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ABSTR{CT: A vcry largc number of scicncc and enginccring courses Lnught ln colleges andunrversiljcs today do not involve jaboratoaies. Although good insiructors incorporate class demon-stret ions, hands on homcwork, and various tcaching aids, including computcr slmulat ions, thc laclis thal studen.' in such courscs orien acccpr key concep6 and expc.mental results witrrout discover-ing them for ticrnselvcs. The onlv paniai solution to rhis problcm has becn incrcasing usc of classdemonstIattons and computer simulat ions.
We fecl strongly that many complex concepts can be obscrved and assimilated through experimen-talion with propcrly dcsigned matcrials. We propose the deveiqprngnl of nraterials and spccimensdesigned specifically for education puryoses.' lntcl l igent" and 'comnrunicetivc'  matcrials are idcal for this purpose. spccimcns which rcspondin an observablc fashion to new cnvironments and situalions proui<]cd by the stu<ientTcxpcrimentcrprovide a far morc cffcclivc mrtcriars scicncc and cngincering expcricnce than rcrdouts and daril

Scnclatcd by complex and expensive machines, particularly in an introductory course, Modernmate.ils can be designed to ritcrally communicalc with drc observer Altrrough some such maeriarscan bc obuined from commercial and rcsearch sourccs and arc suitabrc for e'xperlencrng and ream-ing cenain matcaials phenomena and bchavior, thcrc has been no conccned cffon to develop
matenals spccif ici l l ly for education applicf l ion.

lvc arc cnbarkcd on a proJcct lo dcvclop a series of cxplorxtions we call thc Labless Labso
uti l iz ing various dcgrees and lcvels of inrcl l igcnce in rnatei ials. h is cxpected drar such Lablcss
Labsa would bc complcntcnnry to tcxtbooks and compu(cr srntr_rlat ioni and would bc used toprovidc r rcdl i ,v for srudcnrs in courscs and o(hcr lcarning sit trarions whcrc xcccss lo i \  [dbaratory
ls non-cxisrcnt or i inl i tcd. our ini t i , l  projcct wi l l  cc, lrcr:rround l  Labless L:rbe ror polvmer
S ! i cn . i .

BACKGROUND,,\ND R,.ITIONALE

f  TNDERCRADUATE sruJents  rn  mrn \  rc rcncc  lnJ  cn .
lL,,l ginccring courscs in rhc Lnrrcrl Su,tcs hrrc Ii(t lc or no

laboratory experiencc in such courses. Thc labless scicncc
and engineering course has become r very corLTlon fctturc
in higher education. Alti lough outstanding insrmclors at-
tempt to overcomc this dcficicncy witi the usc of classroom
demonstrations, discovcry-based homework assignments,
crass projects, and computcr slmulatlons, many instructors
may not have the timc or inciination to uti l izc ticsc tools,
paniculrrly rn relarrvclr l.rrgc Iccturc enr ironmcnts. L.rbs
are also not generailv availablc for correspondcnce, distancc
learning, or TV/video courscs. We feel therc is a need for
snoll, inerpensive, conple te ly s elf contained laborarories
which can supplcment existing tcxrbooks.

Thc sevcrel hundrcLl undergr:du;tc :ntinccring progr.rnrs
ln  Lhc  count ry  ncar l \  J l l  t cJ in  J  coursc  in  n r l t c r i l l s  sc rcncc ,
mosa wir,\ a signil icant poiymer componcnt, and nrany of
tnem teach a separatc coursc in polvntci rnatcrials. In addi-

'Aurhof  b  whom co. rc j tonJcncc  sh !u iL l  bc  rddrc jscu

t ion, advanccd high school chcmistry or physics counes
oftcn inciudc a significant polymer materials component.
Therc arc on tic order of 40,000 introductory materials sci-
ence texts sold annually in thc U.S. and Canada u,21. The
National Science Teachers Association has a high school
supplement tcxt for poiymer science which is very popular
with high school tcachers tlroughout the country,

Although many of thcsc tex6 come with instructions for
cxperiment5 and demonstrations, in reality these are rarely
pcrformed duc to rhc difficulty in obtaining the materials in
a timcly and inexpensive fashion.

Thc Exploratorium, an interactive, hands-on science
muscum in San Francisco, and Klutz Press in prlo Alto,
Califbrnia, rccently teamed up to produce a volume called
Thc Erplorabook, in which a range of hands-on, discovery-
based cxpcrimcn6 wcre incorporated into a smail inexpen-
stve book 13). The E:plorabooli is thc largest selling
chiidrcn's scicncc book in thc United States today. In Greli
Brtain, the Scicncc Museum of London teamed up with
watls Book to publish arother popular interactive book
called. The Mast Attwaing Pop-Up Scicnce 8oo&, in which
sevcral ltands-on cxplorations centcr arcund basic science
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conccpts [4]. Thcsc dcnronstratc thc nccd for chailcnging
scicnti l lc rnatcrials by thc gcncral public. That nccd is also
^ . . . - . '  i .  L i - l - ^ -  , . 1  , ^ - ' , ^ -

l 'he rcccnt Projccr 2061 rcport ol 'thc Aurcrican Associa-
tion lbr thc Advanccmcnr of Scjcncc (AAAS) slatcs [5]:

For lcachcrs k) bc irblc (o brrnq r l l  studcnts to thc lcvcl of
undcrs oding :rnd sl i l l  proposcrl  in rbis rcpo.1, lhcv wil l
ncad a new gcncrrt lon of books and othcr instruct ionJl
tr)ols ' fcxtbooks rnd othcr tcrching nratcrialr jn cur
rcnl Lrsc i l tc to put i t  Ji l rkly stDrpi!  not up l() thc job.

Although thcrc l tas bccn rnalor soul sci lrching and cvcn
restr l lctunng of cduclt ion throughout thc nation and a
growing cmphasis on hands-on. discovcry',  cxpcricntial ac-
t ivi t ics, rhis renaissancc has not ver signi l icunl ly pcnctratcd
h rghc r  cduc r t i on .  Sc rcncc  and  cng incc r i ng  cduc t t i on  i l
many  i r s t i t u t i ons  i s  s t i l l  h i gh l y  d i dac r i c  i n  o l l u r c ,  r c l y i ng  on
compulcr sirrulat ion lnd visL-rul izlr t ion to providc an "cx-
pcrrnrenLrl" expcricncc lbr studclts. Therc lrc t ,A! mil jor
p rob l cn rs  w i rh  t h i s  app roach :

L M otivation - studen ts know that thcrc is u di l lcrcncc bc-
twcco vlrtual rcal i ty and rcal rcal i tv.

2. Students otherwise excellcntly prcparcd for collcgc and
univcrsitv work ohen lack expcricncc in dcaljng with
s imp la  too ls ,  in  work ing  w i th  thc i r  hands .  and in  n rak ing
simplc contrnon sensc obscrvaiions lnd dcductions.

This is due fo two rtajor fcaturcs of our socict_,-:

i Thcrc is no nccd tbr rnrjor : jc{ntcnts ol thc oclct} to
lcarn  how to  usc  s in tp lc  to ( ) l s  o r  to  do  s rn tp lc  tcchnrca l
:n io ipu l l t ions  w, i th  thc i r  h i lnd \ .  \ \ ' c  u rc  i l  sc rv rcc
r . r i cn tcd  soc ic ty -ncar i r  cycrv th rnq  is  r lonc  lb r  us .  \ ! c
hlvc a whoie gcncfutien ol studcnts, and cvcit ntanv ol-
the i r  parenb,  who lack  s imp lc  roo l  u r i l i za r ion  and bas ic
obscrva t iona l  sk i i l s .

Wc havc sccn lnd Lturhl urri ' ,crlt_"- undcLtrlduatcs
with A - gradc [X)int itvcri lgcs who lircrirl l1,, lo not knorv
the  d i l l c rcnce bc t rvccn  a  P l r i l l i ps  hced and a  s io t  hcrd
scrcwdnvcr, or whxt a crcsccnt Lvrcnch is. \\ jc havc thc
sanrc  p rob lc t t t  in  g raduatc  schoo i -par t i cu i r r l ) /  wr th  s ru-
dcnti l lont thc Oricnt rvhLrsc backgroLtnd is Iargclv
bascd on  thcor l 'and  prob lcn t -so lv i r rg  in  thc  a [ rscncc  o l '
h f ,nds- ,Jn  or  J \ fc  f :n )c i tL r l  c \ l c r i cncL . .

2 .  Thc  pub l ic  cducat ion  s ls icm in  th is  count r \ , ,  up  un l r l
vc ry  fcccn t lv ,  l ras  no t  cn tph ls izcd  cxpcr ic  t i l r l ,  con tnron
scnsc ,  h rnds-on lpproachcs  to  s i tua t tons  and p( rb lcn ts .
As  inc i i ca tcd  car l i c r ,  tha t  s t tua t ion  is  o fcoursc  chang ing
and is changrng vcry rapidlv, bur Ihe collcge ugc gcncrr-
t ton  tha l  has  bccn th rou fn  t l t i l t  s \ ,s rc  t  ccL js  hc lp .

Anothcr  in toor ta l i t  l . c l  o t  cduc i l t ion  is  thc  t i c l , l  o f  d is -
Lancc  lcar r ing  l6 -9 ] .  Thcrc  rs  g rcaL in tc rcs t  rn  n rakrng  our
cducat rona l  svs tcn  ara i i lb lc  incxpcas ivc l -v  to . l  n ruch  w idcr
scg i i rc r l t  ! ) l  socrc l \ .  T l t rough t i rc  nc . ,v  nu l ionu l  in fo rnLr t i0n
ln l r l s l i i r c tL r rc  ihc rc  rv i l l  l t . r  l ro i i i . : ra t i r : r r  ( ) l  !ourscs  l tnd
evcn iu i l  Jcgrcc  ; - l rogrxn ls  ava i l JD lc  v la  r )u r  rc tc \ ' t s rons  ano

conrputcr tcrolinals. Thc Public Broadcasting Servicc
(PBS) hrs dcvclopcd a ncw progrant callcd "Going thc Dis-
tanccl It wil l lct studcrts conlplete an associatc of arts
dcgrcc b,v watching courscs on tclevision, and is scheduicd
ro starr thc lall ol 1994 at 60 collcgcs scrvcd by ?2 PBS sta-
tions 16l. Scvcral statcs, includiog Utah. arc stronglv conr-
l lr ittcd to thc dcvclopnrcnt of disrncc learning for sccond-
afv rnd post-sccondan, cducarion. Govcrnor Mikc Lcavitt,
U tah .  has  s ta tcd :  " l  cha l l cngc  you to  make cducat ion  an  ac-
t i v i t y  tha{  i s  no t  bound bv  bu i ld ings .  p lacc ,  o r  spacc ' .  We
c i l l l  th is  "Educr t ion  and Sc icncc  w i thout  Wal ls l  A l rhough
lhcrc is nluch thrt can bc donc in thcsc arcnas with cxccllenl
Iccturcrs and prcscntcrs. with outsLanding vidco scgn:nts,
and w i th  cornputc r  rc t i v i t i cs  and v i r tua i  rca l i t v  s i r t ru l l :  )ns .
thc bottont I inc rs Lhc samc as discusscd bricll;- tvc.
Witlrout lctual hands on, cxpcricnlral, rcuL rtulitt cx-
pcricncc, thc topics and cor)ccpts prcscnlcd wil l ncvcr be
lu l l y  i  t cn t . l l i zcd-w i l l  ncvcr  bccontc  "cor runon scnsc '
t l rc  i r rd iv iJu . r l ,  i r r r , r l vcq .  A  Lrb lc : .s  L . rbF roproaeh to  .  . . . .
rca l  rca l i t y  rv i l l  l ac i l iL r tc  such in tc rna l i za t ion .  such cx , tc r i -
cncc ,  and such lcurn inq .

POLY}IERIC }lATERIALS

Pllstrc and polvnrcric ntatcrials arc ubiquitous in rnodcrn
socrcty. A signil ici lnr fraction of chcmisr, physicists, and
cngrnccrs  work  rn  po lvn tc r  rc la tcd  indus l r i cs  o r  u t i l i ze
po l_" -n rc rs  in  sc icn t i l i c  anr i  cng inccr ing  ac t iv i t i cs .  Po lymer
nr  tc r lu is  i l r c  unrquc  bccausc  o f  thc i r  rnacronro lccu la r
r r i r lL i r . :  l - l l r t c  n r t r l ccu lu r  wc iqh t  r r ro lccu lcs  bchavc .  in  gcn
cr l r i .  vc rv  d i l i c j c l t l )  l ro tu  Io rv  r r ro lccu la r  wc igh t  n to lccu lcs
an,J  n ro lccu l r r  r r r  a ton t ic  so l ids .  I lany  o f  thc  ru lcs  o f  thumb
lc l r i rcd  in  c lc l l cn ta rv  phvs ics  and chcmis t ry  appcar  to  no t
app ly  rn  thc  c i l sc  o l  po lv rncnc  malc r ia is .

\1 r )s l  i tu ( l cn t t  cL [ ] ]c  in to  po ly  rc r  courscs  w i th  var ious
co|cri lts Jnd prcconccptlons rvhich Icad thcrn to conciudc
thi1t (hc bchJvr)r and propcrtics of polvmcrs irc countcr in-
tu r l i vc .  I t  i s  thc rc l i ) . c  rnpor ran t  lha t  thcv  fu l l y  d iscover  and
ob\c fvc  thc  p ropcr t i cs  and bchavror  o l  po lyn tc r ic  n la te r ia ls
io r  thcnr5c ivcs .

It rs approprrrc to bcgin our l-ablcss Lab@ cffort with
pollr:rcric nti ltcri ir i5 bccausc tho'arc rcadily availablc for a
rv idc  vanc tv  o f  app i i ca t ions  and bccausc  thcy  cxh ib i t  a
rrrngc oI phcnontcnu rvhich lrc vcry ctsv to obscrvc, cxpcri-
c l t cc ,  ano 0 tscovc f .

'fhcrc is considcrrblc irrrcrcsr in cll ictivc poiyltcr cduca-
l ion  I t0 ] .  I -hc  Anrcr ican  Chcrn ica l  Soc ic ty  (ACS)  D iv is ion
Lrf Chcrrical Educatron olicn includcs polyntcr rclatcd arti-
clci ur rts Jounutl ,4'Citcttrictt l Educutiort I l i ,12] and in ia
scssr ( )ns  r t  ihc  Antc r ic i ln  Chcnr icu l  Socrc ty  anDua l  meet -
ings. Thc ,LCS also has r Rrlynrcr Educarion Comnrittcc, as
docs  thc  Soc ic tv  o f  P las t ic  Eng inccrs  (SPE) .  Po lymer
cduc l l io l  i s  l l so  o l  i i l t c rcs t  to  lhc  i \ t1 ]c r ic ln  I f l s t r tu tc  o f
C l rc r r i ca i  I ing inccrs  ( ; \ ICHE)  i lnd  lhc  N l l t c r ia ls  Rcscr rch
Socicly (NlRS). Thcrc is a Poll 'nrcr Education Ccntcr at thc
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Univcrsity of wisconsin, Stevcn's pornt and a polyrDcr
Education Nc\vslerrer U0.1. Thc Insrirutc fbr Chcmical
EL lucu t ron  r l  thc  Dcpr r t rncn t  o f  Chcmj : ;n  . l t  thc  Un i !c rs i ty
oi Wisconsin, lvladison, is also activc in provicling a varicty
ol cducational rnatcrials for discovcr"- bascd chcrnisrry and
po ly rncr  cducar ion  I l j  J .

Thcsc activirics arc all hclpful and indcccj havc grcatly
stirrrulatcd this projcct. Howcvcr, thc typicai instrucror, par,
tlcularly in rclativciv large cnrollment classcs, oficn rloes
not have thc time or thc inclinalion to asscmblc thc
matenais, componcnLs, and cquipmcnt ncccssary to put to-
gcthcr an clicctivc discovcry laboratorv, particularly if thc

class is a lccturc only coursc, which is typical for many in_
troductory matcrial scicncc and polymcr scicncc courses.

'CONIII U1 \* I Ci\TM" NL|^TERIALS

"Comnrunicativc matcrials arc thosc which alter thcir
propcrtics 0r charactcristics when subjectcd lo a pcrturba-
tion by thc obscrver. The ntaterial 's responsc lo the pertur-
bation is rcadily observcd withoul rccourse to any instru_
mcnli or apparatus. The obscrvcr's own senses are
sull icicnt. Thcrc arc. of coursc, many cxamplcs from com_

Table 1' Maior topics in a one quarler (10 weeks) undergraduate cource, Introduction to polymer sctence andpotyme c Materiats (MSE St9, IJniversity ol Utah) [16].

Topic Key  Concep ts
Convenlional

Malerials/Methods
Communicative

Materials
Pc i ymer  app t r ca l t ons

Macro moiecules

Polymerizatton and
copolymenzatron
Morphology and struclure

Block copolyrnsrs

So lub r l i l y  and  so lu l  ons

I- l  el lects

Cross - l i nk rng

Add  l i ves

Surtace properlres

Process ing

Adhes ves

Eleclf lcal Jjelds

Bropo l ymers
ENv i ro Imen la l  i sSUeS

W de range of
propedres and composrltons

H igh  mo lecu la r  we rgh l s ,
pack tng  en tang le .nen l
Propen es = / (compositron,
morecu ra r  we rgn l )
Pack rng ,  o rdenng .  me t l r ng

Phasc  sepa ra t ro r ,  ncompa t rb r l i t y

So lu l r on  rn l e rac l t ons
and lhermodynamtcs

f-t  superposrtron; el lect ol
properlLes on I and t
Ne lwo rkS  e las l  c r l y ,  v r scOe laS l t c t l y

P las l r c r za l  o r

Wetlrng/suriace mod ft  c.

F roe r  f o rma l i on ,  i i lm  mo id ing

Adhesron/surlace proper1res

Conduc l v  l i  on  za l ron  so lUb r I t y

Examples irom consumer
procucls and engrneering
devrces and rnachrn es
lncrvtduat examples

Indrvrdual examptes

Ino  v rdua l  exa rnp les ,
rnolec LJiar srm LJlat ion

B lends .  d rb lock . l r  b tock -
copc rymers
Indrvrdual exampJes-fulW.
po ian t y ,  l emp .

SpecLfrc examples

Indrvrajual examples

PVC-p/astrcizer-
Ino vrduat sarnpies
Ind rv rdua l  examp ies

Thermopiasltc, thermosel, f
ano processrng

Hr ano tow energy
porymers, contacl
angte, peet tesls
lvlarnly conductrve polymers

S r l k  c o l l a g e n

Specrlic examples, classes,
s labr i r l y

None

MW gradlent
comonomer gradlenl
L4W gradient
comonomer gradtent
Crystal l izatron,
annea l rng ,
ordenng as f ( f , t) ,
composlton gradient
Blend gradjent

Temp. gradienl-
LCSi composit jon
gradrent
Ie gradient/
compcsrlton gradienl
Cross-irnk gradrent;
mecnantcal response
Plaslrcjzer grad ent,
/e gradrenl
We ng gradients,
cap r l l a r r l y
fq gradient,
cross-trnK gradrenl
composrtton gradienl
Surtace property
gra0tent

lonogenic polymers and
oropolymers;
electr ical ly responsjve
polymersi Ie gradienl:
LCST
Polypeplrde gradjenls

Composii lon/
rnorchclogy gradlenls:
s l a0 i l i t y

S i ruc lu ra  p ro te rns
Cos l ,  energy ,  so i id  was le ,
b rcdegradat ron
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n ron ,  cvcrvd iy  p rac t icc :  (hc  changc in  co lo r  o r  op t ic l r l  dcn_
s t t ) ,o f  i l  l i qu id  c rys la l  thc rn ton tc tc r  o I  a  l iqu i tJ  c rysh l  bascd
io r t rDL l la r  .c rCcr :  t l t c  . . l t . rn :1 .  l l r  h l r l ; rcss  \o t inc . . .  J r l ' i , ) t l l c r
nrcchlnical propc icr ol poi\,.ntcrs duc k) changcs in tctn_
pcra tu .c :  lhc  po ivn tc r iza l ion  or  5c t ing  up  Lr l  g lucs .  a r i l t c_
s tvcs ,  a j ld  c i lu iks ;  t l t c  c l l l s t i c i t )  a l ld  c r i t c r rs l r rn  o l -  rubbcr
Dands:  c lc .  A l thourh  lhcsc  arc  J l l  usc lu l ,  ihc rc  i r rc  n tJny  op
po. tun l t i cs  fo r  cnhanc ing  thc  cJuc l t ion l l  con tcn t  o fpo lvmcr ic  matc r ia is  t l t rough thc  dcs jgn  i lnd  dcvc joprncn l  o l .
n ra lc l ra ls  wh ich  c ln  bc  uscd to  d i rcc t l ) . cxpcr ic j rcc  kcy  con_
ccpts  and phcnoDrcna (Tab lc  I )

Tab lc  I  p rcscn ts  kcv  codccpts  and top ics  in  u  11p ic : r l  in t |o -
duc lo r ,v  po lyn tc r  sc icncc  co t r rsc ,  togc thcr  !v i f l t  i l  sc t  o l .
Lab lcss  Labs  cxpcr i l l cn ts .

NI r rc l  i . r i s .  po ly r r rc rs  i r rc lL rdcrJ .  a rc  usu t l l y  Jcvc l l l ycd  1 ;1
cor r r l rc rc ia i  tpp l i c i l l i on  anrJ  l i r r  r t rcc t ing  s { ) , t )c  pn f t i cu l i l r
consurncr or tndustnal nccd. Wc rrc Jct(lopittt! Dt.ttL,ridl.t
speciJicall-v for sciertcc e(lucdriotl. With thcsc spccial
malcrials fhc studcnt cirn tl ircctlt olt.scr,,.e phvsical lnd
chcn ' r i c r l  px ra l r )c lc rs  and n tarc r ia ls  bchavror .  Th is  i s  pos_
sibic bv urrl izing gttt l icttt rtuerktl.r lbr cxanrplc l l . l l . \!,c
havc  bccn u t i l i z in t  g .ad icn t  sur laccs  fo r  n lanv  lcars  in  our
s tuCy o f  the  sur l i cc  p ropcr t i cs  lnd  b ioco  )par rb i l i t v  o l -
mcd ica l  po lynrc rs  [15-171.  ! ! , c  i ] rc  now Lrs in !  lhcsc  sur
faccs in biornatcri l ls courscs Ilt i ]. bccaLrsc ulc!r-l l ion ()1.
rna le i - ra ls  and dcv iccs  w i th  sur round ing  t i ssucs  ur rd  thc  b ro_
compat ib i l i t y  o l  r l )a tc r ia ls  and dcv tecs  fcads  i0  bc  u  s l lon t
func t ion  o f  thc  sur lacc  propcr t l cs  o f  t l t c  l l r t c t . i i l i s  (sur ,
face frcc encrgy, polarir\,, hydroDhoDicri\,. .h;rr{c dcnsrr\..
roughncss .  and sur lJcc  dy t i t j l t i cs ) .  Thcsc  propcr r i cs  p ia r
l l i l i ) o r  l : l r l I  r ( ) l c s  t r t  v t r r  r o U s  I  )  |  (  )  (  (  )  I  I  I  I  )  i  I  (  ]  I  )  I  j  I  I  ]  \ r I U l l l t ( )  s
[19, :0] .

Cradiclls arc uscd in particular arcas ol rcsclrch. Fior cx
amplc ,  b iochcnt is ts  cont inon lv  usc  lc is  rv r th : r  u r i l ( j r cn t  in
cross irnk dcnsityt, thcrcbr, dcvciLrltritg lr -gnrdicltt in prtrositt..
Th is  i s  w idc ly  uscd in  c icc l fophorcsr :  t i r r  p rorc in  ana ivs is
: r r t r j : ' c p u r l r t i o n  l : l l  j  ,  (  )  I  )  c  I  c  c  L  r  (  )  I  \  I  c  l r . t . l i c r r (  l c i : . l r c  u s c r j  i r r
c icc t l i c  l i c jds  lo  1 - . ro r lucc  i l  r . l r r , j i c l t  rn  p l l .  * .hc i t  u i l (Nvs  thc
scpara t l ( )n  o l  n tucro l ]n ) iccu lcs  o , t  thc  b rs js  o l  I l c t  chur lc  l2 l l .
CrarlicnLs in surfacc to volume rtt io nJvc occlt uscd lo srudv
iOn. (  n I r . . l .un  J l ,J  l ] rJ \ . i  t r : rn .  f , . r t  Jc l . - r :J ( ; I  . ' l l - . . s  l i i . l . .  J .What  docs  onc  do  rv i rh  rhcsc  novc l  and un iquc  po lyn tc l
samplcs  fo r  sc jcncc  cduc l t jon l  Tab lc  I  p rcscr r rs  a  tvp ic l l
top lc  ou t l inc  Io r  rn  In t roc juc t jon  ro  po lvn tc r  ! la tc r ia l r
coursc .  Th is  rcprcscnts  Ma lcn l l s  Sc icncc  und Eng inccr inq
5 i9 ,  thc  rcqur rcc l  po lvo tc I  cour .sc  l i r r  N la rcna ls  Sc ic rcc  | ] t i r
Jors  r r  lhc  Un ivcrs i r l  o l  U t i l i r  { l - l l  l ' h is  i s  lhc  l i r s t  und l r rs r
po lvnrc r  n ta lc r iu ls  coursc  l i ) r  th ( )sc  \ tuda l l s  w l t ( )  l ( )  n ( ) t  g ( )
on  ln ( )  tnc  po ivn tc r :c lc i t cc  l r i t ck .

The l i rs t  co lu r t ]n  in  Tab lc  I  p rcscnrs  thc  !cncr l l  rop ic .  lo l
iowcJ  by  a  co iumn { ) l  con lncrc r i t j  i ) r  ion \cn t ion i t l  po lv rncr
c ranrp lcs ,  to l lL t rvcd  bv  a  io lu tnn  o t  ihc  spcc i l l  j l : l t c r ia ls  rvc
orc  r i c !c lop1 |9 .  l  l t c  tab ic  inL j rca tc r  h r r rv  i l t c  nc , ,v  l l ] l l ( c r ia ls .
as  ' vc l l  as  cx is t ing  n t i l ( c r ja ls .  a rc  uscd by  s tu { lc j t t s  lo  d i5_
co!c i  tnd  obsc tvc  , , ' i l r ious  rn t tc t . i l t l  conccp ls .  p roJ)c i " t i cs .
and bcha\  io r .

PRO.IECT RESULTS

Tcrnpcmture Gradicnt Dcvice

Wc tcstcd scvcrai dcsigns ol tcmpcraturc gradient dcvices.
Thc hcat sourccs wcrc scmiconductor resistors powered by
an adjustable powcr supply. Thc heating substrates were
alunrinum platcs machined to va.ving geomctrics. Surface
tcmpcraturcs rvcre rccorded using tlermocouples, an in_
lrarcd dctcctor, a,rd thcrmochronric l iquid cnsials (TLCs).

This dcvicc produccs a surfacc tempcraturc gradient fronl
a hot cnd of 60'C to a cool end of 30.C ovcr a distance of
i lpproxir)tatclv 8 ccntimctcrs. Our intcnt was to gcncmte a
lincar gradicnt using a singlc hcat sourcc and a nonlincar
hcat sink. For a uniform gcomctry with a singic hcat source
thc tcnrpcraturc dccrcascs rvith thc log of the disurnce from
thc  hc l t  sourcc  l l5 l .

.r = in (d)

whcrc

r = tclnpcraturc
./ = disti incc lront hcur sourcc

By adjusting thc heatrng substratcs Eeometry, the tempera-
turc dccrcasc was flattcncd to approach a l inear gradient.
During scvcral trials, data takcn from thc aluminum surface
rrcr hcrrlng wrth 0.- wtrb uf poucr indic.rrcd J steady-srate
tcmpcraturc of o0'c dircctly abovc the hqit source, a tem_
pcr r l l r rc  ( ) l  .15 'C; t  d is t ; rncc  o f  ; l  cnr  f ronr  thc  hca t  source
rnd r tcrnpcruturc o1 30'C ur a dist;rncc of 8 cnt l iom thc
hcat sourcc. Thc anrbicnr tcntpcraturc was 24"C. The ge-
ornctry uscd is shown in Figurc l.

Explorations dcvclopcd for ihc tcfltpcraturc gradicnt in-
cludc tcrnperaturc depcndcnt bchavior oi polymers such as
:o lubr l i t l .  r ig id i (y .  hardncss .  and s t rcss , /s t ra in  re laxa t ion .

I  Io r r ropo lvnrc r  7

Wt sclcctcd scvcral common homopolvmcrs with l,s in
thc rungc of - l l0'C to 105"C. Thcy are low dcnsity

, ,,' ,,,,',','.', tt'lI

Figurc l. Schena c ol ienperature gradient pnlile geon€!ry. The
htgh lemperalure end is the narrcw cro.rs socl/ot ponian with the
heat source. The la,q temperciure end is the wide cross sectian with
lhe water se^ling as a large neat sink_
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Cross-Link Gradicnt

We cvaluated scvcral mcthods to producc cross-link gradi-
cnt polymcrs. Cross l ink density gradicrt ptl lynlcrs arc
rou t rnc ly  fb rncd  and u t i l i zcd  in  e lec i rophorcs is  s tud ics  a t
t i rc  Un ivcrs i t - " -  o f  U tahs  Ccntc r  fo .  B iopo l l l t l c rs  Our
s tu r i i cs  o f  thc  acry lamidc  ge l  rv i th  a  c ross- l ink  g rad tcn t
show rhat !hjs gradicnt wil l dcrnonstralc the clicct of cross-
iinkjng on rncchanical propcrtics ivithout requirrng
sophisticatcd laboratory cquipnrcnt othcr than human tlctrlc
S C n S C S .

Cross-link gradicnts can bc fo,::red in anothcr way Pho-
tocrosslinking occurs in threc poll(]cr system typcs; (a)
thosc  bcr r ing  lunc t iona l  g roups  wh ich  c ross l ink  lhc tnsc lvcs
undcr  phot { ) i r r l ld i i l t i on :  (b )  thosc  l l l i xc r l  w i th  c loss l lnkcrs i
ancl (c1 thosc polymcrized in thc prcscncc of di and poly-
functional monolncrs. In an eliort to dccrclsc thc risk of
contac t  w i lh  sn ta l l  mo lccu lcs  (monomcrs  and c ross l inkcrs )
ivc.,vi1l dcvclop it systcn) uli i izing thc l lrsl ot lhcsc s)stcms,
poiyrrLer charns !vhich thcmseivcs conuin crosslinbng
groups  [30-32 ] .'I 'wo mclhods oi crcating a gratl icnt systcln Jrc con-
s idcrcd ,  (a )  nonun i lb rn l  d is t r ibu t ion  o l  c ross l inkab lc  g roups
and (b) nonuniform light irradiation. Aiso, so thut l ight cn
crgy  w i l l  bc  ava i lab lc  un i ib rnr ly  to  a l l  por t ions  o f  thc
po lynrc r  thc  gcon lc t ry  shou ld  bc  tha t  o l  a  th rn  l i l l n  (Scc
F igurc .+ . )

L ikc ly  sys tcms inc ludc  po lyc thy lcnc .  po lyv iny l  a lcoho l .
po lys rv rcnc  and o thcr  sys tcn ts  w i th  carbon-carbon doub lc
bonds.

Expiorations fbr this system will inciucie crosslinking scv-
era l  po l )n re f  san tp lcs  us ing  l igh t  chemica i  n rcans .  Thc
stucient can i icl thc cffcct $a! crosslinking has oo the
mechlnical propcrtics ol Polymcrs.

Copolymcr G radicnt.s

\!t arc using Incth:rcr!l l tc honropoll tr lcrs ol varvlnil
alkyl chain lcngth lo dcmonstrl lc lhc cllcct of sidc chain
length  o f  in lc rn l l  p l rs l i c iza l ion  on  L  and thus  on  thc  ph) -s r -
ca l  rnd  o tcchan ic l l  p ropcn ics  [33 l  Two cor l ]onor r lc r  Sradr
cn|s werc proiuccd by pouring onc typc of purlially curcd

.- ----- 
)- 

i i  r ' /  !  ' '  I  _:r i  r ' : : ' l

,').-;''i\
/  l \  \  - ' r L r r ' lw

monomer into a sccond partially curcd monomer of lcsser
dcnsity. Two dil lcrcnt gradicnt systc.ns wcrc prcparcd and
cvaluarccj: polymcthyl mettracryla!c/.tolyhexyl mcthacrylatc
(PMlvlr\/PHMA) and Polynrcthvl mcthacrylatc/polyhy-
droxycthyl mcthacrylale (PlvlNIA/PHEMA) The PMMA/
PiJNIA gradicns cxhibitcd iL gradicnt in sti l lncss at room
rcnlpcraturc (23"C):thc PMMA end with a 7, of 105"C was
rigid and thc PHlv{A cnd rvittr a T, of - 35'C was soft This
gr"dicnt demonstralcs tic ellcc" of sidechain bulk and
mobiiity on thc backbonc chain stiffness ard bulk polymer
sti l ihcss. Thc PNlllAi PHEIIA gradicnLs exhibited a watcr
absorption Sradicnt. At cquil ibrium in watcr' thc PMMA
cnd icpt its origtnal shapc and was rigid rnd collapsed
whilc rhc PHEI!1A cnd swcllcd and bccune llcxiblc This
gradicnt dcrtionstratcs lhc ellcci of stdcchain hydrophil icity
Ind hydrophobiciry on walcr absorplion. as wcll rs thc cliect
of sntall 

-rnolcculcs 
on thc flcxibrl ity and stif iness of a

polynrcr.- 
l jurthcr cfforts in this arcir rvil i  ccnter uound crcating a

more unitorm graciicnt and simpiifuing the nlixlng Proce-
durc. Probablc proccdurcs includc mix;ng thc monom€rs
with I graclicnt punrping svstcrn. (Sec Figurc 5 ) This
systcn of gcncrating a gradicnt wil l produce a morc uniform
and lincar gradicnt of matcriais properties Aficr speaklng
witir r rcprcscntativc oi Cilson' [nc. (nrakcr of scvcral l ines
ol pcrisl-. l l t ic punrps), it was suqgcstcd lhat wc usc computcr
control to ticvclop a rcproduciblc pattcrn of gradi€nt gels'
\ l 'c i igtcc und intcntl to dcvclop a progranl to incrcmentaily
JdJust putlrprng ratcs to producc tic most useful and observ-
ab lc  g radrcn l  p roPenrcs .

Explorations uti l izing thcsc sampics inciudc watcr uptake

and sti lTncss mcrsurcmcnts' similar to tle characterlzalloo
srurlics pcrformul fbr thc cvaluation of thcsc polymer gradi-

cnts. Ncither ol hcsc cxplorations involvc sophisticated
cquiprncnt othcr t l ln thc human scnscs of sight and touch'
fhcv plainll dcmonstratc rhc cflcct of sidcchain chcmistry
,,n thc ,,t..hln'.rl antl chcntical bchltvior oi thc polymcr

svstcIl.

Ionic/ Ttntpcruturc Rcsponsivc PolJ.'mers

H-"-drophil ic polynrcr gcls absorb water and swell;
hvdiophobic polymcr gcls cxpcl watcr ard collapse By
,"u"ri;bly switching a polymcr's charactcristics from
hr-dnrphil ic ro hrdrophobic wc can control thc amount of
watcr uphkc. Rcsclrcir to uti l izc this phcnomcnon for drug
dclivcr.v- is ongoii lg al thc Cenlcr lbr Controllcd Chcmical
Dciircry at thc Univcrsiry of Utah's Rescarch Park ln con-
sultation wirh the C0nter. wc arc dcveloping a polymer
systcrlr thrt cicmonstralcs thc cllccl ot h1'drophil icity and
hydrophobrcily on walcr absorption Currcntly. wc arc con-

ccntrating on systcms which uti l ize switching in rcsponse to

changcs in icmpcralure, electric i lcld. pH, and water ron

Figurc 1- Deprc: ian al nanuntlatn i ighl i  adial lan {at tnc)ucian al
gradient in crcss]tnR censn/.

con tcnr .
Poll nrcr gcl ngl'r 'e1ks which

gcn bonding can bc di:;turbcd
lbrm as thc rcsult of hYdro-
with rhe usc oi an elcctric



po lyc th ) lcnc  ( l_DPt - i ) .  h rgh  dc ls i rv  po lvc rhv lcnc  ( f iDpE) ,
po lvpropy lcnc  (PP) .  l5% p l rs t i c izcd  po iy rv iny l  ch lo r i i i c
(PVC) ,  po lyc thy lc rc  rc rcphrhahrc  (pETE1,  po lys ty rcnc
(PS) ,  and unphsr ic izcd  PVC.

Thc hor lopo ivn tc rs  {hu t  wcrc  chrscr r  l i r r .  t l t c  I . i t l ) l css
Lab{  a rc  I i s rcd  in  lb lc  2 .

Thcsc  wcre  choscn bascd on  thc i r  r la \s  l r tns i t ion  lcn tpcr_
a turcs  and usc  us  contn ton  packar : ing  n ta tc r iaJs  f26_2g1.
Studcnts are thLrs tblc to compilrc conlrnon packaglng
malc r ju ls  wr lh  thosc  santp lcs  inc ludcd in  t l t c  k i t .

Sunrplcs ol t itcsc polvnrc15 \\ 'crc l)racco on Lltc lcnrpcru_
turc  g r i td lcn t  dc , , i cc  dcscr i l t cd  lb r t \ ' c  to  dcr ) tonr t ra tc  l l l c
changc in propcrtics whcn ir pojvntcr is hcltc.l abovc irs I.(Scc  F igurc  2 . )

In cxplorations of this iypc, the studcnr can scc and fcci
thc changc in ntirtcrial propcrtics with tctupcraturc. Thc
glass transitjon rcmpctalurc is pilrt icullr ly cviLlcnt anrj rvil l
bc diffcrcnt for c{lch polvmcr srudicd.

Plasticizer Gradicnt

Wc succcss fu l l_v  rc f rncd  a  tcchn iquc  wh ich  j i r cc t l l ,dcnr -
onstratcs thc cllcct of iow nrolccuiar ,,vciqltt utolcculcs on
tr'rc lncchanical bchavror oI polvr1leric rrratcrials. Scvcral
tcchn iqucs  fo r  DOP (d i -oc tv lph t l ta la rc t  p lasr ic izc f  cx r rac_
tion of 35 % plasricizcd P\C *,crc rcsrod. Lonr srrips o[ cx-
trudcd PVC wirh a 35 9/" bv wcignt DOp pl:rsticizcr wcrc
treatcd rn a mcthanol cxtraction Oath. Thc stflps wcrc sus_-
pcndcd in a l lask which rvas closccj cxccpt ior.l sntrl l  inlcr
tube for thc addition of rhc ntcthanoi solvcnr. Mcthanol.
wh ich  d isso lvcs  D( lP  bur  no t  p !C,  rv ls  i lddcd lo  thc  l l t sk
wl ] l l c  s ( i r r I l tg .  l l l c  nc t  c l l cc t  was  l l r l t  t l t c  i ) ( ) t tonr  o l -  t j l c
plasticized PVC was inrrnerscd in ntcrhanol l irr 7i hours.
whilc thc top of thc plasricizcLl pVC rvas ncvcr crposcd L0
mcthano l .  Thcsc  tcchn jqucs  rvc rc  bascd o  prc l in r rn l r r l .
work  pcr lo rmcd bv  N l rkc  Coodr  n  l l9 l .  (Scc  F jgurc  l . )

A f tc r  d r " ing  lhc  iano ics  lo  rcn tovc  rcs idua j  rncrhano j .
l ,hc  s l r lps , rcac  sub lcc icC to  I  sc r ics  o r  r l t cc i t i i n tc t l  I cs ls  to
mcasure Ltcti rcli l ttvc hJrdnc5s and rrgrdity,. Durrng cx,
amination of thc sentplcs wc uscd Llrlpc lcsls rs lvcll ls in
dcn l r t ion  tcs l in !  l r )  r l c (c r r ) ] jnc  (hc  c l l cc ts  ( ) l  rhc  p i l rs t rc tzc r  L rn

Table 2. List ol common homopolymes. their T cand 50utce.

G IE  ss
T ra  ns  i l  i on

Tempers tu re

A l l t l t i n t / n r r' l l i ! 1tt' M ( t ? riu ! : t o llj,Lt t tiu l.r ltlu cat ion

Common
Source

1'l

l0r f Ll

Flgure 2. Schena c explaining tho mechanrcal behaviot at 3 ge_
nenc polymor sample placod an Ihe temperaturc grcdiont cevice.This explatation wll demonstrate ihe djllercnt thetmat behavt,:rs olvarious camman paiymers, as wett as shaw lhe rcnge al mechantcalptapenies neat a patymer's Ts.

thc mcchanical propcrtics of t ic polymcr. Othcr tests in_
cludcd placing thc samples, or pieccs of rhem, on a uniform
lcnrpcralurc ponion of thc tcmperaturc gradient. The
soitcning tcmpcrarurc ol-cach portion of the gradient
sanrpics was detc.mincd rnd rclared to thc amount of plasti_
cizcr prcscnt in thc samplcs. These explorations demon-
slrJtcd that highcr concentrations of plasticizer lcd to lower
sti l ihcss and harclncss. as wcll as lower glass tnnsition tcm_
pcraturcs thtn thc PVC with lorvcr conccntrations of plasti-
crzcr. Aglin. wilhout sophisticercd equipmcnt. the student
can srudy thc cflccts of low molecular wcight compounds on
thc nrcchanical and thcrntal bchavior of a poJymcr.

Thcsc gradicnrs dcmonstratc an observable differencc in
polymcr sri lFncss and clasricity. Scveral diffcrent experi-
nrcnts wcrc pcrlor tcd using thcsc santplcs. Wc uti l izcd a' 'droop' tcst, whcrc rhc satr'tplc was hcid rrgidly along its
r:rldrcnt cdgc and thin scctions of thc strip wcrc cut and
rllowed (o drapr: undcr rhc lbrcc of gravitr. Using this
r r i c t l ) ,  d .  l l i  ,u r r rp ic  J r . , ,ps  r  J rc  \ rhc fc  u  l l rgc r ;onccnt r . r -
tron ol plasilcizcr rs prcsent lnd icss where the sample is
r lo rc  r ig id  w i th  Icss  p las t j c izc r .

l j v i : . ] . ] l | ] ] ! '

a  s r r r  l , re rha i . ,  Lev .

Figure 3, Sclrenat c ol lhe DOP extracticn Drccedure. Meihanol is
slav/ly added cvet a perrcd al lhrc-o days untij ;t rcaches the top ol
the sanple. The bcftam al ihe sam]te is in methanal lot 72 houts,
lhe lap ts in methanot iot A houts.

Po  l yme  r

Low denstty polyelhylene
Po l yp ropy tons
11rgn 6ons ly potyolhytef le
Po l ye lhy iene  t s reph lha la te
150./o plastrcrzed

pol,Arnyl ch or cc
Unpiasircrzed pc l) . , ,rn yl

c f l o rde
Po l ys i y .ene

-  120 "C  Lawn  bags
-24 "C  Yogu r l con la rne . s
-  2C 'C  l J  r l k  i ugs

70 .C  So l t  d r : nk  co l l  es
60 'C  C red r i  ca rds

lC5"C  Sewer  p rpes

100oC Con rac t  d i sc  cases

S l ' c k y  S o l  ,  E J 5 t ' c
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Figurc 7. Eehavrcr al PiPAAm(aq) avef a range ol tomperaturcs.
Darkened lields represent wetls containing solutian at dillerent
degrces ol cloudiness.

srfirplcs o[ pol_vst] rcnc using irn oxvgcn plasnta l icld
[42-45]. Thc gradicnLs wcre formed by placing a plasma
barricr,/mask along one half of the polysryrene surface and
plasma trcating the cntire sampie for 20 seconds. Because
thc oxygcn piasma is a gas, some of it wil l travcl undcr the
mask and tcner.ltc polar gtoups across the surface lor a
small distancc [43]. (Scc Fi_rrurc 3.) The schcrnatic repre-
scntatioo of thc intcndcd trcatmcltt rcsult is shown in Figure
9. During wcttabil ity rncrsurcmcnrs thc trcirrcd end was
coorplctcly wctrcd with a thin fi int of water, and the un-
treatcd cnd ailorvcd warcr ro bcad up considerably. Othcr
mcasurcs of wctLrbil i tv includcd a capii)ary ellcct along the
lcngth of thc trcatcd surfaccs. Thc trcatcd end ailowed warcr
to wlck up approximatcly t\ '"a ccntimcr€rs while the un-
lrcatcd cnd only allowcd thc watcr ro wick up approximately
0.5 ccnti lnctcrs. Thcsc sampics demonstratc dipole-dipole
bonding and thc dil lcrcncc bcnvccn bulk and surface
propcr t i cs  o f  a  mr tc r ia l .

Thc trcrtcd cnd. with rnorc polar surjlcc groups. demon-
stratcs J lowcr contact anglc wtth lvatcf tnan thc untrcated
cnd showrng n tosr ly  l tonpo jar  sur lhcc  groups .  When drops
ol wltcr rrc placccJ on thc surllcc. thcy bchavc as shorvn in
Fir:urc 10.

[ . \n l , ' l J t , ,  n .  l . r l i rn ] ( 'd  ! r j th  th r ,  i Jmf l l c .cn tc i -  t round
obscrlablc dit lcrcnccs bctwccn thc cnds of thc gradicnt
\unrp lc .  A l (c r  us ing  thc  l va tc r  d rop lc t  t cs t  and a  cap i l la r i t y
lcst lo nrcusurc wcttlbil i ty. rvc lrc conhdcnt that thc studcnt
crn wrtncss on lhclr own thc dif lcrcnces in wcttabi]ity and
crleuirrc thc rrl ios ol- hydrophobici hydrophil ic groups on
thc  po l )  | )c r  sur lJcc .

Figurc 8. Schematrc al pal'/styrcne substate wtth nasking bariel
ta ptevent 5!rlace naoificattan iram lhe plasma treatmenl.

l9

Flgure 5. Schematic ol ptoposod manamot pumpng system. fhepump lat monamor "8" wtl boEn trcnslornng !he leas tlense lluid,slawly pump A wtll bogin to trcnsler the more denso manamor.Dutrng linal stages only pump .'A" js trcnsleff]ng manamer.

ficld. An cxamplc of this phcnomcna is dcscribcd by Sung'frhn Kim ct al. Thcy describe how the nclwork polymcr of
Poly(ethylox.azolinc) (PEOx) and poiv(mcr,hacnlic acid)
(PMAA), which arc hcld rogethcr with hvrlrogcn bonding
bciow a pH of 5.0 and rcicascd from thcir hvdrogcn bonding
abovc pH 5..1, dissolves undcr thc influcncc of an clcclric
cur ren t  [34-361.

Poly(N isopropylacrvlamidc) (PiPAAm) cxh jbrls obvious
hydratron-dehydrrtion changcs in watcr in rcsponsc to rcla-
Ively smaii changes in temperarure. pip,A,\rn cxhibis a
lo*cr crit ical solution lcmpcrarurc (LCST) ncar 32"C
[i/-40]. This bchavior is shown schcmaricall_v in Figurc 6.
Th is  i s  bcs t  dcmonst rJ tcd  bv  d is ,o l r  rng  i r  I rJ .  t ro r l  o t  J  q rJn l
of PiPAAm in sevsrai mil l i l i tcrs of warer and Djacing a fcw
drops in each well on a row ofcuiturc platcs. Whcn this row
is placcd tloDg l tcntpcraturc gradicnt, thc highcr tcnrpcra_
ture  wc l l s  w i l l  c loud as  the  po ivncr  p rec ip in tcs  ou t  o f  so lu ,
tion. (Scc Figure 7.)

Explorations lbr thcsc grlvmcr sanrplcs rncludc stucJving
the effects of tcmpcraturc, pH. and elcctric f ic[i on poli,rncr
suc l l ing  und so lub i l i r v  l l v  s rudv ing  how crch  o l  thcsc  cn ,
vlronmcntal facters ti iccts thc polvmcr. hvpothcscs cun bc
madc rctarding whv changcs in outsidc condirrons allcct thc
chemistry of rirc polvmer charn.

Surface Propcrtv Gradicnt

The gradicnt surliLcc rs onc in which r dtstinc! surlicc
property is varicd continuously from one cnd of thc samplc
to thc othcr [-11]. Wtttabii iry gradicnls wcrc gcncrrtcd on

F-]
r i 1"  i

I

! r j r ; r , r L r j , , , .

F igurc 6.  TenCetat-re-  oJtO/:s/ye n I  craton.Oerr  Otdt i ( ,n CnarEei
lat  2ot ,  N-.sc DtoD,.acry dmee. . r  J  TLeor ls mecJd

t ) P A A n ,  .  ! . l c r  s . , , i o .
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Figute 9. Descnpltve image al hydraphabtc polyslyrene sudaco
u/t:h:oA ta.ar : ,otaLnt.,c \ut:3.F grauas dl let o. p'osma lrear-

CONCLUSION/SU}INI , \ I i \

A  L : rb lcss  Lab 'e  i i t  po l r  r rc r  n t r tc r ia ls  i s  wc l l  on  i t s  w i l y
to  bcconr ins  l  rc l i  rc r l i t y ' .  I , r ' c i in t inary  vc rs ions  arc  bc ing
tcsted in a course i[ thc L,nivcrsit l, of Ltah. A l]cid tcst vcr-
sion kelcd to sc\.cri l l  inrjor lcrtbooks in polvmcr sciencc
and eng inccr ing  shLruJd bc  av l i i l b lc  bv  sunrnrc r ,  1995.
L in r i t cd  comnrerc ia i  r l i s t rhu l ion  is  cxpec tcd  in  car iv  I996.

Thc  goa l  i s  to  dcve io l )  a  i - l rb lcss  Lab!  in  po lvn tc r  n ta tc ,
r ia ls  wh ich  cou ld  bc  nr r r j c  l l r ,e r l l r i r i c  in  c l . l ss roo i l t  qu i tn t l l i cs
wi th  pnccs  cor r rp l r r ' . rh lc  i r )  th ( ' \ c  t ) l  c r i s t ing  tc r tb ( \ )ks ,  i . c . ,
in  thc  $ .10  560 rangc  pc l  u l i r .  l t  i s  l tn t i c rpu tcd  th r l  thc rc
\ r i l l  bc  two such produc ts .  tn  in t roduc tory  po lyn tc r  n ta tc r i ,
. r l s  vc r . io r t  - r rJ  . r  rn , ' re  . rL iv . rn .  c t i  vc r : ron .

We arc Lntercstcd in lcarninq of aciditronai trltcriais rnd
phcnon.iena ,,rhich could bc incorporatcd into thc Lublcss
Lab ' in  a  vc ry  inc rpcns ivc  n tanncr .  I - rb lcss  Labss  in  o thcr
appropnatc scrcncc i lnd cnglnccrlnll coLtrscs arc tlso uodcr
oevcloprncnt.

The Lab lcss  L : rbo  is  t r  rc { i s tc rcd  t radcntark  o f  ProLc in
So lu t ions .  1nc . .  S iL l t  Lakc  C i t \ .  L ( l l t .
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Surface characterization o{ functional poly(diacetylene) and poly(butadiene)
mono- and multilayers")
H.  Schupp ,  B .  Hup fe r ,  R .  A .  Van  \ rasenen" ) ,  J  n .  and rade" ) ,  and  H .R ingsdo t f
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IP

Absracr: The svt^ce ptopenies of Lansmun-Blodgett mono and nultita/-s of a qriet/
of ampliphilic pol(dieerylene)s and poly(hubdiene)s were inve$iBaed b/ conhd angle,
$reming potenti.l E, ellipsom*rr, rnd x{ry phob€ledron sparo$opic (XPS)
measurenens. captive air and ochne anghs va.i€d beiveer approximately 60'and 105'
Jor lydrophobic rlayes and 11'to 46'for hrd.ophllic surfaes dependins o" lhe
pa.icuhr herd group, whdcas adva.cins angles dadmined via the venical plae nerhod
re considuably high*. Neg:tive stedins porellials -e.e obnined for all suriacs.
Posinvery charsed nonola/ers yielded Ie$ negarive E potential vilues ( 28 n9 ihan
.egrn 'c  y .h r rBed {  -52  mv or  \ )d '6p l  ob .  I  50  iv ' . r /eh  E l l  p lo rern  re6r 'e -
n-s  ) ie lded r r  " 'p ' rge  ryer  r rnbe '  o l  27  I  6  A  f .  t  to  l l  l l e ' .  \  ra )
photoeledron spectroscopy results qu'lisrivelr confnmed !h€ expected conpositio.. All
of the sanples, -hich **e handlcd and $ored in air after deposnion dd polyn-ization,

Ke, @ods: Conrer r.gle, steamins Poenrial, dliPsomary, Phobelecr.on sPectro
sopy, Lrnsnuir Blodsatnlltilryes, poly(diafttylene)s. poly(bsrdiene)s

Introduction
The bilayer type lipid membrane, which surrounds

all Jiving cells, has a vrriety o{ tunctions which are
necessary in order ro sustain life.Ior studying specific
properties of the very complex biomembranes simple
membrane models have been developed such as lipid
monolayers at the gas water interface l1l, plinar
bilayer lipid membranes t2l or spherical liposomes
(vesicles) [3]. One of the shortcomings of th€se
nembrane models is their low long term stability,
which is mainly due to rhe lack ol the stabilizing
proteins presenr 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 o{ vesicles [4] leads to a prolonged lifetime o{
these visicles in vitro as well as in vivo. Another
approach has been developed by Khorana et al. [5].
who linled lipids carrying photoactivable groups to
proteins incorporated in model nembranes. In addi-

tion, a variety of aurhors 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 fzl, and vesicles l8l, where acryloylic,
methacryloylic, butadienic, allylic, as well as diacety-
lenic moieties were used rs polymerizable units.

Since the head groups of most of the polymerizable
Iipids do nor conespond to rhe naturally occurring
ones, {or any applicatio$ o{ polymerized vesicles in
vivo e. g. as drug carriers [3] or as synthetic cell
models rwhich could be of porentiaJ use ,I\ antitumor
agents on a molecular level [8i]) information about the
surface properties of the synthetic vesicle fonning
compounds is necessary. For this reason the prcsent
investigation concerns with the surface propenies o{ a
number of butadienic and diacettlenic lipids (1)-(8).

HrC-(cH,),,-cH - cH-cH = ch-X
X : CH,OH

x = C H O

x = COOH

0)
(2)

(3)*) Dedi.,ed b Prof. Dr. F. H
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Scbkpp et aL, Ssfde .bdft.td;zdtion ol funoioMl tolrd;derykt)

R COOH
R-CH,-O-PO,H,
R CO O (Cl{,), O-(CH,),-O{CH,),-

o-co-R
R-CO-O{CH,),-N(CHJ1CHJ,-O-CO R

R CO O-(CH,),-N+(cHr)r-CH?),-O-co-R B.
(8)

vhere R = H:C-(CHJu C=C-C=C (CH,)s.
Diacerylenic derivatives yield totally rigid, .onlu-

gated, blue or red colored polymer backbones [6c],
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wherees l,4-disubstiruted butadienes polymerrze rn
monolayers and vesicles to form more ilexible 1,a-
trans-polybutadines [69] :

+

Polydiacerylene mono and multilayers have so far
been characterized by X-ray measurements [6c, 9],
UV [6c, 10], and resonance Ranan specffoscopy 1111,
a< well :r by electron microscopy l6cl. very tjnle i5
kroq n rbour their surface propenies such as sur{ace
potential, contact angles or photoelecrron spectro
scopy [12], although odented polymer layers ate an
ideal systern for such investigations.

Layers o{ amphiphilic compounds such rs diacety
lene carbonic:cid (4r can usuarly be bui l t  up by r-he
Blodgen technique ir  rhree kind, of  or ienrat ions. l l ,
i. e. in r- or1 layers yielding a hydrophobic surface,
or in z layers yielding a hydrophilic surface. So -
besides the possibilir.T to orient all the monomers as r-
or TJayers - h a z layer orientation the {unc
tionalities cm be varied {rom negatively charged
surtaces (3), (a), (5) to neuffal0), (2), (6), a charseabl€
(7), and finally to a positively charged sysrem (s).

Experimental part
The srnthss of rhe monomds have ben dscibed ekevl*e

l6f, 6e. 7dl. The followils baterials qere 6ed s solid sub$rares:

For conrad ansle measuremenls: cleaned Gft belov) nicroscope
cov€nlips (2,4 x 6 cn)j for $reaning potenti:ls: cleaned ncro-
{ope slides (2.5 x 7.5 m} All rhe sl$ sub$nres v{e deaned in
,,Microclea detergenr solurion a. 40.C, .iisd wirt disdlled
vater. lhen reded vith dicfirondesdfu.ic acid d 8o.C for 15
minuEs, rinsd with fileFd disiilled v*er and dhdol rnd
dp. F" ed n. l eon l F edlno r'eokope \roor.' or Jl,p\omery:
Cbioniln vapor deposned on ctean stss in a 10 5 ror qcuum
sysen- only the cadmiun srlt or conpound (4) vs ued for
ellipsomety studies. Deails of tle delosjtion of nono and
muhila)ds of Cd efts of diacetrlene crbonlc &ids on solid
subsdres have bee. dBcibed in the herature t6cl. il4,ers of (3)
md (a) vere obrahed d 2"C ard 20"c subphase exrpcnurt,
r€specdvei/, uder a .onstanr $rIrce pre$u.e of l o mN m I using
,  L rnsmui -  uouSh "  !h .  movrbe o" t r ie r .  r  o ipp ids  ?re  o  5
nm mir ' r.d r I l0 - moL lllion o. coLl) 'n d.ubly
disrilled wdd G'H 5.5) s strbphse. For rle tmd€r of all
compouds in a z larer like ori&btion, lhe nononers *€.e
polym{ized via rw-liglt (2 mv cm_,, 2s4 nn) s monolayers at
rhe nirrosen watd int€dace [6b] at lo.C and a con$rn! surface
presslre of 10 mN.n '. Cleaned mi.roscope did$ and cove^lips
were dipped ihro$fi lhe pob'mer monolay{s ldalel ro tle water
surface, inveded under wrer md [J&d !p ro tle air in 'n rea or he
uiueh nd.co\ered snt r monolJ),tr. The honogo ry ol rhee
nh! wr checked by ronract rnBte meaurcmenb.

For $aric conhd dgle dc*min.tions lhe caprive air md oclde
n€thods 'ere usd [13]. Iron heiah! ind dnnd€r of rhe air dd
odane bubbles tbe contad asles could be ddnated [14]. Dyndic
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@nbd m8les were neslred by the venical plate nethod. Tle
ceneral pri.ciples or this lechdque re discu$ed in [14 17].Inrhe
prernt vork, a Scots mechanical estin8 nacline (GcA/rtcision
Scientific, Chic.so, Illinois, USA) was used s a movable cariase. A
cahn electobalance, whicl ws comccted wiih a ploner. ws used
* wdtins balance so lhd conlmt dgl€ hysercsis vas autonatnaly
recorded. Dymnic advdcins ind reeding angles could be dnecdy
ddmined fron the diasrms [16 17].

The debils of flar pl*e sremins loE.rial nedurenen$ have
been described [20]. Srrermins elecnolyre ws 0,01 M KCI solurion
buffered to pH 7A \i. 2 fi + M KHTPO1 and 9 10 + M
Na?HlO,. The smples vere $ored h dedroltae sobtion for 16
hous prior to me6urenenB. Ze a poenlials wre dedmined enh
. pragrm v.iften for a Tds In$tumdts (Il s9) calculator.

Thickn6s neAurcbents wde obtained i.on nono- mo nuF
tlaye^ deposired on chroniln{oated glds. ARudolphRsedch
RR 2ooo.lser ellipsoneter (6323 A) wd usd. ,a dd qwere
nesured * different posi.ions for ez., af the clrome coated
emples bdore ,d af!* nonolayer dcposilion. usins a refrrc.ive
index of ,r: 1,52 md -(/ = 0.12 [12]. cr fiLT oltical coNms
rtre rebJred * r, - l.8l - o.lr:nd 4 = l.5o = o..ll at bl28 A
1121.

subsnie opii.al con$rnts vere calcul,Ed fron $andard equa-
tions [1e] laing the neAured zl dd q values- Filn thi.knssr
we.e cilculred using $ddrd eqMtion [19] by ompfins , dd ]
valu6 f6r lhe {iln rnd the r and I El@s for the Cr subsate.

xjay photodecton spectn (xPS) vde obhined with r Hew-
let! ?ackard 5950 B isrunen! vill monocbrcndic 2/rdu (1487
ev) x{rs. xrar lover ws 800 vats at the mode. Sanlle
charsins w6 compersed by us of an electuotr flood 8u, althoush
the smple lilrns wtre semicondldive. vide sqns (0 1000 eY) and
hish resolutior narow scaN (20 ev) vere ddemiled. Abient
temperatuE wa employed.

Results and discussion
X-ra! Ptotoe leetron s?e ctro scoPy

A derailed examination ofthe expected composition
o{ the samples prepared for XPS analysis shows that
the ma1or componentis carbon. As these samples were
deposited on glass substrates, generally only one layer
thick, considerable show through of the underlying
glass substrate was evidert in the spectra. Thus, the
oxygen peaks from the samples could not be readily
analyzed beeuse of the overwhelrning influence of the
oxygen from the glass substrate. In those sanples
which contain nitrogen, refer to table I , the conc€ntra
tion is roughly one pin nitrogen to 50pans carbon.In
the case of the sample wirh a quaternized nitrogen, the
counrerion is bromine with a comparable concentra-
tion. In the case of the sarnple with phosphate terminal
groups, the concentration is one parr phosphorus to
26 pans of carbon. The XPS spectra did show the
qualitative presence of bromine, nitrogen, and phos-
phorus in those sarnples for which they were expected.
These elements were not detected in the other samples
examined (table 1). Because o{ tirne and resource
limitations in this study, sufficient instrument t1m€

Table 1. Approximate denenel nrios of no.olayers conuinins
specific fundioml sroups

cooH-oH
-o -torH:

N CH,

N+

o
c c

o

0 0 4 2 6
0 0 0 1 8
0 1 0 2 6
0 0 t 5 7

was not available to do a thorough analysis oi the
bromine, phosphorus, and nitrog€n constituents.

In previous studies with unsaturated hydrocarbon
polyners, surface oxid:tion begins to become appa-
rent in XPS spectra aiter four hours exposure to
atmospheric condnions [17]. Those results were con'
firmed in this study because all o{ the samples were
exanined several months aJter they were produced
and all showed extensive surface oxidation with the C-
ls ind 0-1s {eatr:res comparable to those obsered
previously in oxidized polybutadiene [17].

Contaa angle arulysis
The degree o{ sudace oxidation complicates the

streaming potential ind contact angle analysis. Ad-
vancing and receding water contact angles in oridized
polybutadienes have shovn that, although the advanc-
ing rngle decreases only sJightly after long term
storage in air, the receding angle shows a substantial
decrease from about 70 to 40 degrees a{ter one week
storage in air [17]. The contact angle data (table 2) for
hydrophobic monolayers of the poly(diac€tylenes)
(4), (s) ind (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 (l). A relatively big
difference, however, can be observed for mono- and
nultilayers o{ poly-(a): three layers o{ 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 bener 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 d values are
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Table 2. conad dgl€s of oriened, fm.rional polyner la/e.s

0,,,,,) ,^9

Polr-(l)
Pory-(4)
poly-(4)
poly-(4)
poly-(2)
poly-(s)
Poly-(8)
polr (8)
pory (5)
poly (l)
Pory (2)
p.li (6)
poly (7)

l 1 . l
57.5
64.O

55.5

42,3
12_5

13_7
,t4.0
53.9

x.a

48.3
62.2
48.5

40.0

_

56.0
88.8

36.1
33.2
85.1

95.9

-

1
1
J

)
Captive bubble ndhod, an bubble inrodued ar polyneFvrd inerf2ce.
A rdandng md d reedins deermined br veincd loilldny pl,te dynrnic recbni{tue [16]

higher than the angles for the hydrated surfaces, and
the satic contact angles are smailer than the dynamic
advancing and smaller than the dymmic receding
angle drLa in all c:ses. Wilhelmy plare and capt.ve air
angles are compared in re{erence [18].

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

Streaming potentiak
The contact of any charged or chargeable surface

with a polar medium, such as an :queous electrolyte
solution, Ieads to the formation of an electrical double
iayer, where ions from the solution may adsorb to the
sudace. Thus, it is impossible to derenaine the surface
potentiai itselJ but only the so-called zetapotendal t
at the shear plane [20-23] between the layer of
adsorbed ions and nonbound ions. Nevenheless, (
give usetul infomation related to surface charge
densities and the kind of charge on the surfaces, which
may be us€fiJ parameters for estimating rhe biocom-
patibiliry of synthetic materials L221. Usvally zeil
potential data are calculated {rcm streaoing potential
values, which ar€ obtaioed when an elecaolyte solu-
tion forced br a pre5\ure di ereq.e zlP flow' througtr
a thin capillary or {iat plate cell provided with two
electrodes. The z€ia porential can be calculated lrom
the streaming porent ial .  E..  by means ol  eqrar ion:

where 4 is the viscosity of the electrolyte, e the
dielectri. constant, .rnd R the meJsured ,{Cresistance
of the capillary electrolyre sysrem. C is a predeter-
mrn€o sysEm consranr,

Accurate measurements o{ r". data is onlypossible
if the fluid flowis steady, incompressible, laminar, and
esubtished. Thereiore. the app[crbiliq of sr-eaming
m€asurements is generally limited to long capillary
tubes or porous plugs of compacted panicles orfibers.
Recently a new method {or steaming measurements
has been described [20] vherein the streaming cell has
a {lat plate geometry. The major advantage of this
method is that the flat surfaces permit the application
o{ oth€r surface characterization techniques. Vith the
flat plate cell zeta potentials can be calculated {rom
[1e-221:

J I : . : J L" " " ' -  t R  A P

In addition, the surfece charge density at the shear
plane can be obtained irom the reladon

2 e * , k T  Z e .

zj = conce .,tion of lhe irh iodc specis in rhe bulk
f = Boliznadn consrr
Z : rbsolue enpenore
Z : valence of lle ionic species

interfacial polenlial * the sher plane.
C
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Table 3. Zsa potentials md surface chdse d€nsities of oriened iunctional polynd liyen

a (-v)

poly (4)
poly (4)
poly (3)
polr (3)
Pory (3)
p"ly'(5)
poly-(7)
!ov-(8)
poly (6)

-57.6
56.4
52.4
48.7

-48 ,0
-18 ,6

t1 .5

-15.9
-14.7
-14.7

-  9.0
-  5.1

+ 3.2
+10.1

0

2.84

2.54
2.27
2,J9
2.16
2.23
1.71
1_35
1.86

') No.malized to the valu€ of pory(6) taken .s zdo. (see te* for debils).

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

The data for our oriented polymer layers o{ the x-
as well the z+ype are summarized in table L Highly
negative zeta potentials are obtained {or the neutral
hydrophobic x- l :yer, .  *hich are e!en more nesat ive
than those of the negatively charged zJeyers (poly-
(3), poly-(a), poly'(s)). Funhermore, the absolute
value for oae rlayer of po1y14) is considerably higher
thrn th€ one for three layers. Since a monolayer is
only about 2,7 nm thick, ttris may be due to the effect
of the glass substrate, which is highly negatively
ch;rged. Also. aJlhydrophi l ;c su-{ace. erhibi t  negrr i 'e
zeta values, even if they carry positiv€ charges (poly
(s)), for which one would expect a positive zetavalue.
As indicated, however, f is the potential at the shear
plane which is determined by specifically bound ions
on the surface. If one takes, however, the value o{ the
neuffal erher?olym€r, poly (6) as a srandard (( : 0)
and relates all other data to this value, the effect of the
glass is exclud€d and a nice trend can be observed
(column "(-," in table r):

Trble 4. Sumnar/ of ellipsometry results for ihe Cd saLs ol poly (a)

a. As expected the ammonium salt (poly-(8)) ex-
hibits the most positive zea porcntial 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 wel as the hydro-
phobic surfaces all exhibits negative zeta potentials.

Ellipsomety
The ellipsometry results are presented in table 4.

The samples were prepared in Mainz, cerrnany and
transported to Utah, USA in special holders, where
they were eyamjned cererr l  morLhs;f ter preparur ior.
Given these variables and the errors inherent in the
ellipsometry technique [19], the valLres are reasonable
,nd con{irm the expected rhicknesses of these mono-
and multil:yer diacerylene {ilms. The first layer value
is higher than expected; this could be a real eI{ect or
could be due to surface contaminations andlor oxida

Conclusions
Functionalized polydiacetylene and polybundiene

mono- and multilayers were characterized by X-ray

I
J
5

39,52,62,21.18
53.89,69,76,91.48,57
119, 95, 95, 122, 134
19J, 158, 196, r83, 713
244.289,296, 187,222
381. t5l, 131

195 !  11

356 :t 26

l8 419

2 8 4 5
3 2 ! 3

Avehge of all data: 29 A ler hyer-
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phoroelectron spectroscopy, vater contact angles,
streaming porential measuremenrs in 0,01 M KCI
solutions and ellipsometry. The streaming potential
data correlated quite well with the functional $oup
chancrer and expected charge cLaracter o{ the func-
tionalized surfaces. Ellipsometry confirmed the ex-
pected thickness of the {ilms within the error limits of
the technique.

Qualitative elemental analysis by the XPS techniqr:e
confirmed the presence oi nitrogen, phosphorus, and
bronine counterion in those monolayers {or which
they were expected. Funher interpretation o{ the
contact angle data as well as the X ray photoelectron
spectroscopy data was complicated by the fact that
rhese materials are susceptible to atmospheric odda-
tion and were significandy sur{ace oxidized.
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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

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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jshafer@met.utah.edu

Weather in the West: A new perspective to weather education in a science center.
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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

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)

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-

Sun

Water Wind

Precipitation

Clouds

Major Themes/Flow

Terrain

Figure. 1. Major themes and flow of Weather
in the West.

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

Figure 2. Complex terrain over Utah.



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.

• 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

• 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.

• 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.

• 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.

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

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



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

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/o 949 Millcreek Way
Salt Lake City, UT 84106

Email: joeandrade@uofu.net
www.utahsciencecenter.org
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OPTIMIZING BIOSENSOR DESIGN WITH COMPUTER MODELING: A 
CASE STUDY INVOLVING CREATINE 

'•2J.W. SMITH, 'R.H. DAVIES, 'J.D. ANDRADE, AND ''2R.A. VAN WAGENEN 
Department of Bioengineering, University of Utah, Salt Lake City, UT, USA 

Protein Solutions, Inc., Salt Lake City, Utah, USA 
E-mail:jws@xmission. com 

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 bioluminescence 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-held CCD based 
luminometer is a desirable alternative. Additionally, a CCD has the advantage of 
being able to easily measure multiple analytes at once compared to a PMT-based 
luminomter, which is generally limited to only one. 

Computer modeling is a useful tool 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 modeling for optimizing biosensor design and development. 

2. FIREFLY LUCIFERASE PLATFORM REACTION 

All computer modeling was performed using Gepasi, a program for the simulation 
and optimization of biochemical reactions.1 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(l)): 

309 

Co
py

ri
gh

t 
©
 2

00
1.

 W
or

ld
 S

ci
en

ti
fi

c.
 A

ll
 r

ig
ht

s 
re

se
rv

ed
. 

Ma
y 

no
t 

be
 r

ep
ro

du
ce

d 
in

 a
ny

 f
or

m 
wi

th
ou

t 
pe

rm
is

si
on

 f
ro

m 
th

e 
pu

bl
is

he
r,

 e
xc

ep
t 

fa
ir

 u
se

s 
pe

rm
it

te
d 

un
de

r 
U.

S.
or

 a
pp

li
ca

bl
e 

co
py

ri
gh

t 
la

w.

EBSCO Publishing : eBook Collection (EBSCOhost) - printed on 1/5/2018 1:31 PM via UNIV OF UTAH -
MARRIOTT LIBRARY
AN: 235801 ; Case, James F..; Bioluminescence And Chemiluminescence - Proceedings Of The 11th
International Symposium
Account: s9010286



310 Smith metal. 

FFL 
ATP + luciferin + 02 -* • AMP + oxyluciferin + C02 + PP; + light (1) 

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

The above reaction scheme was modeled with an initial luciferin (LH2) 
concentration of 30 uM, luciferase concentration of 0.7 uM, and ATP concentration 
ranging from 0.3 |iM 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 lb. 

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(l)). 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.3 
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Fig 1. Results of the (a) computer model and (b) experiments for the firefly 
luciferase reaction. Luciferin concentration = 30 \xM, luciferase concentration = 0.7 
u.M, and ATP concentrations of 0.3 uM, 3 u,M, 30 pM, .3 mM and 3.33 iriM. 

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"4 and 3 x 10"3 mM, and the ATP concentration between 0.1 [iM and 
1 mM. The results of the creatine model at varying ATP concentrations and at 
creatine concentrations between 0 and 300 U.M 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 |iM with a 
sensitivity of 10 u,M 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 Mg2+ or to use completely different reaction schemes. 

A hand-held CCD analyzer for a multi-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 u.M, 225 uM, and 300 uJVl; luciferase concentration = 0.7 \xM; 
luciferin concentration =10 u,M; and ATP concentrations of (a) 0.001 mM, (b) 0.01 
mM, (c) 0.1 mM, and (d) 1.0 mM. 
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MICRODOMAIN IMAGING OF MODEL COPOLYMERS

BY SCANNING FORCE MICROSCOPE (SFM)
ELASTICITY MAPPING

E,W. STROUP+, A. PLb]GORi, V. HLADYi, J.D. ANDRADE*i
Departments of Materials Science* and Bioengineeringt

University of Utai!, Salt Lake City, Utah 84112

I n t r o d u c t i o n
The SFM senses the forces acting between a surface

and a sharp tip. In conlras! to the scanning tunneling
microscope (ST lv l ) ,  the  SFM does no t  requ i re  a  conduct ive
sur face  fo r  imag ing .  Th is  a l lows the  SFM lo  image
po lymer ic  and b io log ica l  sur faces .  The mic roscop ic  t ip  i s
attached to a smail canti lever which deflecls in response
to the forces between lhe surface and the rip. The SFM
records the deflection of lhe cantileve..

The SFM can no t  on ly  be  Dsed to  ob la in
topographical images, bur also has been used to produce
an elasticiry map by sensing differences in local surface
elasticit ies using the Fotce Modulation mode of imaging
( I ,2). When the Force Modulalion mode is activated, the
p i e z o e l e c t r i c  c r y s r : r l  c o n t r o l l i n g  t h e  s s m p l e  m o l i o n
oscil lates (5 kHz) in the z direction. The sample is scanned
below the tip in the x-y direction as lhe force is kept
cons tan t  by  the  sys tem feedback  loop.  The smal l
movement of the sample in the z direction (approximately
25 nm) causes the cantiiever to defleQ.t from its original
position, zd (Figure 1). The dellection, Azd, is used in a
ratio with the change in height of the piezo, Azm, to create
the image. Elastic or soft regions wil l be penetrated by
the tip, whereas hard regions wil l resist t ip motion. This
mode a l lows the  SFM images to  be  fo rmed based on
d i f fe rences  be tween so f t  sec t ions  in  re la t ion  to  hard
sec t ions ,  s ince  the  change in  the  de f lec t ion  o f  the
cantilever wil l be related to the eiastici ly of the area
under  the  t ip  (F igure  1)  (1 ) .  The cont ras l  in  the
elasticit ies of the components of the samples is reveeied
through the force modulation method.

In our experiments we have used the SFM to probe
the  he le rogeneous mic roe las t ic i ! y  o f  mode i  b lock
copolymer systems in an aqueous media This is done
using the force modulation tecltnique. The samPies were
viewed in the aqueous environment to Provide lor more
stabil ity in the forces Present and to provide the sampies
wi th  an  e l l v i ronmena ahat  more  c lose ly  resembles
physiological conditions.

There has been much work lately on the use of the
SFM to determine the elasdc modulus of a sample (1'3-5)'
The strategy employed is to analyze lhe deflection of the
cantilever in relation to the movement of the sample
ho lder  in  the  Z  d i rec t ion  ( th is  resPonse g ives  a  fo rce
versus distance curve - FvD).

The methods used to .deasure the nanoindentation
are significant in thal they can provide vital informalion
at  the  po in (  o f  in te res t  (5 ) .  The s ing le  Po in t
measulements are highly reproducible and have a great
deal of sensitivity. They a.e l imited spa(ially only by the
e las t ic  na ture  o f  the  sample  and the  geomet ry  o f  the
scann ing  probe.  These methods  are  no t  conven ien t  fo r
semple i  rha t  have reg ions  o f  he teroSeneous e las t i c i t y .
particulariy if these areas are not distingr-rishable by
d i f f " r "nces  in  topography  or  by  op t ica l  methods '

Composites and copolymers are thus extremely diff icult to
interpret. The force modulation technique allows one 1q
map the  sur face  e las t i c i t y  o f  sampies  tha t  may havs .
var ie ty  o f  d i f fe ren t  loca l  e las t i c i t ies ,  by  compar ing  16 .
relative eli lsticit ies of the area.
E x p e r i m e n t a l

All SFM experiments were performed using a Digjral
Insuuments Nanoscope II@ (2) with an AFM D scanning
head prov id ing  max imum scann ing  ranges  o f  i6pm.  The
experimenrs rvere performed in high.ly purif ied !vater (6)
using the Nanoscope's flow cell. The cantilevers used in
the experimenrs were microfabricated sil icon Ultraleversrv
(Park  Sc ien t i f i c  Ins t ruments ,  Sunnyva le ,  Ca. )  w i th
reported spring constants ranging from 0.03 to 7.4 N/m.
The Ultralevers have a tip radius of approximately 100A
and an  aspec !  ra t io  o f  3 :1  (compared to  1 :1  fo r  normal
t rps  ) .

The mode l  sys tem anx lyzed was a  t r ib lock
copo lymer  o f  S ty rene-Butad iene-Sty rene (Kra ton  D1102,
Shell Research Co, Houston Texas) with 29qo sryrene a^d
717o butadiene by weight. Films of lhe copolymer were
prepared by spin casting (at 250 rpm for 30 seconds) a
17o(w/v) solurion of Kraton in toluene onto plasma cleaned
glass microslips (5/8 inch diamerer). The samples werc
air dried in a dust free environment for 30 minutes and
then anneaied at 100'C for 5 days under vacuum. The
samples  were  quenched lo  room tempera ture  ( in  h igh ly
pur i f ied  w3ten .  d r ied  under  n i rogen. tnd  s to red  a t  0oC.
Resu l ts  and D iscuss ion

T h e  S t y r e n e - B u t x d i e n e - S t y r e n e  c o p o l y m e r  s a m p l e s
were imaged at 5000 nm X 5000 nm using the constant
force mode (normal scanning) (Figure 2). Semicontinuous
areas cln be seen against the background. These lamella
shows an average w id !h  o f  300nm (F igure3) .  The
copolymer sampies were then imaged at 5000 nm X 5000
n m  u s i n g  t h e  m o d u l a t i o n  s o f t w a r e  ( F i g u r e  4 ) .
Semicont inuous  areas  can aga in  be  seen aga ins t  the
background. The darker regions indicxte a more elaslic
area benealh the tip. The phases present are arranged as
a semicontinuous blend oi the hrrd and soft segment and
n ^ r  " s  s i r ^ l F  c n h e r e c  T h e  S u f f : l c e  s t r u c t u r e s  s h o w
average widrhs of approximately 400 nm (Figure 5). The
section shorvs many features similar to lhe normal scan
image, but the differences in width of the iealures may be
at t r ibu ted  to  convo lu l ion  o f  the  e las t i c  response by
lamella closely packed.

The scan size and applied force were varied to
determine rheir effect on the surface. By changing their
range, it is possible to determine if there has been any
dadage to the surface as a result of scanning. No plastic
deformalioo of the surfaces was apparen! in eith€r case.
C o n c l u s i o n s

The advantage of the SFM and similar techniques is
based on their abil ity to image microscale features. The
single poirIr measurements are good for materials of a
single type of elasricity, however, PU and olher block
copo lymers  have sur face  e ias t i c i t ies  tha l  vary  w ide ly .
Th is  c reares  d i f f i cu l t ies  in  app ly ing  the  th is  me lhod
directly to the deformation seen with these malerials.
The elasticity maps obtained using the force modulation
rechn ique ind ic r te  p romise  fo r  Ih f , t  techn ique.  We c ln
image the rnicrodomains of heterogeneous surfaces on a

I

E
I
!
:

86



l eve l  no t  approached in  th is  degree in  a  va  ery  o f
e n v r l o n m o n t s .
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Figure 3 Secrional view
Styrene-Butadiene-Styrene
This image shows that
average width of 400A.

of SFM image (constan! force) of
copolymer. Scan rare 10.7 Hz.

the lamellar features have an

F igure  1 :  The p iezoe lec t r i c  c rys ta l  con t ro l l ing  the
sample motion, oscii iates (5 kHz) in rhe z direction as the
sample is scanned below the tip as the force is kept
constant by the system feedback loop. The small
moyement of the sample in the z direction (approximately
25 nm) causes the cantilever to deflect from its original
position, zd. The defiection, Azd, is used in a ratio with the
change in height of the piezo, dzm, to cleate the image.
Elc,stic or soft regions wil l be penetrated by Ihe tip,
whereas hard regions wil l resist penetration.

Figure 5. Sectional view of SFM force modulation image
of  S  ty rene -B  u  tad  iene -S  ty rene copo lymer .  Th is  v iew
shows d imens ions  o f  rhe  fea tures .  Compar ison w i th
Figures 3 shows that the resulting images have similar
fea tures .

Figure 4. SFM force modularion image of Styrene-
Buaad iene-Sty rene copo lymer .  Scan ra le  12 .O Hz.
Semiconti[uous z|'Ieas carl be seen against the background.
The darker regions iodicating a more elastic area beneath
the tip. The surface srructures show average widths of
approximately 400 nm.

F igure  2  SFM imare  (consranr
B uradiene -S tyrene copolyme;. Scan
lmage shows features that indicate a

force) of Styrene-
rate I0.'1 Hz. This
Iamellar stlucture.































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

Y. K. Suns, D. E. Gresonis, G. A. Ruisell, and J D Andrade
oept^nent Dl Matlittt sEiacc md Entinatint, uoi9.Eirf o, ut h. s.lt L*e ci.r'

lqe.eiadl Aotil 197A: retited 23 Jun. t97A)

Poly(2'hydroxyethyl methacrylate)
(PtlEMA) and relaled hydrosels are
b€ing studied for avariety ofrnedical

Several con ilic I nr g values of the
Blnss transition lcnrpcrature (4) of
PIIEIIA hale been report€d. The range
ofv.hrcs quotcd rc sunrmarized in
Tabl?.1. The disasrecment b€lween
the values q oted may be attlibuted to
thc la'gc inlluence ofsorbed moislule
duc to the hy8roscopic natule ol the
n)rLerials'?. D'ffercnces in tacticity may
slso be expqcted 10 affect lhe 4.

In this study th€ & ofPHEMA
ssmples ofdifferenl tacticilies has been
dctermined as a function ofsorbed
watef content. The samples based on
PITEMA ar€: (a) 587d syndiolacrlc,42Ta
heterotactic PHEMA containing I mol
% ethylene glycol dimethacrylate
(EGDMA) crosslinker and polymeriz€d
at 333K and (b) 807,notactic, 15%
n€ terotactic, 5 % syn diotaclic PHEMA
polymerized al 263K without added
crossli0kcr (preprration detaih are given
in ref ll). The taclicities ol-the
sanrples were measured by rrC n.m.I

The 4 dats werc obrained from dif-
ferential scannins calorimetry (d.s.c.)
the.mosrams usinB a Dupont 990lher-
mal lnalyzer .nd d.s.c. cell base. The
instrument \tas crlibrated with indium,
tin, and tnple distilled wat€f. The 4
values rneasured are shown in Fisv'e r.
Ex trapolating line arly lhe portion of

t b/. t R€pori.d gl.tt t..3ition tempe'

I-IKI

the graph where waier content app-
roaches ze'o, the & values are: 393 !
2K for the 58% syndiotactic Nample
(a), and 311 1 2K for lhe 80/o isolactic
sample (b).

The effect of dilucnls (or phslicizcrs)
on lhe L of a polyrner may, lor many
syncms,-by given byr' r6:

1 lttl W2 ( r ,
T, Tst Ts1

where subscripts I and 2 refer to poly.
rner and diluent (H20), respecliYelyi
tq and t/2 are the weight fractions of
polymer and wat€r, respectively. Eqta-
tion (l) may be arrans€d to a more con-
renient forrn by utlizing the identity:

wL=Q - wz\ (2)

Thus:

r  I  l 7 - " ^ -T , - \
i = - . - - w z  l ; ; - ;  t : t
' a  ' l r  U a l ' 3 :  /

This equation states lhat for systems
containing no watet Ts h equal lo 4r.

Utilizing equltion (3), we can cal-
culate the average 4 of the system
PHEMA-H2O since w€ know th€ &
for 58y'. syndiotactic PHEMA (393K),
for 80% isoractic PHEMA (31lK) and
for water (I39K)'?"r. The calculated
values for PHEMA Hzo systems are
shown as thc brokcn and fu[ lines in
Figurc l.

Th€ results show that th€ 4 of
PSEMA is markedly affected by the
waier content and by the ster€o-
chemistry ofthe polymer. This lowe.
ing oft is likely due to lhe rernoval of
barrieIs to the rotational and transla-
tional rnotions.of the PHEMA molecule
chain segmenls due to their interactions
with watermolecules. The difference
b€tw€en the 4 ofisotactic and syndio-
tactic PHEMA can be inierpreted in
tenns ofslructure fomation as fol
lows: in lh€ hotaclic structurc the
steric hindrance between the bulky
cster side chains can be minimi2ed by
coiling the backbone into a helical

woi". (o/o t/*)
F,grrc t The gla$ lransiliDn tempe?3i!te
s!. run.tion ol wai€r conrenr in (a)53%
Syndioracric, 42% Heleror4iic PHEMA
I  mo l  %  EGDMA;  l b lS0% ko lac l l c ,  15%
H€r€rot6c1ic, and 5% Svndiolaclic PgEMA
lal. The t" oi pu'e ware' k t6ren a! l39k
139Kr1 r3 .  "The  do ! l ed  6nd  5o l ' d  I ' nes  a r?  i he
valles c.lculsled from equalion 13l

slructu.e3. The syndiotactic polymer,
howeve!, may form much stirer struc-
tures because the side chain nnpingc-
menl cannot be eliminaled by helix
fo.mationr- Tl€se resullscorrespond
with the dala obserued for poly(melhyl
methacrylate) PMMA; i .e .  & or iso-
tact ic PMIIA is 316K, wlr i le that of
syndiolactic PIUMA is 3EBKt'.
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Thermal and Pulse NMR Analysis of Water in
Poly(2-hydroxyethyl Methacrylate)

Y. K. SUNG,* D. E. CREGONIS, M. S. JOHN,T and J. D. ANDRADE.
Department af Materials Science and, Ensineerins and. De.Daftment ol

Bioeneineering, CalLege of Ensine erins, UniDersity of Utah,
Salt Lai?e City, Utah 541j2

Synopsis
lydrophili. thre€-dinensionalmettaoylarepotyner nerworts (lydroselsl werepr€plrerl lion

2-nydrcxyethi hethacrylata (HE\4-{) mononer an.t retraettylene str.ol Jt-Jl-.yt"t"(TECDMA) as croslinler. The narure and srares ofwat€i ir rLese hldrogJ; were sru,lie,t b; dif_
tarenrial tlernal Dalysis and pulse NMR reldari.n specbosc.pr. l !e rhermat srudies showed
roendothern peAk ib. i.e nelrins h rhe lower {ar€r cont enr (boun.l wdrer region)jther€ are 1wo
endorherhs pealLs lor hisler water cont€rr lydroseis neai |]"C. The anounrs of bound warer. ih
l€rn€diate sate., dd bulklike (ftee) warer h rhe hydrogels were dere.mined from a olanrirarive
a n a l \ s i q o l  h p p . d a r n a r m . u r  h p w s . , r D "  i n e , , a n r r . o n q .  l  , " v a r p . .  r , .  - - " . , . . , " , 1 "' J d J o c " , .  r p r c d h " - . . p d  i n  r " r m . v r L \ c  u s a . e d r v o \ d o p - , l a p y . " u - -  - . , . e " - " , * - .
Nucl€ar nagbetic rel*ation spectroscopy was at6o used ro undeNrmd tle hobilti€s of the war€rprolons in the lydroseG Dd tbe int€ra.non ofFat€r holecules Mrh lhe set nerworks. The heasured
spin la ice relaiarion time (7r) vaheB for warer prot nsinrh€hydrogelsdr€sreatlyreducedcon
pared to thrt ol liquid sat€.. Tle heasnred l,alues of spin spin relaxarion rihes (?t of waterpiotom inthe hydrosels ar€ approxinarelr 10 rines less rhan rhal ot ?i ard are alnosr co nsranr
ir the resio! ofboud wais conr€nr. Beyond rte boud karer conrerr regio! in rle hydrosels, ihe
?, v.lues rapidly increase as the sater cont€nr increases.

INTRODUCTION
Hydrophilic methacrylate potymels are being considered for biomedical aD

pl i .ar i^ns.r  TFe-e polymers s$erl  in uarer ro become sofr crussr inkpd eeis.
so-called hydrogels. Synthetic hydrogets have been extensively discussed in
th€ literaturc.G 3 The hansport charact€ stics of hydrogei membranes have
been examined for a broad range of potentia l applicarions, includins soft contaclpnse..e rprer.p osmos s memb"anes.ro r-  k idner dialvsis mcmbraf ies. I  anO
dIug delivery systems lor antibiotics,rLts steroids.re,ro and enzvmes.2r,r,

In order to develop useful synthetic biomedical hydrosets, ii is ofinterest to
understand the stale and propeties ofwater in such hydrogets. Water in hy
drogels has been treated in terms of a thrce stete model.r3 To t€st the validitv
ofthemodel, dilatomehy, specjfic conductivity, and dietectric studies ofwate.
in hydrogels have been carried out from -15.C to room temDerature fo.
po1yr2-h)dr^xlerhyl  ne1hs, rytare) rpHEMAr% r and potv,2.t  dihidrnx\prop).
methacrylate) (pDHPMA) sels.16

Using the thrce-state model, we have determined the amounts of bound wat€r.
i n t e r m€o i a r e  $ a r F r .  a n d  b  , l k  l i k F  I  f " e e ,  s a r p r  i n  F )  d r o p h i t i (  m F r h a c D  t d r e  s F t .

t Deparlnent ol Chenistry, Busan National U ve$ity, Busan 60?, Korea.
l Depa.tnehr olChenisrry, Kor€a Advanced lnsr ut€ ofScien.e, Seo!], Korea.

Journal oiAppiied Polymer Scienc€, Vol.26, il?19 t?28 (1981)
r.0 1981 John $riley & Sons, Inc. ccc 0021-8905/8r/113?19-10301.00
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by utilizins differential themal analysis and nuclear magneiic resonance (NMR)
relaxation spectloscopy.

EXPERIMENTAL

Preparation of Materials

Purified 2-hydroxyeihyl methacrylate IHEMA) was obtained as a gift from
Hydro Med Sciences,Inc., NewBrunswick, N.J., containing about0.29. meth-
acrylic acid, 0.16% diethylene glycol methacrylaie, and 0.01% ethylene glycol
dimethacrylate. The pobmedzation of HEMA monomer was initiated by azobis
(methyl isobutyrate), 7.84 mmol initiator/ml of HEMA monomer. This raiio
iB independent of water content in the hy&ogels. The other pHEXf,A copolrrners
were pob.rnedzed with tle oosslinking agent tehaethylene glycol dimethacrylate
(TEGDMA). The pHEMA of fixed water content was obtained by pollmerizing
a solution of HEMA with the proper amount of wat€r. The water used in this
elperiment was distilled three times and exhibited a conductivity of less than
1.a X 10 6 (0 cm) 1. After degassing the solution, the pol]'mer was prepared
bv thermal initiation at 60'C for 24 h.

The samples for thermai analysis were sealed in aluminum pans to prevent
the evaporation of water during measurcments. The exact water contentof the
hydrogels was obtained by drying to constant weight. The sampies for NMR
relaxation spechoscopy were prepared by polyme zing in sealed NMR sample
tubes after a nitogen gas purge and freeze-thaw degassing2?.28 to remove the
free oxygen. The samples were alowed to st€nd at mom temperature for 60 days
to cure completely-

Measurements and Apparatus

DiflercntidL Ther nat Anatysis (DT A)

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

After cooling with liquid niirogenand aliowing to stand at -100"C for 20 min
to stabilize, the temperature was raised at a proeramed rate of 5oC/min under
nitogen gas and the results recorded. The efect of programmed rate at 1,5,
10, and 2o'C/min was t€sted by detection of the meltins transitions of pure wat€..
There was some variation in melting temperature at temperature rates greater
than or equal to 10'C/min. The transitions deiected at 5'Clmin lvere ihe same
as those measured at slowef rates. The h€at of fusion of water jn the hydrogel
was measured frorn the melting peak area as a function oI water content in the
sampl€s. The area of the melting peaks were within ,t3% on repeated runs.

Nucleat Magnetic Resonance INMR) Rela.rction Spectrcscapr

The longitudinal (spin-lattice) and hansverse (spin spin) proton relaxation
times were measured by utilizing a puted 100-MHz NMR spectrometer (Varian
XLFT-100). The spin lattice relaxation time ("r) measurements were made

SUNG I]'I' AL
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using a r-7 r/2 pulse sequence2e,3o; ?i was determined from the sloDe of
semiluqarir  hmic plors.  Spin spin relarat ion r imFs t f ,  $ere obtained iro;  I  he
ful width at half maximum absorption following the putse sequence.3o,3r The
tempersture was conholled at 34 + 1oC durins the measurements.

RESULTS AND DISCUSSION

Differential Thermal Analysis
The integral heats offusion of the water melting hansition in hydrogels were

measued from the total peak area ofthe endothems. T\.pical melting hansition
endotherms of wate., indium, and water swollen methacrylate gels are shown
in Figue 1. The lower water content (109" H2O) pHEMA sample does not shorv
any sharp tmnsition near 0"C (Fis. 1, middte). Double peaks in hydrogel systems
are found for the higher water content (40% HrO) pHEMAsample, as shown in
Figue 1 (iop). The shape of the endotherm was somewhat depenatent uDon the
freez;ng r^ndi l  ions. thouch lhe {oral  area of the end,r h.rm r^a- aopro: imatBtv
coosranr.  We del ine rhe lot€l  water r  ransir ion to consi.r  ol  t ro ' t ,  o"ut 

"  
i "  r t  

"t i c j n i r y o f  0 ' C .  F i g u r c 2  p r e s c n L . l h F d F r a i t e d e n d o r h e r m s f o r  r h e p H E M A
H2O samples and Figure 3 for the TEGDMA c.osBlinked pHEMA-HrO sam
ples. The integal heats of fusion of the tDtai water transition for each svstem
we.e determined from eq. (1) on the basis ofthe standard indium endotherm.
The heat of fusion of sample, AlIs, is €xpressed as32,33:

lq. - lr '^ '  w'.{R st.  - . ' "  ! i . , ,q , "n ,^s
where the subscript s refem to sample and In refem to indium. LH. W. A. R.
and S are r  he hear of t ransj t jon. weishr.  pea! area. r5nge. and chaf l  .peed. rF

Figures 4 ard 5 show the integral heat of fusion of the wat€i mettins transition
as a funct ion ol  war.er conlenr for pH E\4A and pHE\4A TEGDM,A hydrogFts.
respectively. In the figures. Wd represents the nonfteezable water. Bvsimilal
measurements of the total area under the endothermic curves,3!r6 we have de
termined the integral heat of fusion of the water melting transition. Extrapo
lation to AII = 0 intercepts the water content axis at apointwhich is the total
bound water content ol the sample, given in Tabie I.

c o 2 0 6 c 2 0 0
I EMtsLRATURE 'C

Fig. L Endoth€rns ior wate., idiuo, poly(2-hydroxyerhyt nerhacrylar€) hydrosels. Tle pro_
sram rate is 5o O/nin-; now rat€ of N, gas is 50 nl/min.

NMR ANA]-YSIS OF WATER IN PHEMA
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-60 40 -20 o 20 40 60
TEMPERA]I]FE "c

Fig.2- The endothems ofpHEMA H2O sanples. Thep.ogrm.at is 5'C/min r llo{ raie of

A plot of the integml heat of fusion velsus water content of gels shows ap-
proximately a sbaight line in the measured mnge.36 The slope at Ligh water
contents is approximately €qual to the heat of lusion of bulk water (AAf = ?9.?
cavg).n From the slope of the sbaight line, the specific heat€ of water transition
in the samples were evaluated as listed in Table I. The values of AIll of poly-
medc systems, such as pHEMA-H:O arrd pHEMA-EGDMA HzO, are less
than that of AIf of br:lk water. The lower AIll values may be due to volume
shrinkage and structuring of water in the gel network, which can be directly
observ€d b) dilaiomeby.2a The raluesofAH, obtajned for theh)drogel s)€Lems
based on pHEMA are reasonable and are simi lar ro related sysrems ssre One
can slso compare with the reported valu€s of ?7 6 cal/g fo. pudfied €lastinao and
7?.5 calle for native elastin.ao

-d) 4a -24 0 20 40 60
TEMPEFATUFE OC

tig, 3. Th€ €ndotherms ol pHEMA-TEGDMA HrO sdlles. The lrosan rate b 5"C/min-;
flo{ rate of N2 sas is 60 nl,/ni!.

E

6

E
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'r/
o 06l] Lm ao

WArER ( q82O/9 po ymer)
F is. 4. Tbe integlal b eat of fusion o I the water tldsftion as a fuction ot wate. conrenr for rhepHEMA 1{:O syst€n. U/n/ is 0.22 s ErO/s poilrer (18.0 wr % H2O).

The specific entropies of fusion of the water transition as the meltins Doint
were evaluared from rhe relar ionship AS/ = AHl/I-. u-ins r he Aili dara tisred
in Table I. The obseNed enhopy deficit can be interpreted as the orde ne of
the bulk l i -ke satr r  in  $e h)  drogel .  and i "  somer har  greaLer rhan rhe order ine
ol  urd inary warer  ard ice.  whose spF. i l i .  enrropy of  fus ion i ,  0 .292 FU.r? l  i ;
interesting to compare the specifrc entropy of fusion of the water tmnsition in

t20o

301]

E

q

i

€ 5OO
E

E

; soo
5
3 ooo

6 3OO
2

o 060 120 l€0
WarER(qfaolqpoyme.)

Fis.5. The integrai h€at of fusion of rh€ waier rrusition as e function ot warer conrenr for rhe
IHEMA-TEGDMA-H,O systeh. w' iB 0.28 s H,O/s pobher (21.9 si 9, H,O).

TABLE I
Total Boud Waier Content qnd S!€cific Tberhal pdanerers of Water Trmition in Some

Bound water Mole ratio of
conteni boDd HrO/
(st 9") moromer unit

pEEMA H2O
pqEMA (r mol%

TEGD\tr{) H,O

?9.7b 0.292h
?6_3 + 0.? 0.2?9+ 0.003
15.2 + 0.7 0.275+ 0.003

100_0
18.0
2t_9

1.59
2.05

a For fieezins {int€rnediate md bulklike) ware. in rhe hyd.ogels.b Data iaken fmm Rel 3?.

I
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pHEMA hydrogels with the values found for various tissues, which range ftom
0.259 eu to 0.2?9 eu-41 Water motecules bound to polymer networks are dis-
tinguishable from other watermolecules by a higher binding energy, an appre-
ciably lower rational freedom, and an extended lifetime.

Since the endothems show two different peaks in higher water content
gels,%36 an enthalphic heat offusion car be obtained flom eachpeak. Each peal
was manually resotved and the individual peak areas were determined.36 The
wat€I which melts near 0"C is caled "bt klike" wate! the water which h3s a lower
melting tempemture is called "intermediate" water; and the water which does
not show any melting transition above -100"C s called 4bound' wat€r.2436

Figures 6 and ? show the patial enthalpic heats of the freezable water as a
function of water content in th€ system pHEMA HrO and pHEMA
TEGDMA HrO, respecitvely. In Fisues 6 and 7, I7y(1) is the "intermediate"
(lower meltins) water; wl6 is the "free" or "bulklike" (0' meltins) water in the
hydrogels. The slope of bulklike (free) water in the hydrogels is very close to
the heat of fusion of bulk wat€r. The amounts of bound water, intermediate
water, and bulklike water in €ach hydrogel system werc detemined from the data
of Figues 4-? and are presented in Table II for pHEMA hydmgels of different
total water contents; Table III gives the data for 1 rnol 7o TEGDMA
pHEMA-H:O systems. As seen in Tables II and III, bulklike (free) water in
the hydrogels incrcases only after the bound water and intermediate water are

:9 600

i :oo

E

q

i

wArER (qfzolq dry @rymer)
Fig. 6. The neat of fuion ol the Wl(r and Wfl.) trdBitioN s a function of water content for the

IHEMA HzO hydroselst(a) Wts)i6) W F,

wArER (sfzo/q dry Po Ymen
Fig- ?. Tle heat of fusior of the Wl(r) and &to iran.tio$ s a fection u --€r ontent tbr the

pHEMA TECDMA H2O hyd.ogels; (a) wro; (^) lvr(.).
i
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' TABLE II
Dete.nination of Bould Water, htemedidre Water, dd Bulktike Waier in pHEMA Hydiosets

(Undo$linked) of Di{erenr Total Warer Corrcn!
wi % of tot€l water in hydfos€]s
Total watetpolyns (s/s)
Boud water/polymer (s/g)
Intermediat€ slt€./polrDer 1glg)
Butklike water/polyne. (s/s)

18,0 20.0 25.0 !0.0 3t.0 ,10.0 ,15.0 50.0
0.22 0.2a 0.33 0.4i1 0.54 0.6? 0.8:l 1.00
t.22 0.22 0.22 A.22 0.22 A.22 A.22 A.22
0 0.03 0.r1 0.16 0.16 0.16 0.16 0.16
0 0 0 0.0s 0.16 0.29 0.44 0.62

,

The process of watef imbibition in the hydrogels may be interpreted in terms
o f  I h r e e  s r e p s : '  1 ,  A n  a m u . r n r  o f  s a r e r  i s  f i r s r  b o u n d  r "  r n .  6 y l p e p L ; 1 ; .  

" ; 1 " .(2) additional water is preferentially oriented around the bound water and the
polymer network structure as a secondary or tertiary hydration shelli and (3)
any other water is present as ftee or bulklike water.

Nuclear Magnetic Relaxation SpecrroscoDy
Table IV presents the spin-iattice retaxation times (?1) as a function of water

content for the pHEMA and pHEMA-TEGDMA systems at 100 MHz and
34"C. Comparing with the ?r of pure water (.1.j0 s at 3.1.C). the averase ?1
valuFs for r  he h) drogpl s)r lems 6re redured. -usresl  ing rhr.  '  \e- are ", ; . id-emble interactions between the water molecules and the polyr1er networks. The
short ?r of water protons in the hydrogel susgests that the water is less mobite
than in pure wat€r. This can be interprered in terms of the shucture orderins
ol$atFrmulerulesingel nerworks. Themo.t prnhabtebindingpo-ir ior.or uarei
molecules are the polar sites, such as the hydroxyl and ester $oups. The effect
ofa crosslinking agent, such as TEGDMA, produces rather slight charges in ?1,

TAtsLE I]I
DelerDimtion of Bound Wat€r, Inrerh€diar€ Wlier, and Bulklike Wate! in r hot i.

TEGDMA pHEMA Hydrogels of Dif€rent Toral Water Contenr
q'i % of tot'€] water in hydroseis
Tokl water/polrre. (g/sl
Bound water/polyne. (s/s)
Inreroediate water/polyn€r (s/s)
Bultlike water/p.]ynd (s/g)

21.9 25.0 30.0 35.0
0.28 0.r3 0.43 0.54
0.28 0.28 0.28 0.28
0 0.05 0,15 0.25
0 0 0 0 . 0 1

40.0 45.0 50.0
0.67 0.82 r.00
0.28 0.28 0.28
0.29 0.29 0.29
0.10 0.2t 0.,13

pFEMA H,O

TABL!] IV
Proton NMR Spin,Lattice Relaxrlion 'Iines for Hydrosets Bssed on pHEMA of Difieienr Toral

Water Corterls at 100MHzed:14"C (Urts)

pHEMA t  ho l%
,I'EDCMA_H2O

T\ TI
25

35

45

0.189
0.21,1
0.:60

0.272
0.294
0.31r
0.33?
0.336

0.190
0.20?

238
0.268

a.2ti
a.%2
0.2?9

0.302

?rs = 0.169s for 18Ed H2O pHEMA; 0. r?8 s lor 21_9% H2O pHEMA TEGDMA.
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ihough the hydrcphilic tendency can be seen. The results are in good a$eement
with the bound wat€r quantities obtained from the differential thermal analysis
data.

The measured values of the proton spin lattice relaxation times, ?1, can be
considered as an average ofthree states ofwater in the hydrogels: bound water,
internediate water, and bulklike (fre€) wa1er,,5

I  l "  L t.  _  t a  _  t t  +  l L  t r l
T t  T a  T ,  T t l

where fu, f, and /p are ih€ fraction of bound, intermediate, and bulklike warer
in the h)'drogels, and ?rs, ?u, and ?rF are the spin lattice relaxation times for
bound, intermediate, and bulklike water in the hydrogels, respectively. ?rF is
ta*en to be that of pure water;/s, //, and lF are obtained fiom th€ differentiat
thermal analysis data. 7!s conesponds to the measwed Tr for the known
cont€nt of W"r in Figures 4 and 5. Hence, one can estimate ?rr for intermediate
wat€r in the hydrogels. Table IV gives 7r determined for pHEMA-HrO and
1 mol To crosslinked (TEGDMA) pHEMA*H2O systems.

The ?1 values are inversely proportional to the magnitude of the interactions
betwe€n water protons and lattice envircnments, i.e., the lower value ol ?u means
a stronger interaction between water molecule and polymer network.

According to the data in Table IV, the spinlaiiice relaxation times (?1s) of
bound water inthe hydrogels are about 30 times less than thatofwater protons
in pure liquid water. The values of T ofintermediate water in the hydrogels
are approximately twice that of ?18 of bound water. Th€ proton spinlattice
relaxation times directly give the mobility ofwater molecules in the hydrogels.
Oomparing the data with the IlF of bulklike (free) water, the mobility of water
protons ol bound water or intermediate water is less than that of water protons
in ptrre liquid water. This indicates that some water molecul€s around the polar
sites in the gels naybe structured and prefer€ntially 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 reluation times (72) of water protons as a
tunction of water content in pHEMA and pHEMA TEGDMAj!'rl-1€l sys
rens. The valJFs ol  f .  arF apprn\ i rarely l0 r 'n cs le-.  rn o l"  ,  n
general agreement with the principles of spin relaxations.s0 ir' rhe region of

s

-0 ro 20 30 40 5l]
fi% N?C

Fis .8 .T l€sp insp in rcLaxat ion t imes(? to lwaterpro tonsdsa lunc t ionof {a te rconten t ih
polytrydioryethyl meihacryhte polymers ar ll4oc and 100 MHzi (o) pHEMA llroi (^)
pHEMA TECDMA H:O.
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less than 257, water content, the values of T2 are atmost constanr. However,
beyond this region the 7, values rapidly increase as the water content smdually
inoeases, indicating the presence of incrcasing amounts of free and inlermediate
water. Theseresults are in good agreemenrwirh th€ spin-lattice retaxation re-
sults.

CONCLUSIONS
It is proposed that the interaction of waler wirh hydrophilic methacrylate

polymers occurs in threeways: (1) Waiermotecules are stronglyboundto spe
cific sites suchas the bydroxyl or estergroups withinthe potymer net,vork;dy-
namically and thermod]'namicaly they behave as parr of the chains. (2) Water
molecules are weakly bou.d to the hydrophilic sites and/or preferentialy
st|uctured around the polymer network. (3) Water notecules behave dynami-
cally and thermodynamicauy as "bulklike,'or free war€r.

Tle,s6istance of Dr. D. Dalling ad l,!e use ot rhe NMR taciiiries ot rhe Universiry of Ut€h Re
sional Biom€di..l Resouce rc graretully acknowledsed. This $orl was supporred by NIH Cra.r
HL16921. We also acknoRl€dge suDport by tte tJ.S Korea Co.p€rarive Science hosrd, NSF
INT ?8 244?4. Yong K. Sunsthmk6 Busan Narionat Universiry forateayeofabsenceiocordu.r
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W'ater Yapor Sorption of Stereoregular Poly (2-Eydroxyethyl llethacrylate)
aril Poly(z,3 DihydloxyProPyl Methacrylate)

Y-Il. Sudg, M.S. Jhon*, D.E. Gregonis** and J.D' Andradei*

Delart,'ent of Chemistt!, Donss,h Ultiuers;t!' seaut' Karca
+DeParrfeftt of Cllcnistlr, Korca Adoaflced Inst;t"te of Scie'ce

dnd Tech,'olos!, Scoar, I{otea
+*DefartkEnt ol Matetidls Science end Eflsineerins' Un;versitr af

Utah, Sdtt Lahc Citr, Utch a4112, U.s A.
(Receivcd Mar.l! 12, 1931 ; ]\cccplcd March 26' 1981)

Abstlact: Hydro!)ilic th.ee-dimcnsional Dethacrvlate polvne. netwo.ks(hvd.osels)
Tere ?repared froE z-hydroxtethyl merhac.viate anil 2, 3-dihvd.oxvPtopvl methac.vlate.
Ilishly isotactic poly(2-lyd.oxyethyl nelhacfvlare) and highlv svndiotactic polv(z-hvdro-

xyethyt nerhac.ylate) *ere also sttdied. The sorption of tater vapor itr the different
tactic polymers Ess measured as a funciion of wate. actiYirv. The rcsults scre interpreted
in terns of -{nde.sor's nodlfied B.E.T. tleorv and th. Haitwood-Horrobh theo.v ol
sorption. Th. iorn€. fittirg to the eipe.im€ntal isothe.Es is up to 0.7 equilibrium rela-
tive htrnidity, {hile the solurion theo.y of Hailwood-go.lobin An'es a someehat betrer
lit to most of thc cxp.rimcnlal isorherns ovcr tnc cniire ranse of cquilibriun rclatiYe
hrtuiitity. \ater rapor 3orption by thc mclhacrylatc polvme.s i5 affectcd bv tacticitvand
tle trlnb:. ol hydrophilic siies in holecules The anount of water Yapor sorbed bv iso-
iactic lolt(2-hydroxyethyl nethadylate) \'as fou.d to be greater thaD that bv svndio-
tactic poly(2-hyd.oxyethyl neihaffrhte). Theorcticd valer sorPtion nodels ard analvsis
ol the dat. sugg€st that isotactic loly(2-hydr;xyethyl nethacrtiate) exists in a su.Iace
.orfiglrarion and structure rhich provides a larse. !unbe. of Fater bindins sites itr thc
stndio- or hcte.o'tactic polymcrs, P.lt(dihydroxypropyl methacrylate) sate. sor!tion daia
and aialjsis is consistent tith its !isher hydfophilicity due to the presetrcc of 2-hyd.oxyl
group per repeai unit. Thcse d.ta ar€ also consistent $iih tlelnal analrsis studies of
brlnd Nare. in lully hyd.ated srstens.

usesr',. Many of the useful properties of these
lolymers seem related to thei. so.prioD anC
s\velling capacity fo. water. These polyners
become soft hydrogels by the sorption of liquid

INTRODUCTION

Softe crosslinked hydrophilic polymers have
bee' consideled as biomater ials for medical

Ealol :.1 8-;l .d 2i 198.1'J r1l



Wate!  Vapor Sorpt ioJ.of -Srer^eoies! lar  Pob (2-Hrdroxy. thv l  t t . thac! i larc)  aD. t
tot t (2,  J-Dihydroxypro!y j  I t . rhrcry, r !c)

and 6 !ve.e lrepared by solvent casting trom
a detharol solution. The size of filtn samPles
was in l0mm,/r id th,  10hn length,  a l ]d  1mm
thickness. The lolyrnets we!€ extracted for
seve!  days wi th d is t i l led f la te!  a!  toom tef i -

leratuie. The conductiyity of distilled water
used in th is  s tudy was less t ! "o 1.14*to ' ' ,

Qcrn. The sanltes \tere dried to constant
weisht in a vaclum desicator befole measulins
the water vapor solption.

Appalstus enil ll€sEurem€nts

So!pt :on isorherns w€re measured ! : th  a

slaviInetlic sorption apparatus usins a Calh
R]!t-2 electrobalance, recordirs tlelmistor, X-
Y recorcer aDd humidity mete!. The sorytion
{hahler  was of  heisht  l4cmxwidth 1 lcmx
Iensth 27cm. The i ls ide of  rhe sorpt ion ch,m-
ber as coated with Teflon and 11'as cohple-
tely isolated {!om the outside. Standzrd dtyins
of sampies in the chaitler vas carried out far
48 hou-s under pholphorous peblox ide ,s  a
dry ing a6enr.  Al l  incrruments used q"re:€ca.

librated for each run.
The sraded se.ies of hunidities useC rere

obta ined by equi l ibrat ing the chamber at  os-
?here wi th the fo l lowirs  pu.e saturateJ aqu€-
ous salt solutiors?o : LiC | (12. 4 t6) , MeCi,.6H.O
(31.87;) ,  K,c03.2H,O(43t  ) ,  NaNO.(61.3rr ) ,
NaCl(.74.416), ZnSO{.7H?O (90. 0 r; ) and K?SOr
(96.216). The figur€s in paretrtheses refer to
the lercenl lelative hunidity estabiished over
each solur ion at  25=1'C.  A: l  lu ln id i l ies \ tere
rechected \rith a calibrateC hunidity meter.
The syst€m was corsidered to be in equilib'
riuh aft€r humiriitl. readiigs hrd strbilized
ard nad lemaired coDsr3nt fo: two corsecutive
days. Desorplioo Deasuierne::ts were carried
out  ar  the same conl i t iors.  ; l l  hessurem€nIs
vere carr i€d oui  at  25:1 'C.

=: lo l  , l8{  ^ l  2 i  1981€ 49

RESULTS and DISCLSSIO\

Fisures 1,2,3 and 4 show the water  sorp-
tion isotherms as a function of rsate! actilily
for the systems of 4016 l\eterctactic ana 6\ii
syndiotactic poly(HEMA); 1 nole r; EGDMA-
poly(EEMA); 1 lnole ,t TrGDI'tA-pol' (HE-
] t t ) :  I  mole % Fi l , lDIc.pal )  IPEMA).  respec.
tively. In Figur€s i to 4, N ard a leplesetrt
noles of scrbed Nater per nole of rionome!
unit ard ihe activity of water (eqlilibrium
relaiive huDidity), leslectively. The so.ptio'
of water vapor in the loiv Nater actitity re-

s ion (0-0.5)  is  a lnosi  the sane in each o i  the
three systems, bui are different in the hish
w a r  e r  a c r i r i r y  r e e i o n ( 0 . 5 -  l . 0 , .  f i s u r€5 s l o \ t s
t \e srrpt io !  iso lh€rm of  wr ter  va?or as
a function of \i'ater activity for the systen
of  80t  isotact ic ,  14% heterotact ic  aDd 6"
syndio ,c l ic  !o ly( r  El {A) .  l i3ure 6 sho\r '  rhe
sorptior isotherd of vat€r !a!or as a fui:tion

? 5
i

' '  l i

! l
: i
; l! t
E  L C i
z l

^ - l

' 0 t 2 0.4 r.00.8

Fjs-  1  Sr r l t ion  Is . th . .ns  ao .  11atc .  \_aoor  i :
r  Srmi j l c  o i  603 j  Srn , l io racr jc  !a t i  , i0 j j
llcrc..rtrcric p(rlii-:.i_.\) ar :5'c. c=.\.!:
Y i ! , ,  o l  'a tc r ,  r " :Amour r  o i  Nate .
So ibed, r ) lonoacr  Un i r  o !  Po l r rmc.  ( : . io t r , /
t r lo lc ) .  O=Sorp t io r ;  E  =Dcsorp t io . ;  l l o -
( l i i i cd  l r . l l .T .Thcory ;  - - . - . l i r ih iood.HrL
rcijin Thcory,



Wirc .  1 ' .Do.  SorD! :on  o f  S te :eoresL la r  Po lv (2  Hvdrox ]c thv l  l l c (ha .o l .k )  and
Po l )  (2 ,  3 -D.hJ  drorvprop t l  MaLhacr 'h tc )

E 1.0
z

;

-.,;

9  1 . 0
J

"0 0 .2

a , t

t . 00 .80.6

Consideri.g tlie h€at of liquefaction probleEl,
i } a  And . r< . . -FF - r  ' . r ' . r i nn r6  i e

! r t ,  c  h a- i [=( t - / . .  
4) - I l r r . - ta  o j  \ r  '

where N, is the amoult sorbed per urit of
polymer, M. is the concentration of sorption
si tes requi red for  a monomolecular  la ter .  a  is
the activity of vate!, . is a t€rm rehied to
the birding ol a weter molecule dire.tll to
the sile to the indirect binCing of Nate. mole-
cules,  anl  t  is  the ! : r io  ot  th .  a i l in i tJ  o i  in .
direct bonding to thlr of condensation inlo
liquid rvate!. Equatioo (1) redlces to tl13 BET
equat ion i f  I=  1.

The parameters c, l, anC r1I" can be evalua_
ted Jroln the sorption data bt lin€aii2ing equa-
tion (1) as

d 1 l ._Da-V i t r f=F i ,k11^ '  - -a i :  i2 r

The best fit values of the parameters were
compured ard are l is te l  in  Table 1.  Fquat ion
(2) with these sets of paraneters fils well at
equi l ibr ium re lat isr  hunid i r i .s  less rhatr  0. ; ,
but the liots deviate from the €xperinental
values at equilibriun lelatiYe hudidities srea-
ter than 0.7. The palaroeter c includes both
the net heat of adsorption and the net entropl.
of adsorption. The constart . increases consr-
derably flod poly(DHPMA) to polJ'(HEll-\).

This increnert teflects ihe transi!ion floEt tbe
convet to the S-shaPed sofption isothe.m. l!
seems that the higher h)'CroPhilicitl of poll-
(DHPtlA) is refiected in its stronge. afiitritl'
to\yards wealily bound *ater, but lot in a

hisher sorytion abiliti' of the stlonglv bondins
sites. Among these systems, ttre most htdro_
philic naterial is pob'(DHPI'IA) lvhich hls
two hydrophilic h)'dlorrrl c.oups pet rep€3ting
uni t  iD the Eolecule

Si'ce l is the ratio of the affiniil' of inli

a
!ig. 4. Sorltion Is.th.rns fo! lvater Vapo. in

Sanple or I noie ', EMDIC.p(HEMA)
at 25'c. 4=Actieitv of lvateri N-Amo-
llr oi litate! Sorb3d/Monome. Urii of
Polyner(Mole/Mol€). O:sorption; I =
DesorptioL -Modilied B.E.T. Theorv;
-.-.Eailqooil-Hoffobh TheorY.

2.5

2 . 0

- 0 0 .n  0 .6  0a 10

Iia.  5,  SorDt ion Isotherms for  lvater  Vapot  in
S.mnh o(  80. t  Isotact tc ;  14a Heterotac_
iic a.d 6', svndiotactic p(ilEi\'li) at
2a'c. a=-{ctiv'tv of }\'ater' N=-{nounr
of $rater So.bed/Monona. Unit oI Polv-
m.r(i\{ole/Mo1e). O=Sorptioni t:Dee
orpt ioni  -Modi t ied B. ! .? . ' Iheorv;"  _ '
Hail$ood-Ho!!obi! ThcorY
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\ .a rc !  Vapor  Sorp t ion .o t  Sr . r "o regu la .  Po l )  /2 - , l j .d !o*ye thr l  Mc-hJCrr laLc)  rndPo l r  (2 .3 -D ihydroxyprop)  I  I j c t !ac r / t , rc )
This fact can be €xplair€d in terms of ihe co!- Tabte Z. parameres Eyatuated f.o6 rhe E2il-
tiguation of hydroxyl gloups in the polymer.

Isotacr ic  poly tHEMA) probabty ex is ts  in  a
helical colIormatio!?r, susgesting that the
hydroxyl groups are on the outer surface of
lhe le l ix .  Howeler ,  some of  rh€ hydrory ls  in
syndioiactic aolt'(HEMA) are soft e$,hat buried,
i.e. th€ polar side-chails of the potyner may
interdisperse inio the stftcture of the molecule.
The lelical isotactic chaiDs probabty have t]o
intrachai! hydro8en bonds linkiDs the este!
sid€ chains, whil€ the syndio;ctic chai,s pro-
bablr' have intrachain hydrose! bonds beirveer
pendant hyd.oxyl srouls. The different stereu-
chemical confolEatioD of the hydroxll groups
nrat g've a differelt €ffectiie surface contacr
area of sorptio! siies.

Tle poly(DHPMA) shows a large elfecrive
surface area (273m,/s). This ca. be e\plained
ln telms of its structule, wtrich has ru.o hr.-
droriyl groups in the donol1er.

Interpretation in T€rms of the Eeitryood-
Horrobin Theorv

The HaillvcoC,Hoffobjn theory:r 1u" 1""n
use:  exrensi !e ly  lor  texLi te ar . j  po.ymFr ma.
teriais. This theory considers sorbed w:t€r !o
exist as an ideal solution oI ihree species. i.€.,
dissolved water, hydrated s,ater to potyFer,
abd po\.m€! componenrs. This solution model
f roJuces a measdre o i  h ldrar"d w"ter ,  con.
densed \yaier, a.d rhe acc€ssitility of sit€s for

Food.Horrobin Theo.y {or ' t larer  !apo.
Sorption oI Jl:;drolhitic i\t.thac.l.larc

^--! 1i, ,1t" i.tr ,
(e )  (mo le  /  0a ] .

Dissol led vater  (act iv i ty ,  4 , )+Dry pob.Be!
I(,

(act iv i t ) ,  . r ) :HrdrateC potyne!  (ac! iv i ty ,

Eeio l  ; i l  3{  {  2 . t  1984€ 4{

+l .  p r H f N j \ r  ( r O , ;  s ,  0 . 6 i 2  J . 9 l  i i , r O  j . i i  6 . 0

t  ? (H ' !Y i , ' ; !  ho  ' '  o  66e  3  8s  i o :8  l 8 :  c .o
I3 .  p \ H E t t . \ - , ( , t  r o l c ' 0 . 6 J 2 : . 8 0  C ? . i O  2 .  t C  6 . 5
I4.  p/HI \ ' : \ )^- ( t  mole 0.630 3.-a 6: .68 2. lo  c . r

_ '..::',l',"' Ir .  p ( n L r l A .  , 8 n r .  i .  0 . 6 1 1  3 . 5 9  5 9 .  t _ : . : O  6 . 0t l r  n t  6 %  s )  l
u ,  p r u l r y \ l A )  j o , l r o  2 . ; 3 ; 1 , 2 9  r . r ,  o , o

The Haihvood-Horrobin theoryl? sires
h1;tl
e;", =-L+1;+_i , ' l j r ; :_ 

G)
where ,' is the ffactional lxoisrure corten!,
tI. is tle nolecular weisht of polt.ne. per
nole of hl'd.ated water, and .tfr is aa equiti-
br ium consraot  in  lerns of  bound \v2rer  f rac-
tions in tle polymers. rd is a! equilibrjum
constart relaied to the difierelr degrees of
hydropllilicity of rhe poiymers. Equario! (.1)
can le a lgebr ! icat ty  r ra ls tormed lo r fe par :_
bolic relatiorship

a  M .  I  I  / r _ _ i \. . ; = , . . _ i  
i  t . - i .  - - -  a - , t -  - -  a

( ^  I  r . t ,
K"t( ,  -1- -  i - +d '  / i l

Ut i t iz ing the sorpt ion isotherD data,  equar ion
15) wds besr  f i r reC empir ica ] .
tants lfo and _r! I'ere ev:hared (?aile 2).

The mor i f ied B.E.T.  thpor l .predkr ,  e gooo
f i t  to  nost  of  the exper ineDia l  iscrh€. i is  Lp
to 0.7 €qui l ibr ium ret3r ive humidi r r . .  t i . rse\ .cr ,
a someNhrt  bet !er  f i r  was found \ r i ih  r [e
solut ior  theor t  of  Hai tNo3d,Horfobin oQr rhe
entr re .a.ge of  €qui j ibr iun re lat i !e  h! :n ix i ! i r : ,
res ' r l t ing jn  the palaneters t is led iD Tlbte '

Assumins the fo owing

lvate! vapor (acti!Iy,
te! (acti\'il)', eJ)

Ii
c) :Dissolved wa-
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Molecular Monolayers anil Filhs
J. D. Swalen,* D. L. Allara, J. D. Andrade, E. A. Chandross, S. Garoff,

J. Israelachvili, T. J. McCartly, R. Murray, R. F. Pease, J. F. Rabolt, K. J. Wynoe,
and H. Yu

A Panel Report fot the Mateial| Scietnes Division of the Depafiment of Ene.sy

neceived. December 29, 1986

The conliderat e activi8 in the area of orgaDic ihin fl.E!, inrclvins wry thiD pobmeiic frln! ard nolenE
monol,ayer! and mdtilayers, led to the fomation of a parel, spo$ored by the M&t€riah Sciences Dvision
ofthe Depaft:leut of Enersy, to rcvis this field. Its plipo€e wa! to b€ttsr underst€nd the rcle!"rt scientific
topic€ and to sugsest Buitsble areas of leB€arch. In partictnar, a nmber ol pot€ntial applications were
idedified, which r€qune fulther scientific advsnces for them to se ftuition. Th€se include noDlin€e Dd
active optic€l dwic€s, chemical, biochemical, and physical seruors, potective layeE (e.s., for pa!€ivation),
patt€mable nateriah both for iesists md for mals iDfom.ation storage, suf&ce Dodification (e.8., wettins
and electrochemical elechode propedies), and srlthetic biomadomolecul€s. Studies of tlese filns hrve
ths added advetase that they could lead to a betts scientific undeEt€rding of such subjecis ss the
relstionship€ b€twe€n the Dicrostluctu€ of ordered molecul,ar aray! and their @ll€ctive properties, the
tanorins ofinterface€ and sudac€s, esp€cially when @d to model hdtibody inbractioru, and the physicsl
ed cheEicrl !@ctioE of 6lhs ilvolvins phase transitions and inba- ed int€rfilm traDlporL The ars
tbat app€a! to !€quirc the Do€t att€ntion iDclude the application ol n€w cluracblization t€cbniques, such
aB the scaDdEs tunelins nioo€cop€, the improvemert of nabanical and thermal stability, the identjfication
and charact€rization ofphysical and chemica.l defect€, ud the effects of ini€ntal orderins on nacro€copic
propeties. It b further reconmended that strong int€rdisciplinary efiolt! be mourt€d to add!€ss ed
solve th€se plobt€N.

Irtroductio!
Mol€oisr 6lm!, ordered thin ogardc films ir a tlichess

rurgs fron a f€w Danometen (a monolsyer) to seveml
hudred nanonetem, show coNiderable technological
pronis€, and turth€r sci€ntilic investigation could piove
to b€ itsry ftuitfin Ebc,tronic and optical devices pl€s€dtly
iricoeorat€ structures that are in this thickrds range or
appioachir:g it, ard oryanic thin f ms have been proposed
to replace both p€rsive and active components traditionaly
fabricated with other materials. Scientific atudies of mc
lecul interactioru in thir-filn st uctures leadins to an
und€rEt€nding ofthe colective propeniee of ordered anayr
have only recently been porsible with orgaric films,
charactedzed iD more detail by a number of the newer
surfac€ science t€chniques. Biological lipid membianes
erhibit a vari€ty of different functions, and attempts to
produce slnthetic thin-film analogues have €xcited the

'Ch!i!!@; IBM Ahadd Rtgrh Centa, 650 HaEy Bosd, Su
J6q CA 95120. A$iUaiioB of oihei panel bedbeF: B€11 Coh'
hDicatioE Ra€€ec4 331 Neql]$ Sp.in$ Road, Red Bdk, NJ
0?01, now at Dspsdmet of Chemiltry, PenEylvsia Staae Univ-
e6ity, Univmiry PeI, PA 16802 (D.L.A.)j Co[€e ofElgineeling,
UniveBity of Uiah, Salt L6te City, UT 84112 (J.D.A.); At&T BeI
Iaboratones, 600 Moutai! Ave., Mu(ay Hill, NJ 0?974 (E.A.C.);
Schlubdse. Do[ Res€sch, Old Qudry Road, Ridgefield, CT
068?7 (S.G); Departoent of Chemic.l Ensine6rirs, Univmity of
Cariaohic 8ei! Bdbdq CA 93106 (J.I.)i Pobder Science dd
E'sindins Dspsrtnsnt Uni@ity of M!@chu!ett!, Anhe6i, MA
01003 (TJ.M,); Depaltm€nt of Che6iltry, UniveBiiy of North
Cdolina, R.leish, NC 2?60? (R.M.); D€part@nt of Electiical ED-
gineeline, Sidford UniveBit, Stsnfod, CA 94305 (R.F.P.); IBM
Albsden Reseeh Center, 660 Hsry Road, Su Jc€, CA 95120
(J.F.R.); Chebbiry Divbion, Offi@ of Navat Reseach, Artinslon,
YA 22217 (K.J.W.); Depdinent of Chemishy, Unive6itr of Wis,
consin, Madigon, WI 53?06 (H-Y.),

imagidatioD of msny. For these realon! it wa! f€lt that
tle physical, chemical, biological, and theor€tical aspects
of thin molecular films should b€ revi€wed 6nd their Do'
t€nial slsessed. This repolt is such a study spooaoredby
tlle Material Sciences Division of the Departdent of En-
ergy, Bnd it codtaiDs our consonsus as to the future for this
area of inv$tigation.

Chemtuts have been able to s)'ntlrcsize molecules with
many different confomatiora erd chemical srruclures
erhibiting a wide veriety offrmctioDs. Althowh colective
phedome.a have be€n studied, more emphasis rceds to
be placed on tne design and control of importart col€cti!€
properties 60 aB to make tlese moleculee iDto usefirl ma-
teriab. The futu€ for tllin molecular soli& li€s in de-
sigfng olganized film! to pelform lrew end Bp€cial firnc-
tiom. Of int€rest at€ anal,E with cooperative properties
differ€nt from thos€ of the irdividual molecul comDo-
n€ots ard perhaps pa€sessing soxne fuctioDal €nhance-
ment. Liquid crystd dilplays arc a we[-knowD exampls
of a cooperative furction, and much int€rest Las foculed
on the nature of phase imrsitions aDd magnetirm ir two
dimemioru. The number of possibilities is larse, ard
comiderably more res€aich is ne€ded to rclate a gpecific
film's structue to its funciiona.l propedies.

The area of Langmuir-Blodgett filrDs, moDolayer
Btructure8 traruferred ftom a water surface io a substrate,
has recently been receiving a great deal of atteDtion.la
These films sre sppealing for study becauee of the facile
maffrcr in which a single monolayer or multilayers can be

(1) ft,n Soltd F,,tu l98O 68iMay 1).
(2) Thin Soli.l Filtu rgaX, 99lJ@ t4).
\3) Thin Solid FilN rsao,132 134(OcL Dec).
(4) Rdbeis, e C..4dr. PrJr. r$5,34,4?5.



deDo€ited. Such a capabilitv blings to mird applicatiors
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bv lhe successivc depos-
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l'""e roareriats could e'en |ind use is hishlv specularive

"i-it'" "r"*t 
time, but lhev do serve as sood model

"wi.-J. 
O"" -'ta i-rci"e some utilizatjon in " number
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ard bsJrier rilrns'
il;;i;;G;"'d -d -ser-hearins- caracit"r lavem?
["e-U"". a"."*t.'U i" Lbe labo'atorv Funcdonalized
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ir'""*" """ 

i.p** p-penies. such as solubiliv csn be
u".aL ror. Le rG",d-d this is an imporiant €dvance
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the most rob$t orgeni' nolecules
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ir'".""hu 

"l".i.rt..u"iioD 
ar a surface Lo give a seu-

assembled sygtem lFr6--ir'. 
.'or,i";u" ero*th or mi$oelectronics t€chnolosv

since 1960 is wel chJonicled. ? AccordtDg to some estr-
-rt"". U" '*"t ot 

"o-pulhg' 
ba! decreased bv several

.J"r" "r 
-rg"ia.a" a*i"g this Lime - Moreover' the value

of the business bas grearJv increased maling this an al-
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lhe abitil ro oroduce films wiih good inFgritv ie ' me-

"n""i"a,ir'"ri""l ""a.bemicsl 
stabilitv a! weu as witlt

fuJ""ir"a prop."ti"" Also, t.bev must be made wilh few
d"f*i;, .; ;d. mechadsm for repair must be found'
iil;il;;;'**." *-e of these problems and to lind
applical ions thal ev€n r€le advani-age ol tb€m' are prog'
[!i""l"ii r* 

"""'etu 
frhs ale beins pol]Derized and
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cross-[nked. Schemes are being develop"d-ro produce
theE with hjgher puitv and. fot pollBeric lilms' wiLb €
narrower molecular weisbr mnse. and n€nce more unr-
formity. Weak interacrions. e.8.. va! der Waab forces'
ac;a-U"ase ,na charge'l "ansfer 

'mteraciions snd certein
ovalent chemicgl bondiog, could be used to modiiv orssnic
ini" fitms more egritv a"d to mske nolecular engineerins
snd desUl chsnges. Thal is. there are manv wa$ to
modifv ;d make-assenbUeB, bul one or lhe kev problemB
is ro make an oreaniz€d slruflue wbose collective prop-
er ies can be opti-nizrd for a desired gosl Todavwebave

".lu ""'r*l"a 
rn" 

""'t*e. 
and. as sl€ted above we need

-oie scimtific undeNt€nding of the relatioGhips not onlv
olitre componeDi molecular species bur also of lhe prop'

"iti* "i "'"r;."t"a 
-a "rratr8ed 

arr"v wilh the desired
marefials cbaract€risr ics. Tbis cannol be eEphasized
enoushl If one w€rc ssked to make a ihin orsanic fil1tl with
a p;icular set ol dedird pb]€ical and chemical propertiF8'
generalv an e.piricat approach would be tnkeD This
orocess must definirely be sborlened aDd pur on 3 more
lisoroua sciendfic basii requiring belt€r underst-andins of
pr'epantion and characterization methods'

Aft€r diAcussing a variety of research topics, we sgreed
that there are some very plomising areas qnd, as a cor_
otlsw. fiere aft 6orDe seas where tbese maL€rials sre likelv
to f;maiD inferior to otberc aDd. as su.h. should nol be
;ursued $iih tbe saEle vigor. The areas conBidffed io b€
Lhe mosl Dromising lor technolosy u." * 1o1o*s: rl)
lhin-film ;prics. oplical Lslers and filbs exlibiring some

"p"aa 
op, i"rr Uha"io. "uch 

as nonlimar opt i"l effects
ii" """ona 

t"r.ooi" e..eration. or sqitahing. amplifica-
iioo, and moduretion ot opricai sigDalsi l2' sP^o's ond
i"amducers. uhin filns foi specific sensors such a! bio-
losical sedsors, as for coupling phlsic€l oi chernic8l mea'
sriement probes to the fitn properties, e g , electrochem-
ical, mass;optical, snd conducdviila r3)?roiP'riu" idv"rs'
ir'i,i -guirurD" i-p"*ious lo delel.rrious species in the

"""i"oi-""t 
so a! t'o prevent some contaminart from

disrupting the operalioo or Funcrion of Lheother lavers:
tit pittei,ntLe nore"iots. photorcsiei and electron beam
resilts to create pattems at hish packins d€nsitv witl1
oeater *solutiot (<<1 pm) thsn herctofore 8e€n; (5) s&F
Toce oreoararion ann modilicotion. sMace $oup to en-
Lsnc'e r,;Uricar;on, adlesioo. welLLng. and biolosical re-
soonse or Lo provide oew paths for chenjcal reaction€ nol
ii*a i" 

"orution 
o, i*u";pic bedia: {6' 

"enl'ollv 
mod'

iiii-it"it,oa"", co"ti"es-on elecbodes to giv€ desired
riroosties ror ne* elecliochemical reactions or analvses:
:'Illi, t'I s biomacronolecul"s. oul undeBtsndins of prot€in
films oeeds to be expalded for roote effeclive utilization'
C* 

"," "*a""" 
o" ii-ic biolosical efiects with srtificiel

films, and how we can we do this?
Besides l,hese rechnologica-l uses lor lhin orsanic films

'nere arc slso a oumber of scientific problems which murt
be addressed:

I. The relalion3hip3 between sttuciule of orieDted and
alimed anavs of moiecules and rheir collecrive properties
*J.ot 

""u 
i*a" t,oa. New cbemical d$igrs and unique

archltecture may be able to c.eat€ svstems capable of ex-
hibiting novel Properties.

2. Molecular fitEs can serve as modeb for the tailoiing
ofintedaces and sufaces. For exsmple, surfsctants and
modified pollmeric surfaces have beeD used for a long
line. but in mderstendins of them thal muld le'd lo new
chemisiry al a surface or to fabricare a new eleclroDic
J""i"" *itt'"rr a"U-i'"Lion at lbe int'erfaces is 6ril in its
infancy. Filns also car: be examples for theoretical Eodels
i"*i'ine several interacdons, e.s., raore than two'bodv
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int€ractio$ and seversl molecule-molecule int€ractions.
as well as molecule- surlace inleractions.

3. TheImodlnamics and kinetics of films involvins
phase trarsitions. visco€ily near a su-rface, elalriciry, dif:
tusioD, and transport of ion5, electrons, and molecular
speci€s acro$ them are a[ importart to thefu properties.
The bansition ftom solid to fluidlike behavior. thmueh
liquid cryslal behavior, is a gradual process md an in-
t€re8ting phenomenon which r€qu es more investigation_

After the panel had identified these key seas of t€ch-
Dology and science, it be€ame clear that plogress, although
good, has been hindered ty a nunber ot pioblems anja
certsin lack of unde$tanding of som€ of the key funda-
mental processee. P.oblems enst which prevent wide
appli@tion of molecular monolayels to science snd tech-
nology. SoDe of these more importsnt obstacles were
identified:

l. Charact€rization met-bods and Fchniques need lo be
developed fud,er, and exisiirlg surface sciance roob need
t be refined and test€d on organic films. Cleartywe car
make ard reproduce fill]ls of a d$ir€d quality only if w€
can snalyze them in d€tail for their salient structural
ch$acte stics. A number of these new and existins
metlods wilJ be discussed. As an erampte. scar ing runi
nelins microscopy (STM) has recentvbeen used io ob-
serve u organic bilayer. This recbnique appeus ro have
the potenl ial lo observe direcdy sufsce lopography ard
Dorpnology. In addlfioD, a number ot spectroscopic
lDer bods. abe6dy applied to tte preliminary analyses of
thin frlms, show considemble pronise as useful tools for
their more detailed charactedzation.

2. Int€g ty and siability of fibas must be inprovea rc
overcome some of the probleDs relat€d to their soft and
almost fluidlike behavior. Filns are desraded by heat,
sunlight, qnd environmental impu.ities. Mecharicai
steneth Deeds to b€ improved, and dimensional stabilitv
is alwals a problem for ary informarion srorage devic;.
Recent relults have been reported on theDnaly srabl€
films with very small in-plane thermal expa$ion coeffi-
cients. Compli&ce, on the otler hand, could be a useful
property. if properly combined wit}l orher inlrinsic prop-

3. Impurities a]ld defects must be idenritied snd the
deleteriouB ones rcmoved. Organic matelials are genemly
harder to purify t}lar other naterials. but new nethods
mu€t be developed and evaluat€d ti} produce improved
materials. Removal of defecis certainly would be ar ad-
wntage, if such a process could be developed.

4. The question ol LlTe and tle deeree of order needed
in a fiIm lor a epecific firflion nusl be addressed. Ther€
is fab knoEledse of ho$ ro make ls)ered sLrucrurcs, bur
rher ee few. if my, kbown waJ,s ro produe md measure
in-plane ordering for sma]l areaE of less than I pm?. This
prouem. in pani.ular. plsgres rbe biophy€icisr rrying !o
urderst€nd .!€.aciive sires oIa lipid biLayer wirb s pre-
oerermrneo ororoclcal mnctron.

A different tJ"; of problem, more of sII organizational
natue, has also hindered the developm€nt of this field of
resesrch, and little prosess will be made ifit is nor ad-
dress€d. Since this is sn interdisciplinary tield iDvolvins
physicisb, chemists, biologists, electrical enginee$, md
materia.ls scientists, efforts need to be made at universitv.
iDduslrial. and sovernmerr laborarories ro crosq depari-
nent snd divisional lines and boundaries in order to €n-
muage cooperatir e progra-rDs. This rnay rcquie modi&iry
the promoiioDal s)sl.em and tle merhods ot tundins from
solernmenr agencies so rbar colaborerioo can 6e en-
couaged. Besearchem should be judged and evatuat€d on

their joint efforts snd not only on their individual accom-
plishments. A]t inrerdkcipLinary sh.ack on ihese problens
oy our Desr people ts requrred,

This report will fir6i describe a number of aDDlication
areas and tle scientific research rhar must b.;ried out
in order uo brins abour sisrilicanr progress. Orher areasq iX be idenriJied which ee not so aitracrive ar ihis lime
either because the mat€rial characteristics of o.sanic filDg
and molecular monolayerc do nor fir lhe reou;remenLs or
because rhere arc much betkr comperins m;tf,riaL. Then
some relat€d topics, probably b€st descdbed as scientific
endeavo.s, but which iD the futurc will tead ro a much
better unde$tanding and consequent utilization of mo-
leculer fitms, will be discussed.

Thin,FilE Optical Marerials
The advent of optical fiber communications, sen€rallyopelating in the 1-3-rtm-ivaveleneth region, ha! generat€d

a srrons beed for compa.r sisnal-processins unirs. This
includes swilches, modulators, and opticalty driven par-
ameiric mplifiers. These devices dipeod on nonhear
oplical etfecls and a vsiarion ofrcfmctive indes produced
by high optical fields or an external electric fietd. As a
r€sult. nonlineal effects. espe.ially sccond-harmonic gen-
eration (SHG) and thid-hamonic senemtion {THc), have
received considerable attention. Four,wave mixine and
biskbility are rwo orher ineresti:g non Linear pbenoirena.
Presenr experimebtal dev;ces, howerer, ar; b*"d on
lithium niobate becaus€ it is the b€st available rlom amons
a ratler usatisfacr.ory qet of iDorsanic malerials. tn lh;
last decade, many organic species have b€en shown topossess much larger ini.praclion closs sections tor nonlinear
etfects.r'gand inr€nsive rcsearch is cmently undeNa] ar
Briiish Telecom, CNET (Frence), severat large Japdiese
films, Du Pont. Kodak. and AT&T.

Nor inear pheDom€na in oryanjc s)€rtrIos d€pend on r he
ulrDsic nonlnear pularizability ot lhe molecules and on
rbe cry8trloglaphic packiig. Ior second-hsJmonic geD-
eration t}Ie site and its sssociat€d poiarizsbility E sor rnuar
not possess a center of slometry. As a consequence, a y
deposition ofan LB filo assembly in whi.h tle molemtcs
hav€ a head-to-head and tail-to-tail configulationr might
lead to a rcductioD in the second-harnonic 1,erm D mepolarizability tensor expansion. pifforts have i€centtv been
directed ar deposirioDs wirh alremating layeB ofanlcdve
dye po$$sins a strons second-hrnonic behavior and an
ine* layer of spacer mol€cules, for example, arachidates
or stearates.'7r r Alternativcly, ine synnerry can be
broken by s head-ro-hil deposilion icaXed 2 depos-jr iont 3r32

rlgtlrlilmr g. J Ary.".chem' raL Ld Eaet. re34,23,6so.
r 
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h addition, there is nuch,to be done concerning the
fabrication of thin-film wave guides with the idcorporation
of molecule! haviDg 1ar8e pola zabilitiea. These are
nolecule€ of moderate size which are cb.aEcterized by boin
stong inhamolecular charye-transfer (CT) electronic
harsitions and a large excited-stat€ dipole nomeDt Wlat
i! needed are metlods to iDcorpont€ oriented arays (not
nec€ssarity nerr6t neighbors) of these types of molectnes
so as to msimize thetu int€raction l€ngt} with the lisht.
Cyadne dy€€, azo compotmdr, and nihoamino conpomds
are ttre moleculsr t}p€6 most commonly being iDvestigated
becawe they should hav€ large nonlirearities, but there
ale many other 6/pes of CT compleies ard relat€d mole-
cule! with high pola zabilitiee thst need to be identified
and evaluated.

Pobnerized a{d cross-linked diacetylene films are op-
ticaly and shuctursly appealirs for thid-harmoDic sen-
eration ard other nonlinear phenomena, R$sarchers at
Be[ Communicstion R€search Center have iecentlv
measured an off-nsonarce r'3' of 0.1 x l0-€, which i;
claimed to be the krgest of any ho*n organic materiaLs
Work on very thin crystal€ has besn reported by re-
searchers at Gensml Telephorc and Electronics Labora-

Arother new ule of SHG is being developed at the
Univenity of Cslifomis at Berkoley for surface analysi€
(see below under ChaEcterizatior for more details).3ru
A gurface by its vely nahre hesls any cent€r of slrtlmetrJ
snd can genemte, albeit weat, second-harnonic sigr:als.
An overcoating car increase or decrease this SHG. It is
clear that not ody the coatins car be detpct€d; properties
of the coating, such as its nonlineadty aid the elements
of the lensor, can be deteroined. This t€chnique msy
prove to be very u!€tul in the analys€s of sudace mol€cules
and thir filDs.

Sensors, Trsnsducers, Dot€ctors, anil Displays
The lapid decline in the cost of electronic information

processiDg has stimulated a need to inteface electronic
E'€tems with the real world. Thus, sensols and output
tansducers should enjoy enolmous sowth in the market
place. It is diff:cult to estimate the share of the market
which thoee devices bas€d on orssnic fflD! could captue.
Photodetectoft snd relat€d devices, such s! optic€l imase
detectors, appesr to be well sewed by inorgadc mat€riels.
High-frequency loudspealers a]ld electronechanical ac-
tuatoE have used oryaiic film€, ar senEors (temperature,
pressure, strain, or chemical species) may wel be arother
attractive application. IBage displa]€ emptoy liquid
dystals, but a full color, high-contmst, high-definition

{31) Iadou, L; vidatovic, P,; Z}s, J,; HaD, R. A.; C.!don, P- F.j
BothreU, B. D; Cupb, S. K.r AI€4 S.; RobE, P,; Cn@iains, E.; Dub.id,
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1443.

(36) Rsiry, Th,; Snen, Y, R.; Ton, H. W I..; Vsrinl P-, Jq B@t, J,
Pb$. Feu. A \9a6, 31 , 537.
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1985. 55. 2903.
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display with a lower power requiremeDt tlan a CRT is
probably some years away. However, there are sislificant
advantages for a display whose conbast rclies oD absory-
tion of smbient light ratlxer than on lumin$cence suEu-
latad internaly; the convenion of electronic watches from
lightemitting diode displalE to liquid cl]Etal displa!€ has
been an obviou! enmpl€.

Piezoelectric pobmers aie beconing in$easingly we[-
hown Bnd utilized as senson and tranlducer!. Much work
has been done to impmve the high-tempenture stabilit
of piezoelectric poll'mers and to msximiz€ the electrical
output for a given input.of pre8sule (acoustic wave) or
thelma] energy. The best known piezoelectric polyaer is
poly(vinylidene nuoiide) (PVTJ. It ha! nany desirabte
p.operties, includiDs iDsensitivity to wat€r, thernal sta-
bility in its piezoelectiic behavior to about r00.C,
toughne$, snd a sood impedsnce nat ht water (naking
it a good acouEtic se.sor in the oceir). However, there are
drawbacks which can be siglilicant, dependins on the
applicatioDenvisioned. P!T, inconvenientlyd!€talliz€s
from the melt in an inactive fom (a or form II). The
active form (B or lorm D is obtaired only by processins,
such a€ with a stlet{h orieDtation, which must be subse"
quently poled under a high electric field to maiimize it€
activity. An advance has been made with copobmers, e.&,
poty(trifluomethyleDe-1,1-difluoroethylene), $hich crys-
taliz€ dnectly in t]rc t form from the melt Altematively,
blends (int€restiDsly, poly(loethyl methacrylat€) (PMMA)
forms a compatible blend) have been found to crystillize
in the active form. An unfortunat€ and frequeDtlv rm-
mentioned ssped of the utilizErion ot PVT_ is the fscl'rhaL
co$idering the sophisticat€d elechonic applications en-
visaged, the commercialy available polymer is ususly
obtained in a highly inpuie form. Fint, as a consequence
of the synthetic method foi pobmerizatioD, P!T, contains
a sisnificsnt ftaction (tlpicslly 670) of chain defects, e.s.,
head-t+head structures. Thus, nany would consider Pw',
to be a random copollmer. SecoDd, with enulsioD po-
lyraerization the po\'ner is contamiDated with ionic im-
pudti€€. Both of these problems swgest that firther work
is needed t optimize P\T, or to find new and bett€r

A new approach to piezo€lectdc mat€dah alons tlis line
is the use of molecular/naoomole€ular blend!. These are
composed of a molecular component that is compatible
with the smorphous phase of a po\r€I and arother
component that is compatible with the polyner crystalline
phase. Their crFtalization in an electic field has 1ed to
materials with much improved piezoelechic properties.
The component iD the amorphous phase acts as a plasti-
cizer to lower the glais transition temperatue, thercby
improvins compliance. For example, a blend of 3070 2"
ethyl-1,3-hexsnediol and ?0% nylon-11 hs itl piezoelectdc
coefficient d3.r, increa€ed by a factor of 4 ,nd its dielectdc
constant incrersed by over a factrr of 3 compar€d to ny-
lon-11 itseu.arp Preliminary resultsas also show that a
P!T, blend may be prepared with a nuch enlanced di
el€chic const€nt, while maintainins an unenbanced (a]b€it
hth) di.1. These sre excitinc iesults end may ofier sreatly
improved capabilities in acoustic s€nsins.

Sensor respo.se with tllin frJms depends on utilizing ary
on€ of a Dumber of effects, such s! s change in electro-
chemical activity, photoconductivity, or ma$. Th€ prob-

(41) Mathu., S, C.; ScLeinbeio, J, L; Nemd, B. A. J.Appi, Pnys.
1944, 56. 24t9.
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lexos are in desiening the fihr for a selecdve response to
a sp€cific Bpecie8 and in coupliry rhe fitr ro an elecuode.
Recently a neutron der€ctor based on polyscerytene wa!
reponed.4' Hefe lhe neutroru increase the etenrical
conductivity of the polyacetlene, (CH),. Biosenrors de-
pend on binding prot€ins with the de€ied characteristics.
Inmobilized ligsnds of aniibodies can be sensitiv€ to
certain antiaens. A molecular filn can al€
baEier to me€nt€d components in a syst€m, slowing only
specific ones to reach the el€ctrode ard be detected. The
tuture look€ bdght for the€€ mat€rialr because a very thin
coatiq car tuln a rather ins€nsitive device into a verv
s€nsitive and specilic oDe. ln addirion. tley car be nad;
inexpensively and exhemely sma]l. More details on many
of the alpects of sensoft are included in the sections on
electrod$ and biological thin films.

Pack;Aing ard Ilsulatidg Lsyers for Intogrsteit
Circuits

ThiD filas find important use6 as insulators in int€-
gtat€d cncuits.l3 For tho€e baied on silicon, th€ insutating
film immediately on top of the single crystal sudace is
nearly alwayB tlernally $owr SiOr. However, omer
Bemiconductor suifaces are very restrict€d elecbica_1b,; for
elanple, only n-cbsmel devices car normallv be mado of
GsA! becsuEe uncompeDsated surface stat€s iend to "pin"
tte Fermi level ourside the bandgap. It nay be posslbte
to u-se thin organic fillns to fi[ tlose stat€s ard so altow
both n-charDel and p-channel devices to b€ built on the
same cryrstal.a Anotfier increasing use of dielectdc {itDs
is for imulatins nultiple le!€b of metsl interconnections.
The ability to foIm multiple levels of submicron inter-
coirectionE is becoBing increasingly needed as t}le degee
of integration iDcreases. At p&sent, two teveh of m;tat
interconnections sre tLe limit of oUI technolosy m man-
ufactudng; in 10 yean, four or five levels will be needed.
EnCin€€rinC such a shuctule may we be facilitatad by t}Ie
abilit to incorpomt€ wel-characterized and oidercd or-
gadc films.

Packaging s seD;conductor chip consists of mounting
it iD a small piece ol plasric about 3 x 15 mm ir size ana
bringing out the elechical cormections to metal Din!.r?
Larse Dumbers of hbrconnectjons in VLSI stru;lures
plac€ increasiDgly stlingent requirements on dielectric
pobmer films used for encspsulation. The package must
aleo provide adequat€ protection, electricaiconn;ctions,
snd a heat sink. A key requireDent for such mat€riab ir
a minimal rbermal co€fficieDl of erpansioo i! rhe ptsne
of the hlln. ln a sy{.em nade ol marry chips, rhere is ofren
a bierarchy of paclasing t€cbnologies. Theprirr€d ciruil
board ;s d€cribed as a secondlevel packase. and the a!-
sembly orcbip and plasr ic (colloqujaily caled a -dip'r is
tle frrst level. Moe complicered chipe. whjch work at high
speeib. tend b dissipate nore beau. have roore off-chip
cormectioru, a|]d demand more exotic packagins. Thus
thin organic films mieht wen be uled for s€atins-th; sudace
of the chiFs for chemical prot€ctioD against, for example,
mobtule ttrat could stimulat€ electroL.tic coro€ion of fine
metal interconnectione or generat€ electmltticalty metal
ions that could degrade the semiconductor. Possibtv
conduning pollrers might be used in rbe fuuure as me-
chanicaly compliani conductors. but at presenr they lack
suffi cient stability and conductivity.

One feature that hs! been clearty identified as affecting
the coefii€ient of expansion is chain oderins. Thui

Kapton as obtaiDed from Du Pont Las a coefficient of
thermal eipansions of 20 x 10{ eo)-l, while csst filEs
of tnis naterial have twice the expaision. Wide-ansle
X-ray scatt€dry has shoM that the difference is due to
substantial in-plane ordering of the rodlike polrrer
mole€ules in rnanufactued films.G There is an oDDortu-
nily for ner nalerials in which orientatjoo etfects are
optimized. For e:aDple. soloe rodrike liquid cr,€ra ine
polymers are knoftrn io display Desative in-plane coefli-
cient! of themal expansion. Polyimides such as KaDton.
bolcever. suffer from rhe faci lhar the chemical rcsirion
fiom pob€mic acid to polyimide i! a coDdeisation leaction
witl s concomitsnl release ofwakr, which can cause siq-
nificsnt processing difticuities such a! corroeion, voids. or
film sh nkage. TLis problem needs to be addressed
though the developDent of potruers which cue via ad-
dition pobmerizatioD routes or perhaps by rhe devetop-
menl ol Lhermoplaslic polyiDid$. New resulta on tle
liquid crystal behavior in thin-cast filrlls ofpolyimides have
recontly emersed showirrs that 6lms can f,e cinstructada
with very low thermal eipansion co€fficients. Under-
sianding gained at the imdamental level will be vita]lv
imporLanr fol many t€cbnologi€€ rhar rely on ht!-srabiliry,
temperaLure-resisl,anr polyrers. T'beir applicarion in
mtcro€lecironics continues ro show cone jderable promise.

Patternability of Thin Filmi: R€sists add
hformetiod Storage

Or$nic lilrlls are aLeady we established as reslst ma-
terials. Ttey arc appUed by spin-coatins and rbcn espo€ed
Mtb the appropriai€ palt€m ofulrraviolet lighr. X.rays.
electuons, or ions. After development, either the exposed
or unexposed areas are dissolved a*ay to revesl the un-
derling circuit mat€da.l, q,hich can theD be etched away
eit-ller by a wet proceae or by a reacrjve ptaema- The mGi
compl€x present-day circui t"s have , I -ltm feal ues and a
chip size of I cm,. Mo&over, therc are b€tween 6 and 12
mask leveis for a complet4 cicuit, so the altrowed erloi rat€.
or dereo density per level. musr be ercruciatirgty tow
Reeolution is erpefl€d to drop to about 0.25 llm ty I99S,
and chip area is elpect€d lo qua&uple. Ar:orher com-
plicalion is rhat rhe requLed line widrh control musr be
between 0.025 and 0.05 ,rm. aDd r"his is approacbins rhe
mol€culs} dimerllions ofsone of the polymem u€ed t day.
Also. to aclLieve fiese barrow linee, filns musr be much
thinner than the prcsent 1 2-&m films! Thur, it wilt be
nece$ary to find nevr mat€rials with oderins or sone
otber characterisric thar alo"€ the formation;t lhinner
fiIms with fewer defect!.

TLe use of thin filns for recodiDs information either
heveHibly (a! iD archival nenory) or reversibty (as on
a masnetjc disk) is a related area. bui error-corredins
code€ csr be used so tbal tle defect problem oay nor ba
too acul,€. Presenrday hrget deDsiries are about l0?
bits/cmz, but thj! wil pmbsbly evolve ro td biB/cDz, bot.h
foj -oplical and masreric recording. Anorher adlanrage
oI rbis applicadoD is rhe wide range ofavaitabte readout
nneclunbms. Toposraphic conbast {aE in a resist, may be
.ead @pacitively, optically, or by usiDg an electron mi-
c.oscope. R€cently, with a fofllsed electron pmbe, a pase
of teit at a densi8 approaching 1011 bits/in, has 6e;
re8d wilh a transmission elecuon bicro€cope (TEMr.a
Bur. Dahrally. becau!€ of the size and expense;fthc 'IEM,
thi! techdque is impractical. A new much more compact
and less e:pensiv€ ;nstrumenl. rhe scanning rumeting

{.14) tdliu, G,, CMe Watern Rde@ Urive.sfty, upublbh€d .€-
(45) Hofer, D- C., Drivate .o@uietiol({6) Horer, D. C. Polyu Mar?f. Sci. E !. r$G. Ss. ss_
a7) Foradesripriob.see N"me.T Eq. s.,. i986. {grJdr, %



nicroscope (STM), has beeq used for examining sudaces
with atomic resolution and has also.been used for writins
parlems.4i' The STM promjses a wide variely of wririDe
and readins nechanisrns, so more subtle chanses in the
film topography may eventually be used for storase. In
principle, i.bere is t}le possibility of improvins by 2 orden
ol magdtude the density of information storage, but mo,
lecular lilns must be developed further in order to meet

Lasei-written metalic patt€rDs on thin orsanometalic
fflms ard photoablative patt€ninge shodd be mentioned
a! two other approsches to the patt€ming of organic films.
Thele ar€ presently being investigated for medical ap-
plications but may be usetul in other techologies as we[,
even thowh they currently are not useful for defming any
sisnificantly sized Brea ilt Foduction.

Electronic Circuit Comporents
Atthough tbe use of molecular monolayers for circuit

elements seems to be too speculative, some thouahts and
ideas regsrding these naterials will be presented. The
r$tutivity of m€tab at room t€mperature is betwe€n l0{
and 10 6 O.cm with temperature coefficients between 10
and 1000 ppm/K. Because of these alrnost optimal
propeities, it is mo6t unlikely tlat metal int€rconnections
will be displaced by orsaric materials! Elect cal con-
duction in organic fitrls iq of int€.est for its sc€ntific value,
but eiisting materials have prope.ties that a.€ alrcady
erhemely good for practical interconnections.

Conducting pobre.s can now be made stable in air,
insensitive to the presence of wat€r, reaEonably stable to
thermal excureions, ard mechanicaly compliant. There
may, therefore, be special applications where enhanced
properties of a conducting oryadc firms could rcnder them
attractive. Examples arc the use ofa conducting pobEler
as an antistatic material, as in a new line of copiers; se]f-
limitins switches, where the conductivity decleases as
temperatur€ incres€es, thereby providing iDtrinsic pro-
t€ctioq conducting fibers such as Kevlar/phthalocyarine5l
for lightweight composites to shield enclosed electronics
fron cerhin dsnaging radiation; and in the packaging of
chips, where r$tutivity is not critical and a compliant
conducting material could allow an increased number of
chip-to-subsbate contach. Numerous int nsically con-
ducting pob'm€m exhibit intercsting properties- For ex-
ample, polr?}'rlole tosylat€s' is easily made by electrcpo-
lymedzation of the monomer in an aqueous electrol'te
under ambient conditions. These black f,ims have stable
conductivity in ai., though they are moderately hysro-
s{opic, and they are also mechanicaly tough and thermsly
stabte iD air to about 100 'C. Poly(3-alkylthiopheniun)
salts ar€ Dew pobmers shich are soluble in polar organic
solvenb and are sood rrlm-formins nat€rblE, Fovided the
alkyl chain is of sufficient length (ca. six carbons).53,&
Polyanilines are an old class of polymers, but Dew studies
are revealing them to be stable and electronically con-
ducting by unusual "doping" methods. One such nethod
is simple acidification, i.e., "protonic doping".6

(.!8) See, for erepre: IBM .r. Res. Deu. 1946, 30.
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Figun 1. Molecil4 attsched io a sufa.e shoM schematicalv.
Trey coBisr of 6 hed srcup ahacn€d to a su b"osr.p, $6e bred;!
group (hGt ofts e slkyl chain) which provides cohe6ive in,
tenctions, dd a rermiDal Julctional g.oup (X) which intencts
with the @bient phase.

Capacitor dielectdcs made of olganic films may be norc
likety candidates; they have insulating properties t}lat in
many cases rival those of inorsanic films. Some ctucuits
rcquire hish values of capacitance per unit area, so a hish
dielectric co.stant, ., i€ desiEblq in ouEr cases. the reverEe
can be true. It codd prove to be very useful for an en-
gineer to have two different lBlues of r in sinilar nat€rials.
At the sme time, however, the process Dust stil be com-
patible with the rest of the circuit processing, which cai
involve t€mperatures exceeding 1000 'C, and, in addition,
the cicuit must operate within specifications over a nin-
imum tempemture rarge of -20 to +85 "C.

Semiconductor diodes have outstandins basic properti€s
of lovJ foNard resistance and hish .everse resistance;
silicon transistors have been described as beins close to
themodlnamicalty peifect. The membe$ of this pmel
have some resenations concemins the applicabiiity of
organic films to high-speed switchins; only with some in-
novative architecture involvins, pe.haps, parallel pro-
cessing could they be nade competitive. Applications for
orgsnics. therelore. muet depend ob ulilizing some unique
or specific property, such as low cost, larse arcas, or
tramparency. Thus, again, any ampiifyiDs or switchins
action of organiG wifl have to be €ombined with some
othe. int nsic properties for m athactive application to
emerye. The possibilities in biomedical inst.umenla or
are discussed in more detail in a iater section.

Functionalization of Sufac€s
Inorg{nic Sufaces. A number ol ueeful properties

of a solid mat€dal depend upon the nature of the mbient
suface layer. These include adhesion, wettins, fiiction,
bioconpatibility, charge €nd mass traiEpon, and chemical
reactivity. Oft€n these properties can be &matically
alt€red by the attachment of one or more layen of organic
imctional groups at the mat€riat surface. The vsriety of
possible structures mnge fmm random anangements of
attached organic fimctional groups to highly organized,
densely packed, ordered molecular a-ssemblies. An e*nple
of tle fomer is organosilsne molecules covalently bonded
to glss su.faces in order to promote adhesion in glass/
polyDer composi l€s. An example of rhe lsrkr is rhe
modification of a semiconductor suface by a physisorbed
Langmui Blodgett film as part of a mebl-insulatoF
semiconductor (MIS) elechonic device. To efficientlv

.,, ) o.',"^,ru' r,"n*.
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preparc complei filE-s for qpecilic applications, one must
8lsemble appmpdate molecular fimctionality on a vadety
ofmebl, iitsulator, and semiconduct r subet at€ mat€dah.

The assenblins and final sbucture of a filn can be
visualized in tenns of thee overlapping regioDs of int€r-
actions as shos.rl ir Figure 1. The molefl{€s in this fiellle
constut of a head goup attached to a substlate, some in-
t€dor moiety (mo6t often an atkyl chain) which efibits
colesive interactions, and a terminal ftlnctioltsl group
which int€racts with the ambient ph€se. Vaiation of t}l;
bteractions in each of thes€ rcgions can dramaticaltv alt€.
filn properties. The attachment of the film to a solid
suhtlate usually is accomplished by one oftlree common
procedurea: spontsneou€ adsorption ofnolecules frotn a
vapor eDvronment, spont€neous adsorption of molecdee
ftom a solution enviornnent, and forced interfaciat tlanlfer
procesees, such s! the LB procedue.

Curent and past emphasis has been on th€ LB t€ch-
nique. While this t€cbnique has produced eome examples
of higbly organized monolayer and nultilayer films, therc
are mejoi disadvant€ses which should pmmpt se ous
effolts to develop alt€Illate t€chdques. These films are
not nec$sarily thermodjrlamica]ly stable. binding to the
sudace usualy does nor octu by srrong.hem;cal bonde,
and only amphiphilic moleflnes which 6rm 

"ssembties at
the aiFwater interface are suitable, the most common or
which are long-chain fatt/ acids and closety related
structues.

The spontan€ous solution-phale process, on the other
hard, ofters the possibilities of formins layen of multi-
functional polar mol€cules from both aqueou€ and noDa-
queow solvents near or at equilibrium coDditions. The
reaction of alLyltrichlorosilanes with SiO" to form robust
films bonded via silicon-oxygen bonds to rhe sub-
straFrlras and rhe solul;on reacrion oforsani. ihiols or
disu]Iides with gold sulfaceslztT ar€ tso examptes that have
been sho\r'n to be effective in bonding nxol-cdes to sur-
fsc$. R€latively litUe work ha! been done in tbis area.
and oew rlTes of altachmenr chemisLlv need ro be de-
veloped, particularlyfor technolosically important sub-
strate8 such as semiconductors and cemmics.

The vapor-phale process offerc possibilities such as the
dep{xition of compl€x orsanic assemblies onto ultraclean,
siDgle-crystal subst at€s Under ultrahiCh vacuum condi-
tio$. The pGsibilib' of orgadc "holecular beam epit€xy"
0{BE) of crystallire layer gro*xh is Lhoughr p.ovoking.
l'rocess€€ lbr the depo€ition of coDfornal thin orq8nic frlrru
from rhe 8as phase. such as rhe fo.marion of polyUr.xy-
Iylene), have been available for some time. Tllis area offel!
a chrlense to ehemiEts snd mat€dal scientists. The rccent
widely publiciz€d plasns-aided depo€ir ion of rhin dianond
frrnss,s being done in Japsn dd Lhe USSR poinrs royei
anolher ieportant area in whicb the U.S. is behind.

The s€ometrical srransement and stuuctur€ of the
nol€cule8 tu the surface-boud film depend upon the se-ometry ofrhe Bubslratp bindiDg sites. rbe suenglh ofrhe
substrata head sroup bonds, the relative sizes oi the head
grouF compared to the remainder of the molecule, and
the int€rnolecular forces. In principl€ one car desigD a
specific fiLn archit€ctue for a siven substrate if €ach of
th€,s€ factoE is hoq,r sufficiently we[. However, ihe t€sk
pmves to be very difficult or impossible for atl but the
wet-studied system of long-chain alq'l molecules for which
a good hrowledge of chain-chsin int€Ections elists from

(56) N.ps. L.: ]lovio. R.: Sagiv, J llin Solid A/ru t932,99,2t6,rh?r NlJm. F. C,: Allud. D. L. J An.Ciph. Sh 1983,106, u't.r58) S*. ror erdpls Tna N?tu VD* Tina: t%4. Sepr r,l, p L(ss) JadutnotChehtul Neer 1936, 7,(?), L

studies ofalkane cryslals and lipid bilayer systems. Even
here. tl)o iitLle is knom, panicularlv ir] the area of sub-
shat€-induced head group arangements, t alow sny but
the simplest of suesses ss to tne generrl trpeB of shuctues
po€sible. tuoDatic ring compoud! ale hown t assemble
spontaneoudy inlo ordeled r'lms on plstinulo sufaces.me
However. in general, a grear dealofwork nee& to be done
on the effect of molecular stluctue on film architecture.
This tusue becomes cdticaly importsnt when ftmctional
sroups are Deeded in the film int€rior for sctive furctions,
such as cross-linking and photo- or electuoresponse. A
body of klowledse is needed about combinations of sub-
etrates. bead groups, and frlm inkrior $oups t}lar tead ro
layers with specificallv tajlored archiGcture

Becaose of the variety of applications for ftmctionalized
suface8, it is desirable to develop shuctures which car
h€ve a wide vadety of exposed organic functional sroups(X in Fisure 1). These car ranse from passi"e low-;ne"sy
groups, such as CH3 snd CFs, to hishly reactive groups
such as N-C:O or biolosically important groups suih
m plospbatidylcholine. Monolayers sponlaneously as-
sembled lrom d-vinyl-itrnoinaFd alkyl€ilan€€ can tltrdergo
srooot-h. specific deavage reaaions of the olefrn group. The
resulbnt functionsl groups can fu.ther react wirli atkyt-
silaneslo foE a multilayer structue.B,!,s AdsorptioD
of a wide variety of organodisuffides oceuls on goldlrt to
ibrm monolayeE wittr vastly different wettins prcperties
l hat depend upon rhe rerEi.nal inFrface sroup; tlese coutd
be NO?. CFd. CHJ. COrH. OH, or a b;otogical firnd ionatity.
such as t}le phospbatidylcbolbe group. Tbe classic case
otadhesion promolels such ss r.aminoatkvtsilanes is an-
oLher erample. Ar presenr. tlc major probtem in.re6ri[g
su(h siruclur$ is lhar the desired r.erminal sroup nust
exhbit hish specificity in t,tte adsorption or chimisorption
proc€€s and not end up attached to the sub€trate or buded
in the filmt interio.. As nentioned above, silanes on SiO,
and orsarc€ulfur compourds on sotd are two examptes of
favorable attachments. However, extensive work is needed
in examiniDs relative surface versus ambient int€rface
mteractions for other functional groups and substlates in
order to find other cases of sood fih$ fornation. It is
por€ible thrr the equivsienl of a mulr ilayer structue could
bc achieved by Lhe formsrion of srsned pot\,.mcr chains
extendins outward ftom a monolayer fimctionalized sub-
strate. Asain, much work is needed iD develoDinp filas
with rerninal groups on r.be srlrtace rhrousb atpr;priate
couprmg reasnons.

Polymer Surfaces. Pobraer surfaces exhibit unique
ploperties and behavioN difierent ftorn tho6e of other sotd
€u ace8 in that the chains at and near ihe surface de
mobile and can almost be viewed ss a viscous liouid. The
magnirude ofrhis bobit i iy depends oo lhe tempereture
relative to Lhe slass rr$sjtion t€npcrature. 7. whiih sparE
a ranse of a-3 much a! 400 .C for wrious con;on DotlmeE.
Therelore. ar s siven iemperatule I be surface ootrititv
valics ereatly from polymer to pot],.mer. Wlether or roj
the outermGt pol)'rner chairs exlibit a definite slass
transir ion Lemperarue and whettrer this is the sme a; the
bulk ar€Jwo seps$t€ and imporranr issues. Even poly-
mers evirh a singlc buft composirion can d isplay different
Buritce compo8itions. dd block copollmers cu rcn.cn-
trate oDe component at the sudace so that some de$ee
of pbsse sepalsrion takes place.6,-n The sLructure,

lel $.pse, l,L P.|Hubbsd, A.'r. J. am. chzh. sac. lDa2, 1M,lsii.
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propdties, and reactivities oftbe pol''rler sudace are very
dep€ndent oD the envionment and its surroundin$, q,hich
could be another condenEed phase oiquid, met€1, ceramic,
or anotlFr pobmer). The dt€nt to which int€rpenetation
occur€ iE slso import€nt. Olganic pob,xlel!, genelallx have
low suface energi€s and arc lnore stable in air than other
soud sulface8 of Eet€ls, net€.l olides, and inorsadc hy-
dmt€s. This pemit€ rclatively easy laboratory manipu-
lation but give6 dse to adhesion problens; adhesir€s oft€n
do not function we[ as bindeE between two pol]'raer

Orsanic pobuer suIhces display a rarge of fimctioD8lity
a::d, civen the higl y developed freld of organic chemistry,
offer a chemical vetsatility far surpasebg ary other class
of solid surfaces. To tsle adwnt€ge of this ard to control
surface structure require a well-characte zed poll,mer
sudace containing filnctiorl8l groups. Theso car: then be
manipulat€d to a variety of stluctllles, wluch c€n be com-
pared to the initial surface. Sevelal key issu$ must be
addregsed: Wlat e th€ three-dinensional locations of
tlle ffmctional eroup€? Wlat are theL nobilities, and what
conditions cortrol Eieratio!? How does locatior affect
accessibility to r€agents id Bolutior? What interactions
(reageDt-polluer, re6gent-*olvent, solvent-polrmer) and
what suface and intedace €ffects, such as geometry or
sudace enere"y, af€ct reactivity? Can well-urdeEtood
oryanic chemi€try in Bolution be extrapolatd to interface

The vslt literatue on polymer surface modification",s
includ€s plssna, comns, flame, cbemical, pobmer srafting,
adsorption, additive, ard entrapment beatments. The
elt€nt to which thes€ Buifaces have been ch$sct€rized
{'ith the clit€lia Eentioned above snd undeEtood ie,
however, meager. Some receni works that hav€ been di-
rect€d toward the goal of wel-chaEct€dzed surface-mod-
i{ied polymers include chlomic acid oxidation of poly-
ethylene,?4 €ntmpment of functionalized oligomers into
polyethylene,?6 aDd sudace-selective modification of
fluo nated polrmers.to

SiDce ttre sudace of a polymer is comple!, a number of
questions arise regardbg tbe ;denliry of surface species.
It i! nec€ssary to kDow both the concentmtion of ch€mical
groups at a surface and how that concentration changes
as one proceeils into the bulk. This primary stiuctue of
the sudace will undoubtedly play a major role in deteF
mining its secondary or conformational sbucture. The
question of polymer sudace structule has not been ad-
dressed in both semicrttstalline and amoiphous po\'mers.
The presence of crystalline material in the vicinity of a
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surface may have ilramatic effects on both the conforma-
tion and oientation of polymer molecules at the surface.
In the latter case, the functional properties of a suface
lnay be modified considorably dependins on bond oden-
tation at the flurfac€, a fact which wil also influence its
chemical reactivity.

Perbaps the baet approach to th€se qu$tions is thoush
the us€ of model systems. With recent successes ir the
fornation and sub€€quent transfer of a pobmer monolayer
fiom a LarsmuiFBlodgett trough,?x?3 there are grounds
for optimism that some of the previou-s questions will b€
addressed- However, subetential pogress in understandi.g
stluctule and odentation in poljrmer surfaces will come
about only with the continued evolution of hthly sensitive
surface-selective techniques.

TLin Orgadc Coatinss for Electrodes
Chenicaly nodfied electrode8 are made by attachins

or coatiDs chemicals onto conducting or semiconducting
electrodes to give tle electrode surfaces some deshed
propety.TH'z This is importsnt in a number of electlo-
chemic€fy relat€d devic$ becawe it is possible to conl€It,
modify, or inprove an existing electrode. Ionicsly con-
ductive coatinss are usu"Iy pobmeric multilayers in the
thickn$s rarge from monoDolecutar to -5 !m. Some
exsmples of theh use rre luel ce 3, chemical sensom, and
electrosyntiesb. An eleclrode that reduces dioxygen ex-
clusively and is stable io wat€i at near themodynamic
poteDthl wodd have a high t€chnologicsl value foi enersy
conveEion in a fuel cel, if it has a reasonable lifetime. This
has b€en done for dioxyseD with chemtuorbed moDolayen
of cofacial porphlrim, a cat€.lyst designed to accomplish
the desired chenisty at aa electrode surface.sg

The use of molecular filds to desisn chemical seDsors
is sn energins area of high pot€ntial (see alEo the sectioD
on sensols). There arc inportant needs for new anal]'tical
sensors in the pharmaceutica.l, environmental, process
control, bionedical, and p€Isonal diasno€tic ans.lysis fietds.
The sensor response carr be bas€d on the cur.eDt needed
to electrobze a sample via a selective cata\'tic filn or on
the detectiod of a charye iD mass, work iDction, or con-
ductivity upon selective adsorption from a liquid or a gs!.
The me8lurement of luminescence excited by a chemicrl
reaction between a sample and an electrochemically
charsed molecular lilm is anothei possibitity. All tlese
response properties have geat sensitivity; in particutar,
sma.ll curent, maEs, or work functioD charges in f ms aB
thin s,s a few Dononotecular layers can reaalily be sensed.
The challenges in chenical senso.s witl molecular filme
are iD desisniDs the film fo. selectivity of response to a
pdticuld species and in coupling the fiim with a sensing
electrode or pattern of elect.od€s. Most of these featues
ar€ based on particukr chemical attributes of the molec-
ular frlm achieved by the incorpomtioD of either sp€cifi-
cally desisrled or biological cata\tic reagents, such a! en-
z1ne.s or antibodies. The recently developed capabiliti€€

(77) Mmby, S, J.; Rabolt, J. F,; Swal@, J. D. /o.tuturzdurzs 1985,

(73) Meby, S. J.; Raboli, J. F.; Smlm, J, D. ftin So,td F,lru 1985,
733,161_

(79) Muay, R, W. ri"ctDaMlltiul Chemie r. fiiB{d,4., J,,Ed.t
Mu@l Det*er: New Yo!t, 1984.

(80) Muray, R. W -4nna. Eeu. Mdter. Sci. rs34, 14, L15.
(81) Chidsey, C. E, D-l Muray, P". W, Science lwashingtan, D.C.)

1936,231,25 ,
(82) Wrisht !, M. S. Scieac€ (W6hiaqton, D.C.) 1986, 231, 32.
(83) Colrd@, J. P.; r{son, l. C-; Bdnee, C. E.; Bd@ne, C. S.;

Ceig.r, T.r Eviil E. E.r (r.L, R. P.; M6is., K.; Pottns, R- B. t ,4D.
Cren. So.. 1933,705, 2694.
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for directly int€racting witb the electrcn'tmnsfer goups
of €nzyre oxidases and reductrles snd of ra;sing mono-
clon8l sntibodiea toward a va ety of antisen€ have enor-
mously broadened the possibilities of new sensols. The
use of natual maierials in molecubl rrhs is a very
plomising subject; hovever, it is suitable only for situations
compatible with en4rae or antibody stability (see the next
eection on biological thin filns for more dilcussioD).

Another emerying subject b the id€a of designing a
multiplicity of tunctions into molecular filns for sensors.
For eiample, one compon€nt of the IiLa may se e aE a
membrane hrrier to erclude urrented sample constitu-
ents, aDother msy serve to selectively bind or complex a
desired sample in order to concentrate it prior to mea-
suremeDt, and yet arother may serve to aid in its elec-
trocatabtic coDsumption dudng meallllement. The
physical coupling of nolecular films with miniaturized
sensor electrodes, piezo€lectdc fiLns, transistor gat€s,
photodiodes, or patt€ms i! another recognized fmntier iD
which lithog"aphic t€chniques wi play a najor mle. Such
s€nso.s can be made very small so a! to frt into tight places
(biolosical cel€), they car be made very close together so
as to utilize r€latively poorly conducting films, and they
can b€ r€plicat€d on a single d€vice to provide multipl€x€d
eensi.g. Multiplexed sensing is a potentisly important
strategy for aleviating problems of response selectivityl
an alray of sen8ols with difieriDg fflns which respoDd to
a sample component in a set of differeDt ways yields a
r$ponse pattem whieh car be deconvolut€d from that of
other sample component€. Also, sensorc based on a com-
bination of molecular lihls snd lithographically defined
electrodes have the potentiality of being nass produc€d
at low co8t, making disposable sensors an import€nt pos-
sibility.

The nee& in €lecaocatabiis research divide into two
arear: imBobilization schemes and cata\d design.
Amons immobilizatioD schemes, the use of chemisorbed
monolayels ard polymeric films are the most promisins
approsch$. The principal chalenge today in electroca-
tabEis js the dBign of luitable catab€ts that ar€ st€ble snd
eelective. This includ€d impoved tactics for fast clErsing
of pobreric catalyst films by electrodes and for fast
pemeation ofthe substrate into the pobaner film. Elec-
trcn-transfer mediation forms the usual basis for electro-
catalFtu, and catalyst design then involves selecting
reagents that rapidly shuttle electroDs (or protons, etc.)
between electode and reaction substlst€, often with in-
t€rmediate formation of an adduct for selectiviw reasons.

The seneral patt€m of research for modified elecbodes
involve8 chemical s]'nthesis, the preparation of monomo-
lecula| laye. filas, t}le incoryoration of reagents into the
filB, and the chemiltry for maLing ultrathin pobraer fiLDs,
dowr to a thickness of severa] monomen, by using elec-
hochemical deposition or pobrae zation techniques.
Other important factors include details of the Btructulal
orsardzation within frlns, i.€., anab.tical chsract€ zation
of the film, and the theory to understand chemical and
transport kinetics. The desiga of fiJns is also important
especially in terms of electrons and ion mobilities. The
relatioD of mol€cular structure to electron mobilitv in the
fiLo is a Lopic offundamenral and practical iDpu.lance,
Some electroactive films contain the nobile elechons in
localiz€d states (redox sit€s), and the nobility is conn€.ted
to electroD-hoppins events. Other films exnibit elecuonic
bard structures that are spatially delocalized: th€ timit
of this behavior is an "orya c metal", as discussed in the
section on electonic circuit components. Therc has been
a sreat deal of expedmental and theoretical worL on

transport mechrnisrle in conducting pobmels, but t}Ijs has
b€en confined to a rather small group of mate als.&
Pro$ess is being nade in tailoring monooers in a sys-
t€natic wayt give conductiDs polymss usetul p.operties.
Solubility (for plocessing purposes) is one such usetul
propety. Ako, the moleclier crit€da that det€Imine when
a mat€dal with localized states can be tansformed iDto
ore with delodlized stat€s are relatively ur:erplored but
could facilitat€ a b€tt€r DdeEt€nding ofmolecular factnrs
necessary for bard fomation.

Ionic conduction is crucist in tLe chang€ of o'idation
state in aD electroactive molecular film, for reasons of
electoneuEality. Thus. in rhe charsing ofa conducting
polymer frhr in an erergy storage applicalion, mDduclion
of electons throuahout the fila is rccessary for its com-
plete charying, but so also is the conduction (diffusion) of
the nec€ssary ions. If the ioDic mobility ie less thar tbat
of the elechons (the usual css€), then t}le rate of battery
charse/discharye, for elanple, may be Limir€d by thjs iotrii
diffuBion and not the elechonic conductivity of the poly-
mer. Much less attention has been given in the study of
conducting pobmels to ior nobility thsn to electlon
mobilit$ in few cas€€ is th€ vsriation in ionic mobility with
pol,.mer oxidation state knoq,n. In fact, one crn esonaie
that elecbonic conductivities in ercess of 0.01 (O.cm) I
contribut€ Uttle ftmher to cbsrsing rat€s if t-be upp$ limit
of ion diffusion coefficients is about 10 6 cmrls. Studies
of ionic mobilily and cbemical desisn or poiymers rhal
enlaDce ioDic mobility d€serve morc emphasis than ir hss
tlu€ far received.

In a number of experiments molecular fitns have been
deposit€d on electrodes in patt€med ways. These stiuc-
tures in som€ respects emulate eolid-state €lecrronic
ftmctioDs, such as molecular diodes and ha$istors, and
sat€8 for ioD8. The res€€rch cbalenges include (1) devisinC
and impmving fabiication techniques for stabte etecl
tuoactive polymers ard electrodes in spatially contrcled
wa,€ and in v€ry smaf dimensions; (2) enhancing the time
or frequeDcy response of electrochemic€ly active poly-
meFelechod€ struciures; (3) patternins elechoactive
nolecular films; and (a) naking cormections to larse,
closely spaced arrays of microst ctures. Electrodes ar
devic€€ c€n have exh€mely small elechode dimensions and
can have contacts on each side or surface of a nolecular
film. They can have nonlinear current volraee snd ion
flux-voltage characlerisrics leadins l,o recrifying fitm
junction3. In addition, transport rat€s of io.s ard electrois
can be related to the oiidation state of the film. There
arc, however, some limitations that arise from the rclativelv
slow switchiry speeds alsociated wilh ioD dinlsion duin;
chang€g in oxidalion state snd f.om tJle chemical reactivirv
I inslabiliry) typical of mar€rials wilt very hisb or tow redoi
pot€ntials. For example, research i! Deeded to undent€nd
molecutar geomehy changes in film swit hing ard to make

Micmstructured electrodes are important in funda-
mental studies of electroactive molecular filns. esDecialtv
*eir lransport properties, as a funcr.ion offilm o&idario;
stat€. One bonu6 emeiging ftom work on electrodes coutd
be new ways to form patterned pollner films; that is, to
what extent can a pol'mer film be deposited on or nexr
to an electode and not on adjacent areas of the subshate.
In coDiemporary electrochemistry, it is possible for elec-
hodes to have diameters < l0 pm, and electrodes with
dimensions 10 100 nm appear possible. These vrould nor
or y yield inport€nt field elTects but could also o,ren new

134) SlorneiD. T. A HdadbaaR ol 1 andL.ting Porln"aj Mscel
DeLLar: New York, 1936t Vol.I, lI



pGsibilities for anays that cpntain a high den-sity of
electrodes. The required advances involve elechodepo-
sition or other t€chniques for mskiDs ultlasmall el€chode€
and for depositing molecular film! discietely upon them.

Batte.y elecbochemistry has hiltofcally been concemed
\pith ebcAochemic€l ce s that contain Uquids. Frlimination
of tle containment requiement and the abilit to desisn
the physical shape of th€ electrochemical cell are over-
whelmingly importani reasons to avoid liquids in new
battedes. Therc are numerous additioDat reasons m con-
duct electrochemical reactions in tlrc absence of liouids.
These include solid-slate elect.on-transfer chemlslrv.
elecEoanalldcal sensors, eleci rorhromic€. UHV spei-
trGcopy of functioning elechochemical cel!, prepdation
of novel ion8 for nass sp€chonetry, and use of low or hish
tempemtures. Experinents in all of these applications
iDvolve use of ultrathin polrmer Iilms. The feasibili8 of
each of the€e solid-stat€ elechochemistri€s hs! been dem-
onstmted, but only v€ry recently in every case.

R.esearch needs irclude (1) the availability of ionically
coDductive polyners Gee the section on sensols for more
on corducting pollmels) that car be c6!t as ultrathin
nolecular films and which are chemicsly snd etecbo-
chemically inert and highly conductive in dry, warmed, or
plasticized state6; (2) elecbochemicsl cels that giv€ acces€
t the powefrl r€pefory of electlochemical voltametri€s
us€fin for investisating and cturacteiizins el€€tmchemical
leactions; (3) new concepts in electroneutraliw ard dou-
ble-layer chargiDg requirement€ und€r coDditions of low
ioric mobility; (4) a range of chemical sensor concepts; (5.)
an urderstanding of the couplins of ion and electon
motion *hen mobilities ale comparable; and (6) an ur-
derstanding of the kinetics of mass hansport of solutes and
ions in polrmer frlms, of transport of electlon! there, and
of het€mgeneous electron trarufers at electrode/pob,rner
int€rfac$. Ionicaly conductive Eat€ ahffi include the
sodium-dop€d B-aluminas ard their ino4anic relativ€€ and
n€wer organic pob'mers such a! poly(ethylene oxide)
(PEO) with diesolved alkali m€bl sslts. Oryanic mat€dals
arc app€aling beaause t]rcy can be prccessed il}to veiy thin
films and for their chemical !€rsatility. Ionic conductivitier
tend to be modest but are amel1able to use in thin-frlm
form where the path lensth is sholt. The.ee mat€ria]s arc
needed to separat€ the cathode and anode of elecbo-
chemic€l cel! (battedes or electiochromic ce !) and s]so
as thin-fiIm, physicaly sem igid 'solvents" that can selve
as hosts for elecboactiv€ solutes and as ionic elechohtes
betweeD eleclrcdes bearing eleclroactive molecuiar fiim-e.
So little b klown about even the morc studied ol the
oryanic pobmeE (such as PEO) however, that electro-
chemical potential limits ar€ undefired, aad even the
Eeasurements of ionic conductivitv are trouble€ome. New
foms of solid-state eloctrochemistiy will depeDd mainlv
on these mateials, and continued research into their
pmperti€s is e$ential.

Biological Thin tr'ilms of Proteins
Mo€t pmtziru adlorb rerdily at solid-aqueou! interface€

to forE reasonably compact end seneraly monomolecular
fil]as.H Although no rigorous or quartitative theodes

(85) S@e@, P. R,; raob6€D, \ AoUn Stub Ionics $A3,9llo,r]!?.(8) F6t Ion fturepot in Solt&; VsLi.hk, P., M@d, J. N, Sh€-
noy, G, K,, Eds.; Nev Yor!. 1979.

(8?) Aru8d, M, B. A.,r:d Srate lonig t983.9.145,
(8a) Pdp&e, B, L,; RatD€r, lvt A Sbrirer, D, n J. Slect.ocrer So..

lt*z. 129. t691.
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of protein adsorptioD are available, theie is a qeneml
qualit€rive understsnd;Ds of tbe proccss. A nu;be. ol
r$earch groups now working witi model proteins, who6e
structues are well-known, are att€mpting to develop
methods for simulaling snd predicting rhe sdsorprion
process for simple s)3r.em!.re' T'he Langnuir monotayer
trolrsh has been widely used for studies of pmteins at
air-water intelfaces,Dss ard indeed many "rules of
fiumb'on prokin adsorptjon have been derived ftom such
studies.fl The transter of film-s 10 soLid suDDons has been
accomptish€d, though the process is difficirlt and sone,
iimes utrpredict€ble. Recently,s speciiic lgG has been
bound Io a lransfened hapLen phosphotipid layer. and it
was shown that the close-packed IgG layer assumes a
helasonal sbucture. This technique may be usefin s! a
meam to produce ordered two-dimensio.al immuno-
slobuliD films.

Adsorbed p.ot€in films ar€ used iD diasnogric illmu-
noaseay with Feadsorbed specfic immunogtobulinq pro-
t€in layeE or filns are uled for s€paration ard puification
(particularly iD the ch$mato$sphy field), and piead-
sorbed human plasma albumin is used to improve the
blood compauibilir.y ol cardiovascular devices. Tbe un-
deretsndiDs of pror€in adsorption with Bp€c1 to the blood
and biocompatibilitfr of medicsl devices ie ot consideEble
iDterest, including the development of FoteiD-resistant
surfaces Fbich activel) repel proteins Io minimize pro-
tei+*ulface interactions. Such sufaces would have wide
application in chomatography, nembrane sepa$tion
processes, and medical devices, includins contact lenses.

Specific ploteins sle routinely bound to chomato"
graphic suppons and sufaces by direct couplingsjm or
affinity methods. ff a proteiD has a specific interaction
witll a particuld lisand, psssase of a pmteiD mixtue over
th€imobilized ligand column resdts in specific binding
of the pmtein of interest to this suface. This is the bs€is
of a popular and commeicialy important plocess knowl
as affinity chonatography for s€pamtio& purificatio& ard
characterizsr,ion.er Ofren s speci{ic antibody is immo-
bilized to which the prot€in antisen is readily bolmd. The
complex can then be disrupt€d by an eluting eolution of
appmp ate pH, ionic stleDgth, etc. Suitable Ugands in-
clude antibodi$ (for artisens), eugdE (for certain lecti.s),
hepadn (for lipopmt€ins, fibonectin, etc.), collasen (for
fibronectin), etc. Certain prot€ins nay atso self-assregate
and even se]f-ass€mble int complex shucture$l@ tubulin
seu-associatee to folm microtubdes; fibdnogen,l03 aft€f
apFopriat€ activation, polymerizes to fib n.

(K) SLtt'o.. ani Intetocial Atpeck of Bionedicdl polyrcr$ An-
drail€, J, D, Fd.; Plen@: Nes York, 1945; vol. 2 Pmt ir Ads4, ioa/91) Aidrsd€, J. D: ltrsdy. V. ,4d,. Polyn. Sci. t936, ?9, l(92r Ludsircb. 1: lvgruon, B.: JoMsd. L.i Ewinz, H. Poltn.,
Su4or4 and t^te{oceqFei, W. J., Mwo. H. S.. Ed!: w&y.'chj-
deste!, Susr Enslalil. 193?.
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Bio€€Dsors are a new 6rea with coisiderable iDt€r$t and
activitylrlG (see the sections on.sensols and electuodes
for related diecussions). Most biosensoB depedd on tLe
specific bindinglm characteristics of proteins or other bi-
ologicsl nolecd€€ for the specificity and sensitivity of the
sensor. For example, recepto$ embedded in lipid or
pol]rner lilms are needed for sensing and gating applica-
tions.lm Related is the inmobilization of altibodies in
order to bind the antigen. Inmuroslobulins are of par-
ticuler int€rest as they c€n be used to detect their Epecific
antisen with $eat selectivi8 and s€nsitivity. Irrmobilized
enzlmes are $idely used in certain biochemical and bio-
techaological process€€.$ A vafiet of very complex fflmr,
such a-s real cell membranes, are known to include em-
bedded transmembrare proteins and prot€in complexes,
coDtaining ion chrnnels, receptorc, eta. Several groups are
a[FmpLiDg lo recocljlute pufied rec.ptors in organic
tiiD films, mostly lipid bilayers. For exampl€, the ace-
tylcholine r€ceptor (AChR) is being iDcorpoBted into
bilayers on apFopriate micoelectronic devicee to produce
a sp€cific biosensor for neNe agenta.

The.e is some thought that prctein lilms car be used
for energy (eolar) col€ction and fansfer, such as via
chlorophyll-containing and electron ta$fer/redor en-
zlme/prct€in syst€bs. Lisht detection snd traiEduction
is of interest, at lea6t as a model syst€m, such as in iho-
dopsin. Lisht emission (bioluminescence) via the lucif-
elase luciferin or aequorin systems is of great intercst,
$peciatly for immunoassay applications.rc

The propeties of protein monolayels other than thei.
chemical intzractionr are not wel-hown. Certainly, fi]mg
of pmteins containing chomopho.es such s€ hemoglobin
(Fe'+/heme) have the expected opticgl absorytion and
resonance Ramar poperties. The refractive indic€s of
pmt€in morolaye|s ar€ kmwn by elip€onetry, a t€cbnique
widely used to study protein adsorption. Crude packing
cbrractedstics and sulface viscosity dets at the aiFwat€r
interface arc ava abb from Lansmuir tiough studies. As
yet, there is very little experience or data on confomation
in pmtein monolayeB or on mechsl1ic8l, optical, or elec-
tonic properties. Only in the last few yeal€ have r$earch
groups begun to apply modern surface analytical tech-
niques to the chsract€rization of protein monolaye$.

In oder to undentard, design, and use proteiD films,
we mult undeFtand the forces and interactioru r€ponsible
for prot€in structue ard fimction snd for their int€Iactions
amons thenselves, with other prot€ins, and with solid
supports. Although the elechostatic, hydrophobic, and
hydrogen-bonding interactions are qualitatively undeF
stood, better potentisl ftDctions are ne€ded to effectively
model ard predict prot€in folding, denaturation, snd ad-
sorption. Direct measurements of such forcee and int€r-
actions at the protein fitm-aqueous solution int€face are

Other methods to charact€rize and evaluste the prop-
erties of protein thin films should be developed, induding
those to meaaur€ electronic, masnetic, optical, and me-
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denic NewYo.k,1985,

Figure 2. Vdious t p$ of filns on solid su.faces Bhom Bche-

chmicsl Foperties. In Frticulsr, met}lods to chdact€rize
Fot€in filns in situ, i.e., in water, are needed. Although
piosress has been made in applying ieflection fluorecence
md infiaed methods,ll'z more definitive methods sre re-
quired to probe and characterize packing, o entation, ard
strucr,ule ofproteii tilms. Perhaps the mosl promising
approach is direct imasing of LB bilayers1l3 od bacter-
iophase d291ra with scanniDs tumeling nicro€copy (STM)
and even under wat€r.rr6 X-my scatt€ring ard d haction
and other mearu of imaging and characte zing prot€in
filrls should be encourased. Fourier tral}sforn Raman
spechoscopy in the near IR has sreat potential for char-
act€rizing the conformation and orientation ol protein thin
filns {see th€ section on chs.ract€rization).

The simulation and nodeling of pmt€ins via comput€r
mol€cular $aphics and intermolecular interaction pot€n-
tials is in its infancy.1l6 With better potential functions
and with information oD the stiuctule ol protein films,
attempts will undoubtedly be made to model protein in-
teraction and the fflm-forming process. Usefin models l'il
peimit the desigr of structues and ihe means for self-
asseEbly offilns with desisned propenies. The nodelils
and sinulation of filln formation and fiin Foperties
should include tle etrects of applied frelds.

Prcteine sre pobmerE s/ith mique snd varied etructured
and properti$. They are beautiful examples of maclo-
moteculsr engineering for specific purpo€e8. The modeting,
preparation, chamcterization, and applicatioD of proteir
films wiII lead to a va ety of applications. The optimi-
zation of eMyme propeties is needed for rcactioN ir
adverse environments, and modified or synthetic eDzj'mes
are needed in other cases. PerhaF most impofi€ntly, tlle
study of pmt€ins could aid and simulate matefiab science
to bettff ensineer new macrcmolecules for applications.
Therc should be attempts to apply the unique propelties
of certain proteins into mircd fibos, i.e., tosefter with
synthetic polymer films ard ircryalic f Ds as devices-

(112) Chittu, K N.: FinI, D, ,,; Leininger, R,I.; Hutsn, T, B. J.
Calloi.l lft.nace Sci. 1986. 111,119.

(113) Snit\ D P. F! Bryel A.r Qute, C. F.; R!b€, J- P.r Cdba, CLI
SMlen, J- D. Aoc. Nctl,,Aod, Sct. U-S'4. 1987,84, 969,

(u4) Baro, A. M.j Miroila, Rj Csrscos, J, L. /A-'I J. n.!- reu.
1986. '0, 380.

(115) S@n@Ieid, R; Han@a P l<. ScieEe (W6hnaroh, D.C.) ]!,a6,

(116) VenKatmghee, B.; F€ldmmn, R, J, (Eds.) Anr, N. r dcad,
Sct. 1985, 439.
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Figur6 4. Effecft of aging o. thin r ms of sufactants ed
lolrrerg shoE scheEaticsllv.

Intermol€cular Forc€s
Intemolecular forces in thin sulface fiLns determine

many oftheir soperties, e.g., shucture, stability, etc. In
Figue 2 the valiou3 tlp€s of frbrs, maiDly very thin films
(<100 nn thick) on eolid surfaces, are scheDatically il-
Iu6trated. It is impofant to diltinsuish ttrc€e ffIms udei
vacuum from those exposed to atmospheric air or to hrlk
liquid. Even in a very rarefied vapor of wate., COr, Or,
or N, a thin surface film nsy udergo structural, adhesive,
ard compositionsl charses, including changes in its dy-
namic8 (e.g., Iat€ral diffusion of molecules in the film).
Imhersion of a surface-supported film in a butk liquid
(solverlt) medium will usualy tu.ther alter a film. The
differenc$ of vacuum, vapor, snd liquid environments for
three twes of Eudace films are iilustrated in Figure 3.
Most surface layen or filhs wil chanse Blowly with time
after they are prepared or after hansfer to a different
envimrEent (e.g., a different atmo€pherc or tempeEture).
A ntDber ofdifferenr reLa:arion processes mav occur in
a film at any oDe time, such as lateral redist bution of
binding sites (Figlrre 4, top), orientationsl reanangements
of aligned molecdes (l'isule 4, middle), coDfisurational

Figuro 5. Tr!6 of thin-lilb design with multifuciion l eroupsud mrnticomDonent fiLd!.
rearransemeDb in amorphou€ pobmer films (I'igure 4,
bottom), compositional changes, etc.

MaGoscopically, one can also ask whether a thin fitla
differs from a bulk syrst€m relative to morphology snd
Bhuctures, in addition t ita necharical, chemicst, etectic
(includins dielechic), dd opticrl propertiae. r so, on what
distance scale do they differ from thoee iD bulk rclative
to the r€ference plane ofthe inteface? Some properties
may not be difierent from the bulk values even for filEs
as thin as one or two molecular laye$. Such propetieB
are llsualy tho8€ that depend on short-range, mainty
nearesfneishbor, intermolecular interactions. Some ex-
amples are surface ene€y (or sudace t€nsion), fluid vis-
cosity (in thin liquid filD€), and reftactive index. However,
those properti$ that depend on long-ranse interactions
(and tlat are chrract€dzed by long-range orde. in tlrc bdk)
wil differ in films at a thichess conparable or less than
rbe range of rbe order rin the bulkr. Such properries iD-
clude. for example, the densiry disrrjbution of ions and
pollller segrxcnts h Lllick surtace Layers exposcd ro tiqujd
solulions. 46 a rule of rbumb a subsrrate suface could
never induce €-Ily stable long,rarye order of some property
in a support€d filla if there were no lons-rarse order of
that propety in the bulk phase of the film material.

It is woth distinguishing once more between thin-fiLa
preparaLive i€ctDiques thai occrr under vscum, in a
vapor atmosphere, or in solutioD. Vacuum techniques
involve evaporation deposition or sputtedng processes. In
vapor th€se involve adsorption, eithe. physisorption or
chemisorption, and chemical reaction, snd in liquids they
involve free adsorption from solution or controlted Lans-
muiFBiodgetr deposirion. ln rhe lurure ir should b=e
po$ible to design snd slalthesize molecules which coutd
be speciEcaly adsorb€d or deposited to produce filns with
specialydesied propeties (e.g., hy&ophobic, hydrophilic,
fitms with particular suface groups, etc.), as illustrated
in Figue 5. A conbiDation of two or more deposition
techniques nay be needed to build up the desi.ed film,
e.s., chenical modification (oxi&tion) followed by vacuurn
deposition, foUowed by LargmuirBlodsett deposition.
CleffIy, s multidis€iplin&yl1u17 r% approach will be caled

(117) kraebchvni, J, N.l Ail6@, G. E J. Chen. 5.c.. Fuada! Ttttu.
1 1918,71,975.

t I t8 tMt rc .J .J . (6no id  la t?dd"p  S ' r .  1985. lo7 .  a r6 .  Mura ,  J . ;
Isd.lschvili, J, Bio.h?mrslry ,985.2, a6o3.

(119) Pebley, R. M,; Mccuisg@, P. M.t Ninld, B. W.; Evm, D.
F. Scien e (Wash;nEton, D,C.) 1935, 229, 1088.
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for if such procedues are to be successtul, involving
physicish, chemists, engiireers, surface and colloid scien-
tists, and biologists, with both experiment€lists and the-
oreticians working together.

A number of int€{acial situations are possible with ihin
pob.Ber films located on a eolid or liquid substrat€ or at
different interfaces: (1) coatinss on a solid substlate; (2)
ffllns at a !.arloFliquid intarface; (3) ftlns at a liquid-liquid
intedace, (4) fiIns at a liquid-olid inte ace, (5) boundsry
laye* between vapor and a pobner solutioD interface, and
(6) bouidary laye$ at a pobrner-pobmer inte ace. The
microscopic properties include the equilibrium chain
configuration plos 9ny vicillal anisotropy with respect to
the refercnce plsne, both local chain dlnamics and coop-
eEtive conformational dpamicq and ha]tlport prop€rtie€.

Polrr polymer chaift at the aiFwat€r int€rface at dif-
fere4 number densities csn behave as two-dimensional
po\,mer "solutions" by vtutue of diffedng htenctions
between polar rcpeating units and substat€ wat€r. With
the advent of scaling tlrcory of two-dime.sional semidilut€
polymer solutions,l,Fu, we can now interp*t quantita-
tiv€ly the surface pressure dependence of a pol}laer
monolayer ss a fimctioD of surface concentration.l3o les
These arc just. the osmotic expansions in two dimensions
where polrmer chaiff do not eesily interpenetrate beyond
the overlap concentEtion, in contra€t to those in the bulk
state. Though it is curently restrict€d to €quilibrium
Burface Fessure€, this is truly a breakthoush in pollmer
phy6ics.

Thes€ twildimensional properties of pobmer "solutiom"
or the aiFwat€r and oil-.raier id€ffac€s are a coruequeDce
of the pob'Eler segment€ in contact wit}l subshate liquids.
The pobmer chains arc not iD a pue state, but are rather
in "solutioD". A t€chnological application, of courBe, is the
transfer of polruer films onto solid substlates. The in-
fluence of the states of vsiou! chain conformations and
tlrc dln€mics at the hansfer step are sigdficsd Wlatever
subsequent reaEangement€ and curjig may ensue on the
solid subshat€s, the state of a trarEfered film will be
domimntly cont oled by chain conformations ard dy-
nanics on the liquid surface. In particular, the oil/wat€r
int€face provides a very different solution condition to
pot 'raer chaiDs by having a hydmcarbon layer llt contsct
with chain segment€ in addition to that of water.

There are a number of intriguins issues and outetanding
problems that could be ftuittuly addressed with our
present knowl€dse:

1. How is tlrc chain conformation influenced by the
hydrophilicity of it'e segments? Could one induce cbain
looping and tailins into the aqueous and/or oil layer by

(120) I!.aelahviu, J. N. t Coi,otd Sci, 19a6, Ir0, 3: Calloid Polrn.
(121) Uoh, B, G. Atoc,'n. Atophls, Acto rsa1, 77a, 224.
(122) Chist fton, H. K. , Ptrs . Chen. $a6, g, 4,
ll23) Klein, J. Ndture ILonnan) rslo, %a, %ai Atu. Colloid Inte|ace

Sct. 1982, lA 101i J. Cnen. Soc., Faruda! TmN. 1 Lsa3'79,99.
(lr.t) l&&no@ou, C.; Pat€I, S.; ftoicL, S,; Tir.€[, M. t ,4n.

Cren. So.. 1936, ?0a, %69.
(125) d€Cem€s, P, C. S.a/ins Concepb ih PoLyner Phlsics; Coaell

Univqtiy Pre$; Itha@, l.lY, 1979.
(126) St€p!6n, M. J.; M.Cadey, J, Ph!s. Lett, A 191t,44, A9.
(r2?) Daoud, M.i Jarnink, C. J, Ph]r'€. lPoid rs76, 37, 978.
(123) Le CuiJIou, J. C.i Zi,n-Juna, J. Phrs, Reo, L.tt. tg77 , 39,951

Prf,s, l9?u. I 1980,21, 3976-
O29) St€phe., M. J. Ptls. !€tt, A 1975,53,363.
(130) Vildo{e, R.; Eon lelez, F. Phls. Reu. Lett, lg80,45, 1502.
(13r) Tabnshi, A.; Yo6hida, A.t K.wBEu&i, M. Macranotecule,

1982, 15, 1196.
(132) Xlwaelchi, A.i Y@hida, A.; Talah,shi, A. Mdcf,ruh.u,6 r$3,

16, 956.
(1331 Doqlo€, J. F.t Che.ayn, B. J.i F.eed, lt. F. Mocrcu olecaies 19a5,

18,2455.

euiface pressue before the onset of depariu& ftom two-
dimensionality for the c€nteE of nass of aI cbains? wlat
would be the d)r]amics slsociated with tlese confiqua-
tional chsnges?

2. Surface viscoelasticity is impodsnt fo. int amoleculsr
conformational and cooperative translatioDal dlTlamics.
tue the int€rfacial elastic ard viscous components of the
latersl compr€ssive and shesl modes and bansveBe ca-
pilary mode related to the chaiD d''namics as in thee-
dimensional cases?

3. Wlat are the phs€e transitions and the separation
kinetics and how arc they related? For pol]aner solutions
in two dimensions, there sholrld be conditions for each
solution (regardless of whether they can be accessed ex-
p€rirnent€ly) wit]ft the range of liquid state of water, and
b€yond that there should be a critical t€mperarure ano
asEociat€d kinetic behavior of phase separation into high-
and low-concenbation rcgimes.

Lateral polr'medzationr3.r33 involving monolayer dy-
nmical behavior duli.s in situ pob'rnerization of mono-
mers should be compared to that of moDolayers of poly-
mel8 sl!1thesized in bulk solutior or neat monomer liquids.
In addition to the spectroscopy discussed in the Charac-
terization section we have the conventional int€rfacial
techniques of sudace t€n€ion, surface shear viscosity, and
other dlamical metircd!.1s R€cently developed metods
are, however, more intriguing and seem to hold promise
for the diect examination of th€se filrDs. These are sudace
light scatte ns (SLSy+tar u"U the measuement of
el€chocapi ary waves (ECW).ra Both have been applied
to amphiphilic monolaye.s at the airlwate. intedace;
howevei, their application to polymer monolayers has
occu.red only rcceDtly.1a5 1a6

The suface light-scattering t€chnique relies o! spon-
taneous capillary waves at interfaces induced by density
fluctuations while the elechocapillarv $ave method relies
on capillary waves induced by a small inhomogeneous
electric field applied to an int€faee, thercby t€l<ins ad-
vant€ge of any difference in dielect ic permittivity b€tween
the two media- The wave smplitude and phase sre de-
t€cted by opiicsl difhaction of the waves. Sinc€ they both
deal with capi ary waves, either spontsreous or iDduced,
the two methods diffe. mainly in that the SLS has an
iDhe.ently lixed smsl wave amplitude (-3 A) ard is
available for a smaller range of accessible independent
variables, e.s., scatt€ring wave vecto. (€qual to the spatial
wavelengtb, 1-10 l.Io, of scattering capilary waves).ra? An
additional dillerence is that SLS probes tle propagation
rate and tempo.al damping of capilary waves wheres!
ECW is used to examine the wavelensth and spatial

(1l,rl Ber€djicL, Ni Buldt, w. J. ,L Poltn. Sci., PaUn. Phls. Ed,
t910.8.2&7,

(135) Ac!{@sn, R,i Inaclsr, O ]Rincadon,tl. KalloitJ-Z- r97r, %9,
1118,

(136) Day, D, n-j Rilrssdo4 IL J. Polln, Sci,, Polyn. Lett. Ea, $7a,
/6,205.

(1S7) DAy, D. R.i Bi.gBdorf, lI, MahrcnoL Ch.n. 1979, r8o,:r059-
(138) D.J, D,; Lmdo, J- B. ttoctomalecules rsao, 13, 1478,1483.
(139) Ad@$D, A, W- P/rr,trdi Cne,ut y ol Surtder, 3rd ed.; Wney

Oao) Katl, R. H.; lnsdd, U. Pt$, ReD, Lett. 1961, 19,64,
(1.11) McQuen, D,iLud6trdn,LJ. Chen. Aa.., Fdtdddr !tuB. I

t973, 69, 694.
rl12r l{iCryin. D. .l C4pn. Sor., Forodo, Tmu. t t974, 7A,95.
rla3) Hdd. S.: H@oeriu, Y.: Nils6ob. O. J. appr. P,?ys. t9?6, {7,
(1,14) SoH, C, II,; Miydo, Ki KetteM., J. B. Aeu. Sci. Iturtun. 19?8,
(145) l'113evin, D. t Cotioid lDtet&e Sc;. rg9\ 80, 1t2.
(1,!6) Kawasuchi, M.; Sso, M,i Chsn, Y.-L-i Zogrqfi, C,; Yu, H.

Monmakculas 19A6, 19, 2606.
(14?) Bralau, A.; Deubch, M.r PeBlu, P. S.; Weis, A. Il.i Als,

Ni€ben, J.r Bohr, J. Ptys. ne!. -Le&. 1936, 5.l, 11,1.



dampiDg of the electrocapillary waves. From the disper-
sion relation for capillary waves on'e can exhact the
longitudinsl elasticity and viscosity.

Intermolecular Oriler
Int€molecular ordering in mono- and multilayer as-

semblies of suifactant molecules (molecules composed of
a pola. "head" goup and a hy&ocarbon 'tail") on solid
surfaces h being probed iD an effoit to answer long-
stsnding questions regarding the relationeLip between
int€Imoleflrlsl ordedns and the madoscopic properties
of the frln. Some oftle interfacial Fopeties iDflueDced
by odering are wetting and lubrication, transport prop-
erties such a! ion diffusion thoush t}le layer, and average
film ploperties such as cohesion and stabiliw. Fron a
more fiDdaDental point of view, plobes of t,he intermo-
lecular ordering in these layered assemblies may provide
unique insights into the thernodyqamics of two-dimen-
sional syst€ms with multiple degrees of freedom and
therefore richer phare behavior th€n exhibited bv adsorbed
layen of rare gases.l€ Structual infoHoation wilt male
it po$ible to sepsrate the various ftee eners/ contributiois
driving these ehuctures, such as head/surface biDding,
head/head int€ractioDs, entropies and enersies of trans/
sauche ilomerization, and van der WsalB inteBctions b€-
tween neishboriDs hydr@arbon cbains. A framework can
thu€ be piovided for desisn of the individual moieties in
molecules as well as the substrates to eIlh8nce psdicular
cooperative properties ofthe als€mbly. Conceptusl ideas
of the intermol€cular ordering h surfactant layered sys-
tems probably predate Langmuir's pioneering work.l.e
Qualitative deterninaiions of intemotecutar order by
electrcn difftactioD go back as far se 1938,1s but only
recently has a quartitative picture started to emerge.
There are hints that th€6e weaHy ordercd structures, url-
like the bu]k, arc &iven by complex competitions betq,€en
different ftee enerry forces, but undeEtanding and char-
acte zation ar€ fat from complete.

Both sef-a$embled (SA) frlrns and L€ngmuiFBlodgett
(LB) fflns ale formed ftorE moleclnar alsemblies: SA filns
ftom tlle sudactant monolayer depogit€d ftom solution and
LB filnos from the nonolayer at the airlwater interf&ce.
In both cases the 6t ctues ofthe initial assemblies vtll
affect tlle final nonolayer structures, both enhancins the
pobability of certain defect stmctures snd p.edisposins
the films to certain tpes of int€rmoleculd orde ns. To
data, islsnd srowth morphology seems prevalent in SA
fiims.61's' SturDins rccent results show that LB mono-
layers st the air/water int€rface do exlibit some degee
of intermolecular order and tllat order goes through
structunl phale transitione.l53'l54

Themod''namics predicts that the positional conela-
tione tbat can exist in a system depend on the €ffective
dimensionality. In two dimeraioirs, "solid" phas€€ cannot
exlibit long-range order, but hexatic phas€s or phases
e*ibitins bond-odentational order (with liquidlike cor-
relations of nolecrnar positioft but with longe. ranse

(148) Neb@, D. &.j Ealp€.i!, B. t. Phrs. Reu. Bt CnndeB. Mdtter
t9&. 21. 53),2,

{1,19) I@smun, L n Ch€m. Pnyd. 1943, r,756,
i150) Gerhe., H. L.; St rkq K. H. J. Chen. Phls, l9'A, 6, 2A0.
(151) B.oclrwa, L. O,; Jon€s, R, L. AdD. Chem. \9a4,8,275 291.
O52) Gdofi, S.; 1&U, R, B.; D€ck@, H. w'; Alvdd, M. S. ln PrG

@dir36 ol Srrpeim of tle CLehbtry u.l Phr€i6 of CDnposit6
M€dia; El€ctrochdical S@i€ty: P6diD*ton, NJ, 1985; Vob. 86-8a, p
1r2.

{163} D!tt{, Pj Pers, J, P,; Lir, B.; Kstt€Eon, J. B.; PE}ah, N[;
C@{opouloE, P.; Ehrlic!, S. P,',rr , Reu. lEtt. lga7, 5A, 222a.

(154) Kjer, K; Ak-NieLon, J; Helh, C. A.; Luhube., L, A.j Mol-
qa\d, lrL Ph$. Reu, Lett. I9AT, 54, 2224.
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conelatiom ol bond directions) car potentisly e!ist.155
The low-t€mperature phase of a two-dimeDsionsl syst€m,
although not lit€raly lons-Ianse ordered, car be distinct
ftom the hexatic phase,r5to but in a finite-sized system it
osy be very hard t distinsuish ftom € long-range-ordered
pbsle. s5b Even s)€tems weaHy affecied by potentials in
the third dimension can show interestiDs tlTes of bond-
oientational conelatioD.ls Their influenc€ has beeD sem
in masnetic ordering in sn LB film15? ard on defect
structule! in dt atlin free-standiDg liquid cr)€tal fllms.rs
Monolayer surfactant assenblies have long been consid-
ered as candidates for exlibiting lower thsn three-di-
mensional behavior, and this is being purcued in present
i€search. To prove tlat a structure does have lower di
mersional b€havior, the natur€ of the positional ard
bond-o entational conelatioN must be measured and
shown to be themodFamic in odgin and not the result
of ftozen-in defect fields, as in a paracrystal.l5s Experi
meDte that measure the structue of nonolavers on
watnr.6xrq on solid hydrophnic subetra res,rs and on solid
hydrophobic substrat€s,16r each shows certain charact€r-
istics of lower dimensional behavior, but the assessment
remains incomplete. In addition, the evolving shucture
seeD in LB films, 1-10 layers thick,l6xis should be com-
pared in the right of a dimensioDat sossover, as has been
obewed in freely suspended liquid crystal films.l&

Even in the d€nB$t packed nonorayers, small amouts
of eicess ftee volume are often available to the csrbon
chain. The sFtem can minimize its ftee energy either by
hans/gauche isomerization of the carbon chaint61tr or by
a tilti.s dj€od€I of the atl traru chains.ln Which of thes€
two eituations gives the lowest energy dep€nds on the
precile mix of enhopy and enthalpy each demand6. At
pr$ent, neither theory nor eiperiment is conclusive;
however, Ramarrqts ard infraredl?qr?r studies indicate
tlat o.ly a sma]l amount of gauche bonding exists in these
monolayeE, even close to the meltins points. Fudher
quantificatioD of these rcsults wi[ Iead to a clearer un-
derst€nding of the rcle of bans/gauche isomerization and
chain stiffDees in the cohesion ard stability of sudactant
filns.

Substrat€s provide an average potentisl norDal to the
surface but may also impo€e a varyins pot€ntial in the

rissl Pird,I. R.: Vollu, D. E Ph) e. Today 1932, Mr\, ll.'ar lmry.
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Dlane of the sudace and fluctuations nomal to the suiface.
These will act on a monoliyer a$embly and can alte. its
structue. lndeed, charactsistics of the deposition procere
and the ultimate sbuctu.e of the monolayer assemblies
vary widely, dependins on the natue of these pot€ntials
Hydrophilic and hydrophobic subshat€s produce different
LB film ordering,l?'z and even the precise chain ordering
on a hydrophobic substlaie affects dillttsional properties
in lipid layers assembled onto these subst.ates.l?3 The
stensth of ih€ head/surface bond det€rmines the efficacy
of a self-assembly route for prcducins the monolayer as-
s€mbly. Epita:ial grol,vth of a sudact€nt monolayer is
being attempted in a number of leboratories and the re-
sulting st ctule ve fied. The main difficulty with sur-
factant deposition on a t uly ordered eubstlat€ is that the
subst.ate must not have any oxide or contaminant over-
layerg. UHV cleanins of the subshate and in situ dopins
of sudactant from the ga,s phase is an obvious rout€ to this
end. Even the disordered subshates commonly used
povide random field potentials which profoundly affect
the monolayer stdctue. There are susgestiom of bond-
orieDtatior of the monolayer by step defects on an orde.ed
substrat€.r?4 Recently, epitaxial groE-th of lead stearate
on mica has been obseNed by X-ray diff.action.1?&
Theorer i .s l  predict ions indi .sre long-ranse ordFr in
olerLajers wil be broken b) such subslratFs. 75176 and ihi€
could be one oriein of the bond-o entational diso.de.
observed in several rnonolayer slstems.rs The choices in
optimizing a monolayer system may be complex, and an
mderstandins of these subsbate effects i€ needed to im-
prove the design of s]€t€ms.

O.deiing in a eu actant film involves the €ffectB of
competing length scales: substlate lattice spacing,
head, heed spacing. and narual chain/ chair spa.ins Su.h
competing lenglhs msy produce excese lrce !olume lor lhe
carbon chains md thus sauche isomerization or splay
disorder in the chains. This in turn car cause a chemicat
hetemseneity ard/or slisht physical roughenins of the
suface of the filn. The ramifications of t}lis disorder on
subsequeni layer deposition may seem slight,l?7 but its
effe€ts on the cohesion and stability a.e unexplored
Depending on the lateral length scale of the het€rogeneiry,
intsfacial properties such as wetting, lub.ication, and layer
permeability may be slfect€d. In addition, the compeiins
leDsth scaies may be responsible lor rhe smeared phase
bansnions wbich occur in $ese I'lms 60n011 Since eyl-
t]resjs giles c so nuch control o\er tltF spacines in organic
thin films, their manipulation off€rs a fascinating avenue
for exploring the effect€ of multiple length scales on the
structuIe, tlemodynamics, and physica.l properties of a

The intermoleculer ordering in these ssemblies should
be examined not only in terms of their effective dimeD-
sionality but also in terms of the colective degre$ of
freedom of the filrn which are frozen out. With structulal
and elastic measur€meDts, it is possible to determine
whether these films ale more representative of solids or
sDecric Uquid cryslals. The iransilions beiween varjous
phas$ in the layered assemblies provide a link to the
understandins of the fundamental structures for each

LI?2) Bl6je, J X., privqte comodications.
(  173,  Ssu l .  M :  Suo '@dM,  S. i  Mc.onne l ,  H  V J  Pn\ !  c t "u

1935,39,1592.
rI?4r Vosel. V.i Woll, l-. J aDPr' Pn,, 1336, &, 5200 14\ P'otesh

v.i P.nF, J. B.l KelkFoo, J. B-.Du E.P rhpn Ph a L.t' 19A6 12a
354.

(1?5) Nelso., D- E. Plls. E€u. b Condetus Motter 1983,27,2902
(t?6) Sachd€v, S.iNelson, D. R.J Ph$ C 1984,17,5178
(1??) Sliia, V.; Filiplowski, M.; Cdiio, A.i Blasie, K Prvs net, ,:

Condero. Mot,er 1986, J,r,5326.

phale. Transitions in monolayen at the air/water int€r-
face have been studied by several indirect methods, snd
the fi.st direct study of these sbuctural transitions ha3
been recently repolted.r53,1# On substrates, transitions
upon heating of mono- and multilayer a$embli$ have
been obsefledr&J61J63 1?1 and are believed to be the orisin
of boundary lublication failure for surfactant-coated sur-
faces.l?8 Chain disordering, int€rmolecular disorderins,
and some degiee of desorption are involved, but a good
nodel of the hansition does not exjst. Ruiher, the meltins
processes appear to be difierent for monolay€.s and
multilayels. Other them,6l tranEitions have been otEew€d,
but even initial cllaiact€rizations have not been completed.
Not only do studies of these phase bansitions illuminate
the fi.mdanental statistical mechanics sovenins the phaBes
but they also may lead to novel applications which utilize
these st rctural tuansition€ in practicsl situations perhaps
involvhs int€ acial p.opertiea like paEsivation or involvirs
new devices such ss optical devices.

The me8eurement of intermolecular st.uctuie in ul-
t.athin oryanic films r€qui.es state of tLe ad techniques.
While all neasurements are difficult, some can be per'
formed on individual labo.atory instrumentation while
othe$ demand larse user faciliiies. The measurement
trchniques depend on the aspect of intermolecular order
to be neasured. Even thoush defect structur$ may
doninate the behavio. and stability of molecular assem-
blies, the charact€dzaiion of these defects on a mi(rGcopic
scale has not occurred. To prcbe the layering structure
normal to the sudace, X-my reflection experiments can
be performed with laboratory rotating anode soulces.
Beginnins as ea y as 1980r'o and continuins in very refined
forms, el€ctmn density profiling resultins ftom these
measurements Las provided infomation about the inter-
layer spacing, Iayer pedection, md surface roughness.l?
New theoretical improvements in the interpretation of
X-mv.eflection measurements wil enhance the value of
this technique.le Similtr reflection measEements have
been made on LB filns usins neubonsl3l where labelins
techniqu€s and the penetatins power €n geatly enhance
the information drawn out of such experiments.r3'z The
measurement of in plane ord€ ns on thicker filns can be
accomplished by using rotatins anode sources, but on or'
ganic films with a thickness of =200 A the hish fluxes
available from slnchrotron sources are needed. As nen-
tioned earlie., these measurements are difficult but have
been succesduly made on mollolaye$ both on liquidsrBre
and on solid surfaces.1t3,1$144 Ebct.on-diffiactio. tech-
niques can provide a very useful altemative to X-ra$,
particuldly for examining in-plane int€rmolecular order-
ins. Used for qualitative an€\sis for many years on sur-
factant monolay€$,1{e'1?3 this t€chnique Las.ecently prG
vided quantitetive data on the in'plane intermolecular
corelations of an LB monoleye..160 Pafiicularly because
of the difficulty in p.oducing defect-free €urfactart filDs
(or in knowins whether or not they arc defect free), the
ability of th€ electlon microscope beam to difftact from

(1?8) Bowdd, F. P.l Tabor, D, The Fri.tion dnd Lubricdtion of
Soltdrt Cld€ndon: Oifold, 1968; Pan 1, Chapte. 10r Part II, Chapte. 1&

(1791 Ponermtz, M. ?hi, So,td a"ru 1980,63, 33.
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Ph$. Lett. tsal- 111 . 395.

(134) Bloct, J. M., private domunications.



BmaI spatial area! evhich by prior imagins are proven to
be defect free is of very $eat impon"qnie. Beaa damage
of sabples does occur but can be mitjcal€d, snd even sone
comprohi!€ of the vacuum envimnment in the miGo€cope
car be made.r6 The scaruing tuMeting mrcroscope
pm\.]de3 a very promjsing nev, all,emstjve tor inaging the
b-plane lattices of sldactant fJms and thus for pro;ding
direct measuement of intermolecutar ordedne. prelim-
inaly work ha6 aircady succ€€ded in tartice inasing an LB
bilayer;ll3 fiEther diqcu€sion of STM capabiliti& and uses
appeaE in the sectioDs on pari,erDabiUty, biologicat I bin
ruoa..and. cbaracterizalion. Finaily. the u€efulness of
vroralronat speclroscopy to probe lrans/qaucbe coDfoF
mations in tbe chain of rbe surfacrants has been weu
prcven.162,1$,rs€-171 In combinatior with s di{taction or
imasins merhod for examinins inlermoleculu order it
would prcvide an esceprionsily powertut bot for emining
the imporhnt stuctual issues discussed above.

Charscterization
.Atkmpts to labricate new aad complex ootecrnar frJms

wrth novel propedies cannot be doDe efficienltv withour
sig]]fic€Irr advances in oul presenr rnalrricsj capabilities.
The delailed structual chslactf, rizarion ot subde;oteruler
featrll_ es of-thh ory€nic fi1Dxs pres€nt! new and chalensing
problems for the fi€ld of mat€riats chamctedzation. Be-
cause t.hese are orsanic mate als, rLe methods must not
i 'ol!€ any damagins interactions and yet Eust be capable
of det€rminins subtle featurcs such as conformation and
orie_ntation of functional sioups. The ability to anatyze
at difre-renr deptbs in ihe rrh (deplh proniingr is Aso
d$rrable. ln conlrast. many of rhe verv useful ard sen_
sitive tools for ana!€is of inorsanic surfac€€ and thin fit]ns
are largely dan€ging, in€ensitive to the subdeti€s of orsanic
structues. ard involve hth-vacuum tarbniques. Comptes
structules in these orgaric fitns ffe often dete.nined bv
the etrvironment ir which tley were designed to operat;;
analyses don€ under orher condiriors nav nor be meani
ingful for establisbins valid srrucure-properry correta-
tions. DevelopmeDt ol in siiu anattii;aj ieciniques is
sreatly Deeded for fm-vapor aod trllllrotution systems.
Ercelenr examples can be fourd in biotogical s)€lems
wheIo mea8uremeDrs sho'nd b€ nade diledjy in biotogica_t
media (in vivo) ratner than &e st€dard ultrahish-va;m
condil ions requircd by nsny surface a[alysis le.bniques.
lD sotr'e cases. such as intesrat€d nicrrircuir devices, irjs aiso desimbl€ to p€dorm anabres over very smat sudace
regions having subnicmn dimensions. Few t€cbniq!$ me
capable of accomplisbing thjs.

The mct usetul method! for tlrc ana!tsis of bdL organic
mat€risls hav€ pro!€n to be NMR, IR, UV--vi5, and R.sman
Bpectroscopies, a! weU as X-rsy and neutron scattering.
Nonsp€cuoscopic rechniques include ch'omatosraphy and
thsrmal a.atysis. A major problem aises when th; sanpl€
becomes a thin, planar fila ard the thich€ss is rcduc;d
to moleculsl dinensiols; many tdditionsl method! lacL
the nec$ssry sensitivity for ansiysis. Refinemenk and
alteratiotre ofsrandald techniqu€ such a! IR have made
mortolayer analysis tractable while coDtinued effors on
Rsman spectrcscopy and X-ray snd neutron scatterins
hare nade such amlyses appear feasible althoueh diffrflni

. I.-18p) Iluls._qr 9?'mti!"f.r"opv 1s30. 5. 5oh {s, ourla D A.: sr,6h},Ji R b€, t?: Swdlen J.-D.:Roi@ud. H. H. pr),s. R,.. ,"1; tss?,59. 1321. {br Bilrus, C.: QuoF. C. F.. Cdb€r. cL pir,. n?,. ,,r. | 986,56. 930. r.) Vc.leusnd, C. lri Eds&sn, R.i Chrdt, S. -Arobi. For;MisoMpy C€neral ftin.iples md a N6s lapt€bdiaiion-, !r npe",.f Pro$qs n qhnritatip NoDDate,Dp E@/@rt 4:pr;m. NdYork. 198?:p 1r07. ld) M.cl.Udd, C. M.. Erlqdssn. R.: Ch as, S.lMat2, M. Bult. An. Pht6. Soc, '9a7. J2. s .
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Some ofthe bewer recbliqu€€ {discussed below, h€!e been
developed specficaly with this sensiriviry in mind: sec_
ond-barmon'c generation at a s|llface.3a rhe neff-edge
X-ra) fine stru-cture (NEXAFST.& ute scaruing runnelirg
microscope (STM),raaa!Ln6 the atomic 1o!ce mrclo-
scope,lsH and the surface force balance.nlaT lrs,r,! rl,he
latter technique can d ectly measEe vaious thin-frh
Fopeties at the molecular level, such I int€raction forces
in thin filrns, dlna-Inic and relsist ion proccsses, adbcsjon,
deformslion. and suface-induc.d phase rransitions.

The analltical techniques discusied in the remainde.
of this section arc those which ar€ sensitive to misoscoDic
strucr,ure and can be viewed ii lernis of a miffosco;ic
inpur probe, an eDsuirg phlEical rand/or chemical, in-
teraclion v.'ilh the filn. a resultanr niffoscop;c ourpulprobe, and a deteftor sysrrm. A largc lariery of possible
combrnations erists. The primuy probes are pbor,ons,
electrons, iom, atoms, and neutrons. The intemction
mechanisms can include elaltic and inelastic scatterins,
iot€]. ab€oryfion, €purkring. and otier comple! processes
Invorrug dlssrDilar ejection, such as X_ray.stimulaLed
phot eleclron ejenion in X-ray pboroeleclron spectros_
copy. L,eteclor s!€l,ems raige from variouB scmiconduflrr
devic$ to mass spect omet€Is and the a€sociat€d complex
digit€I and ana.log electronics. Sone of these .ombinations.
while por€mirlly quire effeni!€ for anabzins certain Usetul
structural leatues ar rhe Donolayer level. ale quite cosity
snd difficult, for eiample. rbe use ot synchrolon X-ray
besms for difhan ion o mode-ttrked. putsed laser sl5rerD!
lor mulrphoLon Bpeclloscopy. Ot]er useful .ombinarions
{9I g-€lysis, such as intuared absorption spectroscopy
IIRAS) and _X-ray pborrelectron spectrmcopy rXpSr. car
De accompustred by using commercial insrnnentarioo
av-ajlable iD oany laboratories. Severat of rbese possi_
bilitie8 for studying the shucture of thin fihrs in seneralbave beeo recenily reviewed.res 13?
- XPS and IRAS are two spectroscopic recbniques rhsr
have become sr"andad merbod-€ tor ch;achrizus orgaruc
fitns and surfaces. White XPS analysis is resrricred m
vacuuD condilions. ir has the sdvantase of seDsing rhe
outermost regions (-50 A) of polvner sufaces for a
number of elements and in a vsriety of chemical bonding
situations. On the other hend, IRAS offers the Dotentialfor analysis of plsnar rbjn films snd overtavers under li-quids,rs and recent experimeDts have shown the feasibilitv
of monobyer studies on tradir ionally dilticutt subsrrares
sucb. as car.bon.t Conlinued developmenr and applica_
roD m the€e toob will fromor€ efficjenr advarces in etudi€g
of Bhuctue-propedy corr€lations in molecutar fitms. An
adjuncl t€chdque i! sinsLe"wa!€jensrh optjcal elipcometry.
wruch bas been eftremely uleFul for measurins the
ItrickDes€ of a fil!. Extansions of ihjs lechnique ro ai",,ge
ol olher wavelenglbs have been exuemetv useful in
characte zing elecbonic structrure in semiconductor
filrns,ls and similar appljcations of speehoscopic ellipso-
metry could prove quite useful in derailed structEat
analysea of orya c films.lr' In addition, optical ellipso-
metry ie compatible witb t"be tiquid-olid interface.

One of I he imporl.anL srrucr,ural fed UIes ths | | he a bove
spectrGcopies do not directly probe is the precise nature
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of oddng in thin frlms. Recent experiments (see earlier
€€ctions) usins qnchrotron radiation indicate that dif-
fraction studies on ordered orgaric monolayers, although
arduous, are possible. X-rays also offer other twes of
useful analFis. X-ray fluorescerce has been u8ed to
measure concentration gradienk (depth profiling) within
seve*I hm&ed ansstrons of a liquid-ga€ int€fac€,le ard
the eiteruion of such studies to the gas thin film and
liquid-tnin fflm interfaces wourd be quit€ usetul. A turther
htereeting aspect of X-Iay technolog"y is the rapid de-
velopment of X-my micro€copy, which pmmis€€ anab'tic€l
cap;b ities with rcsolutions in hundreds of angstroms.lo3
This capability coufd be usetul in the misoelectrcnics arca

Ar optical t€chnique bssed on Ramar: scatt€ ng has
been the subject of recent excit€ment in the matedals
science colrmunity. Although spontaneous Rsman scat-
tering hs-s been used to cbaracterize thin oryanic fiIns and
applications to even monolayer s€nsitivity are besinning
to appear, it is virtually inpossible to obtain a RaEIan
spectrum hom a sample which exhibits considerable
fluorescence. Since films and interfaces often contain
nuorescent impuriti€s, monolayer level studies ma) in
practic€ be severely limited by thi! technique. Fluore6-
ceDce signals, in pinciple, can be r€moved by electronic
gating t€€hDiques or by excitation at wavelenetb! outride
the fluorescence region. Recently, it has been demon-
ehat€dre4 that Raman scattedng measurementu can be
nade by using neai inftared lasers, such as ihe Nd:YAG
laser witl an €xcitation wavelensth of 1.06 !m. The
photon energy is low erough that no appreciable fluores-
cence is excited. Corespondingly, the Rasan intensity,
which is approximately propodional to the fourth power
of the excitation frequency, decreases by a factor of - 16
However, if tle advantases associat€d with Michelson in'
terferometry can be coupled with ihe excellent detectoE
developed over tne years lor IR work, it is ieadily pdsibte
to compensate for the lower scattering int€nsity. Thus,
thjs Ff-Raman techdque may pmvide a way to study thin
orsanic filEs and int€rfaces which have intrimic fluores-
cence. A related question it whether lT-Raman caD be
ext€nded to the visible region wherc spont€neou! Raman
studies are now made. If improvements in semitivity are
possible in this regioD, the alab'tical value of Raman
spectroscopy would be e.hsnced immensely. Thus, de-
velopmenta in FT-Raman ov€I the next 2 3 yeais wslrart
csreful obsewation; the evaluation of its poteDtial to
characterize thiD orgsnic films and sudaces should be
encouraged. Ranaa spectroscopy also has the valuable
ability to anabze sample3 in liquids with the -1-prn lateral
resolution possible with focused beans. Both variations
ffe now beins used on bulk samples, and spplications to
monolayer arrd thin films would be ol great interest.

Nondestructive anab€is is g€neraly Fefemble, and ma€t
methods for orysnic film! are usually selected with this in
mind. There sle, neverthel$s, two techniques which,
although destuctive, are valuable for other reasons
Secondary ion mass specbornetry (SIMS) can provide an
extremeiy seDsitive "fingerprint" ol the out€rmost layeE
of a giver organic suface by the msss anabEis of sputtered
moleculgr fragments. Both atomic composition and in-
formation on constituent molecular moieties crn be ob-
tain€d on difficulttcana\ze surfaces, such ae a po\mer.1s

(192) Bloch, J. M.;SeEon6, M.; Rondelez, F.;Peifiei, D C IP'nru,
P.; Kin, M. W.; E!.nbersa, P, M. Pny!. l?e,. I?i,. 1985, 5t, 1039 10,1r-

(193) Howe!!, M.; Kip, J,i Ssyre, D.; ScbblN, G, Prys. ?oday 1986,
38.22 26.

(194) Hincueld, T,; Ch4, B. ,{ppl Spec'roec, 1986, 'r0, 133-137. Se
rlso: Zinba, C, G,; Hdlhdt, V. M.r Swalen, ,. D.; Rlbolt, J F, ,{pp,
SDectrcec. \947. 41 , 121.

R€cent developments include incr$led sensitivity, means
for reducing total damsge to the afflysis arca, ard lateral
imesing capabilities that promise to apFoach hundreds
of angstrome.ls Comnercial instruments are Dow
available, and rapid improvements promise an opportunity
for intereltiDg applications to organic filns. If the kinetic
energies of impinging ions on a tarset mateiial are raised
to the milion-electronvolt rarse, the sputt€iing process
becomes less iEportant and simple ruclear elaltic colli
sioDal prccesses occur. The t€chnique of Rutherford
back-scattering (RBS) utilizes these collisionsl process€g
to anabze quantitatively for the atomic compGitions and
their concent.ation sradients in eolid samples, including
orgsnic matedals, in depth to - 10+ cm and with depth
resolutions possibly less th8n a hundred angstroms. Ap-
plicarions ro d;ff'rsing sy€rfms and films wirh composi.
tional gradients open new possibilities.l'gT

As Elentioned undei the section on optical thin-filrn
mate.ials, coherent nonlinear optical t€chniques show
considerable pronise for studi$ at the Borlomolecular
level. One of these is a second-o.der no.linear optical
process known as surface second-harmonic generation
(SHG). It is a hishly sensitive method to investigate
surfaces ev€n at submonolayer coverages.3tu A centro-
s}tmetdc molecule which exhibits no nonlinear optical
properties will do so when placed on a surfac€ due to the
breaking of slnmet y. Detsiled inveetigationB that include
va ous poladzatioDs of the fundamental laser bean and
of tle second harmonic can, in pdnciple, lead to a deter-
mination of the oiientation of the surface €econd-order
nonlinear Busceptibility, x@). The frequency doubling
characteristics of these sudace-deposited mol€cule8 can
also be sampled in time, for example, at picGecond time
rcsolution, and so provide a measure of xo(t). At ples€nt
there is some, but not yet detailed, migoscopic under-
standing of xra. Seveftl theoretical att€mpt€ to correlat€
t}le microscopic structue with the maoodcopic ob€€nabl€s
are in prosess. Nevertheless, SHG renains as a sensitive
te€hnique for surface structure investigation and is €x"
pected to have a groi/ing inpact on our understanding of
the sttucture of organic thin films.

Another t€chnique, in addition to X-ray scatte ns, fo.
direct mealuement of structuat ode ns in or$nic ma-
teriais is neubon scatte ns. Applicatioft to planar
nonolayerc ad thin films sre severely hampered by the
Decessi8 of conducting snalyses at large reacto. facilities
and by the exhemely low-scatt€ring crixs sections of these
filn samples. The technique, nevertheless, has pioven to
be very powerffrl for polyner sfucture enab€is, ard recent
workl'gs indicates that the possibilit exists to study sin-
sle-monolayer organic films. An important point is that
leutroD scatterins can be pe.formed in the presence of
liquids snd tlat selective deutf,ium labelins car be used
to highlight scatt"dng ftom s€lect€d components in a fllm.

In general, aI spectroccopic ad di{fiaction analr€es give
infornation which is averaged ove. regiom lalge a)rop8r€d
ro stomic scales. In conrrasl, s.etrins runneliog micros-
copy (STM) is a t€chnique capable of atomic resolution
at specific sit€s that has received considerable att€ntion
of late,a3{'g particularly in view of the awad of the 1986
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aIIa]€ of mate als with two-dimensional characreristics
wi l l  increase a!  we learn rhe re lsr ;onships between rhe
Biruciural elements olorde.ed film! sd their macrosrcDic
malerials propenies. New iechniques will be required ior
their synthesis, assembly, ard anatysis. Impe;feciions
orisinatins in defeds and impuriLies, which can cauEe a
la.L of durabiliry, need b be ovcrmmp. Can f,jms be made
seif-annealing or setf-repai.ingt An und.r6randins of rhe
Dicroscopic inr.erfacial inrcractions qilt be imDortanr ro
ihedesigD uf;deal molecular snangemc n Ls .onrain ing the
desrred oprmal lunclional roups. CoUective prop€rtjes
are rbe scientili. erd le.hnicjl cbsXenges. Can w; e,sine..
mole.uJar  s l rurru les rhar  exhjb i l  ne;and intercsr insef-
fecls t-bar are much gresler or more spFc;lic than rh; oI
Lhe iDdiv iduai  compoEenLs? Cm we make a mutLjmole-
cul€r l€mpla!f Io qense or derefl parriculr species?

At the present  wc do Dor know rhe ans
queetions. W€ n€verthetess k1low enowh to see cle€rty the
pot€ntial of tiin mol€cular films in eiitins new appuca_
tions. Thaefore, we reconmend that a con;rtf,d rceearch
eifofl b€ direcled roqard rhe dis.orery of new sysrems,
belLer  ' j lm preparar ion merhods \wi lh  a par , , (ur tu em.
phsis on the collective behavior.), and newer and better
m€thods for theh characterization. An underctandins of
rhe imFmole.uie forces. involvi,s mechmical. elecbo;ic.
cnemrcal. dcl brotogical processes, witl be the kev Lo

AckDowledglrent. We ihad rhe Dcparrmenr ofEn-
ergy for  quppod iDs lh is  s tudy.  ln  par t i ;u tar  s .  Msn ro
rbank Dr.  C.  PFrer  F l l ru ,  Cha;rDan of  rhe Mar€r ia ls
Scieff€s Coumil. ior hiljalins. qupporl ing and eF.ouaging
uB. Hls 6eru l  re€ding of  rbe repo and suggest ing a
nuDber ol Gelul .hdges and n odifi.ar ions a e auDrecr
ated.  We aiso appreciare the commenrs bv Drs.  han
Thomas (DOEr.  Phi l ip  Pin.us,  and Mark Cddi l lo .  of  lhe
council, who attended our meetins ard offered much

ApDendix. Biomacronolecules: Mainlvproteirs
Nature uses biomacromolecutes for a wide mnse of

fun.l;ons. and the composilion and srrucrure ot ihese
systens have been optimized ovff 2 bilion vears or evo-
lution. The najor classes of bionacromolecules are pro-
t€i.€, potFaccharid€€, and poty:ucleic acids ard also tipid
assregates, such as membranes and vesicles.e Various
coobinar iom are pcsib le.  in . tuding t ;poproie;ne r l ip id-
prcletn aggre€ates). glycoproleins rproteins .onraining
ongo€accnarroe or even pot}€accr'ar'de componenrs), and
orhe|s. Pol)sacLharides perfo.m imporrani Decbanicat,
phssical. biochemical. ard rebled fGctions. poltmucleic
acids rD\A and RNAr de key intormarion slor;se and
lrssfer mol€cules. Here. due uo space and rim; .on-
straints, we wjll discuss only proteins.

Proleins arc comple! copol'mers of hishly spe.fic se_
quences consistins of some 20 different aDino acids and
havins mol€cuiar leights coverins rhe rds€ of roushly
toa l0b. A specific prolein sencrallv bas one or mor€
speciJic lDclions and is clearty notecuiaj.ty enginee.ed Lo
.arry oul 1no€e tun.Ljom in u effi.ienr. qpecfi., and ofien
unique manner- Table I lists some of the iDctions of
prot€ins and gives lepresentarive exarnples. Most ofthese

hotior myGin and actin
opticrlp.operti$ coUas€n/.r$:allt
recosnition inhuoslobulins

lectins
all

Nobel prize t Binnis ard Rohrer.rrqro0 A tunnelins
iecbnique is limir.ed ro dielecrric {itme sirh rhicLness i;
ihe I .0 4.0-Dr range because an/hins m uch I hi.ke I r han
ttur.would prelenl tunneting. However. rhis is exacrjy rhe
thickness rarge of int€rest to manv thin-fitn scientists.
Nunerous reporls of rhe use orSTM r,o studl t_be surfac€
slrunule ol semiconductors sd mebJs have atreadv ao-peared in Ihe literaiue. and some recenr efforrs have fb-
cused on the elucidation of small sr]uctu.es, e.g., LB
filmslr3 and biolosical proteinslta on solid sudaces' Thepos€ibility also ensts for studies in tiquid environ-
menl,s.'rsr The applieUon of STM ie tlc poised sr rle
thrc€hold of s€vcral ilnponsr research aleas,;r whi.h one
h molecula.r thin films. In t}is parUcular area. quesrruro
regardins clrucrual chanses of rhe lhin film du€ ro rbe
high iumeLing .unenb berqeen the p and subs rarc mu_sr
f i rst  be addressed. bur i t  may be anaicipaled rhal as the
STM is tailored for rhF sr udy of rhin trtln!, r his and reLaledqu$tions wiI be adequately answered. Ir is the consensN
of thft sroup that developmenia in STM over the neat gyeal8 will Inale imasing of sudaces and thin orysnic films
at t]le nolecular levcl more rhtu jusr a l€boraht .uio€iry.

One of t}e most popuJar ard usefirl anst)aical rechdque6
lor organic _marerials is NMR. Howevei. rhe sensilivity
of€ven rhe besr commercial  and reeealch instrumenrs rs
such that monolayers have sipsls well below instrument
noise levels. The use of.ryoseD;cally cooled ete.rronics
and sensitive euperconducl;ns rSQLtDj deFctors rnry
allow reducrion ol noise 10 acceprsbte levets for rhese
measrlJements.:uz D)namic nuclear potarizaiion, where
the polari"arioE ol an abundanr spin can be rransterred
iro well or tew spins of another va.riery. can lead ro a signaj
enhaDccment and an improv€meDr ot signal-io-noise.
Anolher obvious wsy Lo incrpase rhe sisnal;rrenFh is r,o
inoease.rhe nmber ot spins by smpting a LaJge surface
area. I hrs has been ctone b) using psticlee wirh a high
surrace area or by slackrng muy platetels in rbe probe.
More imasinalive approaches are clear\ needed. Nerer-
tleless, developments in the directions of reduced noise,
enlanced eigrals. and increased sample volume coutd be
of sreat hclp and particularly uselul and necessary tor
observins spins in a film or nonolaver.

Corclusions
A number of points are no\r clear concerning nolecular

monolayels and thin oryanic fflnls.s Then use as odered
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functions and applications,are discussed b efly in ary
balic biochemis y teltbook.'u

The pdmary suucture of a prot€in is its amino acid
sequence, which constitut€s the pdmary information and
basically contmls aI properties and functions of the
Eolecule. A secondary levet of structur€ includes associ
ations which result in heli, sheet, and other sbuctu.es.
Globular proteins gen€rally have a complex tediary
structure, which can be directly determined by X-ray
di{liactionn Fillally, tevo or more pob?eptide ehairu can
associat€ via then bftbry shuctues to fon a quat€mary
structwe. Nearly 200 proteins have been cry€talized snd
thei t€rtiary ard/or quat€mary shuctures det€mined.M
The atomic coordinat$ sre readily avallable and csn be
viewed by using nodern nolecular saphics on standard
comput€n and via readily available sofiware.

Certrin proteins can dimedze ard even ser-assemble.
For eaample, insulin rcadily dimerizes snd at higher con-
cenbations will form he:aEters. Hemoglobin connonly
exists as the teham€r. Albumin rcadily dimerizes and
forms higher order olisom€$. Fibrinos€n, upon the action
of the activating proteob4ic enzyne thrombin, seJf-asso-
ciat€s and Dollmerizes to form the fibrin network of blood
clottins.'zd T\bulin self-assemblee to folm the mrcrotu-
btn€s found within most cels.'zro Actin ser-associat€s ard
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assenbles to form a variety of sftuctureg.
The tertiary and quaternary structwes ol proteins are

stabilized by hydrophobic, ionic, and hydrogen-bonding
interactions. However, for many protein!, the "native"
state is only marsinatly stable, and the protein can be
easily "denatured", i.e., lose part of its biologic€l activity.,rl
Proteins are now generally recosnized to be dynanic,
flexible st.uctures of marginal stability. Cheses in pH,
temperatue, ionic st.€nsth, or solute environment can
often change the confo.mation (thee-dimensional stluc-
tur€) of a protein. Although there is much activity in
tryins to Fedict the tertiary snd quatemary stluctule of
proteins fiom th€ir primary amino acid sequences, the
prediction€ are not usualy very good.ry,'D This is partly
because many stat€s are only marginaly different in oveml
free eneryy, so the "bue' equilibrium or native state is
difficult to find. It is also because interholecular force
fDctions in ionic solutions are not well undentood, in-
cluding the classicat hydrophobic and electroetatic inter
actions. The interaction potential functions which are
available, however, can be inco.po.ated into computer
srephics alsorithms t ield tbree-dimensional imases of
the constituent atoms and theh intemction fields. Der-
mitr ins'docLi is- or intera.t ion studies bcrween lwo
proteins, between a prot€in and a surface, betq,een m
enz,'ne and its substrate, etc. And through these visual
rcpr$entatioN, many of the detaik leadiDs to stable
structures aie becomins clearer.
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