials for
themselves.

A very large number of science and engineering courses taught in colleges and universities today
do not involve laboratories. Although good instructors incorporate class demonstrations, hands-on
homework, and various teaching aids, including computer simulations, the fact is that students in such
courses often accept key concepts and experimental results without discovering them for themselves. The
only partial solution to this problem has been increasing the use of class demonstrations and computer
simulations.

We are developing a set of inexpensive and convenient hands-on discovery based experiments
which the students can perform for themselves. The laboratory, although packaged like a textbook, will
contain within it all of the materials, equipment, and information needed to directly discover and
experience key concepts related to polymer materials.

The experiments are based on:
1) actual materials commonly utilized in consumer products, and

2) a set of specially developed materials which the students can utilize to directly see and
experience complex concepts (8).

In both cases, the experiments and observations will utilize only the students' senses for
transduction and detection.

Another important area of education which this research will impact is the growing field of distance
learning. The Public Broadcasting Service (PBS) has developed a new program called "Going the
Distance.” In the PBS's definitive guide to distance learning, Going the Distance (9), major issues related
to developing a distance learning program are discussed. The guide points out special needs of the
laboratory sciences and distance learning. Others have addressed distance learning (9,10), and currently

several states, including Utah, are strongly committed to the development of distance learning for
secondary and post-secondary education.

Uniqueness: The difference between our proposed laboratory explorations and those of other, more
common exercises is two-fold. The primary difference is in the required detection devices; our laboratories
require the human perceptions of both sight and touch, others often require costly (though not more
sophisticated) detection equipment. This is the very difference which allows the Labless Lab™ to be used
outside the classroom. The secondary difference is the use of “intelligent materials" as teaching devices
(8). The students can utilize theses materials to directly see complex polymer concepts.

5




Plasticizer Gradient (PVC)

Observation #1: Stiffness/Compliance §13.2 (1)
Draping Additives §15.7, p.329
Low M.W. Components §8.2, p.157

Molecular Weight Distributions §9.3, p.187

Viscoelasticity §13.5, §12.2

Observation #2: Hardness §13.2
Elasticity §13.2
Viscoelasticity §13.5., §12.2.

Indentation
Observation #3: Viscoelasticity §13.5, §12.2
Glass Transition §12.10
. Long Molecule Mobility §10.3 p. 217, §10.4, p.217
Molding Time-Temp. Relationship §13.14, p.298
Processing
Intermolecular Forces §13.15, p.301




Shape Memory Polymer (polynorbornene)

Observation #1:
Glass Transition §12.10
Compafison of mechanical Elasticity §13.2
properties at room temperature
and at T>Tg Intermolecular Forces §13.15, p. 301
Observation #2:
Intermolecular Forces §8.14, p.177
Mold polymer when T>Tg Glass Transition §12.10
and cool,
does it hold its shape?
Observation #3: N
Molecular Mobility §12.1
Glass Transition §12.10
Reheat above Tg Intermolecular Forces §8.14, p.177




Surface Wettability Gradient (polystyrene)

Observation #1:

Sessile Drop Test

Observation #2:

Peel Test

Observation #3:

Capillarity Test

Intermolecular Forces §8.14, p.177

Surface and Bulk properties §

Intermolecular Forces §8.14, p.177

Surface and Bulk properties §

Intermolecular Forces §8.14, p.177

Surface and Bulk properties §




Temperature Responsive Polymer
(poly(N,isopropylacrylamide))

Observation #1:

Dry material properties
compared to solution properties

Observation #2:

Effect of different temperatures
on solution properties

Observation #3:

Reversibility — Heating and Cooling

Intermolecular Forces §8.14, p.177
Solubility and Concentration §8.14, p.177
Side Groups §15.6, p.327

Intermolecular Forces §8.14, p.177
Solubility and C.E.D. §8.14, p.177
Optical properties §

Side Groups §15.6, p.327

Solubility and C.E.D. §8.14, p.177

Intermolecular Forces §8.14, p.177




Ionic Responsive Polymer (sodium polyacrylate)

Observation #1:

Dry material properties
compared to
Hydrated gel material properties

Observation #2:

Affect of different solutions
(saline, sugar water, food coloring)

Observation #3:

Reversibility — Heat, Agitation

Observation #4:

Solution Properties

10

Crosslinking §15.13, p.345
Elasticity §13.2
Morphology §11.8

Intermolecular Forces §8.14, p.177
Solubility and Concentration §8.14, p.177
Side Groups §15.6, p.327

Molecular Mobility §12.1

Intermolecular Forces §8.14, p.177

Viscosity §9.13, p.207
Molecular Weight §9.2, p.187
Cohesive Energy Density §8.14,p.177
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Surface characterization of functional poly(diacetylene) and poly(butadiene)

mono- and multilayers®)

H. Schupp, B. Hupfer, R. A. Van Wagenen®), J. D. Andrade®), and H.Ringsdort

Institut fiir Organische Chemie, Johannes Gutenberg-Universitit, Mainz, (Federal Rupublic of Germany) l P

and

*) College of Engineering, Dept. of Bioengineering, University of Utah, Salt Lake City, Utah (USA)

Abstract: The surface properties of Langmuir-Blodgett mono- and multilayers of a variety
of amphiphilic poly(diacetylene)s and poly(butadiene)s were investigated by contact angle,
streaming potential T, ellipsometry, and X-ray photoelectron spectroscopic (XPS)
measurements. Captive air and octane angles varied between approximately 60° and 105°
for hydrophobic x-layers and 31° to 46° for hydrophilic surfaces depending on the
particular head group, whereas advancing angles determined via the vertical plate methed
are considerably higher. Negative streaming potentials were obrained for all surfaces.
Positively charged monolayers yielded less negative T-potential values (—28 mV) than
negatively charged (—52 mV) or hydrophobic (—50 mV) layers. Ellipsometry measure-
ments yielded an average layer thickness of 27 = 6 A for 3 o 11 layers. X-ray
photoelectron spectroscopy results qualitatively confirmed the expected composition. All
of the samples, which were handled and stored in air after deposition and polymerization,
were surface oxidized.

Key words: Contact angle, streaming potential, ellipsometry, photoelectron spectro-

scopy, Langmuir-Blodgett multilayers, poly(diacetylene)s, poly(butadiene)s.

Introduction

The bilayer type lipid membrane, which surrounds
all living cells, has a variety of functions which are
necessary in order to sustain life. For studying specific
properties of the very complex biomembranes simple
membrane models have been developed such as lipid
monolayers at the gas-water interface [1], planar
bilayer lipid membranes [2] or spherical liposomes
(vesicles) [3]. One of the shortcomings of these
membrane models is their low long-term stability,
which is mainly due to the lack of the stabilizing
proteins present in biomembranes. Since a defined
stabilization via protein incorporation into model
membranes is very difficult, different methods for
stabilizing model membranes have been investigated.
E. g. the incorporation of cholesterol into the mem-
brane of vesicles [4] leads to a prolonged lifetime of
these visicles in vitro as well as in vivo. Another
approach has been developed by Khorana et al. [5].
who linked lipids carrying photoactivable groups to
proteins incorporated in model membranes. In addi-

#) Dedicated to Prof. Dr. F. H. Miiller.
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tion, a variety of authors recently described the build
up of stable model membranes, which can be obtained
by the polyreaction of lipids bearing polymerizable
groups in mono- and multilayers [6], bilayer lipid
membranes [7], and vesicles [8], where acryloylic,
methacryloylic, butadienic, allylic, as well as diacety-
lenic moieties were used as polymerizable units.
Since the head groups of most of the polymerizable
lipids do not correspond to the naturally occurring
ones, for any application of polymerized vesicles in
vivo e. g as drug carriers [3] or as synthetic cell
models (which could be of potential use as antitumor
agents on a molecular level [81]) information about the
surface properties of the synthetic vesicle forming
compounds is necessary. For this reason the present
investigation concerns with the surface properties of a
number of butadienic and diacetylenic lipids (1)—(8).

H,C~(CH,),,-CH=CH-CH=Ch-X

X = CH,OH (1)
X = CHO @)
X = COOH (3)

'tupvwlégT as
DR DIETRICH STEINKD
PFF VERLAGD-6100 FE
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R-COOH (4)

R-CH,-O-PO,H, )

R-CO-O—(CH,),-O—~(CH,),~O~(CH,),~
0O-CO-R (6)

R-CO-O—~(CH,),-N(CH,)~(CH,),-O-CO-R (7)

R R
\C C
\ N, —
\C \C d
\\c \\c
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whereas 1,4-disubstituted butadienes polymerize in
monolayers and vesicles to form more flexible 1,4-
trans-polybutadines [6g]:

R3

N

—>

M A

R? R?

Polydiacetylene mono and multilayers have so far
been characterized by X-ray measurements [6c, 9],
UV [6c, 10], and resonance Raman spectroscopy [11],
as well as by electron microscopy [6c]. Very little is
known about their surface properties such as surface
potential, contact angles or photoelectron spectro-
scopy [12], although oriented polymer layers are an
ideal system for such investigations.

Layers of amphiphilic compounds such as diacety-
lene carbonic acid (4) can usually be built up by the
Blodgett technique in three kinds of orientations [1],
1. e. in x- or y-layers yielding a hydrophobic surface,
or in z-layers yielding a hydrophilic surface. So -
besides the possibility to orient all the monomers as x-
or y-layers — in a z-layer orientation the func-
tionalities can be varied from negatively charged
surfaces (3), (4), (5) to neutral (1), (2), (6), a chargeable
(7) and finally to a positively charged system (8).

Experimental part

The syntheses of the monomers have been described elsewhere
[6f, 6g, 7d]. The following materials were used as solid substrates:

’

R-CO-O~(CH,),-N*(CH,),~CH,),~O-CO-R Br-
(8)

Diacetylenic derivatives yield totally rigid, conju-
gated, blue or red colored polymer backbones [6¢],

R! R
l |
/C\C C\C
\ / N 7
5 W
L2 E
R R

R3 RS
)\/\r”"\/\/'
R2 RZ

For contact angle measurements: cleaned (see below) microscope
coverslips (2,4 X 6 cm); for streaming potentials: cleaned micro-
scope slides (2,5 X 7,5 cm). All the glass substrates were cleaned in
»Microclean™ detergent solution at 40 °C, rinsed with distilled
water, then treated with dichromate-sulfuric acid at 80 °C for 15
minutes, rinsed with filtered distilled water and ethanol and
decreased in a freon TF/ethanol azeotrope vapor. For ellipsometry:
Chromium vapor deposited on clean glass in a 1077 torr vacuum
system. Only the cadmium salt of compound (4) was used for
ellipsometry studies. Details of the deposition of mono- and
mululayers of Cd salts of diacetylene carbonic acids on solid
substrates have been described in the literature [6c]. x-layers of (3)
and (4) were obtained at 2°C and 20 °C subphase temperature,
respectively, under a constant surface pressure of 10 mN-m ™! using
a Langmuir trough with a movable barrier, a dipping rate of 5
mm-min~! and a 1:107° molar sulution of CdCl, in doubly
distilled water (pH 5,5) as subphase. For the transfer of all
compounds in a z-layer like orientation, the monomers were
polymerized via UV-light (2 mW-cm ™2, 254 nm) as monolayers at
the nitrogen-water interface [6b] at 10°C and a constant surface
pressure of 10 mN-m ™!, Cleaned microscope slides and coverslips
were dipped through the polymer monolayers parallel to the water
surface, inverted under water and lifted up to the air in an area of the
trough not covered with a monolayer. The homogenity of these
films was checked by contact angle measurements.

For static contact angle determinations the captive air and octane
methods were used [13]. From height and diameter of the air and
octane bubbles the contact angles could be estimated [14]. Dynamic
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contact angles were measured by the vertical plate method. The
general principles of this technique are discussed in [14—17]. In the
present work, a Scotts mechanical testing machine (GCA/Precision
Scientific, Chicago, [llinois, USA) was used as a movable carriage. A
Cahn electrobalance, which was connected with a plotter, was used
as wetting balance so that contact angle hysteresis was automatically
recorded. Dynamic advancing and receding angles could be directly
determined from the diagrams [16-17].

The details of flat plate streaming potential measurements have
been described [20]. Streaming electrolyte was 0,01 M KCl solution
buffered to pH 7,4 via 2-107* M KH,PO, and 9-107* M
Na,HPO,. The samples were stored in electrolyte solution for 16
hours prior to measurements. Zeta potentials were determined with
a program written for a Texas Instruments (TT 59) calculator.

Thickness measurements were obtained from mono- and mul-
tilayers deposited on chromium-coated glass. A Rudolph Research
RR 2000 laser ellipsometer (6328 A) was used. A and W were
measured at different positions for each of the chrome-coated
samples before and after monolayer deposition, using a refractive
index of 7, = 1,52 and Ky = 0,12 [12]. Cr film optical constants
were measured as 7, = 2,81 + 0,23 and £, = 1,56 = 0,33 at 6328 A
[12].

Substrate optical constants were calculated from standard equa-
tions [19] having the measured 4 and ¥ values. Film thicknesses
were calculated using standard equation [19] by comparing #and &
values for the film and the » and £ values for the Cr substrate.

X-ray photoelectron spectra (XPS) were obtained with a Hew-
lett-Packard 5950 B instrument with monochromatic AlKa; ; (1487
eV) X-rays. X-ray power was 800 watts at the anode. Sample
charging was compensated by use of an electron flood gun, although
the sample films were semiconductive. Wide scans (01000 eV) and
high resolution narrow scans (20 ¢V) were determined. Abient
temperature was employed.

Results and discussion
X-ray photoelectron spectroscopy

A detailed examination of the expected composition
of the samples prepared for XPS analysis shows that
the major component is carbon. As these samples were
deposited on glass substrates, generally only one layer
thick, considerable show through of the underlying
glass substrate was evident in the spectra. Thus, the
oxygen peaks from the samples could not be readily
analyzed because of the overwhelming influence of the
oxygen from the glass substrate. In those samples
which contain nitrogen, refer to table 1, the concentra-
tion is roughly one part nitrogen to 50 parts carbon. In
the case of the sample with a quaternized nitrogen, the
counterion is bromine with a comparable concentra-
tion. In the case of the sample with phosphate terminal
groups, the concentration is one part phosphorus to
26 parts of carbon. The XPS spectra did show the
qualitative presence of bromine, nitrogen, and phos-
phorus in those samples for which they were expected.
These elements were not detected in the other samples
examined (table 1). Because of time and resource
limitations in this study, sufficient instrument time

Table 1. Approximate elemental ratios of monolayers containing
specific functional groups

Monolayer functional

group Br i N (&4
—COOH 0 0 ] 26
—OH 0 0 0 18
—O—PO;H, 0 1 b} 26
N—-CH; 0 0 1 57
CH,
N* 1 0 1 58
CH,
=5
c—C 0 0 0 58
=12}

was not available to do a thorough analysis of the
bromine, phosphorus, and nitrogen constituents.

In previous studies with unsaturated hydrocarbon
polymers, surface oxidation begins to become appa-
rent in XPS spectra after four hours exposure to
atmospheric conditions [17]. Those results were con-
firmed in this study because all of the samples were
examined several months after they were produced
and all showed extensive surface oxidation with the C-
s and O-1s features comparable to those observed
previously in oxidized polybutadiene [17].

Contact angle analysis

The degree of surface oxidation complicates the
streaming potential and contact angle analysis. Ad-
vancing and receding water contact angles in oxidized
polybutadienes have shown that, although the advanc-
ing angle decreases only slightly after long term
storage in air, the receding angle shows a substantial
decrease from about 70 to 40 degrees after one week
storage in air [17]. The contact angle data (table 2) for
hydrophobic monolayers of the poly(diacetylenes)
(4), (5) and (8) do not differ very much from each
other — the nature of the head group does not seem to
have an effect on these contact angles. The same is the
case for the butadienes (2) and (3). A relatively big
difference, however, can be observed for mono- and
multilayers of poly-(4): three layers of this acid are
more hydrophobic than one. This may be due to glass-
water interactions, since water is known to penetrate
very easily through a monolayer. Three layers shield
the glass better than one does and the result is a more
hydrophobic surface.

The ellipsometry data (table 4) suggest that a single
layer may be somewhat expanded or thicker than
expected. As expected the advancing 6 values are
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Table 2. Contact angles of oriented, functional polymer layers

Compound Orientation No. of layers 8.5 4.2 B.4.2)
glass = =5 = 23.0 56.0
poly-(3) x 1 61.4 49.6 88.8
poly~(4) z 1 31.1 = i
poly-(4) x 1 57.5 48.3 86.1
poly-(4) x 3 64.0 62.2 88.2
poly-(2) x 1 60.6 48.5 85.3
poly-(5) x 1 55.5 — >
poly-(8) x 1 60.5 40.0 95.9
poly-(8) z 1 42.3 = =
poly~(5) z 1 325 = =
poly-(3) z 1 46.4 = =
poly-(2) z 1 337 = =
poly—(6) ¥ 1 44,0 - —
poly-(7) z 1 53.9 = =

*) Captive bubble method, air bubble introduced at polymer-water interface.
b) 8 advancing and 8 receding determined by vertical Wilhelmy plate dynamic technique [16].

higher than the angles for the hydrated surfaces, and
the static contact angles are smaller than the dynamic
advancing and smaller than the dynamic receding
angle data in all cases. Wilhelmy plate and captive air
angles are compared in reference [18].

On the contrary, the angles of the hydrophilic
surfaces show very big differences due to the different
head groups. The static air angle data vary from about
32 degrees for the negatively charged to 44 degrees for
the neutral poly(diacetylene) surfaces, whereas the
poly(dienoic acid) (3) shows an unusually high but
reproducible air angle of 46 degrees.

Streaming potentials

The contact of any charged or chargeable surface
with a polar medium, such as an aqueous electrolyte
solution, leads to the formation of an electrical double
layer, where ions from the solution may adsorb to the
surface. Thus, it is impossible to determine the surface
potential itself but only the so-called zeta potential &,
at the shear plane [20-23] between the layer of
adsorbed ions and nonbound ions. Nevertheless, &
give useful information related to surface charge
densities and the kind of charge on the surfaces, which
may be useful parameters for estimating the biocom-
patibility of synthetic materials [22]. Usually zeta
potential data are calculated from streaming potential
values, which are obtained when an electrolyte solu-
tion forced by a pressure difference AP flows through
a thin capillary or flat plate cell provided with two
electrodes. The zeta potential can be calculated from
the streaming potential, £, by means of equation:

£= 4. 1n E, C

£ AP R

where 7 1s the viscosity of the electrolyte, £ the
dielectric constant, and R the measured AC resistance
of the capillary electrolyte system. C is a predeter-
mined system constant.

Accurate measurements of £, _data is only possible
if the fluid flow 1s steady, incompressible, laminar, and
established. Therefore, the applicability of streaming
measurements is generally limited to long capillary
tubes or porous plugs of compacted particles or fibers.
Recently a new method for streaming measurements
has been described [20] wherein the streaming cell has
a flat plate geometry, The major advantage of this
method is that the flat surfaces permit the application
of other surface characterization techniques. With the
flat plate cell zeta potentials can be calculated from
[19-22]:

= 8,4922-10°

e
R AP

In addition, the surface charge density at the shear
plane can be obtained from the relation

2e kT : ‘e,
o= = - sinh sz-C

#
U:—-
7]
]
n

concentration of the ith ionic specis in the bulk
Boltzmann constant

o W

7 = absolute temperature

Z = valence of the ionic species

e; = electron charge

{ = interfacial potential at the shear plane.
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Table 3. Zeta potentials and surface charge densities of oriented functional polymer layers

Compound Qrientation No. of layers £ (mV) g 1074 Coore (V)Y
charges * Ium"’

glass = = —57.6 2.84 =459
poly-(4) x 1 —56.4 2.76 —14.7
poly-(4) x 3 —52.4 2.50 —10.7
poly-(3) x 1 —48.7 227 - 7.0
poly-(3) z 1 —50.7 2.39 =90
poly-(3) z 1 —46.8 2.16 =k
poly-(5) z 1 —48.0 2.2% =63
poly-(7) z 1 —38.6 1.71 3
poly-(8) z 1 =31.5 1.35 +10.3
poly-(6) z 1 —41.7 1.86 0

7) Normalized to the value of poly(6) taken as zero. (See text for details).

In the present work we were interested in the effect
of charge of polymer monolayers on the zeta poten-
tial. It has been shown [21-24] that the addition of a
small amount of charge to hydrophilic methacrylates
did tend to increase absolute streaming potential
values with increasing amounts of charge addition.

The data for our oriented polymer layers of the x-
as well the z-type are summarized in table 3. Highly
negative zeta potentials are obtained for the neutral
hydrophobic x-layers, which are even more negative
than those of the negatively charged z-layers (poly-
(3), poly-(4), poly-(5)). Furthermore, the absolute
value for one x-layer of poly-(4) is considerably higher
than the one for three layers. Since a monolayer is
only about 2,7 nm thick, this may be due to the effect
of the glass substrate, which is highly negatively
charged. Also, all hydrophilic surfaces exhibit negative
zeta values, even if they carry positive charges (poly-
(8)), for which one would expect a positive zeta value,
As indicated, however, { is the potential at the shear
plane which is determined by specifically bound ions
on the surface. If one takes, however, the value of the
neutral ether-polymer, poly-(6) as a standard ({ = 0)
and relates all other data to this value, the effect of the
glass is excluded and a nice trend can be observed
(column “&_,” in table 3):

Table 4. Summary of ellipsometry results for the Cd salts of poly-(4)

a. As expected the ammonium salt (poly-(8)) ex-
hibits the most positive zeta potential value.

b. The amine poly-(7), which is certainly pro-
tonized to some extent under the experimental condi-
tions, also shows a positive zeta potential, but less
positive compared to poly-(8).

c. The negatively charged as well as the hydro-
phobic surfaces all exhibits negative zeta potentials.

Ellipsometry

The ellipsometry results are presented in table 4.
The samples were prepared in Mainz, Germany and
transported to Utah, USA in special holders, where
they were examined several months after preparation.
Given these variables and the errors inherent in the
ellipsometry technique [19], the values are reasonable
and confirm the expected thicknesses of these mono-
and multilayer diacetylene films. The first layer value
is higher than expected; this could be a real effect or
could be due to surface contaminations and/or oxida-
tion.

Conclusions

Functionalized polydiacetylene and polybutadiene
mono- and multilayers were characterized by X-ray

Layers deposited Measured thickness A

Average thickness Average thickness

per layer, A
1 39,52,62,21,18 38 + 19 38 +19
3 53. 89, 69, 76, 93, 48, 57 69 = 18 23+6
5 119, 95, 95, 122, 134 113 £ 17 23 £ 3
7 193, 188, 196, 183, 213 195 £ 11 28+ 2
9 244, 289, 296, 187, 222 248 = 46 28 405
11 383, 353, 331 356 + 26 323

Average of all data: 29 A per layer.
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photoelectron spectroscopy, water contact angles,
streaming potential measurements in 0,01 M KCI
solutions and ellipsometry. The streaming potential
data correlated quite well with the functional group
character and expected charge character of the func-
tionalized surfaces. Ellipsometry confirmed the ex-
pected thickness of the films within the error limits of
the technique.

Qualitative elemental analysis by the XPS technique
confirmed the presence of nitrogen, phosphorus, and
bromine counterion in those monolayers for which
they were expected. Further interpretation of the
contact angle data as well as the X-ray photoelectron
spectroscopy data was complicated by the fact that
these materials are susceptible to atmospheric oxida-
tion and were significantly surface oxidized.
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Weather in the West: A new perspective to weather education in a science center.

Jason C. Shafer
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1. INTRODUCTION

Our weather experiences are based
upon what we observe where we live, work,
and play. In Utah and the adjoining regions,
dramatic topography creates sharp contrasts in
weather and climate over short distances. For
example, it can be mostly sunny in the valley,
while a blizzard rages in the nearby mountains.
Weather in the West will offer a unique per-
spective to observing, questioning, and think-
ing about weather at the Utah Science Center.
Weather in the West will allow visitors to
explore how and why the mountains, valleys,
basins, and lakes of the western United States
affect their weather.

The Utah Science Center (USC) will be
a new center for environmental awareness and
education in an objective, informal, non-threat-
ening, and open environment. The USC sees
itself as the first “third generation” science
center in that it will take visitors to new levels
of interactivity. The USC has three main
themes: (1) You are the experiment; (2)
Energy, including the flow of energy in the
atmosphere; (3) Home or Planet Earth and its
environments and changes. The USC will open
in spring 2007 in Salt Lake City and expects

Corresponding Author Address: Jason Shafer,
Meteorology Dept. Univ. of Utah, 135 S 1460
E RM 819, Salt Lake City, UT 84112; Email:
jshafer@met.utah.edu

about 400,000 visitors a year (www.utah-
sciencecenter.org).

2. OBJECTIVE

Our objective is to help develop more
aware, educated, empowered citizens. This
will be accomplished by inspiring visitors to
observe and to be curious about how weather
works, with a focus on the unique weather of
the western United States. This will be accom-
plished by offering an engaging perspective
that visitors can relate their weather experi-
ences to. Leonardo da Vinci once said, “All
knowledge is based on perspective.” We feel
that one of the greatest challenges to this
project is providing visitors adequate perspec-
tive to connect their real world experiences so
that they can have a tangible experience that is
accurately connected to atmospheric principles
and processes. Weather in the West exhibits
will attempt to do this through a number of
activities.

3. ACTIVITIES

Activities in the USC will consist of
main floor interactive exhibits, demonstration
carts, and small “theatre” demonstrations. In
addition, special supervised activities in base-
ment laboratories will be available.

Weather in the WEST will feature three
phases of development. The core concepts of
Weather in the WEST and their flow interac-
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Figure. 1. Major themes and flow of Weather
in the West.

tions are shown in Fig. 1. We will focus largely
on how and why terrain (Fig. 2) affects compo-
nents of weather across the western United
States. Weather in the West is being designed,
funded, and developed in 3 phases. Phase I and

Figure 2. Complex terrain over Utah.

parts of II will be implemented upon opening;
Phase II will be available 1-2 years later, and
Phase III the following year.

Phase I Activities

*  Water Tower Barometers: Two giant water
barometers will bring pressure concepts to
life. Visitors will see atmospheric pressure
changes in one barometer and make their
own changes in another barometer.

* Electric Atmosphere: Lightning and thun-
der are created by visitors.

*  Weather Central: A Weather Hawk
weather station (www.weatherhawk.com)

Figure 3. Weather Central Exhibit of the
Leonardo on Wheels traveling science center.

collects weather observations outside and
transmits them to an interface on the
exhibit floor. Figure 3 shows a similar set
up during a recent exhibition of Leonardo
on Wheels (www.theleonardo.org/
onwheels) the traveling portion of USC.

*  Wind power and you: Connects the wind
you can create with your power generation
potential. We will create a windmill that
can create electricity, using Leonardo da
Vinci’s windmill design. This may be com-
bined with wind cannon.

*  Wind Cannon: Human-powered wind can-
non that allows visitors to create wind. Vis-



itors will be able visualize, feel, and
measure the wind they create.

Pressure, wind, and mountains: Interactive
computer-based exhibit will allow visitors
to explore atmospheric pressure and wind
at various elevations across Utah. Instru-
mentation at nearby ski areas will be
exploited for this purpose.

Explore your weather: Interactive com-
puter-based exhibit will allow visitors to
experience weather at various locations
across the western United States. This
exhibit will use web cams (e.g., Fig. 5) and
data from MesoWest (www.met.utah.edu/
mesowest) throughout the western United
States.

Phase II Activities

Weather Tug-of-War: Allows two visitors
to generate a pressure gradient and produce
fluid flow or wind. This will be constructed
from a transparent tube connecting two
chambers. The visitors can modify the
pressure in these chambers while an ane-
mometer or ball value within the tube
moves.

Mountains, winds, and clouds: Will use
pictures (e.g., Fig. 4), time-lapse videos,

and fluid flow chambers to show how
mountains can affect wind and clouds.

*  Mountains winds: visitors will be able to
explore winds created or enhanced by ter-
rain over the western United States. This
will involve short explanatory video seg-
ments along with visualization of such
winds.

e Water all around you: This will show how
much water is in the air and clouds around
you. Measurements from the GPS Inte-
grated Precipitable Water network will be
exploited.

*  Water Hog: Details people’s annual con-
sumption of water versus what falls at their
home. This will be accomplished by hav-
ing two transparent tubes that fill up with
water. The demand and supply of water
across various regions of Utah will be
highlighted.

Phase III Activities

* C(Create a Cloud: A warm cloud chamber
allows visitors to create a cloud. Visitors
will change the pressure and temperate of a
moist chamber to produce or destroy a
cloud.

*  Make it Snow: A cold cloud chamber
allows visitors to create a cloud and then
make it snow. A storage freezer and video
magnification will visualize the small snow
flakes showing how the “Greatest Snow on
Earth” is created.

e Weather Lab: Provides weather informa-
tion for visitors to analyze and ultimately
forecast their weather. It will use a series of
wall-mount computer displays.

e Can you beat the forecaster? Visitors will
make their own forecasts, and compete
with each other, local meteorologists and
personalities. Visitors will get to keep a
print out, and a database will store visitors’
numbers.

Figure 4. Lenticular cloud over a cumulus ove
the Wasatch Mountains.

e Natural Disaster: Visitors will be able to
create and explore avalanches, flash floods,



and other natural disasters over the western
United States.

Within each of these phases, we will
rotate through seasonal exhibits. For example,
Mountain Winds may show how a cold pool/
inversion develops in the winter, or how mon-
soon thunderstorms develop over mountains in
the summer.

We will strive to connect all of these
activities to something that is tangible and real
to visitors’ participation in these exhibits to
make their experiences meaningful. For exam-
ple, many of the exhibits will feature live web
cameras (e.g., Fig. 5) from various locations.
These images will be shown alongside nearby

image

weather observations. In addition to these live
images, we will likely use a suite of canned

images that portray the evolution of clouds
during major weather events.

4. SUMMARY

We feel that there is a tremendous
potential for educating people about weather
and their physical environment in a science
center environment. Our approach to doing
this involves connecting visitors’ experiences
to real weather in an interactive, entertaining,
and mildly competitive atmosphere. We end by
requesting your help with this project. We
would like to share experiences and form links
with other science centers and institutions.
Your participation and input are especially
needed in the following topics:

1.What activities could most effectively
demonstrate the links between terrain
and weather/climate?

2.What’s the most effective way to connect
one’s personal weather experiences to
fundamental atmospheric principles and
processes?

3. Are you interested in being a partner?

Send your input to Joseph Andrade (see
below) or Jason Shafer (see first page).

Joseph D. Andrade Ph.D.
Department of Bioengineering
University of Utah

Utah Science Center

c/o0 949 Millcreek Way

Salt Lake City, UT 84106

Email: joeandrade @uofu.net
www.utahsciencecenter.org
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GLOW D1SCHARGE SURFACE TREATMENT FOR 1MPROVED CELLULAR ADHESTON

Lee Smith, pouglas Hill, John Hibbs, Sun Wan Kim,
Joseph fndrade and ponald Lyman
Division of artificial Organs
salt Lake City, utah 84112

pore closely cell-substrate adhesion interactions,
¢ ‘gained inta the phenomena of cell contact with
natural and synthetic substrates. Most cellular processes occur while the
cell is in some way jnteracting with 2 substrate. his jnteraction can be
measured by several means--by the morphn]ogica\ changes gbserved in cells
that spread to yarious deqgrees agver a substrate surface, OF by the degree

of adnesion and attachment existing between the cell and gubstrate. Morpho=

logical changes, while perhaps the easiest to monitors afford little in the
way of quantttative insight. Adnesion i5 much more difficult to measure.
HOWEvEr, if perfunned correctly, it can yield repraducihle and quantitative
information of the coll-substrate jnteractions.

While in vitro testing of cell substrate interactions is not
perfect, it can supply knowledge, poth for use in cellular biology and

for applications to prnsthetic devices. With the cell cloning techniques
currently available, one can obtain and maintain many different types 0
cell lines «ith consistent characteristics. Although the cultured cell may
be ver different from the normal cell in sitiu, many cellular processes can
still be invzstigated with well characterized cultured cells. Supplying @

and glass substrates--each with its own special characteristics--can easily
reveal trends in piological compatibi\ity. We can observe the change in
cell-substrate interactions 2% a function of both cell and substrate para-
meters such as curface charge. wettabilily, chemical gtructure, topography
and many others that may be related to the in Vivo situation.

A number of technigues have been gsed to measure sunstrate-cell
adhesion. In 1947 Dan attempted t0 measure cell adhesion quantitatively
by using @ jet or gtream of water 1). Coman used microneedles to attempt
to pull tissue cells from 2 substrate tO jnvestigate their adhesiveness

More recently, Hocrmuth, et al (3) used 3 rotating shear

disc, similar to the one devised by Weiss, tO measure the adnesion of

red blood cells to synthetic substrates. Their work also illustratés the
advantages of using well controlled technigues for measuring cell adnesion.
Their reiu1ts indicate that 2 minimum shear force of approximate\y 10

dynes/cm” 15 necessary to distract red blood cells from 2 glass surface.
Polyethylene required atout 4.6 nes/cm2; siliconized glass required 3.

advantage of much higher shear force capability and a higher speed (up
to 800 RPM), while maintaining laminar flow.

The use of 2 rotating shear disc reduces the nurber of problems
encnuntered‘in controlling and defining the distractive snear force.
fibroblasts have been primarily used, NOWEVET, to avoid incorrect con-
clusions regarding cell adhesion, cell types with different properties
should be inve ghred. The usefulness of synthetic qubstrates is evi-
dent and measurement of adhesion to synthetic substrates can pe applied
to biological models as well 33 the materials used in prosthetic devices.

For this work w& have attempted O accomplish 4 objectives:
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sy 100 canatruct a device t0 easily and accurately measure

cell-substrate adnesion. =

o To investigate the importance of proper substrate cFeaning
and preparat1on as it relates to cell adhesion.

3. To measure cell adhesion as a function of substrate Com=
position and topography.

4., To measure and compare adhesion of both normal and trans-
formed cells.

Mustrated in Figure 1 is the rotating shear disc equipmenf

gsed for this work. It is 2 design somewnat modified from that used by
weiss (4) and also by Mahandas (3?. A single rotating disc js spun in @
temperature cantrolled medium of cantrolled viscosity such as phosphate
buffered saline (pBS). A well controlled and defined shear force is pro-
duced at the fluid-disc interface, which is @ function of the angular
velocity of the spinning disc and the viscosity of the shearing medium (3,5)-

for laminar boundary flow over the surface of the disc the
snear stress l:s} produced 2t the fluid-disc interface is:

x =087 wo)®

where 1 is the radical distance measured from the center of the disC,«
{s the angular velocity and v is the kinematic viscosity (/o). FOrd
rotating disc T increases linearly with the distance from the center,

assuming laminat flow exists.

To compare substrate preparatinn, 2 different techniques were
utilized. The surfaces considered to be untreated were scrubbed in 3
dilute Ivory scép solution, rinsed in warm tap water and followed with

a distilled water rinse. Samples Were then rinsed in absolute athanol t
followed Dy & final rinse in ethyl ether and allowed to air dry in @

charge {RFGD) treatment (see fiqure 2.) The plasma was generated with :

25 watts of paver and maintained at 200 wHg pressure using @ purified

argon atmosphere. pfrer jnserting the samples into the RFGD chamber

it was evacuated to 1 Ha and filled with argon to 200 Mg pressure. The
for 2 minutes and the chamber was re-evaCutated

to 1 ,Has and again packfilled with argon to atmospheric pressure pefore

Both untreated and RFGD treated surfaces were qaeﬁched and

stored in pulbecco's Modified Eagle's Medium (DMEM) containing 101 fetal
cal f serum TwWO hours prior to their usé.

Substrate paterials evaluated in this study were:

1, FEP, 2 fluorinated ethylene!prupy\ene copaymer produced
by Du pPont.
. Glass cover slips, 1 * 22 mm iR diameter manufactured by
Corning, Type o211.
polystyrene. Lux brand cover sVips, obtained from Lux
scientific Corporation. They are shipped pre-steri\ized and cut into
circular sections 1.2 % 25 mm.

4, Silastic rubber, 2 po1ydimethy\ siloxane polymer. A medi-
cal grade, vu\canizéd, nnnreinfnrced sheet pravided by Dow Corning.

5. polyurethang, block capo1yether-urethanes-ureas, The co-
polyether urethanes. synthesized in Dr. D.d- an's laboratory. are based
:pcn polypropylene glycol. in ethy1ene-bis (4 phenylisocyanate‘ and ethylene

iamine.
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gxperimental cell lines used included normal 373 fibrablasts

3 line established by G. Todaro and H. Green (6) in 1962 from Swiss mouse
ryos. This cell line retains @ nigh degree of cell contact inhibition
and is an excellent cell to represent connective tissue fibroblast. The
5V40-Lransfnrmed 3713 was developed by transforming 2 373 cell via infection
with an oncogenic Vvirus type SV40- These trans formed cells have reduced
contact inhibition and demanstra?e reduced adhesive properties 7).

The 3T1 fibroblasts are also 2 trans formed version of the 313
cell, but ethpﬂwﬂil pmpertics than the SY _373 cells. The
transformation process stems from growing 373 cells at much higher densities
to achieve 2 cell with reduced contact jnhibition properties (8). The
normal and BCG activated mouse peritonea1 macrophages wWere harvested
directly from the peritnnea1 cavity of mice. These cells differ exten-
sively from the types of fibroblasts (9,10) listed above. Cell suspensions
were prepared and added to the test substrate samples and allowed to

settle and attach to the test surface for 30 minutes. The samples were

then spun on the shear disc for 2 minutes at controlled speeds, removed

and fixed in ethanol fallowed by staining in 1:10 Giemsa stain and distilled
water. Microscopic examination consisted of counting the number of cells
per unit area at different'radia\ positions across the diameter of the
circular test sample, These values were then compared to control samples,
which were not spufi. for each type of cell line and/or surface, 2 series

of 5 separate test runs wWere performed. The results were then averaged

for plotting percent of cells attached versus shear stress.

for brevity the results of anly 2 cell types on 3 different
surfaces will be illustrated. Figures 3a and 3b demonstrate the increased
adhesion of the normal 373 fibroblasts to RFGD treated glass, gilastic
rubber and FEP. The most dramatic change was observed with the FEP sur-
face. The test samples with 3T3 cells were spun at 682.73 R.P.M. Cor-
responding with the large jncrease in cell attachment to FEP was 2 large
jncrease in surface wettability as measured by contact angle of water.
Contact angle of untreated FEP was 94° , after 2 minutes of RFGD treatment
the contact angle was 55 - This corresponds t0 surface tensions of
dynes/an and 34 dynes/cm respectively. Surface topography. when observed
at 5300% demonstrated both glass and FEP surfaces to be <mooth, while
Silastic rubber wWas rough and irregular. substrates tested with 313
cells including polystyrene (Lux cover slips) and 2 different polyure=
thanes demonstrated behavior cimilar to those observed With glass.

pesults of adhesion tests performed with the S¥40 trans formed
373 were becausé of their reduced adhesive properties spun at 2 lower
speed (27 R.P.M.). I1lustrated in Figures 43 and 4b are the results of
those experiments. Unlike the results with the 973 cells, there was very
1ittle change in adhesive properties of the trans formed cells to the
treated and untreated substrates, except with FEP, where & dramatic
increase in adhesion was observed. polystyrene and the pc\yurethanes
exhibited no increase in adhesive properties similar to glass and Silastic
rubber.

These few tests' results have just scratched the surface of
valuable jnformation that may be closely examined using 2 simple shear
disc. The use of well characterized cell lines have proven 3 valuable
tool to examine changes in adhesive properties of many substrates. The
spectacular cell surface adhesive properties of FEP pose many interesting
passibilities. The short-term adhesive properties observed here may be
much different theA Leng-term adhesiveness. With short-term measurements
one assumes that we are measuring the adhesive properties of the cell
substrate rather than the cohesive strength of the cell. The pase an
repruducibility of measuring cell adhesion with this technique Cou

enable many cell-substrate jnteractions to be more closely and accurately
monitored.
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shear DisC Assembly

Speed
tontrol yarianle
Speed
Motor
Pulley
Figure 1 I1lustrated above is the rotating shear disc equipment used for

The shear disc pratform holds circular samples

measurin cell attachment.
e osphate

25 mm in diameter that aré spun either in culture media or ph
puffered saline (pBS) at 379 C.

Radio Frequency Glow Discharge Device

YACULM =
STOPLOCK

10 VACUUM
PUMP

AR INLET
STOPCOCK

ARGOR
STOPCOCE

ARGOM LEAX VALYE

10 10
ATWOSPHERE ARGOM TANK

Figure 2. Above 15 §11lustrated the radio frequency Glow Discharge system
used for treating the test samples to an inert gas plasma.
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BIOMEDICAL POLYMERS

CONTACT ANGLE ANALYSIS OF HYDRATED CONTACT LENSES

L.M. Smith*, L. Bowman**, and J.D. Andrade*

Substrate surface energetics are most readily monitored via
contact angle analysis. Unfortunately, contact angle data
for ophthalmic lense materials is often misleading because
measurements are performed on non-hydrated samples and sel-
dom are both advancing and receding contact angles recorded.
Wetting characteristics, incorporating Wilhelmy plate
techniques can readily be measured and correlated to lense -
composition and surface treatment for optimization of wet-
ting characteristics. Routine quality control, hydration
changes, surface cleanliness, topography, and surface
treatment can be easily monitored.

INTRODUCTION

Over eleven million people now wear contact lenses and sales of ophthalmic
devices in 1982 is estimated to reach over 500 million dollars (1). With twenty
years of experience and such a large market, it is surprising that so little
data exists concerning the surface characteristics of ophthalmic lens materials.

One key element of success for a lens substrate is its degree of wettabil-
ity (hydrophilicity). Early lens materials were based on hydrogel compositions
that exhibited a high degree of water uptake and remained hydrophilic if kept
wet (2, 3). For increased strength methacrylate copolymers have been incorpor-
ated. With greater consumer emphasis on comfort and ease of use, manufacturers
have begun using more oxygen permeable polymers wuch as silicones and animal
collagens. Increased oxygen transport through the lens extends the length of
time the Tens may be worn (4). Development of newer polymeric formulations and
lens pretreatments require improved metheds for surface characterization and
long term quality assurance. .

Hydrophobic and hydrophilic lenses behave differently in their environ-
ments. Proteins, 1ipids, minerals, and bacteria may absorb and adsorb differ-
ently depending upen the chemistry and wetting characteristics of the lens sub-
strate (5, 6). Development of lens materials that minimize spot and deposit
formation requires reliable wetting characterization. Likewise, quality assur-
ance testing necessitates accurate hydration data, performed in a variety of
environments. The analysis of the polymer-aqueous interface by wetting measure-
ments is the focus of this article.

*Department of Bioengineering, University of Utah, Salt Lake City, Utah
847112 USA

**Syntex Ophthalmics Inc., 10210 North 25 Avenue, Suite 300, Phoenix, Arizona
usa
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BIOMEDICAL POLYMERS

There are many techniques used to measure wetting behavior. We have had
experience with two methods that can be applied to fully hydrated surfaces.
Contact angles determined on nonhydrated (dry) surfaces are usually easier to
obtain but, as we shall see, are not relevant for polymers used in an aqueous
environment. One technique (7), uses captive air and octane bubbles measured
on polymer samples inverted and submerged in water. The dispersion and polar
components of the surface energy of fully hydrated surfaces can be estimated
by this technique. Although useful this technique is slow and under normal
cirgum?tan;?s only allows measurement of the polymer-water-air receding contact
angle (8, 9).

. Theory of Contact Angle Hysteresis

Most polymeric materials have more than one stable contact angle. There
are usually two reproducible, stable contact angles: 1) an advancing contact
angle measured when an aqueous solution is advanced over a previously unwetted
surface; and 2) a receding contact angle observed when water recedes over a
previously wet surface. The difference between the two angles is referred to
as contact. angle hysteresis. There have been several hypotheses offered to
explain hysteresis (10). Langmuir (11) and others have suggested that it is
due to the overturning of surface molecular groups as the aqueous solution
advances and recedes over the polymer surface. At a palymer-water interface
there is a thermodynamic driving force to minimize the interfacial tension by
orientation of hydrophilic groups and side chains toward the water phase. In
air, the driving force is to reduce the polymer-air interfacial tension by
orientation of hydrophilic groups and side chains toward the air phase. Even
with fairly rigid materials such as polymethylmethacrylate, there is sufficient
surface mobility at room temperature to allow for such behavior. With fully
hydrated materials, water acts as a plasticizer in the outermost surface region
to enhance the surface mobility. Thus, a measure of only one contact angle, the
advancing (6 adv) or receding (8 rec), is not sufficient for most polymers.

Wilhelmy, in 1863, developed a technique to directly measure the wetting
force on surfaces at the solid-water-air interface (12). The Wilhelmy plate
technique is simple, reliable, and perhaps “"custom made" for use in character-
izing the wetting behavior of fully hydrated polymeric materials. Measurements
can be made with a variety of sample shapes and with most wetting solutions.
Both advancing and receding contact angles are automatically obtained. More
importantly, characterization may be made continuously during hydration.

Techniques

For a detailed description of the equipment and methods, refer to the
literature (10, 13). Included here are applications of this technique to the
measurenent of contact lens materials. The technique consists of suspending a
sample (plate) of known dimensions from a balance or force transducer. The
suspended sample is immersed into a wetting solution, usually ultraclean water
or isotonic saline solution, at a slow controlled rate, i.e., 1 to 10 cm per
minute. See Figure l1a and 2a. It is, in general, easier to move the wetting
1iquid rather than move the sample and balance. When the sample first begins
to wet, a large force change is observed. If the sample is hydrophilic, a
meniscus begins to advance up the sample perimeter; this is recorded as a
positive force. Figure 1b illustrates a typical wetting curve for a thin
rectangular hydrophobic sample. The sample will not readilywet and its inher-
ent bouyancy (negative slope) must first be overcome. Continued immersion
results in a stable slope that is a measure of the advancing contact (8 adv)
angle plus the sample's bouyancy. After a determination has been made for
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to balance

[
| /-zero depth

Immersion Depth

1(a) 1 (b)
Figure 1a. Wilhelmy plate configuration for flat thi i
raised and lowered over plate at 4.4 cm/min. SR 00 sle e 1

Figure 1b. An advancing and receding contact angl i

i g : e curves s

ysteresis. 8 adv = -X2/yp where xz is force, pg= perimeterhg:&ng Eogﬁiggcgngie
tension of wetting solution; 8 rec = x1/yp where 8 rec < 90° and 6 adv > 90°C.

to balance
8 ¥ 3
o For
IE S Fecedm-
ki
X1 lFOr'
s

o Aidvuncing

Im mer‘sio‘n Dept hr
2 (b)

2 (a)
Figure 2a. Wilhelmy plate configuration for round disc.

Figure 2b. Advancing and recedi
gur i ing contact angles showing hysteresis of -
Philic contact lens material. Due to bouyance effect, maxfmﬁﬁ force dgeshigzq

occur at disc diameter, but appear to the lef
C C 3 s t. Force
mned when disc is one half submerged (x7 and x2). vl B R s
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g adv, the wetting 1iquid is lowered to allow the sample to recede. This yields
a second stable slope and a measurement of the receding contact angle (8 rec)
plus bouyancy. Repeated irmersion and withdrawal cycles chould retrace the same
hysteresis curve. 1f the sample is interacting with the wetting solution, the
cycles will not repeat with time and the observed behavior is not representa-
tive of true hysteresis. Extrapolation of .the slopes to zero depth of immersion
allows calculations of the contact angles without having to consider bouyancy
effects, e.g., forces Xj and x2.

Figure 2b is a typical wetting curve for a round hydrophilic sample. Best
results are obtained if the sample is thin, exposing more surface area and
minimizing edge and bouyancy effects. A curve for a round, perfectly wetting
(no hysteresis) disc, submerged half way is illustrated in Figure 3. Due to
bouyancy effects, the maximum observed force does not coincide with the wetting
force recorded at the disc diameter (f). If the negative force (b), due to
bouyancy, is added to the observed force, we obtain the corrected wetting curve.
For circular samples, the most accurate wetting determinations are made at the
disc diameter, however, the volume of submerged disc needs to be calculated
and used to correct for bouyancy at this point. The corrected curve should
trace a perfect arc since the wetting force acts only at the perimeter. The
bouyancy slope.is a volumetric relationship, is more linear, and thus tends to
bend the observed wetting curves from perfect radial arcs. To calculate the
advancing and receding contact angles of round discs, we record the forces

%] and x2, accurring when the disc is exactly one half submerged, See Figure
2b. -To %y and X2, We add the bouyancy factor to calculate the receding and

advancing contact angles, respectively.

We used the movable cross arm of a mechanical tester to raise and lower
the wetting 1iquid at controlled speeds. The position of the cross arm was fed
to a x-y plotter along with the force output from a Cahn-RMZ glectrobalance.
The balance is yibrationally isolated from the mechanical tester, and all
equipment is enclosed to maintain constant temperature (20°C) and humidity

(35% RH).

Equation 1 is used to calculate both 8 adv and 6 rec.

= Mg Vog

5 8= + = L. . e e bl 59 B
cos @ %oy T by b l
mass as determined by force transducer [grams]

local gravitational force 979.3 [dynes/gram)

perimeter of sample acting on liguid interface [em]

surface tension of wetting liquid, for water at 20°C = 72.6 [dynes/

cm] .
volume of sample jmmersed at a particular depth |
density of wetting 1iquid

where m

wowonn

0w

g
p
y
v
p

The second term is the bouyancy factor and can be eliminated when curves are
extrapolated to zero depth of immersion. Accurate determinations of v for a
particular wetting 1iquid can be made by applying the Wilhelmy plate technique
to a perfectly wetting syrface such as freshly treated radiofrequency glow
discharged glass coverslips or fully hydrated agarose coated samples. One
assumes the sample s perfectly wetting, then cos 6 = 1 and we can solve for
v. Samples that are perfectly wetting will generally display no contact angle
hysteresis and 8 adv will equal @ rec as shown in Figures 3 and 4.
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Cadv™ er ec.
'y at diameter A=
\| | e
el e e
S -
| Oadv. = Orec.
f+b i -
Ka= -+
1
o [0
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o) observed| | S
L force I L? s
ouyancy e M | &
., 1=, zero depth
Immersion Depth Immersion Derpth
(3) (4)

Fi .
zlgu:§C3.Boﬁ1lhglm¥ p]a;e curves for a pgrfect1y wetting round disc, i.e., & ad
A subﬁer eﬁ giy is a function of the disc volume and decreases 1nver;ei’ wn'th\Ir
| sc segment. b = 1/(RS-cd) where R = radius, S = arc 1eng{h
»

c=co -

2 o g g o (1 (imereg s, e fors e crca fr
i ; c perimeter and traces fi

arc. x] = 2R sin S/2R. For small rou i ces a perfect

ShTeatuting & adv and © vec at disc d?gmgl:ﬁ?‘ better accuracy is achieved by

Fi i

Eugtzi :;e Ei::gCt]ang;e curve typical uf_perfectly wetting rectangular plate

T makepo ﬂte to zero depth of immersion, and referenced to point wﬁere

S iqn act with wetting solution during advancing mode. In with-

i iméersiu 13nf$9n1scus can rise above wetting solution level making zero

e on difficult to locate. Force determination is referenced to
rawal tare weight. Perfectly wetting samples are used in determining

{‘,’J surface tension o i
g f f wetting soluti i
L e . g solutions and evaluating the presence of surface
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Me thods

Circular 12 mm x 1 mm contact lens disc blanks were examined at 100X for
evidence of gross contamination. Samples appearing clean and free from scratches
were used for analysis. Three samples were chosen for each material formulation.
Wetting solutions were prepared from double dis§111ed water with 50 ma/liter of
NaN3 and 1.5 ppm C1 added/1iter to avoid bacterial contamination. Treater water
proved to be free from bacteria and pyrogens for greater than 15 days. Surface
tension of wetting solution was checked on each hatch_of prepared water and all
contact angle determinations were made in fresh solutions: YHp0 was 72.6 = .2
dynes/cm at 20°C.

Many commercial polymers contain extractables that can 1each out of the
bulk and contaminate the wetting solutions. Many monomers which may be present
in residual amounts can be surface active. Low mulgcu]ar weight, uncrasslinked
polymer is often surface active. Various preservatives may also be surface
active. This technique was used to measure for extractables during hydration
by sampling the surface tension (y) of the hydrating solution periodically.

Results

In Table I are the contact angles and results of hydration effects ob-
served with three different lens formulations. Polycon II and Polycon I are
both methacrylate-silicone copolymers with different silicone content. The
polymethylmethacrylate (PMMA) is of contact lens grade. A1l three materials
were provided by Syntex Ophthalmics, Phoenix, Arizona.

TABLE 1

Water Contact Angles as a Function of
Hydration Time of Contact Lenses

Polycon 11 Polycon 1 Polymethymethacrylate*
Length of g** @** captive| © ] captive 8 (] captive
Hydration adv rec bubble adv  rec bubble adv rec bubble
Dry gz |50 61 B6 58 67 79| 54 63
1 day 69 |32 67 kL) 64 | 37
2 days 65 |26 52 3 59| 33
3 days 63 | 21 57 21 56 | 21
4 days 64 |12 61 20 51| 20
7 days 47 |10 19 56 24 34 54 | 22 35 |

]
contact lens grade

W
tolerance & 2°
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When measured dry without prior hydration all materials appear hydrophobic
(nonwetting), both in the advancing and receding mode. After continued hydration
both advancing and receding contact angles decrease. Advancing contact angles
are always higher then receding angles, and rarely to both decrease at the same
rate. After seven days of hydration all three materials in Table I are consider-
ably more hydrophilic. Included for comparison in Table I are underwater captive
air bubble measurements made at one and seven days. The underwater bubble tech-
nique, although it provides a measurement approaching the & receding angle, is
celdom as low as the dynamic receding angle. Likewise, sessile drop measurement
made in the advancing mode will approximate the dynamic advancing angle, but
will not be quite as high.

Conclusions

The Wilhelmy plate technique has proven effactive in measuring dynamic .
water contact angles, both advancing and receding. Measurements can be directly
nade with most sample configurations. Results given here are for flat plates
or round discs. With appropriate mathematical analogs and corrections for
bouyancy, wetting curves for converging meniscus lenses may be made directly on
lathed samples. The advancing and receding contact angles give a more accurate
picture of the dynamic hydration changes observed in contact lens materials.
These wetting characteristics are more representative of surface energetics
for ophthalmic lenses in situ. To properly understand and perhaps avoid long
term lens problems, we must know what wetting changes occur. Polymer-water in-
teractions to a large extent determine which proteins will adsorb and how they
adsorb. Optimization of surface wetting characteristics is one possible approach
to help avoid long term protein adsorption and deposition problems. To develop
optimum polymer surface wetting characteristics, accurate, contact angle data
of fully hydrated materials is essential.
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Surface Oxidation of Cis-Trans Polybutadiene

L. SMITH,* C. DOYLE, D. E. GREGONIS, AND J. D. ANDRADE,
Department of Materials Science and Engineering and Department of
Bivengineering, University of Utah, Salt Lake City, Utah 84112

Synopsis

Uncrosslinked cis-trans polybutadiene films were prepared on ultraclean glass microscope slides
by uniform dipping. The samples were stored in different environments prior to evaluation of surface
oxidation by dynamic contact angle using the Wilhelmy plate method and by X-ray photoelectron
spectroscopy (XPS). Storage conditions evaluated were: (1) laboratory air at 20°C and 30% relative
humidity; (2) vacuum at 0.1 torr; (3) distilled water equilibrated with air; and (4) degassed distilled
water. XPS and contact angle analysis indicate that samples exposed to air undergo significant
surface oxidation within 8 h. Exposure of polybutadiene to air-equilibrated water results in slower
oxidation. Samples stored in degassed water demonstrated less surface oxidation. Vacuum-stored
samples demonstrated the least surface oxidation. Dynamic contact angle measurements demon-
strated that receding contact angles are more sensitive to changes in surface oxidation than are ad-
vancing contacl angles, as expected. Changes in surface wetting characteristics are readily observed
after only 1 h in laboratory air, although XPS analysis does not show evidence of oxidation within
4 hof air storage.

INTRODUCTION

It is well known that butadiene rubbers are susceptible to environmental ox-
idation by ozone and by thermal and photochemical methods.'~4 To stabilize
these materials, antioxidants of several different types are used.® Our interests
in the biologic interaction of these polymers required a knowledge of the oxidative
stability of additive-free polybutadiene under normal laboratory handling
conditions. A recent study showed that the adhesion characteristics of poly-
butadiene films is dependent upon short exposures to air, indicating that surface
oxidation takes place very rapidly.6 In this report, the surface oxidation of
cis-trans polybutadiene exposed to various laboratory handling conditions is
measured by Wilhelmy plate dynamic advancing and receding water contact
angles and by X-ray photoelectron spectroscopy.”

EXPERIMENTAL

Uncrosslinked cis-trans polybutadiene was obtained from Aldrich Chemical
Company, Lot #07. Proton nuclear magnetic resonance (NMR) spectra show
the geometry of this polymer to be 39% 1,4-cis, 52% 1,4-trans, and 9% 1,2-con-
figuration. Gel permeation chromatography (GPC) in tetrahydrofuran (THF)
using narrow-molecular-weight-distribution polystyrene calibration standards
produced the following molecular weights: M, = 6.95 X 10° and M,, = 1.85 X
105, The polymer was purified by dissolving in toluene, extraction with 5%
agueous sodium hydroxide, drying (Na,504), and precipitation into 2-propanol.

* To whom reprint requests should be directed.

Journal of Applied Polymer Science, Vol, 26, 1269-1276 (1982)

"

These results should also be of significance to the study of butadiene-con-
taining copolymers such as styrene-butadiene random copolymers and various
styrene-butadiene di- and triblock copolymers. Itis also important to note that
the contact angle and XPS methods used are highly sensitive to surface modi-
fication and in particular to oxidation. Bulk analysis of such polymer films, such
as by transmission infrared or even attenuated total reflectance infrared spec-
troscopy, would not be expected to show significant evidence of oxidation until
much higher levels were reached. It is also important to note that these studies
were performed on antioxidant-free material. The surface stability of antioxi-
dant-containing material with respect to surface oxidation remains to be de-
termined.

CONCLUSIONS

Surface oxidation of cis—trans polybutadiene was determined using both ad-
vancing and receding dynamic contact angles as measured by the Wilhelmy plate
technique and by X-ray photoelectron spectroscopy. The air-exposed surface
undergoes rapid oxidation detectable by water contact angles within 1 to 4 hand
by XPS after 4 h. Storage of samples under vacuum or in the absence of oxygen®
essentially eliminates the surface oxidation. The Wilhelmy plate contact angle
technique and X-ray photoelectron spectroscopy are useful tools for evaluating
the surface characteristics of polymers. Antioxidant-free cis—trans polybuta-
diene can be stored under vacuum for up to 120 h without significant surface
oxidation. Storage in oxygen-free water results in 2-3% surface oxidation after
24 h. Storage in oxygenated water or in air results in significant oxidation after
4h.

This work was supported in part by NIH Grant HL.26469. The authors are very grateful for the
technical assistance of Ms. Diane Cress.
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The polymer was stored as a 3% solution in toluene under argon until use.
Polymer films were prepared by slow, uniform dipping of cleaned glass micro-
scope coverslips and 10 mm X 9 mm X 1 mm glass samples. Film thicknesses
produced by this procedure measured approximately 2 ym. The films were
dipped and dried in air, a procedure which takes normally 0.5 h, and then vacuum
dried at 0.1 torr pressure for 24 h to assure removal of solvent. The 0.5-h air
exposure is thus the background level for the oxidation study.

X-Ray photoelectron spectroscopy (XPS) was done with a Hewlett-Packard
5950B instrument using monochromatic Al K ey o radiation (1487 eV) with 800
W power al the anode; the spectra were charge referenced to the C-1s alkyl
binding energy at 284 eV. Photoelectron spectra were obtained utilizing ten
scans over a 20-eV binding energy range. Oxidation was monitored by use of
the oxygen-1s peak intensity and by attenuation of the w—7* carbon-1s shakeup
satellite due to olefinic bonding” as well as from the chemical shift features of
the carbon-1s photoelectron peak. The m—7* carbon signal is observed at +7
eV from the main alkyl carbon line at 284 eV. The mean free path of both the
C-1s and the O-1s photoelectrons is approximately 60 A8 As the Hewlett—
Packard instrument used here has a sample geometry in which the detected
electrons are in a path 38.5° from the surface plane, about 63% of the signal de-
tected is from the topmost 40 A of the sample.

Wilhelmy Plaie Technique

In our laboratory, two technigques have been extensively used for measuring
contact angles on fully hydrated surfaces. One technique consists of measuring
captive air and octane bubbles on inverted samples submerged in water. The
polar and dispersion components of the surface energy of the fully hydrated
surface? can be estimated by this method. Waork by Smith!® and others has
demonstrated good correlation between biologic cell adhesion to surfaces and
their captive air and octane contact angle measurements. The captive air and
octane contact angle technique, while providing useful information concerning
the interface energetics, is rather slow to perform and, under normal circum-
stances, only provides a measure of the polymer—water-air receding contact
angle.?-12

Most polymers demonstrate both an advancing and receding stable contact
angle. The difference between ! advancing and 0 receding is defined as contact
angle hysteresis. Many hypotheses have been presented to explain hysteresis.!
Langmuir!? suggested that hysteresis is due to the overturning of molecules as
the liquid advances and recedes over the surface.

Since most polymer systems display some form of hysteresis, the more infor-
mative Wilhelmy plate technique has been employed in our laboratory for more
careful surface evaluation. The technique is simple and requires only a modest
investment in equipment. The requisite equipment is already available in most
laboratories. For these studies, a standard mechanical testing device (Scotts
SRE500 mechanical testing machine) is used to raise and lower a beaker of 2X
distilled water at controlled speeds of approximately 40 mm per minute. Sit-
uated above the container is a Cahn electrobalance (model RM-2) which supports
the test sample on a fine thread. The bhalance system is mounted separately from
the mechanical tester and is vibrationally isolated (see Fig. 1). The mechanical

/
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Fig.1. Schematic of Wilhelmy plate-equipment. A Scotts mechanical tester is used to raise and
lower wetling liquid over sample interface at 40 mm/min. Wetting forces are measured on Cahn
electrobalance. Equipment is entirely enclosed in temperature-controlled enclosure maintained
at 20°C and 30% relatively humidity. '

INSULATED ENCLOSURE

TO RECORDER

tester and balance are contained in an insulated enclosure maintained at constant
temperature (20°C) and humidity (30% RH). Various other systems for mea-
suring the wetting force on the test plates have been used by other investiga-
tors,}1-13 including chain balances, strain gauges, and linear differential trans-
formers. Electrical signals from the balance and crosshead travel are fed to an
X-Y plotter to obtain the wetting curves [see Figs. 2(a), 2(b), and 2(c)]. Routine
calibration of the electrobalance is readily performed by the addition of 100 or
200 mg tare weights. With the equipment described, a weight sensitivity of about
3.8 mg/mm is adequate for use with glass coverslips. For very small samples such
as fibers and small tubing, a factor-of-10 more sensitivity is required.
. Asthe crosshead is raised, the sample begins its immersion into the test fluid.
When the sample first touches the fluid, a meniscus is formed and, as penetration
of the sample into the liquid continues, the contact angle levels off, resulting in
a constant slope on the XY recorder, which is a measure of the advancing angle.
After some distance of immersion (2.5-3.0 ¢m), the process is reversed, the
wetting liquid is lowered, and a constant measure of the receding angle is ob-
served. Random vibrations resulting from the movement of the liquid over the
sample surface lower the free energy barriers, allowing the advancing angle to
more closely approach the maximum theoretical low-energy contact angle.
Likewise, the receding angle more closely approaches the maximum high-energy
surface contact angle.!!

A typical curve for cis—trans polybutadiene is illustrated in Figure 2(a). The
sample is immersed Lo a depth of about 2.5 ¢cm (path 1) and then retracted. A
second immersion is followed in path 2 that retraces exactly the advancing and
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Fig. 2. (a) Typical Wilhelmy plate wetting curve of a polybutadiene sample. The buoyancy slope
parallels both advaneing and receding contact angles. The sample was taken through iwo successive
dipping cycles to demonstrate reproducibility. Displacement A is used to compute the receding
angle, while displacement B is used to compute the advaneing angle. Curves are measured at the
point of zero depth of immersion so the buoyancy effect can be neglected. (b) Wetting characteristics
for hydrated, glow-discharged mica. The advancing curve is identical to the receding curve and
parallel to the buoyaney slope. The slope is evaluated at zero depth of immersion. Note that the
sample weight coming out of the wetling solution is less than the weight prior to the dipping point.
The weight difference ¢ is due to retained water droplets attached to the sample during hydration.
Ultraclean, glow-discharged mica is assumed to be perfectly wetting and is used to measure the surface
tension of wetting solutions. (c) Wetting curves of a nonhydrated hydrogel, poly(hydroxyethyl
methacrylate). Due to the interaction of water with the nonequilibrated gel, the wetting curves do
not parallel the buoyancy slope. Successive wetting cycles demonstrate increased wetting within
seconds of a first immersion, demonstrating noneguilibration.

receding curves in path 1. This indicates that no additional equilibration is
taking place and that the water is not further interacting with the test sample.
The buoyancy slope for the glass coverslip parallels the wetting curve.

Shown in Figure 2(h) are the wetting curves of radiofrequency glow-discharged
(RFGD) mica. Freshly cleaved mica is extremely smooth, and, with a 2-min

RFGD treatment in helium, it can be made perfectly welting with no contact

angle hysteresis. This also allows for accurate assessment of liquid surface
tensions.

For simplification, straight-line approximations of the advancing and receding
slopes are made and extrapolated to zero depths of immersion, and the hbuoyancy
factor in eq. (1), Vpg/py, can then be eliminated. Force A [Fig. 2(a)] is used to
compute f advancing, and force B [Fig. 2(a)] is used to compute f receding. The
basic equation is

mg , Vog
2 BY

where m is mass of the slide (g) as measured via electrobalance; g is local gravi-
tational force (979.3 dyn/g); p is perimeter of sample (ecm); -y is surface tension
of wetting liquid; for water v = 72.6 dyn/cm at 20°C; V is volume of immersed
sample at a particular depth; and p is density of wetting liquid. Zero depth of
immersion is more readily observed as the sample first touches the water surface.
When the sample is retracted from the water, a meniscus is carried above the
water surface for some distance, depending upon the surface tension of the
wetting liquid and the wetting characteristics of the sample.

In Figures 2(b) and 2(c), it is observed that the weight of the sample when
withdrawn is not necessarily the same as when it is immersed, depending upon
whether the sample is hydrated or nonhydrated. The initial weight and final
weight may or may not be equal. For calculation purposes, the weight after
sample retraction is used for measuring the force displacements. Measurements
are frequently made with unequilibrated hydrogel systems, such as poly(hy-
droxyethyl methacrylate). Illustrated in Figure 2(c) are wetting curves of a
nonequilibrated hydrogel surface. Note that the second path, yielding lower
angles, does not retrace the first, because water is interacting with the gel surface
and, because it interacts longer at the bottom than at the top, the buoyancy slope
differs from the sample wetting slope. If the gel sample had been fully equili-
brated, the first immersion path would look like Figure 2(a) and succeeding
curves would be similar to Figure 2(b), showing no hysteresis.

It has been shown by Johnson et al.'! that advancing angles are more repro-
ducible on lower-energy (hydrophobic) surfaces, whereas receding angles are
more reproducible on higher-energy (hydrophilic) surfaces. The dependence
of advancing and receding angle measurements on the speed of immersion and
withdrawal of the sample was also demonstrated. Speeds over 100 mm/min seem
to influence the advancing angle more than the receding angle and are more
noticeable on heterogeneous surfaces as compared to homogeneous surfaces. In
general, better measurements are obtained with immersion and withdrawal
speeds of less than 50 mm/min.

cosfl =

(1)

Methods

Polymer solutions are prepared as 3 wt % solutions and filtered through 0.1-pm
filters into precleaned bottles. Ultraclean glass coverslips (Corning Glass), 24
mm by 60 mm, are slowly dipped into the polymer solution to coat hoth sides
uniformly. These samples are air dried for approximately 0.5 h, followed by
further drying for solvent removal in a vacuum desiccator (0.1 torr) at 20°C for
24 h, Following desiccation, samples are handled according to their specific
protocel prior to measurement.

After 24 h of vacuum drying, the polybutadiene specimens were submitted



to each of the following environments: (1) laboratory air at 20°C and 30% rel-
atively humidity, (2) 2X distilled water equilibrated with air, (3) degassed dis-
tilled water, and (4) vacuum at 0.1 torr. Water was degassed by boiling and by
argon purge. The water-soaked samples were stored in sealed polyethylene slide
holders. For the degassed water-equilibrated samples, the slide holders were
filled to eliminate any air pockets and then sealed. Samples were tested after
exposure periods of 0,4, 7,24, and 92 h. For XPS analysis, water-soaked samples
were dried for 2 h under vacuum before measurement. The air- and vacuum-
stored samples were run immediately. All contact angles were measured im-
mediately after the required time had elapsed. The hydration effect on contact
angle is observable; after each measurement the samples were vacuum dried and
remeasured dry. A slight increase in hydrophobicity was noted in the dried
samples.

RESULTS AND DISCUSSION

XPS8 analysis of the oxygen-1s, carbon-1s, and C-1s w—a* satellites shows that
exposure to air for times greater than 4 h results in oxidation of the surface of
polybutadiene. The air-equilibrated water environment resulted in a much lower
rate of oxidation. The desiccator-stored samples showed the least degree of
surface oxidation of the storage environments evaluated.

Representative carbon-1s spectra are given in Figure 3. Only the 4 and 24-h
storage data are included for the vacuum [Fig. 3(a)], water [Fig. 3(b)], and air
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Fig. 3. Carbon-1s X-ray photoelectron spectra of cis-trans polybutadiene surfaces. (a) Samples
stored in vacuum desiccator at 0.1 torr pressure, 20°C, for 4 h (top) and 24 h (bottom). (b) Samples
stored in deionized/distilled water at 20°C for 4 h (top) and 24 h (bottom). (c) Samples stored in
air in a laminar-flow, filtered air bench at 20°C, 30% RH for 4 h (top) and 24 h {bottom). Note the
major C-1s peak located at 284.0 eV and the m—m* satellite peak at 290.9 eV, Air-stored samples
develop significant surface oxidation at storage times exceeding 4 h. The 24-h air-stored sample
(bottom right) shows the presence of an oxidized carbon peak at 287.6 eV (change of 3.6 eV), a
characteristic feature for oxidized polybutadiene, The 0-1s peak (not shown) analysis confirms
the presence of oxidation. Minor differences in peak heights from panel to panel are not necessarily
significant. Peak ratios and positions within individual panels are significant. Vertical seale bar
represents 50,000 counts/channel,

[Fig. 3{c)] storage environments. The main C-1s line is charge-referenced to
284.0eV. The w—7* shake-up satallite is present at 6.9 eV higher binding energy
(290.9 V), as expected. No gvidence of surface oxidation is present. Such ev-
idence would be an asymmetry in the main C-1s peak resulting in a high binding
energy tail or even distinct features. Such features are clearly evident in Figure
3(c), bottom, the 24-h air specimen. The peak at 3.6 eV from the main peak is
characteristic of oxidized polybutadiene and could be due to a carbonyl-like
carbon-oxygen state. A more detailed XPS study, including detailed analysis
of the O-1s spectra, could provide more definitive information on the mechanism
of oxidation.

The contact angle data shows comparable results (Fig. 4). The receding
contact angle is more sensitive to surface oxidation than is the advancing angle.
Both advancing and receding angles are quite stable to vacuum storage, indicating
minimum oxidation under vacuum storage conditions. The oxidation of poly-
butadiene in air is rapid as noted by a decrease in the receding angle after the
first hour, although 4 to 10 h of air storage are required before relatively large
decreases in the advancing and receding angles (5 and 10° decreases, respectively)
are noted. The water-soaked samples were measured as soon as their exposure
time was finished. Hydration versus nonhydration of samples affects their
contact angles, therefore, typically water-equilibrated materials which are not
susceptible to oxidation still result in a decrease in contact angle.* To correct
for this factor, a few samples were measured wet, then dried in vacuum and re-
measured dry. Thus, water-N; equilibrated samples at 24 h measured 50° re-
ceding angle; after drying, the “dry” remeasured receding angle was 60°. These
values correlate quite well with the XPS data which show that vacuum-stored
samples undergo minimal or negligible oxidation, degassed water samples show
greater oxidation, water equilibrated with air samples show next greatest oxi-
dation, and air-exposed polybutadiene shows rapid surface oxidation. This rapid
surface oxidation is also the conclusion derived from the polybutadiene adhesion
study.®

CIS-TRANS BUTADIENE
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Fig. 4. Surface oxidation and related changes in wetting for cis-trans butadiene are readily ap-
parent as storage conditions change. Wetling continues to change with time for all storage conditions
excepl with vacuum storage. For clarity, only data for vacuum and air storage conditions are illus-
trated. Contact angle results of samples stored in degassed water and air-equilibrated water are
similar to those stored in lahoratory air.
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1. INTRODUCTION

A bioluminescence-based biosensor with the ability to measure several metabolites
at once would be a great asset to research as well as to clinical and preventative
medicine. One of the advantages of bicluminescence is its sensitivity and ability to
measure analytes in the micromolar (uM) range. However, to do so, an analytical
instrument such as a photomultiplier tube (PMT) based luminometer which can
accurately measure light intensity, is typically required. This approach can be too
expensive for a home-based monitor; therefore, a hand-heild CCD based
luminometer is a desirable alternative. Additionally, a CCD has the advantage of
being able to casily measure multiple analytes at once compared to a PMT-based
luminomter, which is generally limited to only one.

Computer modeling is a useful teol for evaluating the feasibility of various
biochemical pathways for measuring a specific metabolite of interest. The
parameters of the computer model are governed by the desired detection limits of
the metabolite of interest, the reaction kinetics, and the measuring device (in this
case a CCD based luminometer). The purpose of this investigation was to apply a
computer model of the ATP firefly luciferase reaction, present a case study of a
homogeneous, ATP depletion assay for creatine (Cr), and discuss the use of
computer madeling for optimizing biosensor design and development.

2. FIREFLY LUCIFERASE PLATFORM REACTION

All computer modeling was performed using Gepasi, 2 program for the simulation
and optimization of biochemical reactions.! This investigation specifically
investigated reactions coupled to firefly luciferase. Thus, the first step was to model
the firefly luciferase (FFL) reaction and validate the model results with
experimental data. The FFL reaction is shown below (rxn(1)):
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FFL
ATP + luciferin + O, «4——p AMP + oxyluciferin + CO, + PP; + light (1)

The multi-step reaction scheme and kinetic constants used in the computer
model were based on Gandeiman et al. (1993).2

ES,
k .Sa

. k1S
k52 AMP PP hv

The above reaction scheme was modeled with an initial luciferin (LH;)
concentration of 30 uM, luciferase concentration of 0.7 uM, and ATP concentration
ranging from 0.3 pM to 3.3 mM. To validate the computer model, experiments were
performed using concentrations presented above. A Turner 20/20 luminometer was
used to measure the light output as a function of time. The model and experimental
results are shown in Figures la and 1b.

3. COUPLED REACTION SCHEMES

There are two basic types of sensor reactions: ATP depletion and ATP production.
This investigation focused on ATP depletion assays (rxn(2)):

El
substrate + ATP #——————® product + ADP 2)

An example of an ATP depletion assay is the conversion of Cr to creatine
phosphate (CrP) via creatine kinase (CK) (E.C. 2.7.3.2). To quantify Cr using
bioluminescence, rxn(2) is coupled to the firefly luciferase reaction (rxn(1)). The
difference between the ATP consumed by the firefly luciferase reaction alone and
the ATP consumed by the coupled reactions is proportional to substrate
concentration. This difference can be measured from the light output.

As an example for biosensor design, the creatine assay was modeled to
determine feasibility and optimal conditions. The maximum velocity and Michaelis-
Menten constants used in the model for the CK reaction were for rabbit muscle and
were based on those previously determined by Morrison and James.?
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Fig 1. Results of the (a) computer model and (b) experiments for the firefly
luciferase reaction. Luciferin concentration = 30 uM, luciferase concentration = 0.7
1M, and ATP concentrations of 0.3 pM, 3 pM, 30 uM, .3 mM and 3.33 mM.

4. RESULTS

The computer model was used to optimize the results of the assay by varying the
luciferin concentration between 0.01 and 1 mM, the luciferase concentration
between 3 x 10 and 3 x 10 mM, and the ATP concentration between 0.1 uM and
1 mM. The results of the creatine model at varying ATP concentrations and at
creatine concentrations between 0 and 300 uM are included in Figures 2a-d.

5. DISCUSSION

The design parameters for a biosensor are based on the required resolution and
sensitivity of the assay. For example, a biosensor that measures creatine must be
capable of detecting creatine concentrations between 0 and 300 uM with a
sensitivity of 10 uM and a precision of & 5%. To achieve these results, both the
reaction kinetics and instrumentation limitations must be considered.

One issue with the CCD is the fact that it is approximately 100-1000x less
sensitive than a typical PMT based luminometer and generally requires an
integration of light intensity. As a result, it is desirable to maximize the light
intensity while maintaining adequate sensitivity. To increase the light intensity,
ATP and luciferase concentration can be increased. However, as ATP and luciferase
concentrations are increased, the sensitivity of the assay (ability to detect
differences between creatine concentrations) decreases. Potential solutions are to
manipulate cofactors such as Mg®* or to use completely different reaction schemes.

A hand-held CCD analyzer for a muiti-channel, multi-analyte biosensor offers

unique challenges. Future work will investigate the relationship between the results
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of the computer model and the CCD detector output. Ultimately, this will help to
maximize the applicability of the computer model and will reduce the need for
PMT-based detectors.
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Fig 2. Results of computer model of creatine assay with creatine concentrations of
0, 75 uM, 150 uM, 225 uM, and 300 uM; luciferase concentration = 0.7 uM;
luciferin concentration = 10 pM; and ATP concentrations of (a) 0.001 mM, (b) 0.01
mM, (¢) 0.1 mM, and (d) 1.0 mM.
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ELASTICITY MAPPING OF POLYMERIC SURFACES WITH
SCANNING FORCE MICROSCOPY (5FM)

l.Introduction

We have used the SFM to image polymer asurfaces
producing an "elasticity map". The map image is generated
from the differences in surface elasticities, in contrast te

a normal topographical image of variances in height. To!-
accemplish this imaging, the SFM is used in force meodulation
mcde (1,2) . When activated, the piezoelectric crystal!

controlling the sample holder moves in the z direction and .
causes the cantilever to deflect from its original position,

zd. The deflection, Az4, is used in a ratioco with the
change in height of the piezo, Azpy,
This mode allows the SFM to recognize
relation to "hard" sections,
deflection of the cantilever will be related to
elasticity of the area under the tip (Figure 1) (1).
used this technigque to image the surface of polyurethane
films. Polyurethanea are known to phase separate with the
domain sizes ranging from 10-350A& (3,4).
elasticities of the phases of the polyurethane is revealed
through the force medulation methed.
Z.5urface Deformation

The elastic nature of samples is of concern.
sample is very elastic,

"soft"

If the
it may deform under the force of the
tip. This deformation may produce an increase in the
contact area between the tip and the sample, thereby
creating a conveluted topographical image.

Assuming that the tip is represented by a
nondeformable sphere of radius R interacting with a flat
surface,
can be modeled by continuum elastic theory and contact
mechanics,
described by (5,6):
s L

2 2
2 = =
W e B S
16R E E
1 2

Where D is the surface deformation {ﬁetera},
applied force (Newtons), R is the tip radius (meters), Vi1
and E1 are the Polsson's ratico and Young's modulus for the
tip, and V2 and E2 are the Poisson's
modulus for the sample.

to create an image. '
sections in -
since the change in the;
the -
We have =

The contrast in the;

lazge .
and assuming that the deformation of the surface

then: the deformation of the surface can be,

F is the'|

ratio and Young's:

Much work lately has been in an effort to use the SFM%

in determining the elastic modulus of zamples (1,7-10). The
strategy is to use the curves that show the deflection of
the cantilever in relation to the movement of the
holder in the Z direction (similar teo a
distance curve - FvD).
with the surface, for a sample with a elastic modulus much
greater than the spring constant of the cantilever, the
curve will be linear with the cantilever deflecting one unit

sample '
force wversus
After the tip "jumps" into contact::

for every unit thea sample moves in the 2 direction.’
Alternatively, for a sample that has a spring constant that
is not "much" greater than the cantilever, there will be

deformation of the surface as well as deflection of the
cantilever. This can be seen as a change in the slope of
the FvD curve. The area difference between the curves is
related to the elastic energy steored in the sample.

Figqure |

3 shows curves generated using a commercial silicon nitride

cantilever with an approximate spring constant of 0.38

N/m2 (6,11). The differences in slopes for the metal sample
and the polycarbonate show that a normal cantilever has
enough responsiveness to detect small (or large) elasticity
differences,
d.Experimental

We have used the SFM toc look

polyurethane (PU) film samples. The PU analyzed was a diol

at the surfaces of'

extended segmented polyurethane with a PTMO scft segment '

(Vialon 510x-60, 60% hard segment by weight, Becton
Dickinsen Co., Franklin Lakes, NJ). The PU was dissolved in
N,M-Dimethylformamide at room temperature to create a 1%
solution by volume. This solution was spun cast on glass
microslips at 4000 rpm for 20 seconds, allowed to air dry
and then cast with second and third layers at 4000 rpm for

The PU films were then heat drie&ﬁiﬁ_vacuum
for 24 hoursa(3).

20 seconds.
(70°C, 20mmiq)

The PU samples were imaged using the modulation
software (2). The surface was originally imaged at 15,000nm
X 15,000nm range, but was found to be very "wavy" at that
distance due to the extent of motion by the tip over the
sample. The "elasticity™ map at this range was inconclusive.
The range was reduced to 250nm X 250nm. At this range the
surface was much easier to image. Figure 3 is the surface
image produced from normal scanning with constant force
mode. A nonperiodic surface is shown with surface
|structures of varying height. Figure 4 illustrates the
height of the surface structures; from 1 te 2nm and having a
thicknesses of 10 to 40nm. The "elasticity" map of the same
area of the surface is shown in Figure 5. Definite
differences in the images are noted. Semicontinuocus areas
of slight height wvariance are seen. The darker regiomns
indicating a more "elastic" area beneath the tip. Figure 6
shows a profile of the elasticity map. The surface
structures show varying widths; from 10 to 50nm. This is in
reasonable agreement with the predicted bulk phase domain
‘gize of between 5 to 30nm. The PU 1is known to phase
separate and to have a surface composition that is similar
[to that in the bulk (3,4). The discrepancy can be related
|to the tip geometry being a 1limiting factor in the
|determination of the smaller domains. Also, the phases
|present are not expected to arrange as simple spheres but as
la semicontinuous "blend" of the hard and soft segment.
'Vlalnn 510x is known te have a small concentration of soft
'aegmant over the surface in air, This may cause the
gcantrast in elasticity of the domains to be lessened. Also,
'in air the dynamic mobility of the PU surface allows it to
|reorlent to minimize its surface free energy (3,4%). To
|accomplish this minimization the hard segments of the PU
|w111 migrate away from the surface. Therefore, there may be

J/a much greater concentration of soft segment at the surface

than is expected for the bulk.
and extractables may also influence the "elastic"
|the surface.
| The "elasticity™ map of the surface illustrated very
llarge features at the edges of the images. This is an
|artifact of the software and scanning mechanism. Further,
the Comparison of Figures 3 and 5 as well as 4 and 6
illustrate that the features of the "elasticity” map are not
a result of the topography of the sample as may be expected
from a purely Z-derivative image.
E.Conclusions and Future Work

The advantage of the SFM and similar techniques is
|based on their ability to image microscale features. This
ability is determined by the limitations of the microscope
and of the surface to be imaged. Using continuum elasticity
concepts a model has been used to estimate the deformation
of a system and cantilever deflection due to the force
applied by the SFM tip. The results show that estimation of
the modulation is possible with knowledge of the cantilevers
imaterials and mechanical properties.

The "elasticity™ maps obtained using the force

modulation technique also indicate promise for that
technique. With the use of cantilevers of varying spring
iconstant, the sensitivity of the modulation images can be
{enhanced. This technique is also able to produce images in
{1iquid environments, therefore it may be pessible to
{directly study the phase mebility of PU's in different
imedia.
H our efforts to produce "elasticity" maps of the
i surface have used commercially available cantilevers as well
as cantilevers we have modified to increase the spring
‘constant. The cantilevers available on the market have a
very small spring constant in relation to the samples of
‘interest, modification will allow for greater comtrast in
IelastLCLty response.

The presence of impurities,
effect of
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Figure 3. SFM scanned surface view image of
segmented polyurethane. Scan size of 250mm X
250nm.
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MICRODOMAIN IMAGING OF MODEL COPOLYMERS
BY SCANNING FORCE MICROSCOPE (SFM)
ELASTICITY MAPPING
EW. STROUP*, A, PUNGORT, V. HLADYT, 1.D. ANDRADE*}
Deparuments of Materials Science® and Bioengineeringf
University of Utah, Salt Lake City, Utah 84112

Introduction

The SFM senses the forces acting between a surface
and a sharp tip. In contrast to the scanning tunneling
microscope (STM), the SFM does net require a conductive
surface for imaging. This allows the SFM to image
polymeric and biological surfaces. The microscopic lip is
attached to a small cantilever which deflects in response
to the forces between the surface and the tip. The SFM
records the deflection of the cantilever,

The SFM can not only be used to obtain
topographical images, but also has been used to produce
an elasticity map by sensing differences in local surface
elasticities using the Force Modulation mode of imaging
(1,2). When the Force Modulation mode is activated, the
piezoelectric crystal controlling the sample motion
oscillates (5 kHz) in the z direction. The sample is scanned
below the tip in the x-y direction as the force is kept
constant by the system feedback loop. The small
movement of the sample in the z direction (approximately
25 nm) causes the cantilever to deflect from its original
position, zd (Figure 1). The deflection, Azd, is used in a
ratio with the change in height of the piezo, Azm, to create
the image. Elastic or soft regions will be penetrated by
the tip, whereas hard regions will resist tip motion. This
mode allows the SFM images to be formed based on
differences betwesn soft sections in relation to hard
sections, since the change in the deflection of the
cantilever will be related to the elasticity of the area
under the tip (Figure 1) (1) The contrast in the
elasticities of the components of the samples is revealed
through the force modulation method.

In our experiments we have used the SFM to probe
the heterogeneous microelasticity of model block
copolymer systems in an aqueous media, This is done
using the force modulation technique. The samples were
viewed in the aqueous environment to provide for more
stability in the forces present and to provide the samples
with an environment that more closely resembles
physiological conditions.

There has been much work lately on the use of the
SFM to determine the elastic medulus of a sample (1,3-5).
The strategy employed is to analyze the deflection of the
cantilever in relation to the movement of the sample
holder in the Z direction (this response gives a force
versus distance curve - FvD).

The methods used to measure the nanoindentation
are significant in that they can provide vital information
at the point of interest (5). The single point
measurements are highly reproducible and have a great
deal of sensitivity. They are limited spatially only by the
elastic nature of the sample and the geometry of the
scanning probe. These methods are not convenient for
samples that have regions of heterogeneous elasticity,
particularly if these areas are not distinguishable by
differences in topography or by optical methods.

Composites and copolymers are thus extremely difficult 14
interpret. The force modulation technique allows one g
map the surface elasticity of samples that may have 3
variety of different local elasticities, by comparing the
relative elasticities of the area.

Experimental

All SFM experiments were performed using a Digi]
Instruments Nanoscope II® (2) with an AFM D scanning
head providing maximum scanning ranges of 16pm. The
experiments were performed in highly purified water ()
using the Nanoscope's flow cell. The cantilevers used in
the experiments were microfabricated silicon Ultralevers™
(Park Scientific Instruments, Sunnyvale, Ca.) with
reported spring constants ranging from .03 to 7.4 Nfm,
The Ultralevers have a tip radius of approximately 1004
and an aspect ratio of 3:1 (compared to 1:1 for normal
tips).

The model system analyzed was a triblock
copolymer of Styrene-Butadiene-Styrene (Kraton DI1102,
Shell Research Co, Houston Texas) with 29% styrene and
71% butadiene by weight. Films of the copolymer were
prepared by spin casting (at 250 rpm for 30 seconds) a
1%(w/v) solution of Kraton in toluecne onto plasma cleaned
glass microslips (5/8 inch diameter). The samples were
air dried in a dust free environment for 30 minutes and
then anmnealed at 100°C for 5 days under vacuum. The
samples were quenched to room temperature (in highly
purified water), dried under nitrogen and stored at 0°C.
Results and Discussion

The Styrene-Butadiene-Styrene copolymer samples
were imaged at 5000 nm X 5000 nm using the constant
force mode (normal scanning) (Figure 2). Semicontinuous
areas can be seen against the background. These lamella
shows an average width of 300nm (Figure3). The
copolymer samples were then imaged at 5000 nm X 5000
nm using the modulation software (Figure 4).
Semicontinuous areas can again be seen against the
background. The darker regions indicate a more elastic
area beneath the tip. The phases present are arranged as
a semicontinuous blend of the hard and soft segment and
not as simple spheres. The surface structures show
average widths of approximately 400 nm (Figure 5). The
section shows many features similar to the normal scan
image, but the differences in width of the features may be
attributed to convolution of the elastic response by
lamella closely packed.

The scan size and applied force were varied (o
determine their effect on the surface. By changing their
range, it is possible to determine if there has been any
damage to the surface as a result of scanning. No plastic
deformation of the surfaces was apparent in either case.
Conclusions

The advantage of the SFM and similar techniques is
based on their ability to image microscale features. The
single point measurements are good for materials of a
single type of elasticity, however, PU and other block
copolymers have surface elasticities that vary widely.
This creates difficulties in applying the this method
directly to the deformation seen with these materials.
The elasticity maps obtained using the force meodulation
technique indicate promise for that technique. We can
image the microdomains of heterogeneous surfaces on 2
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level not approached in this degree in a variety of
gavironments. ;
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Figure 1: The piezoelectric erystal controlling the

sample motion, osciilates (3 kHz) in the z direction as the
sample is scanned below the tip as the force is kept
constant by the system feedback loop. The small
movement of the sample in the z direction (approximately
25 nm) causes the cantilever to deflect from its original
position, zd. The deflection, Azd, is used in a ratio with the
change in height of the piezo, Azm, to create the image.
Elastic or soft regions will be penetrated by the tip,
whereas hard regions will resist penetration.
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Figure 2 ‘SFM image (constant force) of Styrene-
Butadiene-Styrene copolymer. Scan rate 10.7 Hz. This
Image shows features that indicate a lamellar structure.
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Figure 3 Sectional view of SFM image (constant force) of
Styrene-Butadiene-Styrene copolymer. Scan rate 10.7 Hz.
This image shows that the lamellar features have an
average width of 400A.
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Figure 5. Sectional view of SFM force modulation image
of Styrene-Butadiene-Styrene copolymer. This view

shows dimensions of the feartures, Comparison with
Figures 3 shows that the resulting images have similar
features.
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One of the more novel uses of the AFM has been to image & suriac
to produce a "hardness map” from different surface elasticities, in
contrast to a topographical image of variances in height To accomplish
this imaging, the AFM is used in force modulation mode. When activated,
the piezoelectric crystal controlling the sample holder moves 1n the z
direction and causes the cantilever to deflect from its original
position, ect i a rati ith the change
in height od 1 the
AFM to re the
change the
nardness

Zm Piezoelectric Azm Piezoelectri
Crystal Crystal
High Low Modulu
Modulus Materials
Materials
Very little work to date has been done on conventional polymers.
There are many problems faced when dealing with conventional polymers.
There may be simultaneous imaging from multiple contact points between
the tip and the sample, this c uld be due to extending surface features,
impurities (dust), or even portions of the molecule itself protruding
from the surface due to natural molecular arrangement. These contacts
may cause convoluted images. The tip radius is a limitiag fact or since
if the sample possesses features that are sharper than the tip 1;self
the image will be of the tip itself. Also, features that are recessed
from the scanning surface can only be imaged on the order of the shap
of the tip. In the figure below some of the various multicontact
problems are illustrated. Tip number 1, represents a tip with a ingle
contact. A tip trying to image a depression that has a pitch of greater
degree than the tip's semiaxial angle causes the image to be cut off
where the tip cannot enter :he depression any further (tip 2), thereby
producing multicontacts. Tips numbers three anc four show features
sharper than the tip. A dust particle is interferi ing with tip number 3,
and tip 6 is coming i::o contact with polymer bonds (such as gr afted
polyethylene oxide, or large side chains).
a 5
The elastic nature of the sample is also of concern. If the
sample is very elastic, it may deform under the force of the tip. This
deformation may cause increased surface contact area between the tip and

the sample, thereby producing a convoluted topographical image.
Assuming the system of the AFM resembles that of a large sphere of
lat surface, that the deformation of the
wum elastic theory, and also by contact

‘i

radius R interacting with a

fla
surface can be modeled by contin

mechanics, then the deformation can be described by the following (6,7):
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A Structural Domain Approach to Predicting the-Adsorption of Albumin

Joan K. Stuart, Joseph D. Andrade and Vladimir Hlady
Depanment of Bioengineering, Center for Biopolymers at Interfaces, University of Utah,
Salt Lake City, UT, 84112, USA
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Many proteins consist of multiple domains that, while structurally similar, tend 10 behave
autonomously in their electrostatic and thermodynamic properties. It is-thdught that the
microheterogeneity exhibited by these domains can explain why complex proteins adsorb

to surfaces with a wide variety of properties. This hypothesis is being applied specifically

to albumin, as it has been used extensively as a model for studying complex protein

behavior. The X-ray crystal structure for human serum albumin (HSA) has also been

recently determined. Using the published two-dimensional images in conjunction with
known structural features, a rough computer model has been developed. Electrostatic and
hydrophobic properties are simulated using this model, from which adsorption properties
can be inferred for each domain and for the molecule as a whole. Using this model and

basis for

available literature data, the structural domain approach is developed

he adsorption of other complex proteins.

study:

jon

e of medical and

ces 1S important in a rang

The adsorption of proteins at various interf

biotechnological applications. Protein adsorption is not well understood and thus is not

3 2 . . e . - >
easily controlled. = Protein interaction with biomaterial surfaces partially dictates the

compatibility of an implant. The events that can occur upon adsorption of blood protei
cades, depletion of local

include: activation of the complement and coagulation ce

sis or thrombosis, 2 or non-specific binding, in

itors or inhibitors of hemost

immunoassays and clinical diagnostics 4 The gxplanation and prediction of protein
behavior at interfaces is thus an important first step in the attempt to manipulate these

processes in a beneficial way.

e,

The process of protein adsorption is driven by a reduction in free energy of the surf

meter that affects free energy

olvent and pro
areas. If a protein has exposed

ic patches,their adsorption 1o a surface will allow for a decrease in the order of
! P

the surrounding wa
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everal techniques have been used to study the hydrophobic interactions at an interface.
An “Effective Surface Hydrophobicity™ can be determined using fluorescent probe
titration or hydrophobic interaction chromatography. 10 If the structure of the surface in
question is known, computer graphics packages can be used to visualize and estimate the
hydrophobic / hvdrophilic ratio. The surfuce free energy. before and after interaction

with proteins, can be estimated using contact angle techniques. <

Due to the ionic nature of proteins, the maintenance of electroneutrality is also a driving
force for adsorption. The redisribntion of charged groups affecis the coulombic or
electrostaric forces berween a protein and a surface. -3 As ionized amino acid residues
tend to be located at the aqueous interfaces of proteins, there may exist charged patches
which will interact with a charged surface. While electrostatic attraction is a major
driving force for protein adsorption, electrostatic repulsion has been shown not to prevent

adsorption in many cases. © It is hypothesized that in this situation, ions are transferred

from solution to the adsorbed layer to minimize electrost potential and compensate for

dny CONtrasts in L‘f'ldl’gC.

Electrostatic properties of biopolymer systems have been well stadied 6,6.5 The

isoelectric point of proteins and synthetic polymers can be determined usir
P P ¥ 3

electrophoretic or chromatofocusing techniques. Norde has demonstrated the effect of

pH and ionic strength on adsorption by comparing the electrokinetic charges of proteins
and surfaces separately with that of the protein - surface complex. 6 By studying
electrophoretic mobilities as well as proton titration profiles, the participation of protons

versus other ions in the adsorption process was determined.

For small, compact globular proteins, electrostatic and hydrophobic parameters constitute
the major driving forces for protein adsorption. For larger, more flexible multidomain
proteins, the problem becomes quite complicated as each major domain can, in principle,
interact with the surface semi-independently.!0 In addition, structural rearrangements
must be considered as a factor. 7 If a protein’s stability is low, hydrophobic regions
normally located on the interior of the molecule, such as those of an o-helix or B sheet,
may be able to interact with a sorbent surface in such a way that they are still shielded
from contact with water. This may lead to a loss in secondary and tertiary structure, and

consequently an increase in conformational entropy of the protein, thus favoring




adsorption. It has been shown that helix amphiphilicity has a large effect on the surface

g of proteins. 8.9

nd spreading
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An extensive coverage of the important variables considered* and techniques used="=
1

rotein adsorption studies has been presented. The energetic nature of the solution,

in p:

protein must be well known and properly characterized. Variables

sorbent surface

such as pH, ionic strength and protein conformation can then be systematically altered to

, io
determine protein adsorption parameters.
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Although many hypotheses have been developed for "simple proteins, 28:29 methods to
accurately predict the adsorption behavior of multi-domain proteins are not available. A

new approach to the definition of protein structure may glean further insight into the

behavior of complex proteins.

Rationale for the Domain Approach

The three-dimensional structures and functions of several small proteins are known, and
are being used as models to predict the adsorption of simple proteins at simple
interfaces. |0 To understand the adsorption behavior of complex systems, such as blood,
at complex interfaces, such as those of block copolymers, we must attempt to develop
models for predicting the adsorption of proteins for which the 3-D structure may not be

known.

According to Privalov, thermal denaturation profiles of large proteins and their
proteolytic fragments demonstrated that these proteins are divided into cooperative
subsystems, or domains. 11 A cooperative domain consists of a maximum of
approximately 200 amino acid residues, its size being dictated by its ability to fold into a
discrete structure. Structural domains can be identified as regions of relatively high
packing density, which may be highly homologous, usually connected by looser areas of
the peptide chain. Independent functional and binding behavior of domains can be
deduced by proteolytic fragment studies, due to the fact that interdomain connections are
usually the most susceptible IL‘CIlI:'.i\"ﬁ_gﬂ.]j

Structural domains have been shown to behave somewhat autonomously in their

thermodynami

and electrostatic properties. 13,14 while structurally similar, the

conformational stability of cach domain may vary enough 1o be detected in denaturation
studies, Because of the varying amino acid compositon of each domain, proteins also
appear to exhibit a microheterogeneity, wherein the overall charge of a protein can be
broken down to the charges carried by each individual domain. It is proposed that the
differences in properties of structural domains can help to explain why complex proteins
are capable of adsorbing to surfaces with widely varying characteristics. 10 *

Because the X-ray crystal structures of many complex proteins of interest have not yet
been resolved, several numerical and empirical methods have been developed to predict
protein structure from a known amino acid sequence. One such method, developed by
Lim,l3 scarches for patterns of polar and non-polar residues in order to identify possible
helices and B-sheets. A related method of analysis, developed by Eisenberg and utilized

here, calculates the "hydrophobic moment,” or magnitude and direction of the
individual helix and of the molecule as a whole.16 There are

hydrophobic "face” of each

vy software packages which compare segments of amino

also several powerful homol
acid sequence against those in proteins of known structure. If the sequences are
ilar. These prediction

homologous, it can be deduced that the folding properties are

methods are usually anywhere from 50 1o 70% accurate.13

Case Study: Domain Properties of Albumin
In our efforts to model multi-domain proteins at multidomain interfaces, we have

attempted to simulate structural domain properties using available literature data and
some of the numerical prediction methods. One of the most commonly studied complex
proteins is serum albumin. Because of its importance in blood-material interactions, as
well as the fact that it is well characterized and the 2.8 A resolution X-ray crystal
structure of Human Serum Albumin (HSA) was recently published, 17 it is selected as a

model complex protein with which to begin application of the domain coneept. 14

As coordinates for HSA are not yet available in the Protein Data Bank, we have utilized
the two-dimensional published photographs with relative locations of helices and
vid

disulfide bonds,!7 along with the available literature datal2-14,18-21 and amino s
sequence information 18 15 create a rough computer model of albumin (see Figure X).
This model was built using the Biopolymer module of the INSIGHT / DISCOVER
molecular graphics package (BIOSYM Technologies, Inc., San Diego, CA) on a Silicon

Graphics Indigo™ workstation. Due to the structural homology of albumin’s three




domains, for practical purposes, the structure of one domain was first developed, and then
copied and modified as needed for the other two domains. The helical locations were
estimated and oriented to maintain a hydrophebic inner core by calculating the
hydrophobic moment.16  This method locates a polar vector every 100° with a

to the relative hydrophobicity of each residue, then calculates the overall

magnitude eqt

tude and direction of the hydrophobic core for each helix.

magr

As one can see from Figure X, a depiction of the original images from Ref. 17, Human
Serum Albumin is a heart shaped three domain protein with sides of approximately 80A .
The a
in albumin. The equilateral placement of the three domains is different from the linear

"Ws point to locations of two main hydrophobic binding pockets known to exist

cigar" shape that has been typically considered.18 Figure Y represents a "cartoon™ of

the orientation of domains reflected by this structure, adapted from the model previously

proposed in Ref. 18. The equal accessibility of each domain should allow albumin to

adsorb from any orientation, depending on the properties of the interface.

Studies in the literature have provided strong support for the domain concept as it applies
to albumin. Tikiopulo, et. al., used calorimetry to study denaturation curves of intact
albumin (HSA and Bovine Serum Albumin, BSA) and of a fragment corresponding to
domains II and III, and were able 1o discriminate three and two (respectively

independent melting temperature peaks, indicating that the three domains of albumin do

behave or unfold independenily. 13 An alternative theory which supports the doma

concept is that of Damodaran’s group.!? This research looks at the rcfolding of

hydrophobic binding regions of albumin, using ANS as a hydrophobic probe. By

following helical content, it is demonstrated that the refolding process follows complex
kinetics, suggesting cooperativity between domains. It is thought that there are

corresponding portions of each domain which have analogous stabilities, and therefore

the stepwise refolding reflects first the independent refolding of subdomain regions and

reshuffling of disulfide bonds, then the interaction of subdomains to form the three native
domains.

With trd to hydrophobic binding sites, Hamilton has looked at the fatty acid binding
sites of domain-sized fragments of albumin.20 W hile the three domains are known to be

2 17 their ligand binding capabilities are not equal. Through NMR

studies it is recognized that there exist unique “microenvironments™ around each binding

structurally six

site, probably due to differences in amino acid composition and stability. They also note

I
[

i
i
I

2 capability of the others. It is

that the binding of one site tends to affect the hindi
interesting to note that two of the three major fatty acid hinding sites, known to be located
in domains TIA and IIIA, can be seen in Figure X to be in physical proximity and could

casily affect the stability of one another. 17

As noted, the three domains, while structurally quite similar, have slight differences in
their
hydrophobic surface, the domain with least stability would be expected 1o drive the
adsorption in order to dehydrate hydrophobic pockets. It is known that domains IT and I11
each contain six disulfide bonds, while domain I has a free cysteine and only five

disulfide bonds. 18 Therefore the stability of subdomain IA would be expected to be

roperties which could cause them to prefer different surfaces. When exposed to a

slightly lower than the others. It has also been shown by Takeda that the C-terminal
helices are the first 1o denature in surfactant binding studies.2] It was suggested that
Domain III is rela wtively loosely packed, and it can be seen from the X-ray crystal

structure that this is indeed the case

Surface tension studies have shown that, although albumin contains so many disulfide

able at the air-water interface, as con 1pared

bonds, it is not especially conformationally s
to several other smaller, compact proteins.8 This is in agreement with the structural
rearrangements proposed by Norde for model proteins, With the availability of the
crystal structure images, one can see that the inter-subdomain connections, shown in
Figurc M as our developed computer model for domain I1, are flexible extended regions
which serve as "hinges" for the opening of the binding pockets and which could casily
allow for unfolding and structural rearrangements e occur. Damodaran also notes that
the backbone must be flexible and that the intersubdomain connections have no disulfide

bonds, in order to facilitate proper refolding. 19

Simulation of Propertics
Andrade, et. al., have used the amino acid sequence of each domain to simulate their

individual charge characteristics at various pH values. 14 Itis possible from this data to

begin to predict the behavior of individual domains at various interfaces (see Figure B).

One can imagine that at lower pH values, the more positively charged domains (I and III)
would tend to adsorb at a negatively ch: arged surface, while at physiologic pH, the
molecule may orient in an end-on fashion, with hydrophobic interactions dominating its

adsorption.




Domains with the least charge may tend to adsorb at hydrophobic interfaces. However,

the less stable loops in domains T and I1T may dominate the adsorption in order to

dehydrate the hydrophobic residues.

Predictions such @s these are being made now to explain the behavior of multidomain
E P

lomain interfaces. Andrade, et. al., have developed a method for

proteins at multidor
multivariate analysis of protein surface parameters called the Tatra plot. 10 Using this

twelve-axis radial plot, one is able to correlate various contributions of charge,

hydrophobicity and stability factors to observed adsorption behavior. These plots have

been developed for simple proteins, such as lysozyme, myoglobin, etc. It is proposed that

the development of a simplified Tatra plot for each domain of albumin, or of other

s, would aid in deducing trends which may not be easy to visualize when

complex protei

looking at the protein as a whole.

Molecular graphics packages provide a powerful tool for simulating and visualizing
various surface properties of biomolecules, which could be incorporated into a Tatra plot.
Once a relatively realistic model of albumin had been built using this software, it was
then possible to simulate the clectrostatic and hydrophobic properties of the so-called

“native” state. Figure N shows a view of HSA using a van der Waals surf

ce with a
probe radius of 4 A. The amino acid residues are colored according to their properties,
hite. By quantifying the proportion of hydrophobic

with the hydrophobic residues in
surface area, one is able to estimate the “effective surface hydrophobicity” of the
molecule. The hydrophobic as well as charged patches on the surface of a molecule can
give one a good indication of the events upon initial contact berween a protein and a

surface.

Shown in Figure P is a
DelPhi mod
potential with the non-linear Poisson-Boltzmann equation. Positively charged fields are

n electrostatic simulation of the albumin model using BIOSYM's

. This package urilizes a finite difference method to calculate electrost

depicted by the blue mesh, and negatively charged with red. The image shows a
simulation of the field at 1 kT/e around the molecule, at neutral pH and an ionic strength
of .0IM. [t can be seen that the charge is not distributed evenly around the molecule, but
is more positive at domain 11 and negative at domain 1. As depicted in Figure C, initial
adsorption onto a surface may depend on the orientation of the molecule and which

ains collide with it.
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It is also possible to compare the properties of cach individual domain wit
whole protein. [Figure Q {a&b) shows the electrostatic potential of domains II and III,
resp. ###%] The hydrophobicity and electrostatic field of one domain would be
expected to interact with and affect the properties of another domain as much as it would

with a surface.

The properties of a sorbent surface have as much of an effect on adsorption as do the
ssed earlier, Norde has demonstrated the role

biomolecule’s surface properties. As u
of low-molecular-weight counterions in the adsorption of proteins to positively and
negatively charged surfaces.0:23  The anomalous effect of surfaces has been
shown 6.3.30 Bemabeu found that negatively charged proteins at pH 7.4 would adsorb to
a negatively charged platinum electrode, while adsorption was charge-independent on a
carbon electrode.5-3 Again ion coadsorption is thought to be a factor. Itis also possible,
in the case of albumin, that domain I1I, which is neutrally charged as well as relatively

unstable at neutral pH.]" could aid in driving its adsorption.

Protein interactions have also been analyzed at the interfaces of complex polymers,
specifically segmented po]}'urcth:mus.z" Block co-polyurethanes have demonstrated
good biocompatibility in blood contacting applications. It is thought that the phase-
separated microstructure of these materials, which have surface “domains” ranging from
50-250A in width,23 may direct protein adsorption, as many protein domains are of

comparable size.

Simulations of polymer surface properties are readily done using Biosym's extensive
Polymer module, recently released, or the newly developed Surfaces module. With this
software, an extremely intensive simulation of the interactions between multidomain
proteins and multidomain surfaces can be performed by associating a su rface, protein and

solvent, and initiating a free energy minimization.

Conclusion

The adsorption properties of individual structural domains can be predicted using a
combination of current techniques. Much of the existing literatre data, especially that
obtained from proteolytic domain-sized fragments, can glean information on independent
domain behavior. The electrostatic characteristics can be inferred from the amino acid

sequence, as well as from isoelectric or chromato-focusing technigues. Effective surface




hydrophobicity may be qualified using experimental technigues, although often these data
are misleading. Advances in numerical prediction methods are allowing accurate and
robust models to be developed when the X-ray swructure for a protein is not known
Computer software is also now available which will simulate the surface properties of
proteins as well as those of synthetic homopolymers or copolymers with great accuracy,
thus enhancing the ability to quantitatively determine electrostatic and hydrophobic

parameters.

By breaking large proteins down into structural and functional entities, one is able to
simplify the understanding of their behavior. By approaching the prediction of the
adsorption of multi-domain proteins on to multi-domain surfaces in this simplified
manner, we may be better able to resolve seemingly anomalous behavior, and therefore

better engineer a more compatible or desirable protein-surface interaction.
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Notes to the Editor

Effect of water and tacticity on the glass transition
temperature of poly(2-hydroxyethyl methacrylate)

Y, K. Sung, D. E. Gregonis, G. A. Russell, and J. D. Andrade
Department of Materials Science and Engineering, University of Utah, Salt Lake City,

Utah 84112, USA
(Received 4 April 1978; revised 23 June 1978)

Poly(2-hydroxyethyl methacrylate)
(PHEMA) and related hydrogels are
being studied for a variety of medical
applications'.

Several conflicting values of the
glass transition temperature (7;) of
PHEMA have been reported. The range
of values quoted are summarized in
Table 1. The disagreement between
the values quoted may be attributed to
the large influence of sorbed moisture
due to the hygroscopic nature of the
materials?. Differences in tacticity may
also be expected to affect the Tg.

In this study the T; of PHEMA
samples of different tacticities has been
determined as a function of sorbed
water content. The samples based on
PHEMA are: (a) 58% syndiotactic, 42%
heterotactic PHEMA containing 1 mol
% ethylene glycol dimethacrylate
(EGDMA) crosslinker and polymerized
at 333K and (b) 80% isotactic, 15%
heterotactic, 5% syndiotactic PHEMA
polymerized at 263K without added
crosslinker (preparation details are given
in ref 13). The tacticities of the
samples were measured by 13C n.m.r.
spectra®® 13,

The T, data were obtained from dif-
ferential scanning calorimetry (d.s.c.)
thermograms using a Dupont 990 ther-
mal analyzer and d.s.c. cell base. The
instrument was calibrated with indium,
tin, and triple distilled water. The T
values measured are shown in Figure 1.
Extrapolating linearly the portion of

Table 1 Reported glass transition tempe-
ratures of PHEMA

Tg(K) Reference

aps*
347
359
363
366.5
371
373 11,12
agat 3

6
9

-
OO~ Mm bW

* |sotactic PHEMA; T syndiotactic PHEMA

0032-3861/78/111362—-02%02.00
© 1978 IPC Business Press

the graph where water content app-
roaches zero, the 7, values are: 393 £
2K for the 58% syndiotactic sample
(a), and 311 £ 2K for the 80% isotactic
sample (b).

The effect of diluents (or plasticizers)
on the T of a polymer may, for many

systems, by given by 6

1 W W ‘
_=_'! +__g' . (l)
Ty Tgy Tg,

where subscripts 1 and 2 refer to poly-
mer and diluent (H,0), respectively;

W; and W are the weight fractions of
polymer and water, respectively. Equa-
tion (1) may be arranged to a more con-
venient form by utilizing the identity:

Wy =(1— W) )

Thus:

1 1 T, — T
ol (gz_ﬁ_l) €))
II! 31'1 Tgl Téz

This equation states that for systems
containing no water T, is equal to T, .
Utilizing equation (3), we can cal-

culate the average Ty of the system
PHEMA—H30 since we know the T
for 58% syndiotactic PHEMA (393K),
for 80% isotactic PHEMA (311K) and
for water (139K)!™'®. The calculated
values for PHEMA—H,0 systems are
shown as the broken and full lines in
Figure 1.

The results show that the T; of
PHEMA is markedly affected by the
water content and by the stereo-
chemistry of the polymer. This lower-
ing of T is likely due to the removal of
barriers to the rotational and transla-
tional motions,of the PHEMA molecule
chain segments due to their interactions
with water molecules. The difference
between the T, of isotactic and syndio-
tactic PHEMA can be interpreted in
terms of structure formation as fol-
lows: in the isotactic structure the
steric hindrance between the bulky
ester side chains can be minimized by
coiling the backbone into a helical
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Ty 0C)

205 20 8O
Water (%o w/w)

Figure 1 The glass transition temperature
as a function of water content in (a) 58%
Syndiotactic, 42% Heterotactic PHEMA —

1 mol % EGDMA; (b) 80% Isotactic, 15%
Heterotactic, and 5% Syndiotactic PHEMA
(A). The T, of pure water is taken as 139K
139K 1718 “The dotted and solid lines are the
values calculated from equation (3)
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structure®. The syndiotactic polymer,
however, may form much stiffer struc-
tures because the side chain impinge-
ment cannot be eliminated by helix
formation®. These results correspond
with the data observed for poly(methyl
methacrylate) PMMA;i.e , T, ofiso-
tactic PMMA is 316K, while that of
syndiotactic PMMA is 388K *°.
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Thermal and Pulse NMR Analysis of Water in
Poly(2-hydroxyethyl Methacrylate)

Y. K. SUNG,* D. E. GREGONIS, M. S. JOHN," and J. D. ANDRADE,
Department of Materials Science and Engineering and Denartment of
Bioengineering, College of Engineering, University of Utah,

Salt Lare City, Utah 84112

Synopsis

Hydrophilic three-dimensional methacrylate polymer networks (hydrogels) were prepared from
2-hydroxyethyl methacrylate (HEMA) monomer and tetraethylene glycol dimethacrylate
(TEGDMA) as crosslinker. The nature and states of water in these hydrogels were studied by dif-
ferential thermal analysis and pulse NMR relaxation spectroscopy. The thermal studies showed
no endotherm peak for ice melting in the lower water content (bound water region); there are two
endotherms peaks for higher water content hydrogels near 0°C. The amounts of bound water, in-
termediate water, and bulklike (free) water in the hydrogels were determined from a quantitative
analysis of the endotherms of the water melting transitions. The water structure ordering in the
hydrogels were discussed in terms of the fusion entropy and enthalpy obtained from the endotherm.
Nuclear magnetic relaxation spectroscopy was also used to understand the mobilities of the water
protons in the hydrogels and the interaction of water molecules with the gel networks. The measured
spin-lattice relaxation time (T'1) values for water protons in the hydrogels are greatly reduced com-
pared to that of liquid water. The measured values of spin-spin relaxation times (T:) of water
protons in the hydrogels are approximately 10 times less than that of T and are almost constant
in the region of bound water content. Beyond the bound water content region in the hydrogels, the
T'z values rapidly increase as the water content increases.

INTRODUCTION

Hydrophilic methacrylate polymers are being considered for biomedical ap-
plications.!-® These polymers swell in water to become soft crosslinked gels,
so-called hydrogels. Synthetic hydrogels have been extensively discussed in
the literature.5® The transport characteristics of hydrogel membranes have
been examined for a broad range of potential applications, including soft contact
lenses,? reverse osmosis membranes,!?-12 kidney dialysis membranes,’-1% and
drug delivery systems for antibiotics,'5-'2 steroids,'®2? and enzymes.21:22

In order to develop useful synthetic biomedical hydrogels, it is of interest to
understand the state and properties of water in such hydrogels. Water in hy-
drogels has been treated in terms of a three-state model.23 To test the validity
of the model, dilatometry, specific conductivity, and dielectric studies of water
in hydrogels have been carried out from —15°C to room temperature for
poly(2-hydroxyethyl methacrylate) (pHEMA)24.25 and poly(2,3-dihydroxypropyl
methacrylate) (pDHPMA) gels.?6

Using the three-state model, we have determined the amounts of bound water,
intermediate water, and bulklike (free) water in hydrophilic methacrylate gels
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less than 25% water content, the values of T, are almost constant. However,
beyond this region the T’y values rapidly increase as the water content gradually
increases, indicating the presence of increasing amounts of free and intermediate
water. These results are in good agreement with the spin-lattice relaxation re-
sults.

CONCLUSIONS / 87" /) i

It is proposed that the interaction of water with hydrophilic methacrylate
polymers occurs in three ways: (1) Water molecules are strongly bound to spe-
cific sites such as the hydroxyl or ester groups within the polymer network; dy-
namically and thermodynamically they behave as part of the chains. (2) Water
molecules are weakly bound to the hydrophilic sites and/or preferentially
structured around the polymer network. (3) Water molecules behave dynami-
cally and thermodynamically as “bulklike” or free water.

The assistance of Dr. D. Dalling and the use of the NMR facilities of the University of Utah Re-
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HL16921. We also acknowledge support by the U.S.-Korea Cooperative Science Program, NSF-
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this work.
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by utilizing differential thermal analysis and nuclear magnetic resonance (NMR)
relaxation spectroscopy.

EXPERIMENTAL

Preparation of Materials

Purified 2-hydroxyethyl methacrylate (HEMA) was obtained as a gift from
Hydro-Med Sciences, Inc., New Brunswick, N.J., containing about 0.2% meth-
acrylic acid, 0.16% diethylene glycol methacrylate, and 0.01% ethylene glycol
dimethacrylate. The polymerization of HEMA monomer was initiated by azobis
(methyl isobutyrate), 7.84 mmol initiator/mL of HEMA monomer. This ratio
is independent of water content in the hydrogels. The other pHEMA copolymers
were polymerized with the crosslinking agent tetraethylene glycol dimethacrylate
(TEGDMA). The pHEMA of fixed water content was obtained by polymerizing
a solution of HEMA with the proper amount of water. The water used in this
experiment was distilled three times and exhibited a conductivity of less than
1.4 X 107%(Q ecm)~!. After degassing the solution, the polymer was prepared
by thermal initiation at 60°C for 24 h.

The samples for thermal analysis were sealed in aluminum pans to prevent
the evaporation of water during measurements. The exact water content of the
hydrogels was obtained by drying to constant weight. The samples for NMR
relaxation spectroscopy were prepared by polymerizing in sealed NMR sample
tubes after a nitrogen gas purge and freeze-thaw degassing?”28 to remove the
free oxygen. The samples were allowed to stand at room temperature for 60 days
to cure completely.

Measurements and Apparatus
Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) was performed in a Du Pont 990 thermal
analyzer and cell base. The temperature scales were calibrated using the melting
point of standard pure indium and triple distilled water. The samples sealed
in an aluminum pan were weighed before and after DTA runs.

After cooling with liquid nitrogen and allowing to stand at —100°C for 20 min
to stabilize, the temperature was raised at a programed rate of 5°C/min under
nitrogen gas and the results recorded. The effect of programmed rate at 1, 5,
10, and 20°C/min was tested by detection of the melting transitions of pure water.
There was some variation in melting temperature at temperature rates greater
than or equal to 10°C/min. The transitions detected at 5°C/min were the same
as those measured at slower rates. The heat of fusion of water in the hydrogel
was measured from the melting peak area as a function of water content in the
samples. The area of the melting peaks were within +3% on repeated runs.

Nuclear Magnetic Resonance (NMR) Relaxation Spectroscopy

The longitudinal (spin-lattice) and transverse (spin—spin) proton relaxation
times were measured by utilizing a pulsed 100-MHz NMR spectrometer (Varian
XLFT-100). The spin-lattice relaxation time {T';) measurements were made

using a m—7—/2 pulse sequence®®3%; T was determined from the slope of
semilogarithmic plots. Spin-spin relaxation times (7T's) were obtained from the
full width at half maximum absorption following the pulse sequence.3%3! The
temperature was controlled at 34 + 1°C during the measurements.

RESULTS AND DISCUSSION

Differential Thermal Analysis

The integral heats of fusion of the water melting transition in hydrogels were
measured from the total peak area of the endotherms. Typical melting transition
endotherms of water, indium, and water-swollen methacrylate gels are shown
inFigure 1. The lower water content (10% Hz0) pHEMA sample does not show
any sharp transition near 0°C (Fig. 1, middle). Double peaks in hydrogel systems
are found for the higher water content (40% H,0) pHEMA sample, as shown in
Figure 1 (top). The shape of the endotherm was somewhat dependent upon the
freezing conditions, though the total area of the endotherm was approximately
constant. We define the total water transition to consist of both peaks in the
vicinity of 0°C. Figure 2 presents the detailed endotherms for the pHEMA—
H30 samples and Figure 3 for the TEGDMA crosslinked pHEMA—H,0 sam-
ples. The integral heats of fusion of the total water transition for each system
were determined from eq. (1) on the basis of the standard indium endotherm.
The heat of fusion of sample, AHj, is expressed as?2.33:

AHS = AHIn o Mﬁs‘_}-"' {1)
WsAlnRInSs
where the subscript s refers to sample and In refers to indium. AH, W, A, R,
and S are the heat of transition, weight, peak area, range, and chart speed, re-
spectively.

Figures 4 and 5 show the integral heat of fusion of the water melting transition
as a function of water content for pHEMA and pHEMA—TEGDMA hydrogels,
respectively. In the figures, W,frepresents the nonfreezable water. By similar
measurements of the total area under the endothermic curves, -3 we have de-
termined the integral heat of fusion of the water melting transition. Extrapo-
lation to AH = 0 intercepts the water content axis at a point which is the total
bound water content of the sample, given in Table L.
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Fig. 1. Endotherms for water, indium, poly(2-hydroxyethyl methacrylate) hydrogels. The pro-
gram rate is 5°C/min.; flow rate of Ns gas is 50 mL/min.
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Fig. 2. The endotherms of pHEMA—H0 samples. The program rate is 5°C/min.; flow rate of
N gas is 50 mL/min.

A plot of the integral heat of fusion versus water content of gels shows ap-
proximately a straight line in the measured range.?® The slope at high water
contents is approximately equal to the heat of fusion of bulk water (AH; = 79.7
cal/g).3” From the slope of the straight line, the specific heats of water transition
in the samples were evaluated as listed in Table I. The values of AH, of poly-
meric systems, such as pHEMA—H,0 and pHEMA—EGDMA—H;0, are less
than that of AH; of bulk water. The lower AH; values may be due to volume
shrinkage and structuring of water in the gel network, which can be directly
observed by dilatometry.>* The values of AH; obtained for the hydrogel systems
based on pHEMA are reasonable and are similar to related systems.?83? One
can also compare with the reported values of 77.6 cal/g for purified elastin®® and
77.5 cal/g for native elastin.*®

Endotherm
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Fig. 3. The endotherms of pHEMA—TEGDMA—H;0 samples. The program rate is 5°C/min.;

flow rate of Ny gas is 50 mL/min.
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Fig. 4. The integral heat of fusion of the water transition as a function of water content for the

PHEMA—H,0 system. W, is 0.22 g H,0/g polymer (18.0 wt % H,0),

The specific entropies of fusion of the water transition as the melting point
were evaluated from the relationship ASy = AH/T,, using the AHy data listed
in Table I. The observed entropy deficit can be interpreted as the ordering of
the bulklike water in the hydrogels and is somewhat greater than the ordering
of ordinary water and ice, whose specific entropy of fusion is 0.292 eu.27 Itis
interesting to compare the specific entropy of fusion of the water transition in
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Fig. 5. The integral heat of fusion of the water transition as a function of water content for the
PHEMA—TEGDMA—H,0 system. W, is 0.28 g H;0/g polymer (21.9 wt % H0).

TABLE 1
Total Bound Water Content and Specific Thermal Parameters of Water Transition in Some
Methacrylate Systems
Bound water Mole ratio of  Specific enthapy Specific entropy
content bound H20/ of fusion, AH;  of fusion, AS;
Systems (wt %) monomer unit (cal/g)® {eu)"
Ice 100.0 - 79.70 0.292b
pHEMA—H,0 158.0 159 T6.3+0.7 0.279 £ 0.003
pHEMA—(1 mol % 219 2.05 75.2 +£ 0.7 0.275 £ 0.003

TEGDMA)—H,0

® For freezing (intermediate and bulklike) water in the hydrogels.
b Data taken from Ref. 37.



pHEMA hydrogels with the values found for various tissues, which range from
0.259 eu to 0.279 eu. ¥ Water molecules bound to polymer networks are dis-
tinguishable from other water molecules by a higher binding energy, an appre-
ciably lower rational freedom, and an extended lifetime.

Since the endotherms show two different peaks in higher water content
gels, 2436 an enthalphic heat of fusion can be obtained from each peak. Each peak
was manually resolved and the individual peak areas were determined.?® The
water which melts near 0°C is called “bulklike” water; the water which has a lower
melting temperature is called “intermediate” water; and the water which does
not show any melting transition above —100°C is called “bound” water.?*36

Figures 6 and 7 show the partial enthalpic heats of the freezable water as a
function of water content in the system pHEMA—H,0 and pHEMA.
TEGDMA—H,0, respecitvely. In Figures 6 and 7, W;(I) is the “intermediate”
(lower melting) water; Wy is the “free” or “bulklike” (0° melting) water in the
hydrogels. The slope of bulklike (free) water in the hydrogels is very close to
the heat of fusion of bulk water. The amounts of bound water, intermediate
water, and bulklike water in each hydrogel system were determined from the data
of Figures 4-7 and are presented in Table II for pHEMA hydrogels of different
total water contents; Table III gives the data for 1 mol % TEGDMA—
pHEMA—H,0 systems. As seen in Tables IT and I1I, bulklike (free) water in
the hydrogels increases only after the bound water and intermediate water are
saturated.
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Fig. 6. The heat of fusion of the Wy and Wy, transitions as a function of water content for the
pHEMA—H:0 hydrogels; (@) Wyn; (&) Wy
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Fig. 7. The heat of fusion of the Wy and Wy transitions as a function of water content for the
pHEMA—TEGDMA—H,0 hydrogels; (@) Wyp; (a) Wee.
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TABLE II
Determination of Bound Water, Intermediate Water, and Bulklike Water in pHEMA Hydrogels
(Uneresslinked) of Different Total Water Content

wt % of total water in hydrogels 180 200 250 300 350 400 450 500

Total water/polymer (g/g) 0.22 025 033 043 054 067 082 1.00
Bound water/polymer (g/g) 0.22 022 022 022 022 022 0.22  0.22
Intermediate water/polymer {g/g) 0 003 011 016 016 016 016 0.16
Bulklike water/polymer (g/g) 0 0 0 005 016 029 044 0.62

The process of water imbibition in the hydrogels may be interpreted in terms
of three steps: (1) An amount of water is first bound to the hydrophilic sites;
(2) additional water is preferentially oriented around the bound water and the
polymer network structure as a secondary or tertiary hydration shell; and (3)
any other water is present as free or bulklike water.

Nuclear Magnetic Relaxation Spectroscopy

Table IV presents the spin-lattice relaxation times (T';) as a function of water
content for the pHEMA and pHEMA—TEGDMA systems at 100 MHz and
34°C. Comparing with the T of pure water {4.50 s at 34°C), the average T
values for the hydrogel systems are reduced, suggesting that there are consid-
erable interactions between the water molecules and the polymer networks. The
short T, of water protons in the hydrogel suggests that the water is less mobile
than in pure water.. This can be interpreted in terms of the structure ordering
of water molecules in gel networks. The most probable binding positions of water
molecules are the polar sites, such as the hydroxyl and ester groups. The effect
of a crosslinking agent, such as TEGDMA, produces rather slight changes in T';,

TABLE III
Determination of Bound Water, Intermediate Water, and Bulklike Water in 1 mol %
TEGDMA—pHEMA Hydrogels of Different Total Water Content

wt % of total water in hydrogels 21.9 25.0 30.0 35.0 40.0 45.0 500

Total water/polymer (g/g) 0.28 0.33 0.43 0.54 0.67 0.82 100

Bound water/polymer (g/g) 0.28 0.28 0.28 0.28 0.28 0.28 028

Intermediate water/polymer (g/g) - 0 0.05 0.15 0.25 0.29 0.29 0.29

Bulklike water/polymer (g/g) 0 0 0 0.01 0.10 025 0.43
TABLE IV

Proton NMR Spin-Lattice Relaxation Times for Hydrogels Based on pHEMA of Different Total
Water Contents at 100 MHz and 34°C (Unit:s)

wt % of total water pHEMA—1 mol %

content in the pHEMA—H.0 TEDGMA—H:0

hydrogel ™ T ™ T
25 0.189 0.272 0.182 0.217
30 0.214 0.298 0.190 0.232
35 0.260 0,311 0.207 0,279
40 0.300 0.337 0.238 0.304
45 0.340 0.336 0.268 0,302

Tir=4.50sat 34°C,
T's = 0.169 s for 18% HoO—pHEMA; 0,178 s for 21.9% H,0—pHEMA—TEGDMA.



though the hydrophilic tendency can be seen. The results are in good agreement
with the bound water quantities obtained from the differential thermal analysis
data.

The measured values of the proton spin-lattice relaxation times, T, can be
considered as an average of three states of water in the hydrogels: bound water,
intermediate water, and bulklike (free) water,??

1
2o mo b
Ty T T Tir

where fg, f1, and fr are the fraction of bound, intermediate, and bulklike water
in the hydrogels, and T, T1;, and T'r are the spin-lattice relaxation times for
bound, intermediate, and bulklike water in the hydrogels, respectively. Ty is
taken to be that of pure water; fp, fi, and fr are obtained from the differential
thermal analysis data. T.p corresponds to the measured 7 for the known
content of Wy in Figures 4 and 5. Hence, one can estimate T'j; for intermediate
water in the hydrogels. Table IV gives T; determined for pHEMA—H,0 and
1 mol % crosslinked (TEGDMA)—pHEMA —H-0 systems.

The T, values are inversely proportional to the magnitude of the interactions
between water protons and lattice environments, i.e., the lower value of Ty means
a stronger interaction between water molecule and polymer network.

According to the data in Table IV, the spin-lattice relaxation times (T'15) of
bound water in the hydrogels are about 30 times less than that of water protons
in pure liquid water. The values of T of intermediate water in the hydrogels
are approximately twice that of T of bound water. The proton spin-lattice
relaxation times directly give the mobility of water molecules in the hydrogels.
Comparing the data with the T'1r of bulklike (free) water, the mobility of water
protons of bound water or intermediate water is less than that of water protons
in pure liquid water. This indicates that some water molecules around the polar
sites in the gels may be structured and preferentially ordered, probably due to
hydrogen bonding or strong polar interactions. That is in line with the specific
entropy data obtained from the thermal analysis listed in Table I.

Figure 8 shows the spin-spin relaxation times (T') of water protons as a
function of water content in pHEMA and pHEMA—TEGDMA hydrogel sys-
tems. The values of Ty are approximately 10 times less than those of T, in
general agreement with the principles of spin relaxations.?»31 In the region of
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Fig. 8. The spin-spin relaxation times (T3) of water protons as a function of water content in
polyhydroxyethyl methacrylate polymers at 34°C and 100 MHz;, (@) pHEMA—H,0; (a)
pHEMA —-TEGDMA—H.0.
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Synopsis

Hydrophilic three-dimensional methacrylate polymer networks (hydrogels) were prepared from
2-hydroxyethyl methacrylate (HEMA) monomer and tetraethylene glycol dimethacrylate
(TEGDMA) as crosslinker. The nature and states of water in these hydrogels were studied by dif-
ferential thermal analysis and pulse NMR relaxation spectroscopy. The thermal studies showed
no endotherm peak for ice melting in the lower water content (bound water region); there are two
endotherms peaks for higher water content hydrogels near 0°C. The amounts of bound water, in-
termediate water, and bulklike (free) water in the hydrogels were determined from a quantitative
analysis of the endotherms of the water melting transitions. The water structure ordering in the
hydrogels were discussed in terms of the fusion entropy and enthalpy obtained from the endotherm.
Nuclear magnetic relaxation spectroscopy was also used to understand the mobilities of the water
protons in the hydrogels and the interaction of water molecules with the gel networks. The measured
spin-lattice relaxation time () values for water protons in the hydrogels are greatly reduced com-
pared to that of liquid water. The measured values of spin-spin relaxation times (T3) of water
protons in the hydrogels are approximately 10 times less than that of T and are almost constant
in the region of bound water content. Beyond the bound water content region in the hydrogels, the
T’z values rapidly increase as the water content increases.

INTRODUCTION

Hydrophilic methacrylate polymers are being considered for biomedical ap-
plications.'-> These polymers swell in water to become soft crosslinked gels,
so-called hydrogels. Synthetic hydrogels have been extensively discussed in
the literature.5® The transport characteristics of hydrogel membranes have
been examined for a broad range of potential applications, including soft contact
lenses,? reverse osmosis membranes,10-12 kidney dialysis membranes,*3-15 and
drug delivery systems for antibiotics,'6-18 steroids, 1920 and enzymes.2L:22

In order to develop useful synthetic biomedical hydrogels, it is of interest to
understand the state and properties of water in such hydrogels. Water in hy-
drogels has been treated in terms of a three-state model.22 To test the validity
of the model, dilatometry, specific conductivity, and dielectric studies of water
in hydrogels have been carried out from —15°C to room temperature for
poly(2-hydroxyethyl methacrylate) (pHEMA)24:25 and poly(2,3-dihydroxypropyl
methacrylate) (p)DHPMA) gels.26

Using the three-state model, we have determined the amounts of bound water,
intermediate water, and bulklike (free) water in hydrophilic methacrylate gels

* Department of Chemistry, Busan National University, Busan 607, Korea.
t Department of Chemistry, Korea Advanced Institute of Science, Seoul, Korea.

Journal of Applied Polymer Science, Vol. 26, 3719-3728 (1981)
© 1981 John Wiley & Sons, Inc. CCC 0021-8995/81/113719-10801.00
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by utilizing differential thermal analysis and nuclear magnetic resonance (NMR)
relaxation spectroscopy.

EXPERIMENTAL

Preparation of Materials

Purified 2-hydroxyethyl methacrylate (HEMA) was obtained as a gift from
Hydro-Med Sciences, Inc., New Brunswick, N.J., containing about 0.2% meth-
acrylic acid, 0.16% diethylene glycol methacrylate, and 0.01% ethylene glycol
dimethacrylate. The polymerization of HEMA monomer was initiated by azobis
(methyl isobutyrate), 7.84 mmol initiator/mL of HEMA monomer. This ratio
is independent of water content in the hydrogels. The other pHEMA copolymers
were polymerized with the crosslinking agent tetraethylene glycol dimethacrylate
(TEGDMA). The pHEMA of fixed water content was obtained by polymerizing
a solution of HEMA with the proper amount of water. The water used in this
experiment was distilled three times and exhibited a conductivity of less than
1.4 X 1076 (2 cm)~1, After degassing the solution, the polymer was prepared
by thermal initiation at 60°C for 24 h.

The samples for thermal analysis were sealed in aluminum pans to prevent
the evaporation of water during measurements. The exact water contentof the
hydrogels was obtained by drying to constant weight. The samples for NMR
relaxation spectroscopy were prepared by polymerizing in sealed NMR sample
tubes after a nitrogen gas purge and freeze-thaw degassing?’28 to remove the
free oxygen. The samples were allowed to stand at room temperature for 60 days
to cure completely.

Measurements and Apparatus
Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) was performed in a Du Pont 990 thermal
analyzer and cell base. The temperature scales were calibrated using the melting
point of standard pure indium and triple distilled water. The samples sealed
in an aluminum pan were weighed before and after DTA runs.

After cooling with liquid nitrogen and allowing to stand at —100°C for 20 min
to stabilize, the temperature was raised at a programed rate of 5°C/min under
nitrogen gas and the results recorded. The effect of programmed rate at 1, 5,
10, and 20°C/min was tested by detection of the melting transitions of pure water.
There was some variation in melting temperature at temperature rates greater
than or equal to 10°C/min. The transitions detected at 5°C/min were the same
as those measured at slower rates. The heat of fusion of water in the hydrogel
was measured from the melting peak area as a function of water content in the
samples. The area of the melting peaks were within +3% on repeated runs.

Nuclear Magnetic Resonance (NMR) Relaxation Spectroscopy

The longitudinal (spin-lattice) and transverse (spin—spin) proton relaxation
times were measured by utilizing a pulsed 100-MHz NMR spectrometer (Varian
XLFT-100). The spin-lattice relaxation time (7';) measurements were made
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using a m—7— /2 pulse sequence2®30; T, was determined from the slope of
semilogarithmic plots. Spin-spin relaxation times (T's) were obtained from the
full width at half maximum absorption following the pulse sequence.?%31 The
temperature was controlled at 34 £ 1°C during the measurements.

RESULTS AND DISCUSSION

Differential Thermal Analysis

The integral heats of fusion of the water melting transition in hydrogels were
measured from the total peak area of the endotherms. Typical melting transition
endotherms of water, indium, and water-swollen methacrylate gels are shown
in Figure 1. The lower water content. (10% H,0) pHEMA sample does not show
any sharp transition near 0°C (Fig. 1, middle). Double peaks in hydrogel systems
are found for the higher water content (40% H,0) pHEMA sample, as shown in
Figure 1 (top). The shape of the endotherm was somewhat dependent upon the
freezing conditions, though the total area of the endotherm was approximately
constant. We define the total water transition to consist of both peaks in the
vicinity of 0°C. Figure 2 presents the detailed endotherms for the pHEMA —
H,0 samples and Figure 3 for the TEGDMA crosslinked pHEMA—H-0 sam-
ples. The integral heats of fusion of the total water transition for each system
were determined from eq. (1) on the basis of the standard indium endotherm.
The heat of fusion of sample, AH,, is expressed as32:33;

WInAsRsS In
AH, = L Infs s In
; AHln W-;AInRInSs (1)
where the subscript s refers to sample and In refers to indium. AH ,W,A R,
and S are the heat of transition, weight, peak area, range, and chart speed, re-
spectively.

Figures 4 and 5 show the integral heat of fusion of the water melting transition
as a function of water content for pHEMA and pHEMA—TEGDMA hydrogels,
respectively. In the figures, W, represents the nonfreezable water. By similar
measurements of the total area under the endothermic curves,4-36 we have de-
termined the integral heat of fusion of the water melting transition. Extrapo-
lation to AH = 0 intercepts the water content axis at a point which is the total
bound water content of the sample, given in Table I.
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Fig. 1. Endotherms for water, indium, poly(2-hydroxyethyl methacrylate) hydrogels. The pro-
gram rate is 5°C/min.; flow rate of N3 gas is 50 mL/min.
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Endotherm

{gH20 / g polymer)

*== pure H0
60 40 20 O 20 40 0
TEMPERATURE °C

Fig. 2. The endotherms of pHEMA—H,0 samples. The program rate is 5°C/min.; flow rate of
N, gas is 50 mL/min.

A plot of the integral heat of fusion versus water content of gels shows ap-
proximately a straight line in the measured range.® The slope at high water
contents is approximately equal to the heat of fusion of bulk water (AH; = 79.7
cal/g).37 From the slope of the straight line, the specific heats of water transition
in the samples were evaluated as listed in Table I. The values of AH; of poly-
meric systems, such as pHEMA—H,0 and pHEMA—EGDMA—H0, are less
than that of AHy of bulk water. The lower AH; values may be due to volume
shrinkage and structuring of water in the gel network, which can be directly
observed by dilatometry.2* The values of AH; obtained for the hydrogel systems
based on pHEMA are reasonable and are similar to related systems.3%% One
can also compare with the reported values of 77.6 cal/g for purified elastin*® and
71.5 cal/g for native elastin.*?
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Fig. 3. The endotherms of pHEMA—TEGDMA—H,0 samples. The program rate is 5°C/min;
flow rate of Ny gas is 50 mL/min.
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Fig. 4. The integral heat of fusion of the water transition as a function of water content for the
pHEMA—H,0 system. W, is 0.22 g H,O/g polymer (18.0 wt % H;0).

The specific entropies of fusion of the water transition as the melting point
were evaluated from the relationship ASy = AH/T,,, using the AH data listed
in Table I. The observed entropy deficit can be interpreted as the ordering of

o the bulklike water in the hydrogels and is somewhat greater than the ordering
of ordinary water and ice, whose specific entropy of fusion is 0.292 eu.2” It is
interesting to compare the specific entropy of fusion of the water transition in
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Fig. 5. The integral heat of fusion of the water transition as a function of water content for the
pHEMA—TEGDMA—H,0 system. Wy is 0.28 ¢ HoO/g polymer (21.9 wt % Ho0).
: TABLE I

Total Bound Water Content and Specific Thermal Parameters of Water Transition in Some
Methacrylate Systems

Bound water Mole ratioof ~ Specific enthapy Specific entropy

content bound H,0/ of fusion, AHf of fusion, ASy

Systems (wt %) monomer unit (cal/g)2 (eu)®

Ice 100.0 = 79.70 0.292b
pHEMA—H,0 18.0 1.59 76.3 + 0.7 0.279 + 0.003
pHEMA—(1 mol % 21.9 2.05 75.2 4+ 0.7 0.275 +£ 0.003

TEGDMA)—H,0

2 For freezing (intermediate and bulklike) water in the hydrogels.
b Data taken from Ref. 37.

b
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pHEMA hydrogels with the values found for various tissues, which range from
0.259 eu to 0.279 eu.t! Water molecules bound to polymer networks are dis-
tinguishable from other water molecules by a higher binding energy, an appre-
ciably lower rational freedom, and an extended lifetime.

Since the endotherms show two different peaks in higher water content
gels, 2436 an enthalphic heat of fusion can be obtained from each peak. Each peak
was manually resolved and the individual peak areas were determined.?® The
water which melts near 0°C is called “bulklike” water; the water which has a lower
melting temperature is called “intermediate” water; and the water which does
not show any melting transition above —100°C is called “bound” water.2436

Figures 6 and 7 show the partial enthalpic heats of the freezable water as a
function of water content in the system pHEMA-—H,0 and pHEMA—
TEGDMA—H,0, respecitvely. In Figures 6 and 7, W;(I) is the “intermediate”
(lower melting) water; Wy(r) is the “free” or “bulklike” (0° melting) water in the
hydrogels. The slope of bulklike (free) water in the hydrogels is very close to
the heat of fusion of bulk water. The amounts of bound water, intermediate
water, and bulklike water in each hydrogel system were determined from the data
of Figures 4-7 and are presented in Table II for pHEMA hydrogels of different
total water contents; Table III gives the data for 1 mol % TEGDMA —
pHEMA—H,0 systems. As seen in Tables II and III, bulklike (free) water in
the hydrogels increases only after the bound water and intermediate water are
saturated.
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Fig. 6. The heat of fusion of the Wy and Wyr) transitions as a function of water content for the
pHEMA_H,0 hydrogels; (@) Wrin; (A) Wep.
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Fig. 7. The heat of fusion of the Wy and W) transitions as a function ui waver content for the
DHEMA—TEGDMA—HZ{) hydrogels; (@) Wf{}'}; (A) Wvﬁp).

i



NMR ANALYSIS OF WATER IN PHEMA 3725

TABLE II
Determination of Bound Water, Intermediate Water, and Bulklike Water in pHEMA Hydrogels
(Uncrosslinked) of Different Total Water Content,

wt % of total water in hydrogels 18.0 20,0 250 30,0 350 40.0 450  50.0

Total water/polymer (g/g) 0.22 025 033 043 054 067 082 1.00
Bound water/polymer (g/g) 022 022 022 022 022 022 022 022
Intermediate water/polymer (g/g) 0 0.03 011 016 016 0.16 06.16 0.16
Bulklike water/polymer (g/g) 0 0 0 0.05 016 020 044 0862

The process of water imbibition in the hydrogels may be interpreted in terms
of three steps: (1) An amount of water is first bound to the hydrophilic sites;
(2) additional water is preferentially oriented around the bound water and the
polymer network structure as a secondary or tertiary hydration shell; and (3)
any other water is present as free or bulklike water.

Nuclear Magnetic Relaxation Spectroscopy

Table IV presents the spin-lattice relaxation times (T;) as a function of water
content for the pHEMA and pHEMA—TEGDMA systems at 100 MHz and
34°C. Comparing with the T of pure water (4.50 s at 34°C), the average T
values for the hydrogel systems are reduced, suggesting that there are consid-
erable interactions between the water molecules and the polymer networks. The
short T'; of water protons in the hydrogel suggests that the water is less mobile
than in pure water. This can be interpreted in terms of the structure ordering
of water molecules in gel networks. The most probable binding positions of water
molecules are the polar sites, such as the hydroxyl and ester groups. The effect
of a crosslinking agent, such as TEGDMA, produces rather slight changesin T,

TABLE III
Determination of Bound Water, Intermediate Water, and Bulklike Water in 1 mol %
TEGDMA—pHEMA Hydrogels of Different Total Water Content

wt % of total water in hydrogels 21.9 25.0 30.0 35.0 40.0 450  50.0

Total water/polymer (g/g) 028 033 043 054 0.67 0.82  1.00

Bound water/polymer (g/g) 0.28 0.28 0.28 0.28 0.28 0.28 0.28

Intermediate water/polymer (g/g) 0 0.05 0.15 0.25 0.29 0.29 0.29

Bulklike water/polymer (g/g) 0 0 0 0.01 0.10 025 043
TABLE IV

Proton NMR Spin-Lattice Relaxation Times for Hydrogels Based on pHEMA of Different Total
Water Contents at 100 MHz and 34°C (Unit:s)

wi % of total water pHEMA—1 mol %
content in the pHEMA—H,0 TEDGMA—H-0
hydrogel T1 Tl]_ T}_ T]_l
25 0.189 0.272 o+ 0.182 0.217
30 0.214 0.298 ¢ 0.190 0.232
35 0.260 0.311 0.207 0.279
40 0.300 0.337 238 0.304
45 0.340 0.336 0.268 0.302

T]F =450sat 3400.
T'1p = 0.169 s for 18% HoO—pHEMA; 0.178 s for 21.9% H;0—pHEMA—TEGDMA.

i
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though the hydrophilic tendency can be seen. The results are in good agreement
with the bound water quantities obtained from the differential thermal analysis
data.

The measured values of the proton spin-lattice relaxation times, 7', can be
considered as an average of three states of water in the hydrogels: bound water,
intermediate water, and bulklike (free) water,25

i e B e

T Tig Ty Tip
where fg, f1, and fp are the fraction of bound, intermediate, and bulklike water
in the hydrogels, and 75, T,s, and T',r are the spin-lattice relaxation times for
bound, intermediate, and bulklike water in the hydrogels, respectively. T is
taken to be that of pure water; fg, f;, and fr are obtained from the differential
thermal analysis data. T'p corresponds to the measured T; for the known
content of W,rin Figures 4 and 5. Hence, one can estimate T'; for intermediate
water in the hydrogels. Table IV gives T'1; determined for pHEMA—H,0 and
1 mol % crosslinked (TEGDMA)—pHEMA—H,0 systems.

The T'; values are inversely proportional to the magnitude of the interactions
between water protons and lattice environments, i.e., the lower value of T';; means
a stronger interaction between water molecule and polymer network.

According to the data in Table IV, the spin-lattice relaxation times (Tyg) of
bound water in the hydrogels are about 30 times less than that of water protons
in pure liquid water. The values of T'1; of intermediate water in the hydrogels
are approximately twice that of Tyg of bound water. The proton spin-lattice
relaxation times directly give the mobility of water molecules in the hydrogels.
Comparing the data with the T';1r of bulklike (free) water, the mobility of water
protons of bound water or intermediate water is less than that of water protons
in pure liquid water. This indicates that some water molecules around the polar
sites in the gels may be structured and preferentially ordered, probably due to
hydrogen bonding or strong polar interactions. That is in line with the specific
entropy data obtained from the thermal analysis listed in Table 1.

Figure 8 shows the spin-spin relaxation times (T5) of water protons as a
function of water content in pHEMA and pHEMA—TEGDMA hyd=evel sys-
tems. The values of T'; are approximately 10 times less th of T4, in
general agreement with the principles of spin relaxations.3%2 ;1 the region of

(2)
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Fig. 8. The spin—spin relaxation times (T'3) of water protons as a function of water content in
polyhydroxyethyl methacrylate polymers at 34°C and 100 MHz;, (@) pHEMA—H,0; (A)
pHEMA__TEGDMA—H,0.
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less than 25% water content, the values of T, are almost constant. However,
beyond this region the T'; values rapidly increase as the water content gradually
increases, indicating the presence of increasing amounts of free and intermediate
water. These results are in good agreement with the spin-lattice relaxation re-
sults.

CONCLUSIONS

It is proposed that the interaction of water with hydrophilic methacrylate
polymers occurs in three ways: (1) Water molecules are strongly bound to spe-
cific sites such as the hydroxyl or ester groups within the polymer network; dy-
namically and thermodynamically they behave as part of the chains. (2) Water
molecules are weakly bound to the hydrophilic sites and/or preferentially
structured around the polymer network. (3) Water molecules behave dynami-
cally and thermodynamically as “bulklike” or free water.
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Abstract: Hydrophilic three-dimensional methacrylate polymer networks(hydrogels)
were prepared from 2-hydroxyethyl methacrylate and 2,3-dihydroxypropyl methacrylate.
Highly isotactic poly(2-hydroxyethyl methacrylate) and highly syndiotactic poly(2-hydro-
xyethyl methacrylate) were also studied. The sorption of water vapor in the different
tactic polymers was measured as a function of water activity. The results were interpreted
in terms of Anderson’s modified B.E.T. theory and the Hailwood-Horrobin theory of
sorption. The former fitting to the experimental isotherms is up to 0.7 equilibrium rela-
tive humidity, while the solution theory of Hailwood-Horrobin gives a2 somewhat better
fit to most of the experimental isotherms over the entire range of equilibrium relative
humidity. Water vapor sorption by the methacrylate polymers is affected by tacticity and
the numbser of hydrophilic sites in molecules. The amount of water vapor sorbed by iso-
tactic poly(2-hydroxyethyl methacrylate) was found to be greater than that by syndio-
tactic poly(2-hydroxyethyl methacrylate). Theoretical water sorption models and analysis
of the data suggest that isotactic poly(2~hyd-r.0x}rethyl methacrylate) exists in a surface
configuration and structure which provides a larger number of water binding sites in the
syndio- or hetero-tactic polymers. Poly(dihydroxypropyl methacrylate) water sorption data
and analvsis is consistent with its higher hydrophilicity due to the presence of 2-hydroxyl
group per repeat unit. These data are also consistent with thermal analysis studies of
bound water in fully hydrated systems.

usesh?, Many of the useful properties of these

INTRODUCTION ; :
polymers seem related to their sorprion and
Some crosslinked hydrophilic polymers have swelling capacity for water. These polymers
been considered as biomaterials for medical become soft hydrogels by the sorption of liquid

20 A 831 A 22z 19814 4% 123



Water Vapor Sorption of Stereoregular Poly(2-Hvdroxyethyl Methacrylate) and
Poly(2,3-Dihydroxypropyl Methacrylate)

and 6 were prepared by solvent casting from
a methanol solution. The size of film samples
was in 10mm width, 10mm length, and Imm
thickness. The polymers were extracted for
seven days with distilled water at room tem-
perature. The conductivity of distilled water
used in this study was less than 1, 14x 10728/
Qcm. The samples were dried to constant

weight in a vacuum desicator before measuring

. the water vapor sorption.

Apparatus and Measurements

Sorption isotherms were measured with a
gravimetric sorption apparatus using a Cahn
RM-2 electrobalance, recording thermistor, X-
Y recorder and humidity meter. The sorption
chamber was of height ldecmx width llemx
length 27c¢m. The inside of the sorption cham-
ber was coated with Teflon and was comple-
tely isolated from the outside. Standard drying

of samples in the chamber was carried out for

48 hours under phosphorous pentoxide as a
drying agent. All instruments used were reca-
librated for each run.

The graded series of humidities used were
obtained by equilibrating the chamber =ztmos-
phere with the following pure saturated aque-
ous salt solutions??: LiCl (12. 4% ), MgCl,.6H,0
(31.8%), K,C0,2H,0(439), NaNO,(61.3%),
NaCl(74.49%), ZnS0.7H,0(80.0%) and K,S80,
(96.22). The figures in parentheses refer to
the percent relative humidity established over
each solution at 25+1°C. All humidities were
rechecked with a calibrated humidity meter.
The system was considered to be in equilib-
rium after humidity readings had stabilized
and had remained constant for two consecutive
days. Desorption measurements were carried
out at the same conditions. All measurements
-were carried out at 25+1°C.

M A8 A2z 1984d 49

RESULTS and DISCUSSION

Figures 1,2,3 and 4 show the water sorp-
tion isotherms as a function of water activity
for the systems of 40% heterotactic and €07
syndiotactic poly(HEMA); 1 mole % EGDMA-
poly(HEMA); 1 mole % TEGDMA-poly(HE-
MA); 1 mole % HMDIC-poly(HEMA), respec-
tively. In Figures 1 to 4, N and a represent
moles of sorbed water per mole of monomer
unit and the activity of water (equilibrium
relative humidity), respectively. The sorption
of water vapor in the low water activity re-
gion (0-0, 5) is almost the same in each of the
three systems, but are different in the high
water activity region(0, 5-1.0). Figure 5shows
the sorption isotherm of water vapor as
a function of water activity for the system
of 80% isotactic, 14% heterotactic and 675
syndiotactic poly(HEMA). Figure 6 shows the
sorption isotherm of water vapor as a function
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Fig. 1. Ssrption Isotherms for Water Vaper ia
o Sample of 60% Syndiotactic and 405
Heterotactic p(HEMA) at 25°C. a= Acti-
vity of Yater, N=Amount of Warer
Sorbed/Monomer Unit of Polymer (icle/
Mole). (O =Sorption; @=Desorption; Mo-
ditied 13.E.T. Theory; ------ Hailwoed-Hor-
robin Theory.
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Fig. 4. Sorption Isotherms for Water Vapor in
Sample of 1 mole % HMDIC-p(HEMA)
at 25°C. a=Activity of Water, N=Amo"
unt of Water Sorbzd/Monomer Unit of
Polymer(Mole/Mole). O=>Sorption; H=
Desorption. —Modified B.E.T. Theory;

...... Hailwood-Horrobin Theory.
25 T AL bt i e R |
o
£8
/
20r f 3
:
e i5T 4
o
a0
C, - -
z 1.0 ]
= @/
05t g/:f .
O — : H L ] L 1 Ll L
o/ B (6 S - T ) 10
a

Fig. 5. Sorption Isotherms for Water Vapor in
Sample of 80#% Isotactic; 14% Heterotac-
tic and 6% Syndiotactic p(HEMA) at
95°C. a=Activity of Water, N=Amount
of Water Sorbed/Monomer Unit of Poly-
mer(Mole/Mole). O =Sorption; @ =Des-
orption; ——Modified B.E.T. Theory;--«-
Hailwood-Horrobin Theory.
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Considering the heat of liquefaction problem,
the Anderson-BET equation!® is

Ny cka )
M, 1=k a)(1+(c—1)k a] a

where N, is the amount sorbed per unit of
polymer, M, is the concentration of sorption
sites required for a monomolecular layer, a is
the activity of water, ¢ is a term relzted to
the binding of a water molecule directly to
the site to the indirect binding of wate:r mole-
cules, and £ is the ratio of the affinity of in-
direct bonding to that of condensation into

"liquid water. Equation (1) reduces to the BET

equation if k=1

The parameters ¢, &, and M, can be evalua-
ted from the sorption data by linearizing equa-
tion (1) as

Wﬁ“zﬁa‘zc—ﬁ,f:*“% @

The best fit values of the parameters were
computed and are listed in Table 1. Equation
(2) with these sets of parameters fits well at
equilibrium relative humidities less than 0.7,
but the plots deviate from the experimental
values at equilibrium relative humidities grea-
ter than 0.7. The parameter ¢ includes both
the net heat of adsorption and the net entropy
of adsorption. The constant ¢ increases consi-
derably from poly(DHPMA) fo poly(HEMA).
This increment reflects the transition from the
convex to the S-shaped sorption isotherm. It
seems that the higher hydrophilicity of poly-
(DHPMA) is reflected in its stronger affinity
towards weakly bound water, but mot in a
higher sorption ability of the strongly tonding
sites. Among these systems, the most hydro-
philic material is poly(DHPMA) which has
two hydrophilic hydroxyl groups per repesating
unit in the molecule.

Since % is the ratio of the affinity of indi-
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This fact can be explained in terms of the con-
figuration of hydroxyl groups in the polymer.

Isotactic poly(HEMA) probably exists in a
helical conformation?, suggesting that the
hydroxyl groups are on the outer surface of
the helix. However, some of the hydroxyls in
syndiotactic poly(HEMA) are somewhat buried,
i.e. the polar side-chains of the polymer may
interdisperse into the structure of the molecule.
The helical isotactic chains probably have no
intrachain hydrogen bonds linking the ester
side chains, while the syndiot'actic chains pro-
bably have intrachain hydrogen bonds Letween
pendant hydroxyl groups. The different stereo-
chemical conformation of the hydroxyl groups
may give a different effective surface contact
area of sorption sites. '

The poly(DHPMA) shows a large effective
surface area (273m?/g). This can be explained
in terms of its structure, which has two hy-
droxyl groups in the monomer.

Interpretation in Terms of the Hailwood-
Horrobin Theory

The Hailwcod-Horrobin theory!” has been
used extensively for textile and polymer ma-
terizls. This theory considers sorbed water to
exist as an ideal solution of three species, i.e.,
dissolved water, hydrated water to polymer,
and polymer compenents. This solution model
produces a measure of hydrated water, con-
densed water, and the accessikility of sites for
sorption,

Assuming the following two processes?ti?,

K,
Water vapor (activity, ¢)——=Dissolved wa-

ter (activity, ¢,)
and

Dissolved water (activity, a.)+Dry polymer
i
(activity, ¢, )—=Hydrated polymer (activity,

c::',-,).
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Table 2. Parameters Evaluated from the Hail-
wood-Horrobin Theory for Water Vapor
Sorption of Hydrophilic Methaerylate
Polvmers

Ne. Polymer | Ky @& Mo e wm
‘ (g) (mole / (lay-

i mole)ers)

1. p(HEMA) (60% s,| 0.672 3.91 74.40 1.75 6.0
40% H)

2. p(HEMA)-(1 mole! 0,663 3.89 70.78 1.85 6.0
% EGDMA)

3. p(HEMA)-(] mole: 0.632 3. 80 G2.70 2.10 6.5
% TEGDMA)

4, P(HEM:\)-)U mole | 0.630 3.79 62.68 2.10 6.5

% HMDIC

S. p(HEMA) (en# i,| 0.611 3.59 55.17 2.20 6.0
14% h, 6% s)

6. p(DHPMA)

0.570 2.38 41,28 3.85 8.0 °

The Hailwood-Horrobin theory!” gives

mM, K o KoK )
18027 1—Ko " 1+K,Ka

where »: is the fractional moisture content,
M, is the molecular weight of polymer per
mole of hydrated water, and K, is an equili-
brium constant in terms of bound water frac-
tions in the polymers. K, is an equilibrium
constant related to the different degrees of
hydrophilicity of the polymers. Equation (4)
can te algebraically transformed to the para-
bolic relationship

i 18.02 L Ko(XK,+1) " (K,+1)
K. K, -
—ga (s)

Utilizing the sorption isotherm data, eguation
(5) was best fitted empirically and the cons-
tants X and I; were evalvated (Taile 24,

The modified B.E.T. theory predicted 2 good
fit to most of the experimental isotherms up
to 0.7 equilibrium relative humidity. However,
kbetter fit
solution theory of Hailwoaod-Horrobin ovar the

a somewhat was found with the

entire range of equilibrium relative humidities,

resulting in the parameters listed in Table 2.
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Molecular Monolayers and Films

J. D. Swalen,* D. L. Allara, J. D. Andrade, E. A. Chandross, S. Garoff,
J. Israelachvili, T. J. McCarthy, R. Murray, R. F. Pease, J. F. Rabolt, K. J. Wynne,
and H. Yu

A Panel Report for the Materials Sciences Division of the Department of Energy
Received December 29, 1986

The considerable activity in the area of organic thin films, involving very thin polymeric films and molecular
monolayers and multilayers, led to the formation of a panel, sponsored by the Materials Sciences Division
of the Department of Energy, to review this field. Its purpose was to better understand the relevant scientific
topics and to suggest suitable areas of research. In particular, a number of potential applications were
identified, which require further scientific advances for them to see fruition. These include nonlinear and
active optical devices, chemical, biochemical, and physical sensors, protective layers (e.g., for passivation),
patternable materials both for resists and for mass information storage, surface modification (e.g., wetting
and electrochemical electrode properties), and synthetic biomacromolecules. Studies of these films have
the added advantage that they could lead to a better scientific understanding of such subjects as the
relationships between the microstructure of ordered molecular arrays and their collective properties, the
tailoring of interfaces and surfaces, especially when used to model multibody interactions, and the physical
and chemical reactions of films involving phase transitions and intra- and interfilm transport. The areas
that appear to require the most attention include the application of new characterization techniques, such
as the scanning tunneling microscope, the improvement of mechanical and thermal stability, the identification
and characterization of physical and chemical defects, and the effects of internal ordering on macroscopic
properties. It is further recommended that strong interdisciplinary efforts be mounted to address and

solve these problems.

Introduection

Molecular films, ordered thin organic films in a thickness
range from a few nanometers (a monolayer) to several
hundred nanometers, show considerable technological
promise, and further scientific investigation could prove
to be very fruitful. Electronic and optical devices presently
incorporate structures that are in this thickness range or
approaching it, and organic thin films have been proposed
to replace both passive and active components traditionally
fabricated with other materials. Scientific studies of mo-
lecular interactions in thin-film structures leading to an
understanding of the collective properties of ordered arrays
have only recently been possible with organic films,
characterized in more detail by a number of the newer
surface science techniques. Biological lipid membranes
exhibit a variety of different functions, and attempts to
produce synthetic thin-film analogues have excited the

* Chairman; IBM Almaden Research Center, 650 Harry Road, San
Jose, CA 95120. Affiliations of other panel members: Bell Com-
munications Research, 331 Newman Springs Road, Red Bank, NJ
07701, now at Department of Chemistry, Pennsylvania State Univ-
ersity, University Park, PA 16802 (D.L.A.); College of Engineering,
University of Utah, Salt Lake City, UT 84112 (J.D.A.); At&T Bell
Laboratories, 600 Mountain Ave., Murray Hill, NJ 07974 (E.A.C.);
Schlumberger Doll Research, Old Quarry Road, Ridgefield, CT
06877 (8.G.); Department of Chemical Engineering, University of
California, Santa Barbara, CA 93106 (J.1.); Polymer Science and
Engineering Department, University of Massachusetts, Amherst, MA
01003 (T.J.M.); Department of Chemistry, University of North
Carolina, Raleigh, NC 27607 (R.M.); Department of Electrical En-
gineering, Stanford University, Stanford, CA 94305 (R.F.P.); IBM
Almaden Research Center, 650 Harry Road, San Jose, CA 95120
(J.F.R.); Chemistry Division, Office of Naval Research, Arlington,
VA 22217 (K.J.W.); Department of Chemistry, University of Wis-
consin, Madison, WI 53708 (H.Y.).
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imagination of many. For these reasons it was felt that
the physical, chemical, biological, and theoretical aspects
of thin molecular films should be reviewed and their po-
tential assessed. This report is such a study sponsored by
the Material Sciences Division of the Department of En-
ergy, and it contains our consensus as to the future for this
area of investigation.

Chemists have been able to synthesize molecules with
many different conformations and chemical structures
exhibiting a wide variety of functions. Although collective
phenomena have been studied, more emphasis needs to
be placed on the design and control of important collective
properties so as to make these molecules into useful ma-
terials. The future for thin molecular solids lies in de-
signing organized films to perform new and special func-
tions. Of interest are arrays with cooperative properties
different from those of the individual molecular compo-
nents and perhaps possessing some functional enhance-
ment. Liquid crystal displays are a well-known example
of a cooperative function, and much interest has focused
on the nature of phase transitions and magnetism in two
dimensions. The number of possibilities is large, and
considerably more research is needed to relate a specific
film’s structure to its functional properties.

The area of Langmuir-Blodgett films, monolayer
structures transferred from a water surface to a substrate,
has recently been receiving a great deal of attention.'™
These films are appealing for study because of the facile
manner in which a single monolayer or multilayers can be

(1) Thin Solid Films 1980, 68(May 1).

(2) Thin Solid Films 1983, 99(Jan 14),

(3) Thin Solid Films 1980, 132-134(0ct-Dec).
(4) Roberts, G. G. Adv. Phys. 1985, 34, 475.
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Reviews

deposited. Such a capability brings to mind applications
as organic superlattices created by the successive depos-
ition of alternating layers of different molecules. Whether
these materials could even find use is highly speculative
at the present time, but they do serve as good model
gystems. One could imagine some utilization in a number
of areas, including optics, sensors, and barrier films.
Electron beam resists®S and “self-healing” capacitor layers’
have been demonstrated in the laboratory. Functionalized
phthalocyanines with attached molecular side groups to
change or improve properties, such as solubility, can be
used to form LB films,® and this is an important advance
because they are among the most robust organic molecules
known. Topotactic polymerization reactions, dependent
on the structural proximity and orientation of reactants,
have been used to create poly(diacetylenes) that are
crystalliné and exhibit nonlinear optical properties.®™!
Another related topic is that of deposition from solution
through a chemical reaction at a surface to give a self-
assembled system.!?"1

The explosive growth of microelectronics technology
since 1960 is well chronicled.)” According to some esti-
mates, the “cost of computing” has decreased by several
orders of magnitude during this time. Moreover, the value
of the business has greatly increased, making this an at-
tractive area for possible applications of new technology.
We know of some specific cases where organic films are
being successfully used. Already we have photoresists and
electron beam resists for making patterns for very large
scale integrated circuits (VLSI), organic photoconductors
for printing and copying that compete directly with in-
organic photoconductors, liquid crystals for displays,
polymer films for insulation and packaging (various layers
to encapsulate and protect a VLSI circuit from the envi-
ronment),'® and attached molecules and chemically re-
active sites to modify surfaces. A classic example of this
controlled chemistry is illustrated by color film for pho-
tography; films consist of some 20 layers, some as thin as
1 um, with numerous diffusion barriers.

All of this sounds exciting and promising, but the reader
should be aware that there are still many unsolved prob-
lems. Organic thin films suffer from fragility, impurities,
and defects. Consequently, their use has been limited by
the ability to produce films with good integrity, i.e., me-
chanical, thermal, and chemical stability, as well as with
the desired properties. Also, they must be made with few
defects, or some mechanism for repair must be found.
Efforts to overcome some of these problems, and to find
applications that even take advantage of them, are prog-
ressing well. For strength, films are being polymerized and

(5) Barraud, A.; Rosilio, C; Rusaudel-Teixier, A. Thin Solid Films
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cross-linked. Schemes are being developed to produce
them with higher purity and, for polymeric films, with a
narrower molecular weight range, and hence more uni-
formity. Weak interactions, e.g., van der Waals forces,
acid—base and charge-transfer interactions, and certain
covalent chemical bonding, could be used to modify organic
thin films more easily and to make molecular engineering
and design changes. That is, there are many ways to
modify and make assemblies, but one of the key problems
is to make an organized structure whose collective prop-
erties can be optimized for a desired goal. Today we have
only scratched the surface, and, as stated above, we need
more scientific understanding of the relationships not only
of the component molecular species but also of the prop-
erties of a oriented and arranged array with the desired
materials characteristics. This cannot be emphasized
enough! If one were asked to make a thin organic film with
a particular set of desired physical and chemical properties,
generally an empirical approach would be taken. This
process must definitely be shortened and put on a more
rigorous scientific basis requiring better understanding of
preparation and characterization methods.

After discussing a variety of research topics, we agreed
that there are some very promising areas and, as a cor-
ollary, there are some areas where these materials are likely
to remain inferior to others and, as such, should not be
pursued with the same vigor. The areas considered to be
the most promising for technology are as follows: (1)
thin-film optics, optical layers and films exhibiting some
special optical behavior, such as nonlinear optical effects
for second harmonic generation, or switching, amplifica-
tion, and modulation of optical signals; (2) sensors and
transducers, thin films for specific sensors, such as bio-
logical sensors, as for coupling physical or chemical mea-
surement probes to the film properties, e.g., electrochem-
ical, mass, optical, and conductivity; (3) protective layers,
thin organic films impervious to deleterious species in the
environment so as to prevent some contaminant from
disrupting the operation or function of the other layers;
(4) patternable materials, photoresist and electron beam
resists to create patterns at high packing density with
greater resolution («1 pm) than heretofore seen; (5) sur-
face preparation and modification, surface groups to en-
hance lubrication, adhesion, wetting, and biological re-
sponse or to provide new paths for chemical reactions not
found in solution or isotropic media; (6) chemically mod-
ified electrodes, coatings on electrodes to give desired
properties for new electrochemical reactions or analyses;
and (7) biomacromolecules, our understanding of protein
films needs to be expanded for more effective utilization.
Can we produce or mimic biological effects with artificial
films, and how well can we do this?

Besides these technological uses for thin organic films
there are also a number of scientific problems which must
be addressed:

1. The relationships between structure of oriented and
aligned arrays of molecules and their collective properties
are not well understood. New chemical designs and unique
architecture may be able to create systems capable of ex-
hibiting novel properties.

2. Molecular films can serve as models for the tailoring
of interfaces and surfaces. For example, surfactants and
modified polymeric surfaces have been used for a long
time, but an understanding of them that could lead to new
chemistry at a surface or to fabricate a new electronic
device without delamination at the interfaces is still in its
infancy. Films also can be examples for theoretical models
involving several interactions, e.g., more than two-body



934 Langmuir, Vol. 3, No. 6, 1987

interactions and several molecule-molecule interactions,
as well as molecule—surface interaetions.

3. Thermodynamics and kinetics of films involving
phase transitions, viscosity near a surface, elasticity, dif-
fusion, and transport of ions, electrons, and molecular
species across them are all important to their properties.
The transition from solid to fluidlike behavior, through
liquid crystal behavior, is a gradual process and an in-
teresting phenomenon which requires more investigation.

After the panel had identified these key areas of tech-
nology and science, it became clear that progress, although
good, has been hindered by a number of problems and a
certain lack of understanding of some of the key funda-
mental processes. Problems exist which prevent wide
application of molecular monolayers to science and tech-
nology. Some of these more important obstacles were
identified:

1. Characterization methods and techniques need to be
developed further, and existing surface science tools need
to be refined and tested on organic films. Clearly we can
make and reproduce films of a desired quality only if we
can analyze them in detail for their salient structural
characteristics. A number of these new and existing
methods will be discussed. As an example, scanning tun-
neling microscopy (STM) has recently been used to ob-
serve an organic bilayer. This technique appears to have
the potential to observe directly surface topography and
morphology. In addition, a number of spectroscopic
methods, already applied to the preliminary analyses of
thin films, show considerable promise as useful tools for
their more detailed characterization.

2. Integrity and stability of films must be improved to
overcome some of the problems related to their soft and
almost fluidlike behavior. Films are degraded by heat,
sunlight, and environmental impurities. Mechanical
strength needs to be improved, and dimensional stability
is always a problem for any information storage device.
Recent results have been reported on thermally stable
films with very small in-plane thermal expansion coeffi-
cients. Compliance, on the other hand, could be a useful
property, if properly combined with other intrinsic prop-
erties.

3. Impurities and defects must be identified and the
deleterious ones removed. Organic materials are generally
harder to purify than other materials, but new methods
must be developed and evaluated to produce improved
materials, Removal of defects certainly would be an ad-
vantage, if such a process could be developed.

4. The question of type and the degree of order needed
in a film for a specific function must be addressed. There
is fair knowledge of how to make layered structures, but
there are few, if any, known ways to produce and measure
in-plane ordering for small areas of less than 1 um?2. This
problem, in particular, plagues the biophysicist trying to
understand the active sites of a lipid bilayer with a pre-
determined biological function.

A different type of problem, more of an organizational
nature, has also hindered the development of this field of
research, and little progress will be made if it is not ad-
dressed. Since this is an interdisciplinary field involving
physicists, chemists, biologists, electrical engineers, and
materials scientists, efforts need to be made at university,
industrial, and government laboratories to cross depart-
ment and divisional lines and boundaries in order to en-
courage cooperative programs. This may require modifying
the promotional system and the methods of funding from
government agencies so that collaboration can be en-
couraged. Researchers should be judged and evaluated on
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their joint efforts and not only on their individual accom-
plishments. An interdisciplinary attack on these problems
by our best people is required.

This report will first describe a number of application
areas and the scientific research that must be carried out
in order to bring about significant progress. Other areas
will be identified which are not so attractive at this time
either because the material characteristics of organic films
and molecular monolayers do not fit the requirements or
because there are much better competing materials. Then
some related topics, probably best described as scientific
endeavors, but which in the future will lead to a much
better understanding and consequent utilization of mo-
lecular films, will be discussed.

Thin-Film Optical Materials

The advent of optical fiber communications, generally
operating in the 1.3-ym-wavelength region, has generated
a strong need for compact signal-processing units. This
includes switches, modulators, and optically driven par-
ametric amplifiers. These devices depend on nonlinear
optical effects and a variation of refractive index produced
by high optical fields or an external electric field. As a
result, nonlinear effects, especially second-harmonic gen-
eration (SHG) and third-harmonic generation (THG), have
received considerable attention. Four-wave mixing and
bistability are two other interesting nonlinear phenomena.
Present experimental devices, however, are based on
lithium niobate because it is the best available from among
a rather unsatisfactory set of inorganic materials. In the
last decade, many organic species have been shown to
possess much larger interaction cross sections for nonlinear
effects,'” and intensive research is currently underway at
British Telecom, CNET (France), several large Japanese
firms, Du Pont, Kodak, and AT&T.

Nonlinear phenomena in organic systems depend on the
intrinsic nonlinear polarizability of the molecules and on
the crystallographic packing. For second-harmonic gen-
eration the site and its associated polarizability tensor must
not possess a center of symmetry. Asa consequence, a Y
deposition of an LB film assembly in which the molecules
have a head-to-head and tail-to-tail configuration® might
lead to a reduction in the second-harmonic term in the
polarizability tensor expansion. Efforts have recently been
directed at depositions with alternating layers of an active
dye possessing a strong second-harmonic behavior and an
inert layer of spacer molecules, for example, arachidates
or stearates.”®  Alternatively, the symmetry can be
broken by a head-to-tail deposition (called Z depos-
ition).3L.32
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In addition, there is much to be done concerning the
fabrication of thin-film wave guides with the incorporation
of molecules having large polarizabilities. These are
molecules of moderate size which are characterized by both
strong intramolecular charge-transfer (CT) electronic
transitions and a large excited-state dipole moment. What
is needed are methods to incorporate oriented arrays (not
necessarily nearest neighbors) of these types of molecules
80 as to maximize their interaction length with the light.
Cyanine dyes, azo compounds, and nitroamino compounds
are the molecular types most commonly being investigated
because they should have large nonlinearities, but there
are many other types of CT complexes and related mole-
cules with high polarizabilities that need to be identified
and evaluated.

Polymerized and cross-linked diacetylene films are op-
tically and structurally appealing for third-harmonic gen-
eration and other nonlinear phenomena. Researchers at
Bell Communication Research Center have recently
measured an off-resonance x® of 0.1 X 10, which is
claimed to be the largest of any known organic material 3
Work on very thin crystals has been reported by re-
searchers at General Telephone and Electronics Labora-
tories.3

Another new use of SHG is being developed at the
University of California at Berkeley for surface analysis
(see below under Characterization for more details).?>%
A surface by its very nature breaks any center of symmetry
and can generate, albeit weak, second-harmonic signals.
An overcoating can increase or decrease this SHG. It is
clear that not only the coating can be detected; properties
of the coating, such as its nonlinearity and the elements
of the tensor, can be determined. This technique may
prove to be very useful in the analyses of surface molecules
and thin films.

Sensors, Transducers, Detectors, and Displays

The rapid decline in the cost of electronic information
processing has stimulated a need to interface electronic
systems with the real world. Thus, sensors and output
transducers should enjoy enormous growth in the market
place. It is difficult to estimate the share of the market
which those devices based on organic films could capture.
Photodetectors and related devices, such as optical image
detectors, appear to be well served by inorganic materials.
High-frequency loudspeakers and electromechanical ac-
tuators have used organic films, and sensors (temperature,
pressure, strain, or chemical species) may well be another
attractive application. Image displays employ liquid
crystals, but a full color, high-contrast, high-definition
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display with a lower power requirement than a CRT is
probably some years away. However, there are significant
advantages for a display whose contrast relies on absorp-
tion of ambient light rather than on luminescence stimu-
lated internally; the conversion of electronic watches from
light-emitting diode displays to liquid crystal displays has
been an obvious example.

Piezoelectric polymers are becoming increasingly well-
known and utilized as sensors and transducers. Much work
has been done to improve the high-temperature stability
of piezoelectric polymers and to maximize the electrical
output for a given input‘of pressure (acoustic wave) or
thermal energy. The best known piezoelectric polymer is
poly(vinylidene fluoride) (PVF,). It has many desirable
properties, including insensitivity to water, thermal sta-
bility in its piezoelectric behavior to about 100 °C,
toughness, and a good impedance match to water (making
it a good acoustic sensor in the ocean). However, there are
drawbacks which can be significant, depending on the
application envisioned. PVF, inconveniently crystallizes
from the melt in an inactive form (« or form II). The
active form (8 or form I) is obtained only by processing,
such as with a stretch orientation, which must be subse-
quently poled under a high electric field to maximize its
activity. An advance has been made with copolymers, e.g.,
poly(trifluoroethylene-1,1-difluoroethylene), which crys-
tallize directly in the 8 form from the melt. Alternatively,
blends (interestingly, poly(methyl methacrylate) (PMMA)
forms a compatible blend) have been found to crystallize
in the active form. An unfortunate and frequently un-
mentioned aspect of the utilization of PVF, is the fact that,
considering the sophisticated electronic applications en-
visaged, the commercially available polymer is usually
obtained in a highly impure form. First, as a consequence
of the synthetic method for polymerization, PVF, contains
a significant fraction (typically 6%) of chain defects, e.g.,
head-to-head structures. Thus, many would consider PVF,
to be a random copolymer. Second, with emulsion po-
lymerization the polymer is contaminated with ionic im-
purities. Both of these problems suggest that further work
is needed to optimize PVF; or to find new and better
materials.

A new approach to piezoelectric materials along this line
is the use of molecular/macromolecular blends. These are
composed of a molecular component that is compatible
with the amorphous phase of a polymer and another
component that is compatible with the polymer crystalline
phase. Their crystallization in an electric field has led to
materials with much improved piezoelectric properties.
The component in the amorphous phase acts as a plasti-
cizer to lower the glass transition temperature, thereby
improving compliance. For example, a blend of 30% 2-
ethyl-1,3-hexanediol and 70% nylon-11 has its piezoelectric
coefficient, ds;, increased by a factor of 4 and its dielectric
constant increased by over a factor of 3 compared to ny-
lon-11 itself.**2 Preliminary results®® also show that a
PVF,; blend may be prepared with a much enhanced di-
electric constant, while maintaining an unenhanced (albeit
high) d3;. These are exciting results and may offer greatly
improved capabilities in acoustic sensing.

Sensor regponse with thin films depends on utilizing any
one of a number of effects, such as a change in electro-
chemical activity, photoconductivity, or mass. The prob-
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lems are in designing the film for a selective response to
a specific species and in coupling the film to an electrode.
Recently a neutron detector based on polyacetylene was
reported.*®® Here the neutrons increase the electrical
conductivity of the polyacetylene, (CH),. Biosensors de-
pend on binding proteins with the desired characteristics.
Immobilized ligands of antibodies can be sensitive to
certain antigens. A molecular film can also serve as a
barrier to unwanted components in a system, allowing only
specific ones to reach the electrode and be detected. The
future looks bright for these materials because a very thin
coating can turn a rather insensitive device into a very
sensitive and specific one. In addition, they can be made
inexpensively and extremely small. More details on many
of the aspects of sensors are included in the sections on
electrodes and biological thin films.

Packaging and Insulating Layers for Integrated
Circuits

Thin films find important uses as insulators in inte-
grated circuits.!® For those based on silicon, the insulating
film immediately on top of the single crystal surface is
nearly always thermally grown Si0,. However, other
semiconductor surfaces are very restricted electrically; for
example, only n-channel devices can normally be made of
GaAs because uncompensated surface states tend to “pin”
the Fermi level outside the bandgap. It may be possible
to use thin organic films to fill those states and so allow
both n-channel and p-channel devices to be built on the
same crystal.* Another increasing use of dielectric films
is for insulating multiple levels of metal interconnections.
The ability to form multiple levels of submicron inter-
connections is becoming increasingly needed as the degree
of integration increases. At present, two levels of metal
interconnections are the limit of our technology in man-
ufacturing; in 10 years, four or five levels will be needed.
Engineering such a structure may well be facilitated by the
ability to incorporate well-characterized and ordered or-
ganic films.

Packaging a semiconductor chip consists of mounting
it in a small piece of plastic about 3 X 15 mm in size and
bringing out the electrical connections to metal pins.!”
Large numbers of interconnections in VLSI structures
place increasingly stringent requirements on dielectric
polymer films used for encapsulation. The package must
also provide adequate protection, electrical connections,
and a heat sink. A key requirement for such materials is
a minimal thermal coefficient of expansion in the plane
of the film. In a system made of many chips, there is often
a hierarchy of packaging technologies. The printed circuit
board is described as a second-level package, and the as-
sembly of chip and plastic (colloquially called a “dip”) is
the first level. More complicated chips, which work at high
gpeeds, tend to dissipate more heat, have more off-chip
connections, and demand more exotic packaging. Thus
thin organic films might well be used for sealing the surface
of the chips for chemical protection against, for example,
moisture that could stimulate electrolytic corrosion of fine
metal interconnections or generate electrolytically metal
ions that could degrade the semiconductor. Possibly
conducting polymers might be used in the future as me-
chanically compliant conductors, but at present they lack
sufficient stability and conductivity.

One feature that has been clearly identified as affecting
the coefficient of expansion is chain ordering. Thus

(44) Larkins, G., Case Western Reserve University, unpublished re-
sults.
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Kapton as obtained from Du Pont has a coefficient of
thermal expansion® of 20 X 107 (°C)™, while cast films
of this material have twice the expansion. Wide-angle
X-ray scattering has shown that the difference is due to
substantial in-plane ordering of the rodlike polymer
molecules in manufactured films.*> There is an opportu-
nity for new materials in which orientation effects are
optimized. For example, some rodlike liquid crystalline
polymers are known to display negative in-plane coeffi-
cients of thermal expansion. Polyimides such as Kapton,
however, suffer from the fact that the chemical reaction
from polyamic acid to polyimide is a condensation reaction
with a concomitant release of water, which can cause sig-
nificant processing difficulties such as corrosion, voids, or
film shrinkage. This problem needs to be addressed
through the development of polymers which cure via ad-
dition polymerization routes or perhaps by the develop-
ment of thermoplastic polyimides. New results on the
liquid crystal behavior in thin-cast films of polyimides have
recently emerged showing that films can be constructed®®
with very low thermal expansion coefficients. Under-
standing gained at the fundamental level will be vitally
important for many technologies that rely on high-stability,
temperature-resistant polymers. Their application in
microelectronics continues to show considerable promise.

Patternability of Thin Films: Resists and
Information Storage

Organic films are already well established as resist ma-
terials. They are applied by spin-coating and then exposed
with the appropriate pattern of ultraviolet light, X-rays,
electrons, or ions. After development, either the exposed
or unexposed areas are dissolved away to reveal the un-
derlying circuit material, which can then be etched away
either by a wet process or by a reactive plasma. The most
complex present-day circuits have ~1-um features and a
chip size of 1 cm®% Moreover, there are between 6 and 12
mask levels for a complete circuit, so the allowed error rate,
or defect density per level, must be excruciatingly low.
Resolution is expected to drop to about 0.25 um by 1995,
and chip area is expected to quadruple. Another com-
plication is that the required line width control must be
between 0.025 and 0.05 um, and this is approaching the
molecular dimensions of some of the polymers used today.
Also, to achieve these narrow lines, films must be much
thinner than the present 1-2-um films! Thus, it will be
necessary to find new materials with ordering or some
other characteristic that allows the formation of thinner
films with fewer defects.

The use of thin films for recording information either
irreversibly (as in archival memory) or reversibly (as on
a magnetic disk) is a related area, but error-correcting
codes can be used so that the defect problem may not be
too acute. Present-day target densities are about 107
bits/cm? but this will probably evolve to 108 bits/cm2, both
for optical and magnetic recording. Another advantage
of this application is the wide range of available readout
mechanisms. Topographic contrast (as in a resist) may be
read capacitively, optically, or by using an electron mi-
croscope. Recently, with a focused electron probe, a page
of text at a density approaching 10* bits/cm? has been
read with a transmission electron microscope (TEM).4
But naturally, because of the size and expense of the TEM,
this technique is impractical. A new much more compact
and less expensive instrument, the scanning tunneling
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microscope (STM), has been used for examining surfaces
with atomic resolution and has also been used for writing
patterns.®#® The STM promises a wide variety of writing
and reading mechanisms, so more subtle changes in the
film topography may eventually be used for storage. In
principle, there is the possibility of improving by 2 orders
of magnitude the density of information storage, but mo-
lecular films must be developed further in order to meet
these needs.

Laser-written metallic patterns on thin organometallic
films and photoablative patterning® should be mentioned
as two other approaches to the patterning of organic films.
These are presently being investigated for medical ap-
plications but may be useful in other technologies as well,
even though they currently are not useful for defining any
significantly sized area in production.

Electronic Circuit Components

Although the use of molecular monolayers for circuit
elements seems to be too speculative, some thoughts and
ideas regarding these materials will be presented. The
resistivity of metals at room temperature is between 10%
and 107 Q-cm with temperature coefficients between 10
and 1000 ppm/K. Because of these almost optimal
properties, it is most unlikely that metal interconnections
will be displaced by organic materials! Electrical con-
duction in organic films is of interest for its scentific value,
but existing materials have properties that are already
extremely good for practical interconnections.

Conducting polymers can now be made stable in air,
insensitive to the presence of water, reasonably stable to
thermal excursions, and mechanically compliant. There
may, therefore, be special applications where enhanced
properties of a conducting organic films could render them
attractive. Examples are the use of a conducting polymer
as an antistatic material, as in a new line of copiers; self-
limiting switches, where the conductivity decreases as
temperature increases, thereby providing intrinsic pro-
tection; conducting fibers such as Kevlar/phthalocyanine®
for lightweight composites to shield enclosed electronics
from certain damaging radiation; and in the packaging of
chips, where resistivity is not critical and a compliant
conducting material could allow an increased number of
chip-to-substrate contacts. Numerous intrinsically con-
ducting polymers exhibit interesting properties. For ex-
ample, polypyrrole tosylate® is easily made by electropo-
lymerization of the monomer in an aqueous electrolyte
under ambient conditions. These black films have stable
conductivity in air, though they are moderately hygro-
scopic, and they are also mechanically tough and thermally
stable in air to about 100 °C. Poly(3-alkylthiophenium)
salts are new polymers which are soluble in polar organic
solvents and are good film-forming materials, provided the
alkyl chain is of sufficient length (ca. six carbons).5%54
Polyanilines are an old class of polymers, but new studies
are revealing them to be stable and electronically con-
ducting by unusual “doping” methods. One such method
is simple acidification, i.e., “protonic doping”.?®

(48) See, for example: IBM J. Res. Dev. 1986, 30.

(49) Quate, C. F. Phys. Today 1986, 39, 26.

(50) Srinivasan, R.; Braren, B.; Dreyfus, R. W.; Hadel, L.; Seeger, D.
E.J. Opt. Soc. Am. B 1986, 3, 785.

(51) Inabe, T.; Lomax, J. F.; Marks, T. J.; Tobin, J.; Lyding, J. W.;
Kannawurf, C. R.; Wynne, K. J. Macromolecules 1984, 17, 260.

(52) Wynne, K. J.; Street, G. B. Macromolecules 1985, 18, 2361.

(53) Elsenbaumer, R. L.; Shacklette, L. W. J. Polym. Sci., Polym.
Phys. Ed. 1982, 20, 1781.

(54) Vardeny, Z.; Ehrenreund, E.; Brafman, O.; Novak, M.; Schaffer,
H.; Heegar, A. J.; Wudl, F. Phys. Rev. Lett. 1986, 56, 671.
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Figure 1. Molecules attached to a surface shown schematically.
They consist of a head group attached to a substrate, some interior
group (most often an alkyl chain) which provides cohesive in-
teractions, and a terminal functional group (X) which interacts
with the ambient phase.

Capacitor dielectrics made of organic films may be more
likely candidates; they have insulating properties that in
many cases rival those of inorganic films. Some circuits
require high values of capacitance per unit area, so a high
dielectric constant, ¢, is desirable; in other cases, the reverse
can be true. It could prove to be very useful for an en-
gineer to have two different values of ¢ in similar materials.
At the same time, however, the process must still be com-
patible with the rest of the circuit processing, which can
involve temperatures exceeding 1000 °C, and, in addition,
the circuit must operate within specifications over a min-
imum temperature range of —20 to +85 °C.

Semiconductor diodes have outstanding basic properties
of low forward resistance and high reverse resistance;
silicon transistors have been described as being close to
thermodynamically perfect. The members of this panel
have some reservations concerning the applicability of
organic films to high-speed switching; only with some in-
novative architecture involving, perhaps, parallel pro-
cessing could they be made competitive. Applications for
organics, therefore, must depend on utilizing some unique
or specific property, such as low cost, large areas, or
transparency. Thus, again, any amplifying or switching
action of organics will have to be combined with some
other intrinsic properties for an attractive application to
emerge. The possibilities in biomedical instrumentation
are discussed in more detail in a later section.

Functionalization of Surfaces

Inorganic Surfaces. A number of useful properties
of a solid material depend upon the nature of the ambient
surface layer. These include adhesion, wetting, friction,
biocompatibility, charge and mass transport, and chemical
reactivity. Often these properties can be dramatically
altered by the attachment of one or more layers of organic
functional groups at the material surface. The variety of
possible structures range from random arrangements of
attached organic functional groups to highly organized,
densely packed, ordered molecular assemblies. An example
of the former is organosilane molecules covalently bonded
to glass surfaces in order to promote adhesion in glass/
polymer composites. An example of the latter is the
modification of a semiconductor surface by a physisorbed
Langmuir-Blodgett film as part of a metal-insulator—
semiconductor (MIS) electronic device. To efficiently

(55) MacDiarmid, A. G.; Chiang, J. C.; Huang, W.; Humphrey, B. D,;
Somasiri, N. L. D. Mol. Cryst. Lig. Cryst. 1985, 125, 309.
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prepare complex films for specific applications, one must
assemble appropriate molecular functionality on a variety
of metal, insulator, and semiconductor substrate materials.

The assembling and final structure of a film can be
visualized in terms of three overlapping regions of inter-
actions as shown in Figure 1. The molecules in this figure
consist of a head group attached to a substrate, some in-
terior moiety (most often an alkyl chain) which exhibits
cohesive interactions, and a terminal functional group
which interacts with the ambient phase. Variation of the
interactions in each of these regions can dramatically alter
film properties. The attachment of the film to a solid
substrate usually is accomplished by one of three common
procedures: spontaneous adsorption of molecules from a
vapor environment, spontaneous adsorption of molecules
from a solution enviornment, and forced interfacial transfer
processes, such as the LB procedure.

Current and past emphasis has been on the LB tech-
nique. While this technique has produced some examples
of highly organized monolayer and multilayer films, there
are major disadvantages which should prompt serious
efforts to develop alternate techniques. These films are
not necessarily thermodynamically stable, binding to the
surface usually does not occur by strong chemical bonds,
and only amphiphilic molecules which form assemblies at
the air-water interface are suitable, the most common of
which are long-chain fatty acids and closely related
structures. :

The spontaneous solution-phase process, on the other
hand, offers the possibilities of forming layers of multi-
functional polar molecules from both agqueous and nona-
queous solvents near or at equilibrium conditions. The
reaction of alkyltrichlorosilanes with SiO, to form robust
films bonded via silicon—oxygen bonds to the sub-
strate'®*% and the solution reaction of organic thiols or
disulfides with gold surfaces'>”" are two examples that have
been shown to be effective in bonding molecules to sur-
faces. Relatively little work has been done in this area,
and new types of attachment chemistry need to be de-
veloped, particularly for technologically important sub-
strates such as semiconductors and ceramics.

The vapor-phase process offers possibilities such as the
deposition of complex organic assemblies onto ultraclean,
single-crystal substrates under ultrahigh vacuum condi-
tions. The possibility of organic “molecular beam epitaxy”
(MBE) of crystalline layer growth is thought provoking.
Processes for the deposition of conformal thin organic films
from the gas phase, such as the formation of poly(p-xy-
lylene), have been available for some time. This area offers
a challenge to chemists and material scientists. The recent
widely publicized plasma-aided deposition of thin diamond
films*8,%® being done in Japan and the USSR points to yet
another important area in which the U.S. is behind.

The geometrical arrangement and structure of the
molecules in the surface-bound film depend upon the ge-
ometry of the substrate binding sites, the strength of the
substrate—head group bonds, the relative sizes of the head
groups compared to the remainder of the molecule, and
the intermolecular forces. In principle one can design a
specific film architecture for a given substrate if each of
these factors is known sufficiently well. However, the task
proves to be very difficult or impossible for all but the
well-studied system of long-chain alkyl molecules for which
a good knowledge of chain—chain interactions exists from

(56) Netzer, L.; Isovici, R.; Sagiv, J. Thin Solid Films 1982, 99, 235.
(57) Nuzzo, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105, 4481.
(58) See, for example: The New York Times; 1986, Sept 14, p 1.
(69) Indusirial Chemical News 1986, 7,(7), 1.
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studies of alkane crystals and lipid bilayer systems. Even
here, too little is known, particularly in the area of sub-
strate-induced head group arrangements, to allow any but
the simplest of guesses as to the general types of structures
possible. Aromatic ring compounds are known to assemble
spontaneously into ordered films on platinum surfaces.5%6!
However, in general, a great deal of work needs to be done
on the effect of molecular structure on film architecture.
This issue becomes critically important when functional
groups are needed in the film interior for active functions,
such as cross-linking and photo- or electroresponse. A
body of knowledge is needed about combinations of sub-
strates, head groups, and film interior groups that lead to
layers with specifically tailored architecture.

Because of the variety of applications for functionalized
surfaces, it is desirable to develop structures which can
have a wide variety of exposed organic functional groups
(X in Figure 1). These can range from passive low-energy
groups, such as CH; and CFs, to highly reactive groups
such as N=C=0 or hiologically important groups such
as phosphatidylcholine. Monolayers spontaneously as-
sembled from w-vinyl-terminated alkylsilanes can undergo
smooth, specific cleavage reactions of the olefin group. The
resultant functional groups can further react with alkyl-
silanes to form a multilayer structure.'45€ Adsorption
of a wide variety of organodisulfides occurs on gold'®*" to
form monolayers with vastly different wetting properties
that depend upon the terminal interface group; these could
be NO,, CF,, CH;, CO,H, OH, or a biological functionality,
such as the phosphatidylcholine group. The classic case
of adhesion promoters such as w-aminoalkylsilanes is an-
other example. At present, the major problem in creating
such structures is that the desired terminal group must
exhibit high specificity in the adsorption or chemisorption
process and not end up attached to the substrate or buried
in the film’s interior. As mentioned above, silanes on Si0,
and organosulfur compounds on gold are two examples of
favorable attachments. However, extensive work is needed
in examining relative surface versus ambient interface
interactions for other functional groups and substrates in
order to find other cases of good film formation. It is
possible that the equivalent of a multilayer structure could
be achieved by the formation of grafted polymer chains
extending outward from a monolayer functionalized sub-
strate. Again, much work is needed in developing films
with terminal groups on the surface through appropriate
coupling reactions.

Polymer Surfaces. Polymer surfaces exhibit unique
properties and behaviors different from those of other solid
surfaces in that the chains at and near the surface are
mobile and can almost be viewed as a viscous liquid. The
magnitude of this mobility depends on the temperature
relative to the glass transition temperature, T, which spans
a range of as much as 400 °C for various common polymers.
Therefore, at a given temperature the surface mobility
varies greatly from polymer to polymer. Whether or not
the outermost polymer chains exhibit a definite glass
transition temperature and whether this is the same as the
bulk are two separate and important issues. Even poly-
mers with a single bulk composition can display different
surface compositions, and block copolymers can concen-
trate one component at the surface so that some degree
of phase separation takes place.®™ The structure,

(60) Seriaga, M. P.; Hubbard, A. T. JJ. Am. Chem. Soc. 1982, 1 04, 3937.

(81) Hubbard, A. T. Acc. Chem. Res. 1980, 13, 177.

(62) Reardon, J. P; Zisman, W. A. Macromolecules 1974, 7, 920.

(63) Clark, D. T.; Peeling, J. J. Polym. Sei., Polym Chem. Ed. 1976,
14, 543.
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properties, and reactivities of the polymer surface are very
dependent on the environment and its surroundings, which
could be another condensed phase (liquid, metal, ceramic,
or another polymer). The extent to which interpenetration
occurs is also important. Organic polymers, generally, have
low surface energies and are more stable in air than other
solid surfaces of metals, metal oxides, and inorganic hy-
drates. This permits relatively easy laboratory manipu-
lation but gives rise to adhesion problems; adhesives often
do not function well as binders between two polymer
surfaces.

Organic polymer surfaces display a range of functionality
and, given the highly developed field of organic chemistry,
offer a chemical versatility far surpassing any other class
of solid surfaces. To take advantage of this and to control
surface structure require a well-characterized polymer
surface containing functional groups. These can then be
manipulated to a variety of structures, which can be com-
pared to the initial surface. Several key issues must be
addressed: What are the three-dimensional locations of
the functional groups? What are their mobilities, and what
conditions control migration? How does location affect
accessibility to reagents in solution? What interactions
(reagent—polymer, reagent—solvent, solvent—polymer) and
what surface and interface effects, such as geometry or
surface energy, affect reactivity? Can well-understood
organic chemistry in solution be extrapolated to interface
reactions?

The vast literature on polymer surface modification™™
includes plasma, corona, flame, chemical, polymer grafting,
adsorption, additive, and entrapment treatments. The
extent to which these surfaces have been characterized
with the criteria mentioned above and understood is,
however, meager. Some recent works that have been di-
rected toward the goal of well-characterized surface-mod-
ified polymers include chromic acid oxidation of poly-
ethylene,™ entrapment of functionalized oligomers into
polyethylene,”® and surface-selective maodification of
fluorinated polymers.”®

Since the surface of a polymer is complex, a number of
questions arise regarding the identity of surface species.
It is necessary to know both the concentration of chemical
groups at a surface and how that concentration changes
as one proceeds into the bulk. This primary structure of
the surface will undoubtedly play a major role in deter-
mining its secondary or conformational structure. The
question of polymer surface structure has not been ad-
dressed in both semicrystalline and amorphous polymers.
The presence of crystalline material in the vicinity of a
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surface may have dramatic effects on both the conforma-
tion and orientation of polymer molecules at the surface.
In the latter case, the functional properties of a surface
may be modified considerably depending on bond orien-
tation at the surface, a fact which will also influence its
chemical reactivity.

Perhaps the best approach to these questions is through
the use of model systems. With recent successes in the
formation and subsequent transfer of a polymer monolayer
from a Langmuir—Blodgett trough,”® there are grounds
for optimism that some of the previous questions will be
addressed. However, substantial progress in understanding
structure and orientation in polymer surfaces will come
about only with the continued evolution of highly sensitive
surface-selective techniques.

Thin Organic Coatings for Electrodes

Chemically modified electrodes are made by attaching
or coating chemicals onto conducting or semiconducting
electrodes to give the electrode surfaces some desired
property.™% This is important in a number of electro-
chemically related devices because it is possible to convert,
modify, or improve an existing electrode. Ionically con-
ductive coatings are usually polymeric multilayers in the
thickness range from monomolecular to ~5 pum. Some
examples of their use are fuel cells, chemical sensors, and
electrosynthesis. An electrode that reduces dioxygen ex-
clusively and is stable to water at near thermodynamic
potential would have a high technological value for energy
conversion in a fuel cell, if it has a reasonable lifetime. This
has been done for dioxygen with chemisorbed monolayers
of cofacial porphyrins, a catalyst designed to accomplish
the desired chemistry at an electrode surface.®

The use of molecular films to design chemical sensors
is an emerging area of high potential (see also the section
on sensors). There are important needs for new analytical
sensors in the pharmaceutical, environmental, process
control, biomedical, and personal diagnostic analysis fields,
The sensor response can be based on the current needed
to electrolyze a sample via a selective catalytic film or on
the detection of a change in mass, work function, or con-
ductivity upon selective adsorption from a liquid or a gas.
The measurement of luminescence excited by a chemical
reaction between a sample and an electrochemically
charged molecular film is another possibility. All these
response properties have great sensitivity; in particular,
small current, mass, or work function changes in films as
thin as a few monomolecular layers can readily be sensed.
The challenges in chemical sensors with molecular films
are in designing the film for selectivity of response to a
particular species and in coupling the film with a sensing
electrode or pattern of electrodes. Most of these features
are based on particular chemical attributes of the molec-
ular film achieved by the incorporation of either specifi-
cally designed or biological catalytic reagents, such as en-
zymes or antibodies. The recently developed capabilities
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for directly interacting with the electron-transfer groups
of enzyme oxidases and reductases and of raising mono-
clonal antibodies toward a variety of antigens have enor-
mously broadened the possibilities of new sensors. The
use of natural materials in molecular films is a very
promising subject; however, it is suitable only for situations
compatible with enzyme or antibody stability (see the next
section on biological thin films for more discussion).

Another emerging subject is the idea of designing a
multiplicity of functions into molecular films for sensors.
For example, one component of the film may serve as a
membrane barrier to exclude unwanted sample constitu-
ents, another may serve to selectively bind or complex a
desired sample in order to concentrate it prior to mea-
surement, and yet another may serve to aid in its elec-
trocatalytic consumption during measurement. The
physical coupling of molecular films with miniaturized
sensor electrodes, piezoelectric films, transistor gates,
photodiodes, or patterns is another recognized frontier in
which lithographic techniques will play a major role. Such
sensors can be made very small so as to fit into tight places
(biological cells), they can be made very close together so
as to utilize relatively poorly conducting films, and they
can be replicated on a single device to provide multiplexed
sensing. Multiplexed sensing is a potentially important
strategy for alleviating problems of response selectivity;
an array of sensors with differing films which respond to
a sample component in a set of different ways yields a
response pattern which can be deconvoluted from that of
other sample components. Also, sensors based on a com-
bination of molecular films and lithographically defined
electrodes have the potentiality of being mass produced
at low cost, making disposable sensors an important pos-
sibility.

The needs in electrocatalysis research divide into two
areas: immobilization schemes and catalyst design.
Among immobilization schemes, the use of chemisorbed
monolayers and polymeric films are the most promising
approaches. The principal challenge today in electroca-
talysis is the design of suitable catalysts that are stable and
selective. This includes improved tactics for fast charging
of polymeric catalyst films by electrodes and for fast
permeation of the substrate into the polymer film. Elec-
tron-transfer mediation forms the usual basis for electro-
catalysis, and catalyst design then involves selecting
reagents that rapidly shuttle electrons (or protons, etc.)
between electrode and reaction substrate, often with in-
termediate formation of an adduct for selectivity reasons.

The general pattern of research for modified electrodes
involves chemical synthesis, the preparation of monomo-
lecular layer films, the incorporation of reagents into the
film, and the chemistry for making ultrathin polymer films,
down to a thickness of several monomers, by using elec-
trochemical deposition or polymerization techniques.
Other important factors include details of the structural
organization within films, i.e., analytical characterization
of the film, and the theory to understand chemical and
transport kinetics. The design of films is also important
especially in terms of electrons and ion mobilities. The
relation of molecular structure to electron mobility in the
film is a topic of fundamental and practical importance.
Some electroactive films contain the mobile electrons in
localized states (redox sites), and the mobility is connected
to electron-hopping events. Other films exhibit electronic
band structures that are spatially delocalized: the limit
of this behavior is an “organic metal”, as discussed in the
section on electronic circuit components. There has been
a great deal of experimental and theoretical work on
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transport mechanisms in conducting polymers, but this has
been confined to a rather small group of materials.3
Progress is being made in tailoring monomers in a sys-
tematic way to give conducting polymers useful properties.
Solubility (for processing purposes) is one such useful
property. Also, the molecular criteria that determine when
a material with localized states can be transformed into
one with delocalized states are relatively unexplored but
could facilitate a better understanding of molecular factors
necessary for band formation.

Ionic conduction is crucial in the change of oxidation
state in an electroactive molecular film, for reasons of
electroneutrality. Thus, in the charging of a conducting
polymer film in an energy storage application, conduction
of electrons throughout the film is necessary for its com-
plete charging, but so also is the conduction (diffusion) of
the necessary ions. If the ionic mobility is less than that
of the electrons (the usual case), then the rate of battery
charge/discharge, for example, may be limited by this ionic
diffusion and not the electronic conductivity of the poly-
mer. Much less attention has been given in the study of
conducting polymers to ion mobility than to electron
mobility; in few cases is the variation in ionic mobility with
polymer oxidation state known. In fact, one can estimate
that electronic conductivities in excess of 0.01 (Q-cm)™
contribute little further to charging rates if the upper limit
of ion diffusion coefficients is about 10°® cm?/s. Studies
of ionic mobility and chemical design of polymers that
enhance ionic mobility deserve more emphasis than it has
thus far received.

In a number of experiments molecular films have been
deposited on electrodes in patterned ways. These struc-
tures in some respects emulate solid-state electronic
functions, such as molecular diodes and transistors, and
gates for ions. The research challenges include (1) devising
and improving fabrication techniques for stable elec-
troactive polymers and electrodes in spatially controlled
ways and in very small dimensions; (2) enhancing the time
or frequency response of electrochemically active poly-
mer—electrode structures; (3) patterning electroactive
molecular films; and (4) making connections to large,
closely spaced arrays of microstructures. Electrodes as
devices can have extremely small electrode dimensions and
can have contacts on each side or surface of a molecular
film. They can have nonlinear current-voltage and ion
flux-voltage characteristics leading to rectifying film
junctions. In addition, transport rates of ions and electrons
can be related to the oxidation state of the film. There
are, however, some limitations that arise from the relatively
slow switching speeds associated with ion diffusion during
changes in oxidation state and from the chemical reactivity
(instability) typical of materials with very high or low redox
potentials. For example, research is needed to understand
molecular geometry changes in film switching and to make
films more robust.

Microstructured electrodes are important in funda-
mental studies of electroactive molecular films, especially
their transport properties, as a function of film oxidation
state. One bonus emerging from work on electrodes could
be new ways to form patterned polymer films; that is, to
what extent can a polymer film be deposited on or next
to an electrode and not on adjacent areas of the substrate.
In contemporary electrochemistry, it is possible for elec-
trodes to have diameters < 10 um, and electrodes with
dimensions 10-100 nm appear possible. These would not
only yield important field effects but could also open new

(84) Skotheim, T. A. Handbook of Conducting Polymers; Marcel
Dekker: New York, 1986; Vol. I, TI,
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possibilities for arrays that contain a high density of
electrodes. The required advances involve electrodepo-
sition or other techniques for making ultrasmall electrodes
and for depositing molecular films discretely upon them.
Battery electrochemistry has historically been concerned
with electrochemical cells that contain liquids. Elimination
of the containment requirement and the ability to design
the physical shape of the electrochemical cell are over-
whelmingly important reasons to avoid liquids in new
batteries. There are numerous additional reasons to con-
duct electrochemical reactions in the absence of liquids.
These include solid-state electron-transfer chemistry,
electroanalytical sensors, electrochromics, UHV spec-
troscopy of functioning electrochemical cells, preparation
of novel ions for mass spectrometry, and use of low or high
temperatures. Experiments in all of these applications
involve use, of ultrathin polymer films. The feasibility of
each of these solid-state electrochemistries has been dem-
onstrated, but only very recently in every case.
Research needs include (1) the availability of ionically
conductive polymers (see the section on sensors for more
- on conducting polymers) that can be cast as ultrathin
molecular films and which are chemically and electro-
chemically inert and highly conductive in dry, warmed, or
plasticized states; (2) electrochemical cells that give access
to the powerful repertory of electrochemical voltammetries
useful for investigating and characterizing electrochemical
reactions; (3) new concepts in electroneutrality and dou-
ble-layer charging requirements under conditions of low
ionic mobility; (4) a range of chemical sensor concepts; (5)
an understanding of the coupling of ion and electron
motion when mobilities are comparable; and (6) an un-
derstanding of the kinetics of mass transport of solutes and
ions in polymer films, of transport of electrons there, and
of heterogeneous electron transfers at electrode/polymer
interfaces. Ionically conductive materials® 2 include the
sodium-doped $-aluminas and their inorganic relatives and
newer organic polymers such as poly(ethylene oxide)
(PEO) with dissolved alkali metal salts. Organic materials
are appealing because they can be processed into very thin
films and for their chemical versatility. Ionic conductivities
tend to be modest but are amenable to use in thin-film
form where the path length is short. These materials are
needed to separate the cathode and anode of electro-
chemical cells (batteries or electrochromic cells) and also
as thin-film, physically semirigid “solvents” that can serve
as hosts for electroactive solutes and as ionic electrolytes
between electrodes bearing electroactive molecular films.
So little is known about even the more studied of the
organic polymers (such as PEQ) however, that electro-
chemical potential limits are undefined, and even the
measurements of ionic conductivity are troublesome. New
forms of solid-state electrochemistry will depend mainly
on these materials, and continued research into their
properties is essential.

Biological Thin Films of Proteins

Most proteins adsorb readily at solid-aqueous interfaces
to form reasonably compact and generally monomolecular
films.%9 Although no rigorous or quantitative theories
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of protein adsorption are available, there is a general
qualitative understanding of the process. A number of
regearch groups now working with model proteins, whose
structures are well-known, are attempting to develop
methods for simulating and predicting the adsorption
process for simple systems.®*® The Langmuir monolayer
trough has been widely used for studies of proteins at
air-water interfaces, %% and indeed many “rules of
thumb” on protein adsorption have been derived from such
studies.”” The transfer of films to solid supports has been
accomplished, though the process is difficult and some-
times unpredictable. Recently,® specific IgG has been
bound to a transferred hapten—phospholipid layer, and it
was shown that the close-packed IgG layer assumes a
hexagonal structure. This technique may be useful as a
means to produce ordered two-dimensional immuno-
globulin films.

Adsorbed protein films are used in diagnostic immu-
noassay with preadsorbed specific immunoglobulins, pro-
tein layers or films are used for separation and purification
(particularly in the chromatography field), and pread-
sorbed human plasma albumin is used to improve the
blood compatibility of cardiovascular devices. The un-
derstanding of protein adsorption with respect to the blood
and biocompatibility? of medical devices is of considerable
interest, including the development of protein-resistant
surfaces which actively repel proteins to minimize pro-
tein—surface interactions. Such surfaces would have wide
application in chromatography, membrane separation
processes, and medical devices, including contact lenses.

Specific proteins are routinely bound to chromato-
graphic supports and surfaces by direct coupling®® or
affinity methods. If a protein has a specific interaction
with a particular ligand, passage of a protein mixture over
the immobilized ligand column results in specific binding
of the protein of interest. to this surface. This is the basis
of a popular and commercially important process known
as affinity chromatography for separation, purification, and
characterization.'” Often a specific antibody is immo-
bilized to which the protein antigen is readily bound. The
complex can then be disrupted by an eluting solution of
appropriate pH, ionic strength, etc. Suitable ligands in-
clude antibodies (for antigens), sugars (for certain lectins),
heparin (for lipoproteins, fibronectin, etc.), collagen (for
fibronectin), ete. Certain proteins may also self-aggregate
and even self-assemble into complex structures:'® tubulin
self-associates to form microtubules; fibrinogen,' after
appropriate activation, polymerizes to fibrin.

(80) Surface end Interfacial Aspects of Biomedical Polymers; An-
drade, J. D., Ed.; Plenum: New York, 1985; Vol. 2 Protein Adsorption.

(91) Andrade, J. D,; Hlady, V. Adv. Polym. Sci. 1986, 79, 1.

(92) Lundstrom, I.; Ivarsson, B.; Jonsson, U.; Elwing, H. Polymer
Surfaces and Interfaces; Feast, W. J., Munro, H. 8., Eds.; Wiley: Chi-
chester, Sussex, England, 1987.

(93) MacRitchie, F. Adv. Protein Chem. 1978, 32, 283.

(94) Norde, W. Adv. Colloid Interface Sci. 1986, 25, 267.

(95) Hansen, J,; Ely, K.; Horsley, D.; Herron, J.; Hlady, V.: Andrade,
d. D. Makromol. Chem., Macromol. Symp., in press.

(96) Phillips, M. C. Chem. Ind. (London) 1977, 170-176.

(97) Hlady, V.; Van Wagenen, R. A.; Andrade, J. D. In Protein Ad-
sorption; Andrade, J. D., Ed.; Plenum: New York, 1985; pp 81-120.

(98) Uzgiris, E. E. J. Cell. Biochem. 1985, 29, 239.

(99) Solid-Phase Biochemistry; Scouten, W. H.; Ed.; Wiley: New
York, 1983.

(100) Affinity Chromatography and Biological Recognition; Chaiken,
I. M., Wilchek, M., Parikh, I., Eds.; Academic: New York, 1983.

(101) Goel, N. S.; Thompson, R. L. Int. Rev. Cytol. 1986, 103, 1.

(102) Correia, J. J.; Williams, R. C., Jr. Annu. Rev. Biophys. Bioeng.
1983, 12, 211.

(103) Krull V. J.; Thompson, M.; Wong, H. E. In Fundamentals &
Applications of Chemical Sensors; Schuetzle, D., Hammerle, R., Eds.;
ACS Symposium Series 309; American Chemical Society: Washington,
DC, 1986; pp 351-362,

Bt bt



942 Langmuir, Vol. 3, No. 6, 1987

Biosensors are a new areg with considerable interest and
activityl%%1% (see the sections on sensors and electrodes
for related discussions). Most biosensors depend on the
specific binding!% characteristics of proteins or other bi-
ological molecules for the specificity and sensitivity of the
sensor. For example, receptors embedded in lipid or
polymer films are needed for sensing and gating applica-
tions.’%” Related is the immobilization of antibodies in
order to bind the antigen. Immunoglobulins are of par-
ticular interest as they can be used to detect their specific
antigen with great selectivity and sensitivity. Immobilized
enzymes are widely used in certain biochemical and bio-
technological processes.!® A variety of very complex films,
such as real cell membranes, are known to include em-
bedded transmembrane proteins and protein complexes,
containing ion channels, receptors, etc. Several groups are
attempting to reconstitute purified receptors in organic
thin films, mostly lipid bilayers. For example, the ace-
tylcholine receptor (AChR) is being incorporated into
bilayers on appropriate microelectronic devices to produce
a specific biosensor for nerve agents.

There is some thought that protein films can be used
for energy (solar) collection and transfer, such as via
chlorophyll-containing and electron transfer/redox en-
zyme/protein systems. Light detection and transduction
is of interest, at least as a model system, such as in rho-
dopsin. Light emission (bioluminescence) via the lucif-
erase—luciferin or aequorin systems is of great interest,
especially for immunoassay applications.!%®

The properties of protein monolayers other than their
chemical interactions are not well-known. Certainly, films
of proteins containing chromophores such as hemoglobin
(Fe?* /heme) have the expected optical absorption and
resonance Raman properties. The refractive indices of
protein monolayers are known by ellipsometry, a technique
widely used to study protein adsorption. Crude packing
characteristics and surface viscosity data at the air-water
interface are available from Langmuir trough studies. As
yet, there is very little experience or data on conformation
in protein monolayers or on mechanical, optical, or elec-
tronic properties. Only in the last few years have research
groups begun to apply modern surface analytical tech-
nigues to the characterization of protein monolayers.

In order to understand, design, and use protein films,
we must understand the forces and interactions responsible
for protein structure and function and for their interactions
among themselves, with other proteins, and with solid
supports. Although the electrostatic, hydrophobic, and
hydrogen-bonding interactions are qualitatively under-
stood, better potential functions are needed to effectively
model and predict protein folding, denaturation, and ad-
sorption. Direct measurements of such forces and inter-
actions at the protein film—aqueous solution interface are
needed.110:111

Other methods to characterize and evaluate the prop-
erties of protein thin films should be developed, including
those to measure electronic, magnetic, optical, and me-

(104) Van Brunt, J. Bio/Technology 1985, 3, 209.

(105) Haddon, R. C.; Lamola, A. A. Proc. Natl. Acad. Sci. U.8.A. 1985,
82, 1874.

(106) Corsel, J. W.; Willems, G. M.; Kop, J. M. M.; Cuypers, P. A;;
Hermens, W. T. J. Colloid Interface Sci. 1986, 111, 544.

(107) Andrade, J. D.; Van Wagenen, R. A.; Gregonis, D. E.; Newhy, K.;
Lin, J. N. IEEE Trans. Electron Deuvices 1985, ED-32, 1175.

(108) Niedleman, S. L. Biotechnol. Genetic Eng. Rev. 1984, 1, 1.

(109) Alternative Immunoassays; Colling, W. P., Ed.; Wiley: New
York, 1985,

(110) Klein, J.; Luckham, P. Nature (London) 1982, 300, 429.

(111) Israelachvili, J. N. Intermolecular and Surface Forces; Aca-
demic: New York, 1985.
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Figure 2. Various types of films on solid surfaces shown sche-
matically.

chanical properties. In particular, methods to characterize
protein films in situ, i.e., in water, are needed. Although
progress has been made in applying reflection fluorescence
and infrared methods,!*? more definitive methods are re-
quired to probe and characterize packing, orientation, and
structure of protein films. Perhaps the most promising
approach is direct imaging of LB bilayers''® and bacter-
iophage ¢29'!* with scanning tunneling microscopy (STM)
and even under water.!'® X-ray scattering and diffraction
and other means of imaging and characterizing protein
films should be encouraged. Fourier transform Raman
spectroscopy in the near IR has great potential for char-
acterizing the conformation and orientation of protein thin
films (see the section on characterization).

The simulation and modeling of proteins via computer
molecular graphics and intermolecular interaction poten-
tials is in its infancy.!® With better potential functions
and with information on the structure of protein films,
attempts will undoubtedly be made to model protein in-
teraction and the film-forming process. Useful models will
permit the design of structures and the means for self-
assembly of films with designed properties. The modeling
and simulation of film formation and film properties
should include the effects of applied fields.

Proteins are polymers with unique and varied structures
and properties. They are beautiful examples of macro-
molecular engineering for specific purposes. The modeling,
preparation, characterization, and application of protein
films will lead to a variety of applications. The optimi-
zation of enzyme properties is needed for reactions in
adverse environments, and modified or synthetic enzymes
are needed in other cases. Perhaps most importantly, the
study of proteins could aid and simulate materials science
to better engineer new macromolecules for applications.
There should be attempts to apply the unique properties
of certain proteins into mixed films, i.e., together with
synthetic polymer films and inorganic films as devices.

(112) Chittur, K. N.; Fink, D. J.; Leininger, R. I.; Hutson, T. B. JJ.
Colloid Interface Sci. 1986, 111, 419,
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1986, 30, 380.

(115) Sonnenfeld, R.; Hansma, P. K. Science (Washington, D.C.) 1986,
April 11, 211.
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Figure 4. Effects of aging on thin films of surfactants and
polymers shown schematically.

Intermolecular Forces

Intermolecular forces in thin surface films determine
many of their properties, e.g., structure, stability, ete. In
Figure 2 the various types of films, mainly very thin films
(<100 nm thick) on solid surfaces, are schematically il-
lustrated. It is important to distinguish those films under
vacuum from those exposed to atmospheric air or to bulk
liquid. Even in a very rarefied vapor of water, CO,, O,,
or N, a thin surface film may undergo structural, adhesive,
and compositional changes, including changes in its dy-
namics (e.g., lateral diffusion of molecules in the film).
Immersion of a surface-supported film in a bulk liquid
(solvent) medium will usually further alter a film. The
differences of vacuum, vapor, and liquid environments for
three types of surface films are illustrated in Figure 3.
Most surface layers or films will change slowly with time
after they are prepared or after transfer to a different
environment (e.g., a different atmosphere or temperature).
A number of different relaxation processes may occur in
a film at any one time, such as lateral redistribution of
binding sites (Figure 4, top), orientational rearrangements
of aligned molecules (Figure 4, middle), configurational
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Figure 5. Types of thin-film design with multifunctional groups
and multicomponent films.

rearrangements in amorphous polymer films (Figure 4,
bottom), compositional changes, etc.

Macroscopically, one can also ask whether a thin film
differs from a bulk system relative to morphology and
structures, in addition to its mechanical, chemical, electric
(including dielectric), and optical properties. If so, on what
distance scale do they differ from those in bulk relative
to the reference plane of the interface? Some properties
may not be different from the bulk values even for films
as thin as one or two molecular layers. Such properties
are usually those that depend on short-range, mainly
nearest-neighbor, intermolecular interactions. Some ex-
amples are surface energy (or surface tension), fluid vis-
cosity (in thin liquid films), and refractive index. However,
those properties that depend on long-range interactions
(and that are characterized by long-range order in the bulk)
will differ in films at a thickness comparable or less than
the range of the order (in the bulk), Such properties in-
clude, for example, the density distribution of ions and
polymer segments in thick surface layers exposed to liquid
solutions. As a rule of thumb a substrate surface could
never induce any stable long-range order of some property
in a supported film if there were no long-range order of
that property in the bulk phase of the film material.

It is worth distinguishing once more between thin-film
preparative techniques that occur under vacuum, in a
vapor atmosphere, or in solution. Vacuum techniques
involve evaporation deposition or sputtering processes. In
vapor these involve adsorption, either physisorption or
chemisorption, and chemical reaction, and in liquids they
involve free adsorption from solution or controlled Lang-
muir-Blodgett deposition. In the future it should be
possible to design and synthesize molecules which could
be specifically adsorbed or deposited to produce films with
specially desired properties (e.g., hydrophobic, hydrophilic,
films with particular surface groups, etc.), as illustrated
in Figure 5. A combination of two or more deposition
techniques may be needed to build up the desired film,
e.g., chemical modification (oxidation) followed by vacuum
deposition, followed by Langmuir-Blodgett deposition.
Clearly, a multidisciplinary''"11124 approach will be called

(117) Israelachyili, J. N.; Adams, G. E. J. Chem. Soc., Faraday Trans.
11978, 74, 975.

(118} Marra, J. J. Colloid Interface Sei. 1985, 107, 446. Marra, J.:
Israelachvili, J. Biochemistry 1985, 24, 4608.

(119) Pashley, R.M; Mchggan P, M.; Ninham, B. W.; Evans, D.
F. Science (Wash,mgton D.C.) 1985, 229, 1(}88
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for if such procedures are to be successful, involving
physicists, chemists, engineers, surface and colloid scien-
tists, and biologists, with both experimentalists and the-
oreticians working together.

A number of interfacial situations are possible with thin
polymer films located on a solid or liquid substrate or at
different interfaces: (1) coatings on a solid substrate; (2)
films at a vapor-liquid interface; (3) films at a liquid-liquid
interface, (4) films at a liquid—solid interface, (5) boundary
layers between vapor and a polymer solution interface, and
(6) boundary layers at a polymer—polymer interface. The
microscopic properties include the equilibrium chain
configuration plus any vicinal anisotropy with respect to
the reference plane, both local chain dynamics and coop-
erative conformational dynamics, and transport properties.

Polar polymer chains at the air—water interface at dif-
ferent number densities can behave as two-dimensional
polymer “solutions” by virtue of differing interactions
between polar repeating units and substrate water. With
the advent of scaling theory of two-dimensional semidilute
polymer solutions,'?% we can now interpret quantita-
tively the surface pressure dependence of a polymer
monolayer as a function of surface concentration,!3%-133
These are just the osmotic expansions in two dimensions
where polymer chains do not easily interpenetrate beyond
the overlap concentration, in contrast to those in the bulk
state. Though it is currently restricted to equilibrium
surface pressures, this is truly a breakthrough in polymer
physics.

These two-dimensional properties of polymer “solutions”
on the air-water and oil-water interfaces are a consequence
of the polymer segments in contact with substrate liquids.
The polymer chains are not in a pure state, but are rather
in “solution”. A technological application, of course, is the
transfer of polymer films onto solid substrates. The in-
fluence of the states of various chain conformations and
the dynamics at the transfer step are significant. Whatever
subsequent rearrangements and curing may ensue on the
solid substrates, the state of a transferred film will be
dominantly controlled by chain conformations and dy-
namics on the liquid surface. In particular, the oil/water
interface provides a very different solution condition to
polymer chains by having a hydrocarbon layer in contact
with chain segments in addition to that of water.

There are a number of intriguing issues and outstanding
problems that could be fruitfully addressed with our
present knowledge:

1. How is the chain conformation influenced by the
hydrophilicity of its segments? Could one induce chain
looping and tailing into the aqueous and/or oil layer by

(120) Israelachvili, J. N. J. Colloid Sci. 1986, 110, 263; Colloid Polym.
Sci. 1986, 264, 1060,

(121) Horn, R. G. Biochim. Biophys. Acta 1984, 778, 224.

(122) Christenson, H. K. J. Phys. Chem. 1986, 90, 4.

(123) Klein, J. Nature (London) 1980, 288, 248; Adv. Colloid Interface
Sei. 1982, 16, 101; J. Chem. Soc., Faraday Trans. 1 1983, 79, 99.

(124) Hadziioannou, G.; Patel, S.; Granick, S.; Tirrell, M. J. Am.
Chem. Soc. 1986, 108, 2869.

(125) deGennes, P. G. Scaling Concepts in Polymer Physics; Cornell
Univeristy Press: Ithaca, NY, 1979.

(126) Stephen, M. J.; McCauley, J. Phys, Lett. A 1973, 44, 89,

(127) Daoud, M.; Jannink, G. J. Phys. (Paris) 1976, 37, 973.

(128) Le Guillou, J. C.; Zinn-Justin, J. Phys. Reuv. Lett. 1977, 39, 95;
Phys. Rev. B 1980, 21, 3976.

(129) Stephen, M. J. Phys. Lett. A 1975, 53, 363.

(130) Vilanove, R.; Rondelez, F. Phys. Rev. Lett. 1980, 45, 1502.

(131) Takahashi, A.; Yoshida, A.; Kawaguchi, M. Macromolecules
1982, 15, 1196.

(132) Kawaguchi, A; Yoshida, A;; Takahashi, A. Macromaolecules 1983,
16, 956.

(133) Douglas, J. F.; Cherayil, B. J.; Freed, K. F, Macromolecules 1985,
18, 2455,
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surface pressure before the onset of departure from two-
dimensionality for the centers of mass of all chains? What
would be the dynamics associated with these configura-
tional changes?

2. Surface viscoelasticity is important for intramolecular
conformational and cooperative translational dynamics.
Are the interfacial elastic and viscous components of the
lateral compressive and shear modes and transverse ca-
pillary mode related to the chain dynamics as in three-
dimensional cases?

3. What are the phase transitions and the separation
kinetics and how are they related? For polymer solutions
in two dimensions, there should be conditions for each
solution (regardless of whether they can be accessed ex-
perimentally) within the range of liquid state of water, and
beyond that there should be a critical temperature and
associated kinetic behavior of phase separation into high-
and low-concentration regimes.

Lateral polymerization!®1% involving monolayer dy-
namical behavior during in situ polymerization of mono-
mers should be compared to that of monolayers of poly-
mers synthesized in bulk solution or neat monomer liquids.
In addition to the spectroscopy discussed in the Charac-
terization section we have the conventional interfacial
techniques of surface tension, surface shear viscosity, and
other dynamical methods.!®® Recently developed methods
are, however, more intriguing and seem to hold promise
for the direct examination of these films. These are surface
light scattering (SLS)'*%'*? and the measurement of
electrocapillary waves (ECW).1** Both have been applied
to amphiphilic monolayers at the air/water interface;
however, their application to polymer monolayers has
occurred only recently.!45:146

The surface light-scattering technique relies on spon-
taneous capillary waves at interfaces induced by density
fluctuations while the electrocapillary wave method relies
on capillary waves induced by a small inhomogeneous
electric field applied to an interface, thereby taking ad-
vantage of any difference in dielectric permittivity between
the two media. The wave amplitude and phase are de-
tected by optical diffraction of the waves. Since they both
deal with capillary waves, either spontaneous or induced,
the two methods differ mainly in that the SLS has an
inherently fixed small wave amplitude (~3 A) and is
available for a smaller range of accessible independent
variables, e.g., scattering wave vector (equal to the spatial
wavelength, 1-10 um, of scattering capillary waves).'¥’ An
additional difference is that SLS probes the propagation
rate and temporal damping of capillary waves whereas
ECW is used to examine the wavelength and spatial
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2433,
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damping of the electrocapillary waves. From the disper-
sion relation for capillary waves one can extract the
longitudinal elasticity and viscosity.

Intermolecular Order

Intermolecular ordering in mono- and multilayer as-
semblies of surfactant molecules (molecules composed of
a polar “head” group and a hydrocarbon “tail”) on solid
surfaces is being probed in an effort to answer long-
standing questions regarding the relationship between
intermolecular ordering and the macroscopic properties
of the film. Some of the interfacial properties influenced
by ordering are wetting and lubrication, transport prop-
erties such as ion diffusion through the layer, and average
film properties such as cohesion and stability. From a
more fundamental point of view, probes of the intermo-
lecular ordering in these layered assemblies may provide
unique insights into the thermodynamics of two-dimen-
sional systems with multiple degrees of freedom and
therefore richer phase behavior than exhibited by adsorbed
layers of rare gases.’® Structural information will make
it possible to separate the various free energy contributions
driving these structures, such as head/surface binding,
head /head interactions, entropies and energies of trans/
gauche isomerization, and van der Waals interactions be-
tween neighboring hydrocarbon chaing, A framework can
thus be provided for design of the individual moieties in
molecules as well as the substrates to enhance particular
cooperative properties of the assembly. Conceptual ideas
of the intermolecular ordering in surfactant layered sys-
tems probably predate Langmuir’s pioneering work.!4?
Qualitative determinations of intermolecular order by
electron diffraction go back as far as 1938,'° but only
recently has a quantitative picture started to emerge.
There are hints that these weakly ordered structures, un-
like the bulk, are driven by complex competitions between
different free energy forces, but understanding and char-
acterization are far from complete.

Both self-assembled (SA) films and Langmuir-Blodgett
(LLB) films are formed from molecular assemblies: SA films
from the surfactant monolayer deposited from solution and
LB films from the monolayer at the air/water interface.
In both cases the structures of the initial assemblies will
affect the final monolayer structures, both enhancing the
probability of certain defect structures and predisposing
the films to certain types of intermolecular ordering. To
data, island growth morphology seems prevalent in SA
films.?®152  Stunning recent results show that LB mono-
layers at the air/water interface do exhibit some degree
of intermolecular order and that order goes through
structural phase transitions.!53:15¢

Thermodynamics predicts that the positional correla-
tions that can exist in a system depend on the effective
dimensionality. In two dimensions, “solid” phases cannot
exhibit long-range order, but hexatic phases or phases
exhibiting bond-orientational order (with liquidlike cor-
relations of molecular positions but with longer range

(148) Nelson, D. R.; Halperin, B. I. Phys. Rev. B: Condens. Matter
1980, 21, 5312.
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Media; Electrochemical Society: Pennington, NJ, 1985; Vols. 85-88, p
112.

(153) Dutta, P.; Peng, J. P.; Lin, B.; Ketterson, J. B.; Prakash, M.;
Georgopoulos, P.; Ehrlich, 8. Phys. Rev. Lett. 1987, 58, 2228.
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correlations of bond directions) can potentially exist.!5
The low-temperature phase of a two-dimensional system,
although not literally long-range ordered, can be distinct
from the hexatic phase,'%® but in a finite-sized system it
may be very hard to distinguish from a long-range-ordered
phase.'®® Even systems weakly affected by potentials in
the third dimension can show interesting types of bond-
orientational correlation.!® Their influence has been seen
in magnetic ordering in an LB film!'5" and on defect
structures in ultrathin free-standing liquid crystal filmg.158
Monolayer surfactant assemblies have long been consid-
ered as candidates for exhibiting lower than three-di-
mensional behavior, and this is being pursued in present
research. To prove that a structure does have lower di-
mensional behavior, the nature of the positional and
bond-orientational correlations must be measured and
shown to be thermodynamic in origin and not the result
of frozen-in defect fields, as in a paracrystal.'® Experi-
ments that measure the structure of monolayers on
water,!515 on solid hydrophilic substrates,'® and on solid
hydrophobic substrates,!®! each shows certain charactet-
istics of lower dimensional behavior, but the assessment
remains incomplete. In addition, the evolving structure
seen in LB films, 1-10 layers thick,®21%3 should be com-
pared in the light of a dimensional crossover, as has been
observed in freely suspended liquid crystal films.164

Even in the densest packed monolayers, small amounts
of excess free volume are often available to the carbon
chain. The system can minimize its free energy either by
trans/gauche isomerization of the carbon chain'®% or hy
a tilting disorder of the all trans chains.’®’ Which of these
two situations gives the lowest energy depends on the
precise mix of entropy and enthalpy each demands. At
present, neither theory nor experiment is conclusive;
however, Raman'®®1? and infrared'™1" studies indicate
that only a small amount of gauche bonding exists in these
monolayers, even close to the melting points, Further
quantification of these results will lead to a clearer un-
derstanding of the role of trans/gauche isomerization and
chain stiffness in the cohesion and stahility of surfactant
films.

Substrates provide an average potential normal to the
surface but may also impose a varying potential in the

(155) Pindak, R.; Monctor, D. E. Phys. Today 1982, May, 3. (a) Imry,
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(156) Moncton, D. E.; Pindak, R. Phys. Rev. Lett. 1978, 43, 701.

(157) Pomerantz, M. In Molecular Devices; Carter, F. L., Ed.; Marcel
Dekker: New York, 1983; p 279.

(158) Dierker, S.; Pindak, R.; Meyer, R. B. Phys. Rev. Lett. 1986, 56,
1819.

(159) Vainshtein, B. K. Diffraction of X-Rays by Chain Molecules;
Elsevier: New York, 1966; Chapter 6.

(160) Garoff, S.; Deckman, H. W.; Dunsmuir, J. H.; Alvarez, M. 8. J.
Phys. (Les Ulis, Fr.) 1986, 47, 701.

(161) Seul, M.; Eisenberger, P.; McConnell, H. M. Proc. Natl. Acad.
Sei. U.S.A. 1983, 80, 5795,
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Rev. Lett, 1985, 55, 2039.
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plane of the surface and fluctuations normal to the surface.
These will act on a monolayer assembly and can alter its
structure. Indeed, characteristics of the deposition process
and the ultimate structure of the monolayer assemblies
vary widely, depending on the nature of these potentials.
Hydrophilic and hydrophobic substrates produce different
LB film ordering,'” and even the precise chain ordering
on a hydrophobic substrate affects diffusional properties
in lipid layers assembled onto these substrates.” The
strength of the head /surface bond determines the efficacy
of a self-assembly route for producing the monolayer as-
sembly. Epitaxial growth of a surfactant monolayer is
being attempted in a number of laboratories and the re-
sulting structure verified. The main difficulty with sur-
factant deposition on a truly ordered substrate is that the
substrate must not have any oxide or contaminant over-
layers. UHV cleaning of the substrate and in situ doping
of surfactant from the gas phase is an obvious route to this
end. Even the disordered substrates commonly used
provide random field potentials which profoundly affect
the monolayer structure. There are suggestions of bond-
orientation of the monolayer by step defects on an ordered
substrate.!”™ Recently, epitaxial growth of lead stearate
on mica has been observed by X-ray diffraction.!™®
Theoretical predictions indicate long-range order in
overlayers will be broken by such substrates,'”* and this
could be one origin of the bond-orientational disorder
observed in several monolayer systems.'®® The choices in
optimizing a monolayer system may be complex, and an
understanding of these substrate effects is needed to im-
prove the design of systems.

Ordering in a surfactant film involves the effects of
competing length scales: substrate laftice spacing,
head /head spacing, and natural chain/chain spacing. Such
competing lengths may produce excess free volume for the
carbon chains and thus gauche isomerization or splay
disorder in the chains. This in turn can cause a chemical
heterogeneity and/or slight physical roughening of the
surface of the film. The ramifications of this disorder on
subsequent layer deposition may seem slight,'”” but its
effects on the cohesion and stability are unexplored.
Depending on the lateral length scale of the heterogeneity,
interfacial properties such as wetting, lubrication, and layer
permeability may be affected. In addition, the competing
length scales may be responsible for the smeared phase
transitions which occur in these films.'6%170171 Since syn-
thesis gives us so much control over the spacings in organic
thin films, their manipulation offers a fascinating avenue
for exploring the effects of multiple length scales on the
structure, thermodynamics, and physical properties of a
gystem.

The intermolecular ordering in these assemblies should
be examined not only in terms of their effective dimen-
sionality but also in terms of the collective degrees of
freedom of the film which are frozen out. With structural
and elastic measurements, it is possible to determine
whether these films are more representative of solids or
smectic liquid crystals. The transitions between various
phases in the layered assemblies provide a link to the
understanding of the fundamental structures for each

(172) Blasie, J. K., private communications.

(173) Seul, M.; Subramaniam, S.; McConnell, H. M. J. Phys. Chem.
1985, 89, 3592,

(174) Vogel, V.; Woll, C. J. Chem. Phys. 1986, 84, 5200. (a) Prakash,
M.; Peng, J. B.; Ketterson, J. B.; Dutta, P. Chem. Phys. Lett. 1986, 128,
354.
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(177) Skita, V.; Filipkowski, M.; Garito, A.; Blasie, K. Phys. Rev. B:
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phase. Transitions in monolayers at the air/water inter-
face have been studied by several indirect methods, and
the first direct study of these structural transitions has
been recently reported.!®¥15* On substrates, transitions
upon heating of mono- and multilayer assemblies have
been observed!6016L168-1T1 gnd gre believed to be the origin
of boundary lubrication failure for surfactant-coated sur-
faces.!’”® Chain disordering, intermolecular disordering,
and some degree of desorption are involved, but a good
model of the transition does not exist. Further, the melting
processes appear to be different for monolayers and
multilayers. Other thermal transitions have been observed,
but even initial characterizations have not been completed.
Not only do studies of these phase transitions illuminate
the fundamental statistical mechanics governing the phases
but they also may lead to novel applications which utilize
these structural transitions in practical situations perhaps
involving interfacial properties like passivation or involving
new devices such as optical devices.

The measurement of intermolecular structure in ul-
trathin organic films requires state of the art techniques.
While all measurements are difficult, some can be per-
formed on individual laboratory instrumentation while
others demand large user facilities. The measurement
techniques depend on the aspect of intermolecular order
to be measured. Even though defect structures may
dominate the behavior and stability of molecular assem-
blies, the characterization of these defects on a microscopic
scale has not occurred. To probe the layering structure
normal to the surface, X-ray reflection experiments can
be performed with laboratory rotating anode sources.
Beginning as early as 1980'™ and continuing in very refined
forms, electron density profiling resulting from these
measurements has provided information about the inter-
layer gpacing, layer perfection, and surface roughness.!™
New theoretical improvements in the interpretation of
X-ray reflection measurements will enhance the value of
this technique.’® Similar reflection measurements have
been made on LB films using neutrons!®! where labeling
techniques and the penetrating power can greatly enhance
the information drawn out of such experiments.’® The
measurement of in—plane ordering on thicker films can be
accomplished by using rotating anode sources, but on or-
ganic films with a thickness of <200 A the high fluxes
available from synchrotron sources are needed. As men-
tioned earlier, these measurements are difficult but have
been successfully made on monolayers both on liquids!®154
and on solid surfaces.17218318 TFlectron-diffraction tech-
niques can provide a very useful alternative to X-rays,
particularly for examining in-plane intermolecular order-
ing. Used for qualitative analysis for many years on sur-
factant monolayers,*#78 this technique has recently pro-
vided guantitative data on the in-plane intermolecular
correlations of an LB monolayer.!®® Particularly because
of the difficulty in producing defect-free surfactant films
(or in knowing whether or not they are defect free), the
ability of the electron microscope beam to diffract from

(178) Bowden, F. P.; Tabor, D. The Friction and Lubrication of
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neering Research Council, Rutherford Appleton Lab., Chilton, Didcot,
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small spatial areas which by prior imaging are proven to
be defect free is of very great importance. Beam damage
of samples does occur but can be mitigsted, and even some
compromise of the vacuum environment in the microscope
can be made.’® The scanning tunneling microscope
provides a very promising new alternative for imaging the
in-plane lattices of surfactant films and thus for providing
direct measurement of intermolecular ordering. Prelim-
inary work has already succeeded in lattice imaging an LB
bilayer;''® further discussion of STM capabilities and uses
appears in the sections on patternability, biological thin
films, and characterization. Finally, the usefulness of
vibrational spectroscopy to probe trans/gauche confor-
mations in the chain of the surfactants has been well
proven 162163.168-171 Tn, combination with a diffraction or
imaging method for examining intermolecular order it
would provide an exceptionally powerful tool for examining
the important structural issues discussed above.

Characterization

Attempts to fabricate new and complex molecular films
with novel properties cannot be done efficiently without
significant advances in our present analytical capabilities.
The detailed structural characterization of subtle molecular
features of thin organic films presents new and challenging
problems for the field of materials characterization. Be-
cause these are organic materials, the methods must not
involve any damaging interactions and yet must be capable
of determining subtle features such as conformation and
orientation of functional groups. The ability to analyze
at different depths in the film (depth profiling) is also
desirable. In contrast, many of the very useful and sen-
sitive tools for analysis of inorganic surfaces and thin films
are largely damaging, insensitive to the subtleties of organic
structures, and involve high-vacuum techniques. Complex
structures in these organic films are often determined by
the environment in which they were designed to operate;
analyses done under other conditions may not be mean-
ingful for establishing valid structure—property correla-
tions. Development of in situ analytical techniques is
greatly needed for film~vapor and film—solution systems.
Excellent examples can be found in biological systems
where measurements should be made directly in biological
media (in vivo) rather than the standard ultrahigh-vacuum
conditions required by many surface analysis techniques.
In some cases, such as integrated microcircuit devices, it
is also desirable to perform analyses over very small surface
regions having submicron dimensions. Few techniques are
capable of accomplishing this.

The most useful methods for the analysis of bulk organic
materials have proven to be NMR, IR, UV-vis, and Raman
spectroscopies, as well as X-ray and neutron scattering.
Nonspectroscopic techniques include chromatography and
thermal analysis. A major problem arises when the sample
becomes a thin, planar film and the thickness is reduced
to molecular dimensions; many traditional methods lack
the necessary sensitivity for analysis. Refinements and
alterations of standard techniques such as IR have made
monolayer analysis tractable while continued efforts on
Raman spectroscopy and X-ray and neutron scattering
have made such analyses appear feasible although difficult.

(185) Hui, 8. W. Ultramicroscopy 1980, 5, 505. (a) Outks, D. A.; Stohr,
J.; Rabe, J. P.; Swalen, J, D.; Rotermund, H. H. Phys. Rev. Lett. 1987,
59,1321. (b) Binning, G.; Quate, C. F.; Gerber, Ch. Phys. Rev. Lett. 1986,
86, 930. () McClelland, G. M.; Erlandsson, R.; Chiang, 8. “Atomie Force
Microscopy: General Principles and a New Implementation”, In Review
of Progress in Quantitative Non-Destructive Evaluation; Plenum: New
York, 1987; p 1307. (d) McClelland, G. M.; Erlandsson, R.; Chiang, S.;
Mate, M. Bull. Am. Phys. Soc. 1987, 32, 525.
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Some of the newer techniques (discussed below) have been
developed specifically with this sensitivity in mind: sec-
ond-harmonic generation at a surface,34 the near-edge
X-ray fine structure (NEXAFS),1%® the scanning tunneling
microscope (STM),449113-115 the atomie force micro-
scope,'®"d and the surface force balance 111117123124 T
latter technique can directly measure various thin-film
properties at the molecular level, such as interaction forces
in thin films, dynamic and relaxation processes, adhesion,
deformation, and surface-induced phase transitions.

The analytical techniques discussed in the remainder
of this section are those which are sensitive to microscopic
structure and can be viewed in terms of a microscopic
input probe, an ensuing physical (and/or chemical) in-
teraction with the film, a resultant microscopic output
probe, and a detector system. A large variety of possible
combinations exists. The primary probes are photons,
electrons, ions, atoms, and neutrons. The interaction
mechanisms can include elastic and inelastic scattering,
total absorption, sputtering, and other complex processes
involving dissimilar ejection, such as X-ray-stimulated
photoelectron ejection in X-ray photoelectron spectros-
copy. Detector systems range from various semiconductor
devices to mass spectrometers and the associated complex
digital and analog electronics. Some of these combinations,
while potentially quite effective for analyzing certain useful
structural features at the monolayer level, are quite costly
and difficult, for example, the use of synchrotron X-ray
beams for diffraction or mode-locked, pulsed-laser systems
for multiphoton spectroscopy. Other useful combinations
for analysis, such as infrared absorption spectroscopy
(IRAS) and X-ray photoelectron spectroscopy (XPS), can
be accomplished by using commercial instrumentation
available in many laboratories. Several of these possi-
bilities for studying the structure of thin films in general
have been recently reviewed. 186187

XPS and TIRAS are two spectroscopic techniques that
have become standard methods for characterizing organic
films and surfaces. While XPS analysis is restricted to
vacuum conditions, it has the advantage of sensing the
outermost regions (~50 A) of polymer surfaces for a
number of elements and in a variety of chemical bonding
situations. On the other hand, IRAS offers the potential
for analysis of planar thin films and overlayers under li-
quids,'®® and recent experiments have shown the feasibility
of monolayer studies on traditionally difficult substrates
such as carbon.”® Continued development and applica-
tion in these tools will promote efficient advances in studies
of structure—property correlations in molecular films. An
adjunct technique is single-wavelength optical ellipsometry,
which has been extremely useful for measuring the
thickness of a film. Extensions of this technique to a range
of other wavelengths have been extremely useful in
characterizing electronic structure in semiconductor
films,'* and similar applications of spectroscopic ellipso-
metry could prove quite useful in detailed structural
analyses of organic films.®! In addition, optical ellipso-
metry is compatible with the liquid—solid interface.

One of the important structural features that the above
spectroscopies do not directly probe is the precise nature

(186) Hayes, M. Surf. Technol. 1983, 20, 3-27.
(187) Somorjai, G. A.; Bent, B. E. Prog. Colloid Polym. Sei. 1985, 70,
38.
(188) Pons, S.; Davidson, T. J. Electroanal. Chem. 1984, 160, 63-71.
(189) Porter, M. D.; Bright, T. B,; Allara, D. L.; Kuwana, T. Anal.
Chem. 1986, 58, 2461.
(190) Aspnes, D. E.; Schwartz, G. P.; Gualtieri, J. G.; Studna, A, A,;
Schwartz, B, J. Electrochem. Soc. 1981, 128, 590-597.
(191) Arwin, H.; Aspnes, D. Thin Solid Films 1986, 138, 195-207.
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of ordering in thin films. Recent experiments (see earlier
sections) using synchrotron radiation indicate that dif-
fraction studies on ordered organic monolayers, although
arduous, are possible. X-rays also offer other types of
useful analysis. X-ray fluorescence has been used to
measure concentration gradients (depth profiling) within
several hundred angstroms of a liquid—gas interface,'* and
the extension of such studies to the gas-thin film and
liquid—thin film interfaces would be quite useful. A further
interesting aspect of X-ray technology is the rapid de-
velopment of X-ray microscopy, which promises analytical
capabilities with resolutions in hundreds of angstroms.'®
This capability could be useful in the microelectronics area.
An optical technique based on Raman scattering has
been the subject of recent excitement in the materials
science community. Although spontaneous Raman scat-
tering has been used to characterize thin organic films and
applications to even monolayer sensitivity are beginning
to appear, it is virtually impossible to obtain a Raman
gpectrum from a sample which exhibits considerable
fluorescence. Since films and interfaces often contain
fluorescent impurities, monolayer level studies may in
practice be severely limited by this technique. Fluores-
cence signals, in principle, can be removed by electronic
gating techniques or by excitation at wavelengths outside
the fluorescence region. Recently, it has been demon-
strated!™ that Raman scattering measurements can be
made by using near infrared lasers, such as the Nd:YAG
laser with an excitation wavelength of 1.06 ym. The
photon energy is low enough that no appreciable fluores-
cence is excited. Correspondingly, the Raman intensity,
which is approximately proportional to the fourth power
of the excitation frequency, decreases by a factor of ~18.
However, if the advantages associated with Michelson in-
terferometry can be coupled with the excellent detectors
developed over the years for IR work, it is readily possible
to compensate for the lower scattering intensity. Thus,
this FT-Raman technique may provide a way to study thin
organic films and interfaces which have intrinsic fluores-
cence. A related question is whether FT-Raman can be
extended to the visible region where spontaneous Raman
studies are now made. If improvements in sensitivity are
possible in this region, the analytical value of Raman
spectroscopy would be enhanced immensely. Thus, de-
velopments in FT-Raman over the next 2-3 years warrant
careful observation; the evaluation of its potential to
characterize thin organic films and surfaces should be
encouraged. Raman spectroscopy also has the valuable
ability to analyze samples in liquids with the ~1-um lateral
resolution possible with focused beams. Both variations
are now being used on bulk samples, and applications to
monolayer and thin films would be of great interest.
Nondestructive analysis is generally preferable, and most
methods for organic films are usually selected with this in
mind. There are, nevertheless, two techniques which,
although destructive, are valuable for other reasons.
Secondary ion mass spectrometry (SIMS) can provide an
extremely sensitive “fingerprint” of the outermost layers
of a given organic surface by the mass analysis of sputtered
molecular fragments. Both atomic composition and in-
formation on constituent molecular moieties can be ob-
tained on difficult-to-analyze surfaces, such as a polymer.1®

{(192) Bloch, J. M.; Sansone, M.; Rondelez, F.; Peiffer, D. G.; Pincus,
P.; Kim, M. W.; Eisenberger, P. M. Phys. Rev. Lett. 1985, 54, 1039-1042.
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Recent developments include increased sensitivity, means
for reducing total damage to the analysis area, and lateral
imaging capabilities that promise to approach hundreds
of angstroms.’®®  Commercial instruments are now
available, and rapid improvements promise an opportunity
for interesting applications to organic films. If the kinetic
energies of impinging ions on a target material are raised
to the million-electronvolt range, the sputtering process
becomes less important and simple nuclear elastic colli-
sional processes occur. The technique of Rutherford
back-scattering (RBS) utilizes these collisional processes
to analyze quantitatively for the atomic compositions and
their concentration gradients in solid samples, including
organic materials, in depth to ~10~* cm and with depth
resolutions possibly less than a hundred angstroms. Ap-
plications to diffusing systems and films with composi-
tional gradients open new possibilities.’®?

As mentioned under the section on optical thin-film
materials, coherent nonlinear optical techniques show
considerable promise for studies at the monomolecular
level. One of these is a second-order nonlinear optical
process known as surface second-harmonic generation
(SHG). It is a highly sensitive method to investigate
surfaces even at submonolayer coverages.?**" A centro-
symmetric molecule which exhibits no nonlinear optical
properties will do so when placed on a surface due to the
breaking of symmetry. Detailed investigations that include
various polarizations of the fundamental laser beam and
of the second harmonic can, in principle, lead to a deter-
mination of the orientation of the surface second-order
nonlinear susceptibility, x®. The frequency doubling
characteristics of these surface-deposited molecules can
also be sampled in time, for example, at picosecond time
resolution, and so provide a measure of x® (). At present
there is some, but not yet detailed, microscopic under-
standing of x?. Several theoretical attempts to correlate
the microscopic structure with the macroscopic observables
are in progress. Nevertheless, SHG remains as a sensitive
technique for surface structure investigation and is ex-
pected to have a growing impact on our understanding of
the structure of organic thin films.

Another technique, in addition to X-ray scattering, for
direct measurement of structural ordering in organic ma-
terials is neutron scattering. Applications to planar
monolayers and thin films are severely hampered by the
necessity of conducting analyses at large reactor facilities
and by the extremely low-scattering cross sections of these
film samples. The technique, nevertheless, has proven to
be very powerful for polymer structure analysis, and recent
work!®® indicates that the possibility exists to study sin-
gle-monolayer organic films. An important point is that
neutron scattering can be performed in the presence of
liquids and that selective deuterium labeling can be used
to highlight scattering from selected components in a film.

In general, all spectroscopic and diffraction analyses give
information which is averaged over regions large compared
to atomic scales. In contrast, scanning tunneling micros-
copy (STM) is a technique capable of atomic resolution
at specific sites that has received considerable attention
of late,*®*® particularly in view of the award of the 1986
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Table I. Some of the Functions of Proteing04 206

function examples ; tissue
structural collagen bone
fibrinogen blood clot
motion myosin and actin muscle
optical properties  collagen/crystallin cornea/lens
recognition immunoglobuling blood
lectina plants
catalysis enzymes all
transport hemoglobin (0,) red cells
transferrin (Fe) blood
lipoproteins (lipids)  blood
toxicity toxic peptides certain snakes,
snails, etc.
regulation insulin pancreas
blood
transduction rhodopsin (light) retina
receptors membranes

Nobel prize to Binnig and Rohrer.12® A tunneling
technique is limited to dielectric films with thickness in
the 1.0-4.0-nm range because anything much thicker than
that would prevent tunneling. However, this is exactly the
thickness range of interest to many thin-film scientists.
Numerous reports of the use of STM to study the surface
structure of semiconductors and metals have already ap-
peared in the literature, and some recent efforts have fo-
cused on the elucidation of small structures, e.g., LB
films'*® and biological proteins!!4 on solid surfaces. The
possibility also exists for studies in liguid environ-
ments.!!%%L The application of STM is thus poised at the
threshold of several important research areas, of which one
is molecular thin films. In this particular area, questions
regarding structural changes of the thin film due to the
high tunneling currents between the tip and substrate must
first be addressed, but it may be anticipated that as the
STM is tailored for the study of thin films, this and related
questions will be adequately answered. It is the consensus
of this group that developments in STM over the next 3
years will make imaging of surfaces and thin organic films
at the molecular level more than just a laboratory curiosity.

One of the most popular and useful analytical techniques
for organic materials is NMR. However, the sensitivity
of even the best commercial and research instruments is
such that monolayers have signals well below instrument
noise levels. The use of cryogenically cooled electronics
and sensitive superconducting (SQUID) detectors may
allow reduction of noise to acceptable levels for these
measurements.”” Dynamic nuclear polarization, where
the polarization of an abundant spin can be transferred
to weak or few spins of another variety, can lead to a signal
enhancement and an improvement of signal-to-noise.
Another obvious way to increase the signal strength is to
increase the number of spins by sampling a large surface
area. This has been done by using particles with a high
surface area or by stacking many platelets in the probe.
More imaginative approaches are clearly needed. Never-
theless, developments in the directions of reduced noise,
enhanced signals, and increased sample volume could be
of great help and particularly useful and necessary for
observing spins in a film or monolayer.

Conclusions

A number of points are now clear concerning molecular
monolayers and thin organic films.?® Their use as ordered
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arrays of materials with two-dimensional characteristics
will increase as we learn the relationships between the
structural elements of ordered films and their Iacroscopic
materials properties. New techniques will be required for
their synthesis, assembly, and analysis. Imperfections
originating in defects and impurities, which can cause a
lack of durability, need to be overcome. Can films be made
self-annealing or self-repairing? An understanding of the
microscopic interfacial interactions will be important to
the design of ideal molecular arrangements containing the
desired optimal functional jroups. Collective properties
are the scientific and technical challenges. Can we engineer
molecular structures that exhibit new and interesting ef-
fects that are much greater or more specific than those of
the individual components? Can we make a multimole-
cular template to sense or detect particular species?

At the present we do not know the answers to these
questions. We nevertheless know enough to see clearly the
potential of thin molecular films in exciting new applica-
tions. Therefore, we recommend that a concerted research
effort be directed toward the discovery of new systems,
better film preparation methods (with a particular em-
phasis on the collective behavior), and newer and better
methods for their characterization. An understanding of
the intermolecular forces, involving mechanical, electronic,
chemical, and biological processes, will be the key to
progress.
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Appendix. Biomacromolecules: Mainly Proteins

Nature uses biomacromolecules for a wide range of
functions, and the composition and structure of these
systems have been optimized over 2 billion years of evo-
lution. The major classes of biomacromolecules are pro-
teins, polysaccharides, and polynueleic acids and also lipid
aggregates, such as membranes and vesicles.2™ Various
combinations are possible, including lipoproteins (lipid-
protein aggregates), glycoproteins (proteins containing
oligosaccharide or even polysaccharide components), and
others. Polysaccharides perform important mechanical,
physical, biochemical, and related functions. Polynucleic
acids (DINA and RNA) are key information storage and
transfer molecules. Here, due to space and time con-
straints, we will discuss only proteins.

Proteins are complex copolymers of highly specific se-
quences consisting of some 20 different amino acids and
having molecular weights covering the range of roughly
10*-10°. A specific protein generally has one or more
specific functions and is clearly molecularly engineered to
carry out those functions in an efficient, specific, and often
unique manner. Table I lists some of the functions of
proteins and gives representative examples. Most of these

(203) The reader is referred to a forthcoming report of an NSF
workshop in “The Molecular Engineering of Ultrathin Films: State of
the Art and Research Needs™; Stroeve, P., Franses, E. 1., Eds. (to be
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functions and applications.are discussed briefly in any
basic biochemistry textbook.?* '

The primary structure of a protein is its amino acid
sequence, which constitutes the primary information and
basically controls all properties and functions of the
molecule. A secondary level of structure includes associ-
ations which result in helix, sheet, and other structures.
Globular proteins generally have a complex tertiary
structure, which can be directly determined by X-ray
diffraction.” Finally, two or more polypeptide chains can
associate via their tertiary structures to form a quaternary
structure. Nearly 200 proteins have been crystallized and
their tertiary and /or quaternary structures determined.?”’
The atomic coordinates are readily available and can be
viewed by using modern molecular graphies on standard
computers and via readily available software.

Certain proteins can dimerize and even self-assemble.
For example, insulin readily dimerizes and at higher con-
centrations will form hexamers. Hemoglobin commonly
exists as the tetramer. Albumin readily dimerizes and
forms higher order oligomers. Fibrinogen, upon the action
of the activating proteolytic enzyme thrombin, self-asso-
ciates and polymerizes to form the fibrin network of blood
clotting.?®® Tubulin self-assembles to form the microtu-
bules found within most cells.?’® Actin self-associates and

(206) Schulz, G. E.; Schirmer, R. H. Principles of Protein Structure;
Springer-Verlag: New York, 1979,
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assembles to form a variety of structures.

The tertiary and quaternary structures of proteins are
stabilized by hydrophobic, ionic, and hydrogen-bonding
interactions. However, for many proteins, the “native”
state is only marginally stable, and the protein can be
easily “denatured”, i.e., lose part of its biological activity.?!!
Proteins are now generally recognized to be dynamie,
flexible structures of marginal stability. Changes in pH,
temperature, ionic strength, or solute environment can
often change the conformation (three-dimensional struc-
ture) of a protein. Although there is much activity in
trying to predict the tertiary and quaternary structure of
proteins from their primary amino acid sequences, the
predictions are not usually very good. 2?2 This is partly
because many states are only marginally different in overall
free energy, so the “true” equilibrium or native state is
difficult to find. It is also because intermolecular force
functions in ionic solutions are not well understood, in-
cluding the classical hydrophobic and electrostatic inter-
actions. The interaction potential functions which are
available, however, can be incorporated into computer
graphics algorithms to yield three-dimensional images of
the constituent atoms and their interaction fields, per-
mitting “docking” or interaction studies between two
proteins, between a protein and a surface, between an
enzyme and its substrate, etc. And through these visual
representations, many of the details leading to stable
structures are becoming clearer.

(211) Pace, C. N. CRC Crit. Rev. Biochem. 1976, 3, 1.
(212) Wetlaufer, D. B. The Protein Folding Problem; AAAS Selected
Symposium 89; Amer. Assoc. Adv. Sci.; Washington, D.C., 1984.



