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IM’TEODU=IOM

Sinoo their dinooroq, eonduoting polymorm ham gonoratod an
aoitaont about tho possibility of o~inimg SO-O ●loatronia and
Optiaal proportion of m~ioonduetors and ●ot*la with tho
●ttrmotivo ●ooha.nioal p~pOrtiO- 8Bd p-0mSiB9 Posaibilitioa Of
polymrm. Hlywrm ●. plamtio materials hawo mumorous
t*uhnolOgioml appliomtions baoauso of tho~r low oost, liqhtnosm,
and fluibility.

Tba main oharaotoristlo of s potoati~lly oonduatinq polymor
:9 ● Oonjugatmd baokbono that em ba ●bjootod to
oxidation/r~uotion by ●leotron ●ooopcorsidonorm romltinq in ●

polyoation/polyanion or what ●ro froquontly tomod p-typa/n-typo
dopod mtorials. Tho conjugation of 8 pel~or”s baohbono is
nwosmry for ooaduotion. ?bia oonjuqation is also r-sponsiblo
for t20 .nTironmomtal ●tability of most of thoao matorialc duo to
th~ hi9h r~otivity of tho doublo -Ms (or of tho ohmga
tramfor

-i
}lu obtaimd by dopi~) with exyqonz misturo, and

li@t. ?’heron lioa S-O of tho roauroh ohall~o.
Tho initial pol

r
●r ●yntam wwo intraotablo and thoroforo,

tbGir obaraotori8at on and 8 full undmwtanding of their
pr~portios wora diffioult to obtain. It took ● fow yoarm for
pregroms to M mad. in that diroetion, rsmlting in tho syttabosia
of ● fw ●~lutien-prooomsablo pelymrs. Uost of tho potentially
omdlmtiag uelymorz

r
Ssoss an amo~hous ohoxaotor with

●ierostruetur.s of var ous ●isoo amd ●hapom and of ● oortain
porositf that 49poEds upon th aatum of tbo polymr and ito
q’nthosio teohniquo. Tho modification of tho -rpholeqy of s-o
af thomo aatorials toward 8 Dora ordorcd struoturc has Mm
iwamtigatul, and ●arliar wrk ●bowod that ●ligmont of tho
plynor ohainm ●md thsir ~roqa%am Onhanooo the Optioal and
●lodrioal p rtlom of tbo m.atorials.

~-~~
M ●ra tho koy .lm@nts im this dimusoion and
s9d on rooant and ●arlimr work.

Tho iLA’ia? polymor uystum oonmiotod of mtorialm obtainod
by wmmntienal toohniquos that kad beam hmwa for a 10B9 time. A
Miof 9oocwiption of thos- aarlior polymorm and of tho mors
rsoont OB*W iB giron im thim ●outioa. Dot. that tho mmtorial
dimmood hr. will M limltod to orqa.nio polymorm.



?ho polymor first dinoovarod ●o ● highly aonduotivo ●at~rial
when dopod i- polymotylono. Tho pelywr im obtainod in khe aim
ud/or tranm configuration ●. ●ilvoq oobomivo film, of ●

fibrillu mo~bol~, by 8iqlar-Datta Oatalymim (1,2).
Mlyaootylono is known ●m tbo prototy’psmatariml in this uoa of
rosoarob. on. ●ttraotivo foaturo is that tba polymor films am M
strotobod to fom an anisotropio MtUi~l (3).

Tbo oxidativo-oouplinq method (4) ia OnO of tbo M-t ●otboda
to obtain ● pely(p-pbonylam), ???, with 8 bigb mlooular waigbt.
Tho produot oonsints of montly unorosmlinkod ~mlinkmgas. The
povdory material omn * amnoalod in an iaort ●tmosplmro up to
400”C for 24 bmrs, thus inoraasing its Orystallinity by
Orosslinkinq toward ● gra.phito-liko stmoture. ?ho UN!maliq
prooosa ronultm in an inormn. of tho oonduativity.

Tho fir9t prooommablo polymor kmOuD to b9 rondorod
Oonduotivo wan Fly(phamylonouulfido), ?P8. Tba synthesis
~loyod was qonorally ●top-grovtl oondonmation roaotiona (5).
~ilms a-r.propmrod by molting tho polymr povdor (

3
= 270*C) or

by oastin~ it fm ● iO# solution in diphonylothor 220*C.
Blootrooh~ioal polymorimation (6) ia ● Bovol ●otbod of

synttosis for ●ma oomduotimg polymra. Tho wst-atudiod 0?!0S uo
plypyrroloo an6 ~lythio@onas. Until rwmtly, wst bigbly
oonduotivo pol~-rs obtaimod by wimg this toahniquo vorq
imolubl.. TM ●lcotromynthoais of solublo oomduotinq Pelporm of
this typa will b, diooussd im ● Mb9aqmnt ●ootim.

Asothr @lass of m.mtorialof imtorost is that of laddor-
Umim Polymrs. TbQy ooasist of mixed ~tio botormyolia
baakbomos ha~l~ rigid, planar, ladder-ohaia Stroottuos that ● .
D’olt-pro’oosse.blo. Tbos@ aatorials u. Wually obtainod N
oond.matiom polymorisations. Nlyquisolisos u: polyquinoxmlinom
u. hsow’n -UP1OS of high-t~raturo polymms that oeuld b.
rand.rod oendmtivo (7).

Mlyaailimos (0-10) ● . u~loo of imtrisoioally oondurting
pelymarm that do ●ot involvo 4opiM Am tha MM my ●m do tbo
otbor polymrn. TM polr●r oan M ohtaimd im rmriow ferns mnd
●tmOtWOS, tho oonduot Vity Of VbiOh VUiOS f- tho insulating
rqimo to tho oonduatimg rqim, dqaadi~ upon tho pI nf tho

~thcsio Mdim (11). PolsaniliBo oaa ●lso ho ●yntbomimod
●lootroohmioally in u mq’uwus Mdiuu that Oomistu Uf 41$$m?,.

A. ?ristino (Undapd) pol~rs



J

b9twoon rings. Tho quinoid ●truoture (Pig. lb) has ● Bush biqhor
●norqy, -d tboroforo, it is not Possiblo to haro ● ●oliton in
this typo of polpor in tho u.ndopadstat..

●✎ Lightly Dopod hl~orm

Doping in polyaaotylono 8-0 On tho OBO hnd that tha
nautral ●oliton is ionisod, resulting in ● Spinlonm, kmqktiv.ly
or ~oitivoly oharqod ●oliton (l~-l@)~ i.e.~ Flpariu anion (n-
dopi~) or polymuia oatioa (p-*pimg)l miob oorr.~mnda to ●

looalisod ●lcotronia ●tat@ n.- tb. ddqap (Pig. 2). On tho othor
hand, doping oan ha wiawcd ●a tha fomation of ● polmron (Fi9.
sa), whioh iB 8 raaiual anion or ● rsdioal amtion with ● spin
1/2, ●s for moutral ●ulitons (19-22). * adj~ooat poluonm aan,
howovor, rou-ino leaving tm ohugod Solitons on tho ohain
(2*). no roou~t is ● ●oliton ma tht is ~ty for p-deping or
fully oooupiad for n-doping. Light dopi~ in ~~yUoeatie@ iS

bliovod to prOVOkO Q g-Ot~ -lWatiOB tWUd tho ~4>DOid

struoturo sad tho fomtlon of radial iona (POIUOnB)~ thus
imm’e’dmiq two ●.b-gap Stmtos, 080 mMve tho valmao band .69.
Ud tho othor Wlw the oonUuotion band dgo (23).

In ~lyaoutyl@no, tho 8-. earriors - M viawed on tbo
080 hand ●n ohaqpd ●olitoas that fom ● -liton baredovorlappinq
with tho Valmoo and Oonduotion red’s (13#17). This piotura doos
wt ~laim %ho 8Uri@r ●p@- batwn tho uhaina. On tho othor
hand, two ohuved ●lltom oaa fom 8 selitom pair or 8 b~plum
that ma hop bowcon ohaime with ● low ●otivsti~n buricr (23)
(?ig. Sb). ID poly~ tiom, tho k plum Stat@@ in tho gap
fomod by light 4oplw u. PU@hod futhor amy frm tho band
~om by further depimg, ronlti~ ia tho roa*in8tion of
pluoas to fOX9 bi~luonm, whioh m spinloso uhargo oarriors
(22,a4). 18 oonolusion, oharqod molitons (in trms-polyaaotylons)
or poluoms fin P1 ti~tios) am vi8vd U! radioal iom whioh

{arc tho o~o oarr ● ro in tho lightly ~ stat.. ●ipolarona,
~or, ~ to b, tho @’pi81a@s mtitiom ns~aaiblo fox
trtmsport h tho Mtallio rqi~ 18 tho various symt-g.

m. BlootriOal Cmduotivity

whoa oomj~atod pol
Y

rn u. 60pod with an ●lootron ●oosptor
or 4omor, tboir ●leotr oal -ad’uotivity iaoroaooa by sevorcl
orders of B8g8itudo ●t 1- -t wmoontrationa. ?%.
eo80’uotivity imoroaeos by further kpimq until It roaoham ●

W- SC tho ●aturation lav.1 of dopi~. A ●mioo8duotor-to-
matal tramitiom is obsomod mroamd l-~ Ml# of 4epant for ●ll
60@Bg mpoioo (Ss,aa). Tho t~ratun d~eonoo of
oomtiotivity im usually limou batmm tho liquid ●itrogon and
~ t~rmtura aoopt for very low 18volm vhoro 8 sli ht
~aturo ●t low taporaturon is obsorwod duo to 1dop ng
i~anoitiam. no ●ctivation omo~ of Ooaduotion La of tho
ordor of f- mor for hiqhly oonduotimg polymorm,



B. CFptioalAbsorption

L ~’ -“ =-~”~ --mti”n f“r ~~~-
polymaotylono is ●t 2.0-2.1 ●V and at 1.77 ●V for tho trans
inrnor. Tho latter is ohuacteriotio of 8 maioonduotor and
oonmtitutos tbo porfoot ax~lo of an infinito polyono. In its
bansoid rem, ?PP ha. ● muoh Mr. looalisod s ●ymtam thmn doos
po17aootylono (a7). Tho bond omi.nootinq phonyl rings is O1OSO to
that of ● singlo bond, and tha rooultinq band gap is -Ut 3.5

av . Tha linhago of tho ●ulfur ●to9 in ●M providos for a
aontinuoun evorlap of orbitalm ●long tho ohain. Tho had gap i-
similar to that of ??? (3.6 ●V). hlythi~phono and polypyrrolo
absorb ●t intomodiary values of ●norgy batwoon polyaootylono and
P?F’.ThaBo polyhotorooyoloa shuo tho armtio proporty with PPP
and invelvo an artondod D syatam @Lmilar to that of ai9-
pelymootylono. Mot. that tho linkagoo batwoon the hotorooyolos
oouur ●t tho a-oarbon position- (lC). Tboir band gap ia in tho
rang. 2.S-3.2 ●7.

L -d ~1~: Tho evolution of tho optioal absorption of
polyaootylono ~n ●lootroohmioal dopi~ (~9) i- shown ●t
Tarious ●tqos [1-s] is rig. 4. Whan ~is-polyaaotylono [1] Am
lightly dopod [~], ● daoroaso in tho imtonaity of tho intorband
transition is observod, and a mcw band that oorrosponda to tho

001ieon is fo- Bear tho kiaqmp, ●t approximately 0.7 ●v.
Purthor dopimg [3] roeults in ● further doaroaso of intonaity of
tbo imtarband transition, amd heavy dopj~ [4] loads to an
abcorptlon sharaotorictio of 8 motmllio Mhavior duo to tho
fomation of a lug. bud of oha.rqod-Iiton p.airoor biplaronm.
TM spetm of tra.aa-pelya80tyl@no[S] i- obtaimod by u.ndoping
or by ● thuul kr~kat of th* vim stmoturo. Optioal
absorption spaatra for imoroa.si~ 4opi~ 1-01s ih polypyrrolo
(?ig. s) -ibit sW@ral abserptioa maxima tat oorrocpend to tho
various a%oitatioa States (30). For tho kkmost fully roduood
form, the mximxm ●t 3.2 OT is ohuaotoristia of tho intorband
transition. ?or 10V dopinq Iovols, tho imt6smity of tho intorband
tramition (B ) doo~:oasos asd scw@rd bmnds appom that ●ro
oharmotoristie?ot tb4 sub-gap stmtom (Jig. 6),

o 0.7 ●V, WQ1OBOC band to 10VOZ pluon loral, WI
o 1.4 ●V, lov*r to upper poluom l~ol, *
o 2.1 ●T, valano~ M.nd to upper polatom 19%●1, *3

At higher dopiag lovals, th* 1.4 W basaldimappoum iadioating
tho r~iaation of poluoa ●tatos to form bipoluonc, mm
dimusswl ●ulior, and tho istorband transition disappoara im
favor of tho bipelaroa tramsitiomo (1.0 .Y aM a.7 .7),
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ga’omotq Ghanqos of tho ohain, i..., Ollain roluation to
●oemodato tho formation of tho ohalgo transfer aomplox. Tho
first proeoasabla, hi9hly oonduutiwo polymer was H@. When it io
dopad, it baoommm intrautsblo owing to struot’lraloha.ngos (31).
It was found later that only by doping tho polpor in AsP3
solution with As?g oould ● bluo solution of tho dopod polymor b.
fomod (32). However, this toohniq’uo was not ●uooosaful with
ether polymors. Only by diroot p-olymorisation (Oxidativa
aoupling) of ●xtylonlo and ●r=gtio Bono9*rs, using ● similar
Ooabinmtion of AaF3 U4 M?gl oould solublo polymors ha obtainod
(33,34).

●✎ Poly (3-alkylthiophmmm)

llo~polymera of 3-alkylthiophomm havo bon proparod
yioldinq hiqhly oonduotivo materials. It was found that tho
ohaaioally proparod polymors bao~o readily tioluhlo in oommon
orga.niosolvonts when tho alkyl subotituont is aqual to or larger
in @is@ than butyl (35). Tho optioal absorption ●pootra of tho

Vaxious polymors indioatod that in spito of tho lug.
substituonts, thaso polymors am highly oonjugato6. In faat, tho
mi~ ~aorptlon is mot shiftoQ ~ v~inq ta. sis. of tho
●lkyl greup (- 460 m). Molwular Woightq in tho rang. 3,000-
e,000 woro ●oaourod. Conduutiwitios of 1-10 •/~ var. obtwinod
for tho dopod matoriala. Sigh molooular voighta (~ . 40,000)
=0s0 ropertod en tha ●lootrooh~iaally propuod on*a and
oonduotiwitios ranging f- 10 to 100 #/~ woro noasurod on tho
dopad mmtorials (36). Optiaal absorption studios of pcly (3-
haxylthiophono) in its do~d and undopad ●tatos ●houod that tho
●laatranio s?moturo and tho ohugo ●toxago ●oohwim ●o
Uao

‘-l
●d upon dissolution a.n4 UO similar to thoso of

plyth ophono. Tho -oak intorolaain int~raation roaulting frm
mbctitutlon of tho thiophana ring by l~o ●lkyl groupe and tho
high oonduoti~ity auggost that tho ●1-tromia Mtion ●long tho
ohain is prodomina.ntand thorotoro, oonduotion im allisotropio.

c. Copolyaor ●?st-m

u ~: Copol~ra ef Qootylono and
Mthyiaaotylomo or ph~nylaootylma wrti qntbemimad. Tho
matoriala wora molublo balov an ●ootylono -la fraotion of 304
(37) or Ss$ (30) ro~otivalyl but ●t this paint, their
Oomduotivity im Vmq lW. Later, syathoain of wolublo random
oopol~ro of dkylthlophonos vas rapertad (5S). ~or u-la,
v’hn a 1/1 mirturo of $-mathyltbiophano mmd J-butylthiopbono an
q~~riR~ oh-ioQllY~ •o~-1~ matorialo UO obtainod and tbo
molacular vaight is appraximatoly 3S~WOo b ia9 ef tho ~lymors

fim solution lad to materials with aonduot vitioo of about S0
S/-, naaurod on tho solution-oamt film.

IL ~1 ?bo palyworiamtisn of methyl mat~serylato
usi~ ●di= d.opd pelyaootylono 1- to ● graft oepelymor with
paly(~ttyl -thns~lats) blooks graftad OD polysaotylono ohmins
(ss]. ~e proooso rosultod im n -11 blue fraotioa ●olublo in
Tu. Other prooeoa that ~msiOtod of qrsfting

r
lyaootylono

ohaimo onto ●ithor a polystyrene or pelyiaoprono ohm B !40), war.
raported to result in Qrnft Oopelpors. M real proof for tho



distinction Mtwoon oopelymors and ● ●ixturo of two Immopolymors
was roportod. TM dstormination of tboir pbymioal proportion was
diffioult OWiDQ tO tht impossibility of ●*pirating tbo ●XCOS8 Of
tho initial homopolymor; tharoforo, no oonduutivity was roportcd.

n ~ek cmol~i Bleak oopolymorm havo an ●dvantago o=ar
otbor oopolymors Meauoo tho various stops in block
oopolymorisation aan b. oontrollod ●rosily, and thoreforo tho
produots am ha tailorod. Also, thair proportion am qonorally b.
prodiotd Moauao blook aopolymorfi ha~o proportion O1OSO to tho
●worago woightod propartioa of their two oompononts. Tho first
diblook oopolymor was that of #tyrOM and ●otylmm in WIioh tho
styrono ampenont oonmiatod of utrmoly long blouks, aompuod
with tboso of polymotylono, whioh,thoroforo, was insulating
(41,42). A vmrioty of polymotylone oopelymors woro proparod by
vuyinq tho natura and tho oonaontration of tha aopolymor
o~nontm as wall ● s tho ●rporimontal oonditionm of tho roaotion
(43-45) . Em ● romlt of tho oha.nqo in morphology when th.
~mition Qf tho oopolymer is variad, tha ●lootriaml
Oonduotivity of tho dopod matorialm im ●lso varied. Tho
●lootrioal proportion ax. Str0n91y dopondont upon tho tho
rolatiro munt of polyona ●agmnts. Conduction ooours by
poroolation with a threshold ●t approximtoly 16* Tolumo fraction
of Pelyaaotylono.

AL ~a CQpol~S ?ho first ●ltornat.inqplymors to M
8ynthosisod ●. poly(arylpyrroloa) (46). ?ho difforonoo botwoon
this typo of menomor and pyrrolo or thiophono is that tho ● onomor
stnaaturo of tho fomor oontmina 8 hiqhor z-oloatron density and
thuoforo, tho doloomlisation of thoao ●lootrons oausos tho
polymerisation to ooour ●amily, i..., ●t ● lowor hppliod
petantial than nocdod for polypyrrolo or pelythiophono. Oao
ixpertant toaturo of thoso polymors in their selubility in tho
orga.nlomodi~ in whioh they u. proparod. Conduotivitios of tho
P91ymor films aro in tho r-q. 1-10 #/-.

D. ?rooumor ?olymrs
.

TM ●ymthooio of prooursor pol~ora oonmtitutom ● mat rout.
for tbo prcpuatioa of oondu0ti8q polporso Tho prooursor systama
of Imtorost oan M ●asily handolod in Mlution and purified to Q
high ●stont ~foro they ●o oenvortod to tho intraotmblfl
ooajugated Mtorial. Tho first uamplo wm that of tho Durhu#
rout. to polyaootylono (47-4S) whioh rosultod in hiqhly donss
polyaootylono film.. A vuioty of prooursor h~opolymrs and
~lworm *or. ●ynthcsisod uainq this rout. and tho roaati(m
kimotios war. studied for optimisation purposoc of polyaootyloao
Spthomimo #imilarly, tho ●ynthoais of ~ly(phonylonovinylomo)
froa its wmtor-selubio sulfoni~ sblt proaursor pelymora was
r~rtcd (S0,S1). Conduotivitioa of ●pproximately 100 S/cB wsro
moasvfd on tha dopod pelymr.

B. Wmtor-solublo Conduotiuq Polymorn

It was found rouontly thmt sonduotinq
water-molublo by ●ttaohing ● ●urfautant or
etruaturo of tho pely’mar (5ti,S3). In

pol~orm Oan ha Bado
●omp Beloaulo to tho

this prouomn ●lkyl-



●lfonatom a.nd-aarboxylatos ● r. ●.tmtituontm on tha B mrbon ●tom
of ● tbiophon* or n pyrrolo ● onomoro Tho watar-molublo polymora
Uo ●ynthamismd shuiaally or ●loatroohamioally by k.nom
proooduros. Tbo dopant is oovalantly bondod to tbo ahain.
Thoroforo, intrinmiu or ●~lf-doping ooours when ● ohmrgo is
●jostod from tho x syatam. loading to tlm formation of ● aharga
tramfor Omplox Mtwoon tho anion arid

5P
● defeot On the

oonjuqatod ohain. conduoti~itiom of abwt 10- S/= aro shtainod
tor tho vuious mmtorimlm. Th oonduotivity oa.n M inoroamod by
doping the polymors, up to 10 2 S/m, with oxidising ●gonta ●ub
● AsP5 or H2W4. When tbo ●lkyl uhain length {m) is in tbo rang.
10-20, a liquid orystallino polmor is obtsinad in tho lyotropie
phaBo (s2). Thoroforo, by oombfning liquid arymtallino proportion
and oonduativity in aonjugatod polymors, 8 maw alas- of polymors
is horn whioh prosantm ● rOal Ohall@ng@ in this ●rsa of rosaarrh.

?. UBO of Surfactanto and Lattiooa in Polymorisation

Surfaota.nt anions, ●uoh ●B alkyleulfato and ●lkymulfmmt,
elootrolytos woro u-ad in tho a.nodiooxidation of pyrrole (S4).
ThiD lad to tho formtion of ●lr-stablo and nor. floxiblo
insolublo films of ~lymoro Yhim tooh.niquouaa axtondod to tho
w. of polymorio anions in tha alwtrepolymrisatioa, in tho form
of lmtti009 ●loh ●s ●qlatos, ●othao~latos , ●to

-3
(s5). Tbo

oonduotivitios of theao ●aB.PloB am in tbo ran$o 10 -s s/em for
~lypyrrolo oontonts in tha ranwo 3-30$. Coatings oa.n b mado by
dippinq, spin ooatinq, and spra~ing. Optioal tra.nsmismion of 55-
aat in tba w-vimiblo ragion i- obtaiaod, and tlm mt.rial has
tho appoara.noo of a groy filter -d SO-B to havo tho ●ppro~riato
oharmtorimtiaa of an ontistatio material.

V. STABILITY

A. Ovarviov

Sttiility has boon m important issuo in the rosoaroh on
oonduoting polymora and m. of tho major drmbaoks toward their
as. in toohnoloqioal applioatlons. ●m. of kho pristine, undopod
polymors u. mir-stable, but for tho dopod polymrs, stability is
● ~ro o~lox Asmo baoauoo it involrcm an *daitiOnal paramotor,
whiQh is tha naturo of tbo aharq. tranafor oomplox fomod by
doping. In gonoral, n-typo polymrs aro very mmtivo in ●ir and
p-typo polymom ●. rolativoly moro stable. Savoral ●tabilisation
toohniquos Mvo Mm used, and ●m. of th- ● . dosaribad bxiofly
bar..

B. Uso of spooial doputs

Uhan polypyrrolo is ●ynthosimod olaotroohaioally using
p-toluono~ulfonmto and sim!lar salts, it ramim stm.blo in ●ir
for ●ovora, ~sars (S6) . TM roaotivity of n-typo polymrs in ●ir ,.
aa.n M doorosaod ~ Uso 01 oompluing ●gontm. When tho
a.ppropr~atoorown ●th.r is ●dded to u n-typo dopant ●oh ●s
~btrwa (Bpht = napbt!mlono) in -, ● stablo oomplox is fomod
with tho ●lkali metal. When polymootylono or othor polymars ● r.
imorsod in suoh 8 ●lution, tbo polymor io dopod with tbo ●lkali
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Dotml clomplu and tkbo stability of tho roaulting material is
●nha.nood (S7). Th* tihoiOa Of thO orom ●tbOr dOpOndS upon tho
siso Gf tba alkali metal.

?h. rolo of a.ntioxidantm iB that of a froo-radioal amvongor
●ob ●s that ooming from oxygon or fr@= r~dioal spoaias fomod by
uxidation of tho polymor. Wm. of aortaln antioxidant- suob ●m
●bstitutod pbonols md quinonos was ua=inod with polyaootylon.
(4ss,ss). ?bo results indimtod that tho induotion period i~
langt!mnod up to a year with ● gradual oonduutivity 10SS.

D. Bnoapmlation

●ooauso oxidation is ● diffumion-uontr~ll~d proooss, th.
ehoioo of tho protaotinq Mt.rial is axwial. ?or uamplo, PVC is
known to h on. of tha best oxygen barriers among oonvontional
polpors, and itm Uso with conducting polymors suah ●z
polyaaatylono provod to b, ●ffootivo (45b). Other good oxj?gon
barriers U. ooatod on oonduoting polymors by raouum deposition.
A good umplo is tho nso of fluorinated parylono, whioh is an
uoollont oqgon krrior (39). ?h. film’s flexibility •t~y~
intaot with no moasurablo oonduativity 10ssO

s. stabilisation Bffmt of 14ultioompamnt #yst8ma

compositor oan W obtainod by ●l.otroohuiml polymorisation
of, for oxamplo, pyrrolo onto 8 platinum ●lootrodo ooatod with a
fov-mioron-thiok fil= of ~C (60,61). Tho polymorimation timo
dotominos tbo utont of mixing of tbo two polymors. In gonorml,
8 f8w miautom of polymoriumtion romlts in ● ●rfmo ooatinq of
polyvinylahlorida, vbioh loada to tho possibility of malinq
aonduoting patterns on an imulating fluiblo su.batrato(62). Tho
empesito material ebtainod when long polymorisatim thos ●ra
used uhibits am ●nhanood ●ta.bilityoomparad with polypyrrolo.

ThO rosulta on dopod diblook polyiaopreno/polyaootylon.
oopolymors showod that tho matoriala voro lores sta.blo than
plyaootylono, tho homopelymor (4S). Thi@ wam oxplainod by th.
d.oroamo in tbo ohain-ohdn intoraotion, which is an imprtant
stability paraaotor of ths polymor ●truoturs. In tiothor axmplo,
tho oopolymorimmtion of mothyl- and butyl-eubstitu’.od thiophonom
yieldQd ● ●ta.hlo metorial in tlm dopod stat. (35).

W’lmn dopod polyaootylono is uood ●s tho mod. in t?io

●lootroaynthooiz of polypyrrolo (63,64) or polyanilin. (49a),
oo9p9sitos oan ~ fo-od if tho ●leOtrolyto/8ono90r ●ixturo is
●llowod to diffuaa oomplotoly in tho bulk of polyaootylono film.
?olypyrrolo or polyanilino, whioh ●ro rolmtivaly morm stablo in
tho$r oonduotinq fom than polymaotylono ●dd to tho lmttor an
xmproved but not long-term stability.

TI. NOLBCULARMD tUPRAMOLBCULA.RORIBMTATIOM

Intrimsia aniaotropy in tho optioal and ●loatrioal
proportio~ of oonduating polymora has ~on on, of tho important
●spoatm in this ●rea of rO@Oar@h. Anisotropy in thoso ●ystms
results from tho ●xistonoo of an ●xtondod w oystem on parmllol
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weak Intorohsin intoraotion. sororal toohniquos havo
to obtain oriontod polymars with success.

Strotoh-alignment Or a polyaootylona film to 8 muimu of
thr~o Kimos its original length rosultod in ● mod.st optioal and
●loatricml ●iaotropy (ol /OLE 3-5) (3). Tho strotoh-orientation
wss Lmprovod later by improving tho symthoaisin~ ●ethod and tho
highoa~ pmrall.1 oonduotivity resulting from that proaoss Va 9
1. 5X1O #/a, whlob io only fivo ti=oa l.sa thm that of uoppor
(6s). with ● porpondioular oonduotivity of 100 #/em, this
mnstitutos tho higl!mst ●lootriml a.nisotropy aver obtainod. Tho
resulting natorial io highly dons. and oonsists of ●lmost
P.rfoGtly ●ligmd fibrila.

Although tho DUrh~ tach.niq’uo for tho ●ynthosis of oriantod
polyaaotylono yioldod ● highly orionted matorinl by strotch-
●ligmmnt of tho proourmor polymor, tho hiqhost omduotivity
roaohed at an ultimmto dr=w rltio of 20 ia oompuablo to that of
tho initisl stretoh-mlignod Sicglor-Matta ~lyacotylono. HOWOVOZ,
th, mtorial uhibitod 8 high optioal -isotropy (46-60). A
•~milar toohniquo Wam u-ad to q-nthosiso highly oriontod
poly(phonylmminyleno) . Tn. ●lootriml a.nisotropy ma 100 ●t a
drmv r tio of 10 with 8 paralld aonduativity of ~ppr0Xi8=tOly
2.SX1O f s/Ore (50,s1).

?’ho polymorisatlon of ●mtylono in ● liquid aryntal medium
has Moo=. an uoa of interest. Tho first polymrisatiun attempt
waa -do using m(p-motho~~nsylidino)p-butylmilino vhioh has ●

n-atio raago of 13-30”C in 8 msgnotio field of z2.5 k(~ausm (69).
Tho Polymorisation of ●aotylmm uming ● oatclyst oonaantrmtion of
0.1 wl/1 of Xi@glor-Matta oatalyst wan mrriod out under 8
●qnotio field of 4 kgauss. In thoso omditicum, tho liquid
aryatal molaoulos ● r. oriontad with rompoat to m utornally
doflnad UIS and tho dineolvod oatalyst is upcotod to ho
oricmtod in tho mm. dirootion. ?hi- preoosrn rosultad in 8
noneronalinked mtsrial with m ●lootrioal -isotropy of nor.
tbu 4. Tho liquid orystal ●lignment j.a gonsrally affoatod by its
purity and t!mroforo, tho -U.nt Of tho Oatalymt Was aruoial to
tho ●lignmont prouoms. Ubon tho rolativa volum ratio of tho
cmtalyat to tho solvont i. kept under 10%, im.provod Ui_Otr py is
obtainod. In faot, parallel uonduotivitioa hlghor than 1x1O t s/m
●ro obtainod when tha orionted polymor i- dopod with AsP5. Other
●rporimontm follovod uoing 4- (trans-4-n-prQpyloyulohoxyl) -othory-
bonsono or -butozyMnsono s- tho nmtic liquid e~stal (70).
Similar misotropy was obtminod. In othor Uporimonts (71), when
tbo ●-o two solvontm war. used for tho Polymorisation of
mootylono u.ndor8 flow of tho namatio oatalyst ●olution In tho
absonoo of ● magnotio flold an oriontod polymor rosultod with
●loatrioal mimotropy and oonduotivitics lowor than thoso
mntioned abwo for tho pol~ors obtainod u.nd~r ● mgnotie field.

VII. APPLICATION ARU8

Tho ●lootronio bohsvior of oonduoting orgmio polymors oould
k utilised in many ways in ● vido rang. of oonduoti-itioa. Tho
petontial application ●reas inoludo Orgulia oonduotors and
●mioonduotorm, ●laments in intogratod ●lootronie airouits,
info-kAon ●torq. syntam , tuporaturo sansors, gas and
irradiation dotootorm, prossuro indiaatorm, rootifiors and
●lootroohromia dimplay dawiooa. Bloetroohcaistq und photooloo-
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trouh-iatry ● r. potontial uoas of ibtorost, particularly for
Mttory and fuel aoll ●pplications. Al-o, oonduatinq polymora omn
b. of us. for ●tatio ohar~o dissipation and ●lootromagnotio
intorforonoo nhiolding. A fow Uamplon Uo disoussod Mlow.

A. Rotaroju.notions

Sow8ral oonfigurationa ean b. ●nvisionod for their
utilisation in ju.notion doviaosz
1) Eotareju.notions ionod ●t tho intorfaoo botvoon an u.ndopod
pol~ar and an inorgania ●omioonduatGr. Eigh band gap lnorganlo
s~ioonduotors war. uaod (Cd8, SnS) with polyaootylono films
(72,73). Tho 0011 is illuminttod through tho inorga.nio layer 8nd
●ost of tbo inoidont light is abaorb6d within th. polymar layer.
High Vo= is obtainod but tho pbotoourront is poor duo to tho high
sorios rosistanoo of both oomponontm mrid roeom.bination rat.. A
powor ●ffiaionuy of 1% waa roportod. Thin layoro of poly(3-
notbylthiophono) doposltod on n-QaAs with ● thin gold layer to
fom Ohmio Oontmots rasultod in junations with bott*r
oharaotoristio= (74). A power ●ffioionoy of 3.5% is obtainod duo
to light absorption within :ho Gtia layer.
2) Sahottky diodos im whioh tho dopod polymor cats ● - ●

motallio layoro Rxamploa inoluda polypyrrolo on n-si (75) m.nd
Polyaootylono OB CdS (72,73). Duo to tho high sorioc roaist~oo
of tbo samioonductor tho ●ffioionoios war. low.
3) Sohottky diodou with tbo undopod polymor sating 8s ● p-typo
smioonduu~or on whioh ● ■otallio layer is dopositod. Calls of
this typa with poor ●ffiuionolos war. roportod for polyaootylona
(76) and poly(3-mothylthiophono) (77).
A dimadva.ntago of tbo vsrious oonfigurationa is tho high
rooombination rmto that lisits tba o}llootion ●ffioionoy of
pbotogonoratod ●loetrons and bolos.

m. Bloatroohromio Display Mvioos

Tho ●lootroobrmie ●ffoot in aornduoting polyBors is tbo
result of tbo ok-q. in tho optioal absorption ooaffioiont in tho
risibla ranqo upon dopiag. This i- qonarmlly ●ooompaniod by ●

oolor Ohango . Polyhotarouyolos ●ro qood axaBplom for tho
illustration of this proooaa. Tbo svitohib~ opormtion oonrnints of
● doping-undoping OYC1O u.ndor m rnoneobromtio light ●uoh ● m a
la-or. #ovoral polythiophonos and polypyrrolom ●bowod good
cwitohinq oharaotoristiaa (7.). In tho oaae of polpyrrolo this
oplo oan b. ropoatod up to lot timom in s-oral ton- of
millisooonds for ●aob oyolo. Tb@ S-O dovioo oould k used ●a a
●aom ●l-ont booauao tho oolor and tbo oonduotivity ~f tho
plymor in ●aoh stat. ramains tbo sam. for ● long tire.

c. #hiolding Against Blootromagmtio Intorf.ronoo

•~o oonduoting polymors whiab o-ins tho ligbtnoss and
fluibility of plastlos and tha high oonduotiwitios of ●etals
aould offor tbo solution to probl@ms of grounding, ●tatio
dissipation and obiolding ●qainst .l*otromagnoZio intorforonoo
(EUI) . Tb. soarah for ●bielding materials oontinuo- ● s moro ●nd

●oro noiso fills tbo air. Conduotivo oomtinqs on plaatiom
housings and incorporation of oonduotlvo fillers in tho rosin ● r.
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umad. #kiolding ●ffoutivonoss and fr~anoy
●otbodo and configuration of th~ shield. VoiY

f~- toots hawo boon ~rformod in ‘dotomining tho ●hioldin~
●ff-tironosm of Inharontly oonduoting polywram Eruplofl of
oonduottng polymor- uad in suah test. ● ro polyaootylono and
polypyrrolo. TM proliminuy tastn indioato that tho polymors ●ot
●a ahioldinq mmtoriala in both tho AI and MU frequonoy rang@a but
with ● lovor ●tfootlvonoss than oonvontional oonduotlvo ooatinqm.

D. Blootrooh-istry

A wu!oty of oonduoting Polymors havo Man investiqatud for
their pesaiblo UBO in ●ooondary bttariorn. Tha most widely
studied polymors aro polyaootylono (79,.0), Poly(p-phonylano)
(s1), polywyrrolo (02) and polya.nilino (11]. In gonoral,
oonduoting polymrs au M oxidisod or roduood elootroohamioally
to form p-typa or n-typo materials ●uited for umo ● m oathodas or
anodom roa~otivoly. Tho powor and ●no~ dansitioo obtainod for
the various syst-s ● rc ~~arablo or, in ●om. oaBos, hlghor thmn
oomaoroiall? avail*lo syatemo.

COWCLW1OMS

Tho disao~ory of Polyaootylono ● s tho prototypo mmtorial lod
to utonmim rotiouoh on it- synythesio -d ohumatoriaation. Tho
touh.nlquoa that ~orgod ● a tho most importmt and pr~ising onom
ara thooo that dealt With molooular orientation md that rooultod
in oonduotivitioo ●lmost ●a high ma that of ooppar. Yho ●tudy of
&sons e’ othu materials follovti. Intorost in oonduoting
pelymoro stas fr~ their nonalaosieal optioal and ●lostronio
Pmofi~o@ ● - WOll ● th.~r wt.nt~~l t-hnolqioal appliaationc.
Rwovor, ●omo of tho fao~ors ourrontlr limiting their us. ● . tho
laok of long-term stability and tho nood ts dcvolop aonvontional
lov-ooot toohniquos for ●asy proooaming. Thoroforo, rosouoh van
axtondod tovard solving thoso probl~s, and proqross has bean
rooontly mad. in that dirootion. TN synthesis of new matorialo
suoh 89 St-1o and ●asily proooss~le alkylthiophonoa, wator-
SOlublo poly’mors, and ●ultioo9ponont Systa , inoluding
oopelymor? and ompaoitos, o.onotitutos an im.ports.nt stop fe~ard
in tho area of ●ynthotio metals. Rovo*or, a full undarmtanding of
matarialo ohamistry ud proportion rcq’uiros ~ro work in tho
youc to ma. Although, f- small-soala applications havo provon
te b suooossful, long-term stability and applicability toatn ● .
soodod kforc their oonoroial us. Moomoa reality.
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Fig. 1: Degenerate ground stac~s and soliton raprosontation in
trano-polyacaty lone (a) ●nd nondegm-mrst. ground statas
in polyaromatics (b).
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Band structura of polyacctylma containing ● soliton:
mutral (left), p]Ditivaly-char$rd (middle), ●nd
n-gatiwly char~ad (risht).
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Fit. 31 Rapramantation of ● polmron on a trnn~-polyacatylane chain (a)
and of bipolaron hopping (h),
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FiE. 4: Optical absorption spactra of cis-polyacecylene ~1],
Increasing doping levels [2-4], ●nd of trms-polyacetylene [5].
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Fig. 5: @t Lcal ahslcption speccra for various
d~plng levels of polypyrrole.
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Fig. 6: Sub-gap states in polyaromtics.
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