h LEG.'B ILITY NOTICE

A major purpose of the
Technical Information Center is to
provide the broadest dissemination
possible of information contained in
DOE’s Research and Development
Reports to business, industry, the
~academic community, and federal,
state and local governments.

Although portions of this report
are not reproducible, it is being
made available in microfiche to
facilitate the availability of those
parts of the document which are

legible.



VAV LN T T =
LA-UR-87-3019

25

L

SNE-8T709)38 - -/

( n .Y nited 5 De AQr En ng " wW.-T405- ~(;
AlaT Ot Natons: Laboralory 18 0persied Dy the Univers'ty o! Canfornia tor the Unn ates partrae~! of gy » e contract 7405-€ i3
Los AlaT™os N '

LA-UR--87-3019
DEB8 000501

TITLE ADVANCES IN INHERENTLY CONDUCTING POLYMERS

AUTHOR(S) MAHMOUD ALDISSI, MST-7

SUBMITTED 1O 1st European Polymer Symposium
Lyon, France
9/14-18/87

DISCLAIMER

This report was prepered as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency lhereof, nor any of Lheir
employosy, mukes any warranty, oxpress or implied, or assui=s any legal liability or responsi-
bility for the accuracy, completenems, or usefulness of any Information, appuratus, product, or
process disclossd, or reprowsnts that its use would not infringe privetely owned rights. Refer-
oncr herein 10 any specific commercial product, process, or service by trade nama, trademark,
manufacturer, or otherwise doss not aecessarily constitute or imply its endorssment, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of suthors expressed herel do not necasdarily state or reflect those of the
United Siates Government or any ageacy thersof.

By accep's-:e o' Ihia (.11:c'@ the publisher recogn.res thet trg U S Government reta:~s 8 NONERCiuBIve royd"y-tree iCense 10 pubiigh Of reproduce
the Dobisrec 'orm O thy conlnbulion oOf Ic aliow Olhers 10 do so ftor US Government purposes

Tre LO0s ~a~2s Naliona Laborato’y 'eQues!s thal the pubi 8Per 1@enlity thig 8°1.Cie a8 work pertormed unde’ the ausp:res of thg U 8 Depariment ot Ere )y

MASToo
LoS A0S Leshlzmes National Laboratory

ORM NG BM A . . ,,,_’}‘)
AR TeNr FIRN N -


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


ADVANCES IN INHRRENTLY COMNDUCTING POLYNERS

M. Aldisei

Los Alamos NMational Laboratory
P.0.3oX 1663
Los Alamos, MM 873545

INTRODUCTION

S8ince their discovery, oconduocting polymers have generated an
excitement about the possibility of comabining some electronic and
optical properties of eemiconductors and metals with the
attractive mechanical properties and processing possibilities of
polymers. Polymeors as plastio materiale have BURErous
tachnological applications because of their lov cost, lightness,
and flexibility.

The main ocharacteristic of a potentinlly oonducting polymer
-9 a oconjugated backbone that ocan be subjected to
ox’‘dation/reduction by electron acoceprors/donors resulting in a
polycation/polyanion or vhat are frequently termed p-type/n-type
doped materials. The conjugation of a polymer's Dbackbone 1i»s
necessary for oconduotion. Thio conjugation is also rasponsible
for tie environmental stability of most of these materials &ue to
the high reactivity of the double bonds (or of the oharge
transfer )lex obtained Dby doping) with oxygen, moisture, and
light. Therein lies some of the research challenge.

The iritial polymer systene were intractable and therefore,
tdcir ocharacterisation and a full wurzderstanding of their
properties wera diffiocult to obtain. It took a fev years for
progross tn be made ip that direotion, reesclting in the synchesis
of a fev scluticn-processable polymers. Nost of the potentially
ococnduoting polymers ssess an asmorphous oheracter with
microstruotur.s of wvariocus esises and shapes and of a ocertain
perosity that deperds upon the nature of the polymer and ite
synthesis technigue. The modification of the morphology of soae
of these Baterials toward a more ordered struoture bhas Dbeen
investigated, and earlier work showed that alignment of the
polyner ohains end th-ir aggregates enhances th¢ optical and

eleciriocal p rties of the materials.
nmulm:xa. snvirosmental stakility and ghair and/er

.?g;gg.;._ on are the key elements in this discussion and
vill be oxplained based on recont and earlier work.

I. MATRRIALS SURVEY

The ini ial polymer wystems consisted of Dateriale obtained
by ocoavantional teochniques that had been kaown for a long time. A
brief 4description of thess sarlier polymers and of the more
recent opes .s given ia this section. Note that the material
discussed lLere will bs limited to organic polymers.



The polymer first discovared as a highly Jonductive matsrial
vhen doped is polyacetylene. The polymer is obtained in the cis
and/or trans oonfiguration as silvery oobhesive films, of a
fibrillar morphology, by Siegler-matta catalysis (1,2).
Polyacetylene is knovn as the prototype material in this area of
research. One attractive feature is that the polymer films can be
stretched to form an anisotropic material (3).

The oxidative-coupling method (4) is one of the best methods
to obtain a poly(p-phenylens), PPP, with a high molecular weight.
The product oconsists of mostly uncrogslinked paralinkages. The
povéery nmaterial ocan ke annealed in an inert atmosphbere up to
400°C for 24 hours, thus increasing its orystallinity by
crosclinking toward a graphite-like etructure. The annealing
process remnults in an inocrease of the oonductivity.

The ftirst processable polymer kmown ¢to be rendered
oconductive was poly(phenylenesulfide), PP8. The —synthosis
employed was gonerally step-growth ocondensation reactions (8).
Pilms are prepared by nmelting the polymer powder ( = 270°C) eor
by casting it from a 10% solution in diphenylether 220°C.

Blectrochemical polymerisation (6) is a novel method of
synthesis for some conduoting polymers. The most-studied ones ire
polypyrreles ané& polythiophenas. Until reocently, most higkiy
conduotive polymers obtaimed Dby using this technigque vwers
inscluble. The electrosynthesis of soluble oonductirg polymers of
this type will be discussed in a subsequent section.

Another olass of nmaterial of iaterest is that of ladder-
chain polymers. They oonsist of mized aromatic bhetercayclic
backbones having rigid, planmar, ladéer-ochair structures that are
melt-processable. These materials are usually obtained by
condensation polymerisations. Polyquinsclines ar: polygquinoxalines
are kaown examples of high~-temperature polymers that cculd be
rendered oonductive (7).

Polyanilines (8-10) are examples of imtrimeically occndurting
polymers that 4o not involve Goping ia the same way as do the
other polymers. The polymer can d»e obtained jia various forms and
structures, the oconductivity of which varies from the inmnsulating
regime to tLe oconduotiang regime, depending upon the pE of the
syathesis medium (11). Polyaniline ocan also be eynthesised
electrochemically in an aqueous mediw: thal ocormsists of 42% HDBF,.

II. BLECTRONIC STRUCTURL
A. Pristine (Undoped) Polymers

In order to understand transport ia oonduoting rnly-ort it
ies essential to examime their electronic struoture in terme of
band structure and execitations. Trans-polyacetylerc is unique
among oonduoting polymere in haviag o deyanerate ground state
(12), i.e., two geometric structures aaviag the same energy. The
twvo sptruotures differ by the alternmationm of tY%0 simgle and double
bonds. This degeneracy results im the feorsation of the aeutral
solitoa excitation (radical) havimg a spin 1/2 that separates the
twvo greund states (Pig. 1a) and ocan prop&gete freely on a one-
dimensional basis along the ochaim (13,14). The ground estate in
pelyparomatiocs ie aondegenerate (18). The ground state
corresponds to an aromatic structure with a single-like bond



between rings. The quinoid structure (Fig. 1b) hss a much higher
energy, and therefore, it is not possible to bkave a soliton in
this type of polymer in the undoped state.

B. Lightly Doped Polymers

Doping in polyacetylene means or the one hand that the
neutral soliton is ionised, resulting in a spinless, unegatively
or positively charged scliton (16-18), i.e., polymaric anion (n-
doping) or polymeric cation (p-doping), which corresponds to a
localised electronic state near the midgap (Pig. 2). On the other
hand, doping can be viewed as the formation of a polaron (Frig.
3a), which is a resdical anion or a radical cation witk a 3pin
1/2, as for meutral sclitons (19-22). Two tdjacent polarons ocan,
hovever, recombine leaving two ocharged sgclitons on the ochain
(22). The result is a scliton band that is empty for p-dcping or
fully ooccupied for n-doping. Light doping in polyaromatics is
believed to provoke a geometry relaxation toward the quinoid
structure and the formatlion of radicai ionms (polarons), thus
iatroducing two sub-gap states, one aboveé the valence band edge
and the other below the conduction band edge (2)3).

C. Heavily Doped Poiymers

In polyacutylene, the charge carriers can be viewed on the
one hand as ocharged sclitons that fora a soliton band overlapping
with the valeace and oconduction bamnds (13,17). This pioture does
mot explaia the cerrier hopping between the chains. On the other
hand, two charged sclitoms can form a solitom pair or a bipolaron
that can hop beivesn chaims with a lowv activatiun barrier (23)
(Pig. 3b). In polyaroastics, the two polarnn states in the gap
formed by light dopimg are pushed farther avay from the band
edges Dby further dopimg, resultiny ia the recombination of
polarons to form bipolaroms, which are spinless charge oarriers
(22,24). In oonoclusion, charged solitons (in trans-polyacetylene)
or polaroms (in pol{urcnntiol) are vieved as radical jons whiodh
are the charye ocarriers in the lightly doped state. Bipolarons,
hovever, seea to be the spinless eatitias responsidble for
transport ia the metallic regime ia the various systems.

III. MATERIALD PROPERTIRS
A. Bleotrical Comnductivity

When oconjugated pol rs are Aoped with an electron acosptor
or déomor, their electrical oconduotivity inoreases by seversl
orders of Bwmagritude at low dopant ooncentrations. The
ooaduotivity imcreases Dy further dcpimg uncil it reaches a
mazimur at the saturation level of dopimg. A semioconductor-to-
metal tramsition is observed arouad 1-2 molN of d&opant for all
éoping epecies (28,26). The temperature dejendence of
oonductivity is usually limear Dbetween the 1ligquid mitrogen and
room temperature exoept for very low levels vhere a sliglt
curvature at lov teamperatures is observed due to doping
inhomogeneities. The asctivation emergy of oonduotion is of the
order of fev meV for highly oconducting polymers.



B. Optical Absorption

1. Undoped Materials: The maximum absorption for cis-
polymcetylene is at 2.0-2.1 eV and at 1.77 eV for the trans
isomer. The latter is oharacteristic of a seamaiconductor and
constitutes the perfect example of an infinite polyene. In its
bensoid form, PPP has a much more localised s« system than does
polyacetylene (27). The bond cconnecting phenyl rings is close to
that of a single bond, and the resulting band gap is about 3.8
eV. The 1linkage of the sulfur atom in PP8 provides for a
continuous cverlap of orbitals along the chain. The band gap is
similar to that of PPP (3.6 eV). Polythicphene and polypyrrole
absord at intermediary values of energy betveen polyacetylene and
PPP. These polyheterocycles share the aromatio property with PPP
and involve an extended D system similar to that of cis-
polyacetylene. Mote that the linkages Dbetween the heterocycles
ooour at the o-carbon positions (28). Their band gap is in the
range 2.5-3.2 evV.

2. Doped PolYmeIns: The evolution of the optical absorption of
polyacetylene upon electrochemical doping (29) 4is shown at
various stages [1-83) ia Pig. 4. When 4is-polyacetylene (1] is
lightly doped [2), a decrease in the imtensity of the imterband
transition is obsorved, and a aew band that ocorresponds to the
soliton is formed near the 1idgnp, at spproxzimately 0.7 V.
Purther doping [3] xesults in a rurther decrease of intensity of
the interband transition, and heavy doping (4] leads to an
absorption oharacteristio of a metallic Dbehavior due to the
foranation o a large baad of ocharged soliton paire or bipolarons.
The speotrum of trams-polyacetylene (8] is obtained by undoping
or by a thermal treatment of the <uis oetructure. Optical
absorption spectra for imcreasing d@cpinmj levels in polypyrrole
(Pig. 3) exhibit several absorption maxima t.at ocorrespond to the
various excitation states (30). Por the &lmost fully reduoced
form, the maximum at 3.2 oV is characteristic of the interband
transition. Yor lov doping levels, the intemsity of the interband
traasition (3_) deciesses and scveral Dbands appear that are
ohnrnotoriotié’ot ths sub~gap states (Fig. 6¢),

° 0.7 oV, valenoce band to lower polaron levsl, le
o 1.4 eV, lover to upper polaroa level, A
° 2.1 oV, valenoc band to upper polatron 10‘.1, Aoy

At higker doping levels, the 1.4 oV Dband disappears indicating
the recombination of polaroa states to form bipolarons, as
discussed earlier, and the interdand transition disappears in
favor of the bipolarca tramsitionms (1.0 eV and 2.7 evVv).

IV. PROCBROSABILITY

A. Overvievw

Becanse of the rigid mature of their Dbaockbones,
orosslinking, aad the aggregated ocharacter of their morphology.
proocescing of Noet ef the ititial uadoped polymer esystems vwas
unsuccessful. ror éoped polymers, the difficulties were greater
bevauss d&oping oausas further aggregation and ocertain 1local



geometry ochanges of the ochain, 1i.e., chain relaxation to
accommodate the formation of the obhalge transfer complex. The
first processable, highly conductive polymer was PP8. When it is
doped, it becomss intractable cwing to struciural changes (31).
It was Zound later that only by doping the polymer in Asr,
solution with AsP, could a blue soclution of the doped polymer be
formed (32). Howvever, this technigue was not sucocessful with
cther polymers. Only by direct polymerisation (oxidative
coupling) of acetylenic and aromatic monomers, using a similar
coabination of AsF, and AsF,, ocould soluble polymers be obtained
(33,34).

». Poly (3-alkylthiophanes)

Homopolymaers of 3-alkylthiophenes have Dbeen prepared
yielding highly oconductive materials. It was found that the
chemically prepared polymers become readily soluble in oommon
organic solvents wher the alkyl subotituent is equal to or larger
in sise than butyl (35). The optical abscrption spectra of the
various polymers indicated that in spite of the large
substituents, these polymers are highly conjugateé. In fact, the
maxisum absorption is not shifted by varving tae sise of the
alkyl group (=~ 460 nm). Moleocular vweights in the range 3,000-
8,000 were measured. Conduotivities of 1-10 ®/um were obtained
for the doped materials. Nigh molecular weights (M, ~ 48,000)
vere reported on»n tha electrochemically prepared onas ani
oonductivities ranging from 10 to 100 8/cm were measured oan tke
doped materials (3¢). Optical absorption estudies of pcly (3-
hexylthiophene) in its doped and undoped states showed that the
eleotronie struoture and the oharge steorage mechavLisms are
nnolan?od upon dissolution &and are similar to those of
polythiophene. The weak interchain interaction resulting froa
substitution of the thiophene ring by large alkyl groupe and the
high oconductivity suggest that the electromioc motion along the
chain is predominant and therefore, conrduction 1ie anisotropic.

c. Copolyaer Systeas

1) Rapndom cCopolymers: Copolymers of scetylene and
methylacetylene or phinylacetylene were synthesised. The
materials were soluble belov an acetylene mole fraction of 30%
(37) or 128% (38) respectively, Mt at this point, their
conduotivity is very lov. Later, synthesis of wsoludble random
copolymere of alkylthiophenes vas xeported (5%). Por edJample,
vhen 2 1/1 mixture of J-methylthiophene and iJ-butylthiophene are
copolymerised chemically, solubls materiale are obtained and the
aolecular weight is approximately 33,000. Doping of the polymers
i» solution led to materials with Jonductivities of about 80
8/on, measured on the solution-cast films.

1) Sraft Copolymers: The polymeriaation of methyl metdacrylate
using sodium doped polyascetylene led to a graft copolymer vwith
poly(methyl asetbacrylate) blocks ¢graftad oam polyaceiylene chains
(39). The proocess resulted in a small blue fraction soluble in
TRFY. Other process that comsisted of gratfting lyacetylene
chains onto either a polystyrene or polyisoprene chain (40), wvere
reported to result in graft ocopolymers. Mo real proof for the



distinotion between copolymers and a mixture of two homopolymers
was reported. The determination of their physical properties vwes
difficult owing to the impossibility of separating the excess of
the initial homopolymer; therefore, no oonductivity was reported.

3 Block CopolTmers: Block oopolymers have an advantage over
other copolymers because the various steps in block

copolymerisation can Dbe ocontrolled easily, and therefore the
products can be tailored. Also, thair properties can generally be
predicted because Dblock copolymers have properties close to the
average wveighted properties of their two ocomponents. The first
diblock copolymer was that of styrene and acetylene in which the
styrene component oonsisted of extremely long blocks, compared
with those of polyacetylene, vwhich,therefore, was insulating
(41,42). A variety of polyacetylene copolymers vere prepared by
varying the nature and the oconcentration of the copolymer
components as well as the experimental conditions of the reaction
(43-43). As a result of the ochange in morphology vwhen the
composition of the ocopolymer 1is vwvarieq, the electrical
conductivity of the doped materials 1is also varied. The
eleoctriocal properties are estrongly dependent upon the the
relative amount of polyene segments. Conduoction occurs Dby
perocolation with a threshold at approximately 1¢% volume fraction
of polyacetylene.

4) Alternating Copolymere: The first alternating polymers to be
synthesised are poly(arylpyrroles) (4¢). The difference Dbetween
this type of monomer and pyrrole or thiophene is that the monomer
struoture of the former contains a higher »~electron density and
therefore, the delocalisation of these electrons ocauses the
polymerisation to ooccur easily, i.e., at a 1lover applied
potential than needed for polypyrrole or polythiophene. One
important feature of these polymers is their solubility in the
organic medium in whioh they are prepared. Conductivities of the
polymer films are in the range 1-10 8/cm.

+

D. Precursor Polymers

The synthesis of precursor polymers conastitutes a neat route
for tae preparation of conducting polymers. The precursor systeas
of interest can be easily handeled in solution and purified to a
high extent Defore they are oonverted to the intraotablo
conjugated material. The first example was that of the Durban
route to polyacetylene (47-49) whioh resulted in highly denss
polyscetylene films. A variety of precursor homopolymers ard
copolymers vwere aynthesisad using this route and the reaction
kinetios were studied for optimisation purposes of polyacetyleae
synthesis. 8imilarly, the synthesis of poly(phenylenevinylere)
froa its water-sclubie sulfonium sult preocursor polymers vas
reported (80,81). Conduotivities of approximately 100 S/cm were
measvced on the 4oped polymer.

B. Water-soluble Conducting Polymers
it wvas found recently that oconduoting polymers can be made

vater-soluble by attaching a surfactant or soap molecule to the
struature of the polymor (35.33). 1In thls prouesm alkyl-



sulfonates and-carboxylates are substituents on the 5 ocarbon atom
of a thiophens or an pyrrole monomer. The water-soluble polymers
are synthesised ©shemically or electrochemically by known
procedures. The dopant is ocovalently bonded to the ochain.
Therefore, intrinsic or se¢lf-doping ooccurs vhen a oharge is
ejected from the x system. leading to the formation of a charge
transfer oomplex between the anion eand %Po defect on the
conjugated chain. Conductivities of about 10™“ s/cm are shtained
for the various materials. rn! conduotivity can de increased by
doping the polymers, up to 10¢ 8/om, with oxidising agents such
as AsP; or N,80,. When the alkyl chain length (m) is in the range
10-20, a liqulid crystalline polymer is obtained in the lyotropic
phase (52). Therefore, by combining liquid orystalline properties
and oconductivity in conjugated polymors, a nev class of polymers
is born which presents a real challenge in tkis area of research.

r. Use of Surfactants and Lattices in Polymerization

Surfactant anions, such as alkylsulfate &nd alkysulfonate
electrolytes were used in the anodioc oxidation of pyrrole (S4).
This led to the formation of air-stable and aore flexible
insoluble films of polyrer. This technigue was extended to the
use of polymeric anions in the electrocpolymerisatioa, in the form
of lattices such as acrylates, methacorylates, otcs (3%). The
conduotivities of these samples are in the range 107 °-5 8/cm for
polypyrrole contents in the range 2-30%. Coatings can be made by
dipping, spin coating, and spraying. Optical transaission of 55-
62% in the uv-visible region is obtained, and the material has
the appearance of a grey filter and seems to have the appropriate
characteristios of an antistatic material.

V. STABILITY
A. Overvievw

Stability has boen an important issue in the rosearch on
conduoting polymers and one of the major dravbacks tovard their
use in teohnological applications. Some of the pristine, undoped
polymers are air-stable, but for the doped polymers, stability is
a oore complex issue because it involves an additional parameter,
vhich is the nature of the charge transfer complex formed Dby
doping. In general, n-type polymers are very reactive in air ana
p-type polymers are relatively more stable. Several stabilisation
techniques have been used, and some of them are described briefly
here.

| B Use of special dopants

When polypyrrole is synthesised olectrochemically using
p-toluenesulfonate and similar salts, it remains stsble in air
for severa. Tsars (8¢). The reactivity of n-type polymers in air
ocan be decreased oy use of ocomplexing agents. When the
approprjate orown ether is added to an n-type dopant such as
FphtTHa™ (Mpht = naphthalene) in THEF, a stable complex is formed
vith the alkali metal. When polyacetylene or other polymsrs are
immersed in such a solution, the polymer is doped with the alkali



metal complex and the stability of the resulting material is
enhanced (357). The uvhoice of the crown ether depends upon the
sise of the alkali metal.

C. Use of Antioxidants

The role of antioxidants is that of a free-radical socavenger
such as that coming from oxygen or from radiocal speciss formed by
oxidation of the polymer. Use of certain antioxidants such as
substituted phenols and Qquinones was examined with polyacetylene
(45a,58). The results indicated that the induction periocd 1is
lengthened up to & Year with a gradual conductivity loss.

D. Encaprulation

Decause oxidation is a diffusion-contrclled process, the
choica of the protecting material is crucial. Por example, PVC is
known to be one of thar best oxygen barriers among conventional
polymers, and its vuse vwith conducting polymers such as
polyacontylene proved to be effective (45b). Other good oxygen
barriers are coated on conducting polymers by vacuum deposition.
A good example is the use of fluorinated parylene, which is an
excellent oxygen barrier (29). The film’s flexibility stays
intaot with no measurable conductivity loss.

B. stabilisation Rffect of Multicomponent Systems

Composites can be obtained by electrochemical polymerisation
of, for example, pyrrole onto a platinum eleoctrode coated vith a
fev-nicron-thick film of PVC (60,61). The polymerisation time
determines the extent of mixing of the twvo polymers. In general,
a fev minutes of polymeriszation results in a surface coating of
polyvinylohloride, which 1leads to the possibility of making
conduoting patterns on an insulating flexible substrate (62). The
coaposite material obtained when leong polyserisation times are
used exhibits an enhanced stability compared with polypyrrole.

The results on doped diblock polyisopreone/polvacetylene
copolymers showed that the materials were 1lecs stable than
polyacetylene, the homopolymer (45). This was explained by the
decrease in the ochain-chain interaction, which is an important
stability parameter of ths polymer structurs. In another example,
the cupoiymerisation of methyl- and butyl-gubstiti aed thiophenas
yieldcd a stable material in the doped state (38).

When doped polyacetylene is vused as the ancde in the
electrosynthesis of polypyrrole (63,64) or polyaniline (49a),
composites can be formed if the elaootrolyte/monomer mixture is
slloved to diffuse completely in the bulk of polyacetylene fiinm.
Polypyrrole or polyaniline, whioch are relatively more stable in
their ocopduoting form than polyvyacetylene add to the latter an
amprovad but not long-term stability.

V1. MOLECULAR AND SUPRAMOLECULAR ORIENTATIONM

Intrinsic anisotropy in the 9optiocal and electriocal
properties of oconducting polymers has been one of the important
aspects in this area of research. anisotropy in these systems
results from the existence of an extended « system on parallel



chains and a weak interchain interaction. several techaiques have
been applied to obtain oriented polymers with success.

Sstretch-alignment of a polyacetylene film to a maximum of
three vimes its original length resulted in a modest optical and
electrical anisotropy (¢, /o, = 3-5) (3). The stretch-orientation
was improved later by improving the synthesiszing method and the
hiqhoa; parallel conductivity resulting from that process wvas
1.5x10° 8/cm, which is only five times less than that of copper
(65). with a perpendiocular oconductivity of 100 8/cm, this
constitutes the highest electricel anisotropy ever obtained. The
resulting material 1is highly dense and oconsists of almost
perfectly aligned fibrile.

Although the Durham technigque for the synthesis of oriented
polyacetylene Yielded a highly oriented material by stretch-
aligument of the precurror polymer, the highest oconduoctivity
resched at an ultimate drav ratio orf 20 is comparable to that of
the initial stretch-aligned Siegler-Natta polyacetylene. Hoveve:r,
the material exhibited a high optical anisotropy (66-68). A
similar technique was wused to synthesise highly orientea
poly(phenylenevinylene). Tne electrical anisotropy was 100 at a
drav ratio of 10 with a parallel oconductivity of approximately
2.8x10° 8/cm (50,51).

The polymerisation of acetylene in a liquid crystal medium
has become an area of interest. The first polymerisaticn atteampt
vas made using N(p-methoxybensylidine)p~-butylaniline which has a
nematioc range of 19-30°C in a magnetic field of >2.% kjauss (69).
The polymerisation of acetylane using a catelyst concentration of
0.1 mol/1l of 3iegler-Matta ocatalyst was carried out under a
magnetic field of 4 Xgauss. Imn these oonditions, the 1liquid
crystal moclecules are oriented with respect to an externally
defined axis and the dissgolved ocatalyst is expected to be
oriented in the game direction. This process resulted in a
noncrosslinked aasterial with an eleoctrical anisotropy of more
than 4. The 1iquid orystal alignment jis gensrally affected by its
puzity and therefore, the amourt oY the ocatalyst vas crucial to
the alignment process. When the relative volvme ratio of the
catalyst to the solvent is kept under 10%, improved nni-otrgpy is
obtained. In fact, parallel vonduotivities blgher than 1x10° 8/cox
are obtained when the oriented polymer is doped with AsP,. Other
experiments followved using 4-(trans-4-n-propyloyclohexyl)-ethoxy-
bensene or -butoxybensene as the nematic liquid ocrystal (70).
Similar anisotropy wvas obtained. In other experiments (71), when
the same two solvents were used for the polymeriszation of
acetylene under a flow of the nematic ocatalyst solution in the
absence of a magnetic field an oriented polymer resulted with
electrical anisotropy and oonductivities 1lower than those
mentionad above for the polymers obtained under a magnetic field.

VII. APPLICATION ARKAS

The electronic behavior of oconducting organic polymers ocould
be utilimed in many ways in a wide range of conduoctivities. The
potential application arsas include organic oonductors and
semioonductors, elements in integrated eleoctronic ocirocuits,
information storage systeas, temperature sensors, gas and
irradiation detectors, pressure indicators, rectifiers and
electroohromic display devices. Rlectrochemistry und photoeleo-



trochemistry are potential areas of interest, particularly for
battery and fuel cell appiications. Also, oconducting polymers ocan
be of use for static oharge dissipation and electromagnetic
interference shielding. A few examples are discussed below.

A. Reterojunctions

Several configurations can be envisioned for their
utilisation in junction devices:
1) Hetercjunoctions rformed at the interface betveen an undoped
polymer and an inorganic semiconducter. Nich band gap inorganic
seaioconductors were used (CAS, 3nS) with polyacetylene fiims
(72,73). The cell is illuminated through the inorganic layer and
most of the incident 1ight is absorbed within the polymer layer.
Eigh V,. is obtained but the photoourrent is poor due to the high
series resistance of both oompconents and recombination rate. A
pover efficiency of 1% was reported. Thin layers of poly(3-
methylthiophene) deposited on n-Gahks with a thin gold layer to
form ohmic ocontacts Tresulted in junctions with better
characteristics (74). A power sfficiency of 3.5% is obtained due
to light absorption within the Gahs layer.
2) Schottky diodes in which the doped polymer =asts as a
metallic layer. Examples include polypyrrole on n-8i (73) and
polyacetylene on Cd48 (72,73). Due to the high series resistance
of the semiconductor the efficiencies were low.
3) Schottky diodes with the undoped polymer acting as a p-type
semiconductor on which a metallic layer is deposited. Cells of
this type with poor efficiencies were reported for polyacetylens
(76) and poly(3-methylthiophene) (77).
A disadvantage of the various oconfigurations 1is the high
rocombination rate that 1limits the o»llection efficienocy of
photogenerated electrons and holes.

D. Rlectroohromio Display Devices

The electrochromic effeot in oonducting polymers is the
result of the ckange in the optical absorption coefficient in the
visible range upon dopiag. This is generally accompanied by a
color ochange. Polyhetarocyocles are good examples for the
illustration of this process. The svitching operation consists of
a doping-undoping cycle under a monochromatlio 1light such as a
laser. 8Several polythiophenes and polypyrrecles showed good
svitohing characteristiocs (78). In the case of polynyrrole this
o7cle ocan Dbe repeated up to 10 times in several tens of
milliseconds for each cycle. The same device could be used as a
Remory element because the ocolor and the oconductivity of the
polymer in each state remains the same for a long time.

c. Shielding Against Bleotromagnetioc Interference

Some oconducting polymers which comabine the lightness and
flexibility of plastios and the high oconductivities of metals
could offer the solution to problems of grounding, static
dissipation and ohielding against eleoctromagne:ic interference
(EMI). The search for shielding materials continues as more and
more noise fills the air. Conduotive ooatings on plastios
housings and incorporatior of conductive fillerc in the resin are

10



twvo methods of .en used. Skielding effectiveness and fregquenoy
range determine the methode and configuration of thi shield. Very
few tests have been performed in determinirg the shielding
effectiveness of inherently oconducting polymers. Rxamplen of
oconduoting polymers used in such teats are polyacetylene and
polypyrrole. The preliminary tests indicate that the polymers act
as phlelding materials in both the RF and MW frequency ranges but
vith a lowver erffectiveness than conventional conductive coatings.

D. Rlectrochemistry

A variety of conducting polymers have been investigatecd for
their possible use in secondary batteries. The most widely
studied polymers are polyacetylene (79,80), poly(p-phenylens)
(81), poly,yrrole (82) and polyaniline (11). In general,
conducting polymers can be oxidised or reduced e¢lectrochemically
to form p-type or n-type meterials suited for use as cathodes or
anodes respectively. The pouver and energy densities obtained for
the various systems are somparable or, in some cases, higher than
cornercially available systeas.

CONCLUSIONS

The discovery of polyacetylene as the prototype material led
to extensive rewvearch on its synythesis ard characterisation. The
techniques that emerged as the %ost important and promising ones
ara those that dealt with molecular orientation and that resulted
in oconduotivities almost as high as that of copper. The study of
dogens ¢ ' other materials followed. Interest in oonduocting
polymers stems from their nonoclassical optical and elesctrenio
properties as well as their potential technological applications.
However, some of the factors currently limiting their use are the
lack of long-term stability and the need to develop conventional
low-cost techniques for easy processing. Therefore, research wvas
extended toward solving these problems, and progress has been
recently made in that direction. The synthesis of nev materials
such as stable and easily processahle alkylthiophenes, wvater-
soluble polymers, and multicomponent systeas, including
copolymers and compcesites, oonstitutes an important step forward
in the area of synthetic metals. Nowvever, a full understanding of
materials ocheaistry and properties requires more work in the
years tuv come. Although, fov amall-scale applications have proven
to be successful, long-term stability and applicability tests are
needed before their commercial use becomes reality.
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FIGURE CAPTIONS

rig.1

rig.

rig.
rig.

Degenerate ground states and soliten representation in
trans-polyacetylene (a) and nondegenerate ground states
in pelyaromatics (D).

2 Band structure of polyacetylene contaiaing a
e21iton: neutral (left), positively obharged
(middle), and negatively charged (right).

3 Representation of a polaron on a trans-polyacetyiene
ohain (a) and of bipolaron bhopping (b).

4 Optical absorption spectra of cis-polyacatylene
(1), inoreasing 4oping levels (2, 3, and 4) and of
trans-polyacetylene (85).



rig. s Ooptical absorption spectra as a function of deping
level in polypyrrole.

Pig. ¢ Sub-gap states in polyaroamatios.
rig. 7 General foramula of arylpyrroles.
rig. o Genural formula of conducting water-soluble polymers.
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Fig. 1: Degenerate ground states and soliton representation in

trans-polyacetylene (2) and nondegenerate ground states
in polyaromatics (b).
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Fig. 2: Band structure of polvacetylene containing a soliton:
neutral ‘left), prsitively charged (middle), and
negatively charged (right).
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Fig. 3: Representation of a polaron on a trans-polyacetylene chain (a)
and of bipolaron hopping (b).
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Fig. 4: Optical absorption spectra of cis-polyacetylene 1],
increasing doping levels [2-4), and of trans-polyacetylene [5].
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. 6: Sub-gap states in polyaromatics.



