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Objectives of the !dorkshap

The field of conducting polymers has made significant

growth during the past ten years. As in any field with

rapid growth and diverse science and technology develop-

ment, it is of value to occasionally attempt to stand-back,

assess the present goals and directions, and redirect some

of these, if necessary. It is also unfortunate that diverse

areas of science develop different languages and approaches

to the definition and solution of the same problems. Thus

it may be difficult at times to intergrate and direct

approaches in common for the solution of these problems.

The area of conductive polymers has toa large degree

within research groups been fortunate in the ability to in-

tegrate many efforts. To the extent that such diversity

has occurred, the objectives of this workshop were re-

lated to the integration of efforts between research groups
.

from these diverse fields of science, to access the present

activities, and to develop new unified approaches in de-

fining future directions. Therefore, this was an attempted

“meeting of the minds” of synthetic chemists, physical

chemists, polymer physicists and theoretical physicists.

DISCLAIMER

This report was prepared as an amount of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
e@oyees, makesanywarranty, express or implied, or assumes any legal liability or responsi.
biIity for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
enw herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



Organization of ldorkshop Program and Discussion Groups

-.

After a series of introductory presentations (See
Appendix I), participants were divided into the following
six discussion groups. About 65 scientists (See Appendix 11}
participated in the workshop.

Group A:

Chairman:

Group B:

.

Chairman:
.

Group C:

Chairman:

Group D:

Chairman:

Group E:

Chairman:

Group F:

Chairman:

Polyacetylene, Polyphenylene, Polyaniline and
Related Systems

A. MacDiarmid
University of Pennsylvania

Molecular, Crystallographic and C)e~ect Structures
in Conducting Polymers

R. Baughman
Allied Corporation

Heterocyclic Polymers

M. Litt
Case Western Reserve University

Synthesis of New and Improved Conducting Po?ymers

M.M. Labes
Temple University

Future Applications Possibilities for Conducting
Polymers

J. Miller
DuPont

Challenges for Improved Understanding of Properties

A. Epstein
Ohio State University
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Recommendations of the Conference (prepared by the Chairman)

Study Group A

Polyacetylene, Polyphenylene, Polyaniline and Related Systems

Chairman

A.G. MacDiarmid University of’ Pennsylvania

Study Group Members

,-

M. Aldissi Los Alamos National Laboratory

G.L. i3aker Bell Communications Research Center

M. Batky Canadian Plastics Institute

J.C.W. Chien University of Massachusetts

J. Ginder Ohio State University

L.H. Tolbert Georgia Institute of Technology

D. Weber Naval Research Laboratory



Introduction

The organic polymers, polyacetylene, (CH)~~ po~y(p-phenylene),

(c~HJ~l and pol~anilinet [+C~iI/+)-N(H)-(C~Ii4)-P?(H)-(C~Ii4)-N=(C~H4)=N-]:<
.

czz all be “doped” co the metailic regime chemically and/or electrochemically.

po~>-ace~ylene,fr~qusnt~y referred tO as

‘hasbeen very extensively studied duriag

novel properties were firsz discovered.

the ‘*prototypecohduccing polymer”,

the last eight years since its

Shortly after this discovery it

was found that poiy(p-phenylene)could likewise be doped to the metallic

regime. Polyanilice has been !:aownfor approximately 150 years but only

duztxg the pzst LWO years ‘nasan accive interest been taken i~ the differe~t

f.3r yLs ii-lW’nic:lit ,canexist and t’hefat: t’hat,unlike all ocher canduccing

pol;~ers, it can be doped t~ the ~.etallicconducting regime by relatively

d~i~t~ aqueous SOIECLCES of ~on-cxidizing protonic acids. It has also been

feud that poly(p-phenylen.-*Jinylene), ~(Cfj~.4)<H=~-]~$which-caa be

regarded as a hybrid between polyacetylene and po~l(p-pheny,lene)can also

be doped to the metallic regime. with ~he excepc~onof po~yaniline the

term “doping” refers to the pareial oxidation or reduction of the pi system

s? Zhe polymer which is accompanied by a yery large increase in electronic

.conauctivity. In the case of the emeraldine base form of polyaniline it

appears that doping involves a sinple acid-base inter-actionto form a

salt.

In principle, some or all of the hydrogen atoms in all the above polymers

can be replaced in whole or in part by a wide variety of organic, organometallic

or inorganic groups to give a vast number of new polymers, at least some of

which night have their conductivity greatly increased by doping. A few

derivativesof this type have already been synthesized. The polymers

containing a (CfjH4)ring in wrhichthe substitution is not in the para

position can in principle be prepared and some species of this type have

,.

beez synthesized. The three title compounds represent three basically

different Kypes of conducting polymers; those consisting of an aliphatic

backbone; those consisting of an aromatic backbone and those consisting

4



of an aromaticlnon-carbonalternating backbone. These types of polymers

are

aad

excelleni models for continued study in order to understand the chemistry ..

physics of co=ducria~ polymers in general.

Tileoverall immediate objective of the research pro~csed below is co

attenpt to gain a ‘hXSiC understanding of the interrelationshipbetween the

chemistry, struczure and morphology of each of the above types o: polymers

(in ck~r doped and undoped forzs), and their electronic and magnetic

properties. SILchan Unclerstmdizg is esseatial in atza~aing the ul:inate

objective of synthesizing conduc:i.ngpolymers, fiotnecessarily just those

or i~ri7va~~77e~o? t$,~~estudied ia this .gaoup,which (i) are procee.sable

znd er.vironnentaiiyand thermally

Corlaitior.s, (~~j ‘kaveappro~ziate

fabricated to exhibit preselected

reg:ze of approximately 10-7 S/cm

Tx this respect i: might be not,ed

technologicallyimportant range.

sca’oi~undzr desired, preseiec~ed Seis of

~echanical properties and (iii) can be

conductivitesranging from the semiconducting

to that of copper (approximately 106S/cm).

that polymers conducting in the potentially

10-2 to 10-7 S/cm have been generally

neglected ir.conducting polymer studies. This study group concentrated on

the

(1)

(~)

(3)

(4)

following general research areas, all of which are closely interrelated.

Synthetic Control of Chemical Composition, Structure and Morphology of

the Doped and Non-Doped Polymers.

Doping Mechanism and the Effect of Dopant Ion on Chemical, Electronic

and Mechanical Properties.

Degradation Mechanism of the Doped Polymers.

Processability of, and Composites Containing, Conducting Polymers. ‘

In some instances a given specific research topic could have been

equally well incorporated into more than one of these general,research

areas. No attempt has been made to prioritize these four general areas

since it is essential that research continue simultaneouslyin all areas if

the fieM is to develo? with maximum efficiency.

5



1.1

..

E@thetic Control of Chemical Composition, Structure and Morphology of the
Doped and Non-Doped Polymers

scope
..

.7:-,~~ research area is conczrned with findizg the effect of the following

53c:3Ys on the electronic, magnetic, r4echanical,thermal and environmental

stz”oilitycharacteristicsof the doped (conducting)and non-doped form of

the

.

.

.

.

>

.

.

.

.

.

ti:le pol-ymersand their derivatives:

chsmical purity of the polymer

structural homogeneity (e.g. cis-or

nokcular we%.ght

csnjlqgatioalergtih

re~z~;-geazo,~~zsOf crystalline arid

morphology

trans-isomeric—. forms, etc.)

aaorphous regions

mczoscopic aligr.mentof polymer c’nains

type acd number of defect sites

replacement of ‘Hatoms by other groups

conduction mechanism (it is highly likely that several different

comiuction mechanisms will be operative dependi~g on the deo~ee of doping

and hence the conductivityof the polymer).

Justification ‘
.

~lap,T detailed investigations.. .- on conducting polymers to.date have been

carried out on materials which have not been characterizedas to chemical

and/or structural purity by elemental chemical analysis, etc. This has

sometimes resulted in the reporting of different properties for the allegedly

same material. The studies outlined will put the field-on a sound, reliable,

experimental basis.

Status

By far the

polyacecylene,

been perforned

*

greatest number of studies have been carried out on”

followed by poly(p-phenylene). Only very few studies have

on derivatives 5f these polymers and on poly(phenylenevinylene)

and polyaniline. The fact that much is already known about (CH)X makes it a

6

,..,. ,.. -–...-—- --..;—..——.



..

. .

particular?-y important c~nciici~te for further investigation since more

detailed studies, w’nencombined with those already performed~“willhopefully

~za~ridesufficient inf~rmaticn to answer the fundamental question “why do

.2:~2dtict;r,gpolym:ersconducz?” When the amount of knowledge co=cerain$ the

ot:’.zrc~nductin~ tizle polymers is similar to that for (CH)~:it is highly

probable that szveral techr.olzgicaluses for co~ducting polymers Will

ti~zr~bybe defineu clearly.

f~rst be placed on zscertainicg the chemical purity,

and structure, and overall homogeneity of the

of the ZLtle poiyx.ers.

(ii) Dezerminarion of the effect of molecular weight, conjugation iengtn,

deo~~e of crystall:riity,etc. cn z>.ebulk conductivityof the title polyaers.

(iii) Synthesis of selected derivatives of the title pol-ymersin order .to

ascertzin the effect of certsiz types of substituentson the polymer chain

on zhe above properties.

l.~. IlcpingMechanism and the Effect of Dopant Ion on Chemical, Electronic
and Mechanical Properties .

Sco3e-

This research area is concerned with (i) determining the doping mechanism

which results in tbe conductivity of the organic polymer being increased by

many orders of magnitude and (ii) the effect of the nature of the dopant

anion or cation on the following properties of the doped and undoped polymer:

●
bulk conductivity

. structural homogeneity (e.g. cis-or trans-isomericforms, etc.)——

. molecuiar weight

. conjugation length

. relative amounts of crystalline and amorphous regions.

7



. morphology

. environmsncal stability

..

. ability to mechanically align the polymer

. prccesszbilityof t!~.epolymer

Justification

(i) Essentially all p- and n-tiopingof conduceiag polyners to date has

been accomplished by cheiical and/or electrochemicaloxidation or reduction

05 the polymer pi sysiem. There have been a few scatteredand preliminary

reports of the doping of (C:+)x,polypyrrole and pol;~anilineto the metallic

re~ize by i-ion-o::idizing~rotofiicacids. The~e %e prestnna~lyacid-base

~S=C2iO12i , ix wlh2chno fcraal oxieztio?.of the polymer occurs. T’nisu~usua~

type of doping is ROC evzv.qualitativelyunderstood. Very extensive work

needs to be done to ~scertzin the ge~erality cf this type of

~~ leads to an i~.creaseir.co~.ductL~iity.

(ii) Until very recently essentially no ssudies had been

the effSct of different dopant ions on the properties of the
.

doping and why

performed on

doped polymer.

Char!gingthe dopant ion presents a methqd of,Wdifying the doped polymer

which complements and supplements modifications

atoms on the polymer with substituent groups as

Status
..”

incurred by replacing H

described in Section 1.1.

(i) Preliminary studies have very recently shown that the doping of a ,

I
form of polyaniline to the metallic regime by dilute aqueous HCI involves

no oxidation of the polymer. Very little information is available concerning [

this novel form of doping as found in derivatives or other forms of polyaniline

or other pi containing conducting polymers. 1

8
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(ii) Those few studies using different dopant ions which have been

carried out, suggest that environmental stability and processibilitymight

be signifanctly improved by, for example, the use of polymeric dopant anions

?.esearchProposed

(i) Studies should

non-oxidizing protonic

be carried out on the protonic acid doping (using

acids) of the title compounds and their derivatives,

especially the ?olyaniiine class of comgounds and other N-containing

polymers. T!leformation of ammonium-type saits, which are known to have

good er.\75ror.nentalseabilicy in general, as distinct from carboniurn-type .

ior,swhic”nare usually highiy reactive, might be expected to result in

i~cie~sed environmental sta’~ilityof conducting p,olymers.

(ii) SyRtheSis and study of co~ducting polymers having oligomeric and

polymeric do?ant ioms. Polymers incorporatingmonomeric ions bearing a

charge greater than one (the only type of monomeric ion so far investigated)

should be prepared. Such ior.s“my lead to increased inter-chain interactions

~withmarked cha~.gesin conductivity and related properties.

1.3 Degradation Mechanism of the Doped Polymer

scope

T’nisresearch is concerned with ascertaining the mechanism by which a

polymer in its doped or non-doped form degrades thermally, photochemicaly,

oxidatively, hydrolyticallyor in some specific chemical or electrochemical

pr~cess, e.g. as when used as an e~ectroactive electrode in rechargeablebatteries.

Justification

Essentially all attempts to stabilize conducting polymers to date have

been made using a rrial and error, ‘“hitor miss”, Edisonion approach. In

order to synthesize conducting polyerms which are stable under some given

set of experimental.conditions, in a rational manner, it is first necessary

9



to ascertain how and ~ the polymer degrades. Only then will it b~ possible

to scientificallybuild stability into the polmer. It seems not unlikely

c!~r,zlar,germore polarizable dopar.tions will permit distribution of the
..

cauater positive or ne~ative c’ilar~eon zhs polymer bac’kb~neover a l=rger

~,sngtllof the polymer chain, chtisred~cing the ease of nucleo~hilic or

electrophilicattack of tb.epolymer backbone with resulting decrease ia its

cheinicaireactivity either to its owa dopant ion during thermal decomposition

or co attac!c5y an exzeraal s?eciss. Solvation-of the ion might also lead

to similar stabilizing z?fzcts.

this subject.

field.

Zesearcb.Prspasec?

(i) Kinetic deconpositioa sc’udiesshould be performed on the title

conpour,ds(combinedwith ~,~p.or.ericdo~ant ions) “whe~.>.eacedin vacuc, when.—

exposed ta C~V, oxysec, wazer etc. ia ordez to determine the rate-controlling

factor in their decomposition. Analogous studies should then be performed

on the same ~aterial combined with polymeric, etc. dopant ions=

(ii) A comparison should be made with corresponding studies conducted on

e.g. polypyrrole,polythiophene, etc.

of polymer is more stable than others

in order to ascertain why one class

under a given set of experimental
●

conditions.

1.4. F%ocessibilityof, and Composites Containing, Conducting Polymers

Sccye

Most conventionalorganic polpersj in order to be technologically

useful, must be compounded or blended, co-polymerizedwith other polpers,

contzallably cross-linked or mixed wit’nanti-oxidantsor U/V stabilizers,

etc. The same processing ~resumea51y also
,-..

applies.to conducting poIymers.
.-...,-%:-:.;
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Justification

The conciuctingpol:~merfizld can only advance technologicallyby

performing processing studies such as those described above for conventional

polymers. In ord~r to carry out such studies, horwever,it is first necessary

to have availakle a relatively large supply of conducting polymer in some

specified fern defined by a rigid ser of specifications.

ths above objectives. Soiuble, processable forms of polythiop’nenehave

beer~synthesizedzr;dpolyp$rrole emulsions with s,late-xbase have been

eiectrochemically. To such studies have been reported with the title

coapou~.ds. Only in the case of polypyrrole is there any suggestion.that a

conducting polymer has been made on a suff~ciently large scale with rigid

specificationsto permit studies of the t-ypedescribed above.

Research Proposed

A technologicallyprocessable polymer can in principle be found, and

control of $echanical”properties can be imparted by:

(i) The formation of co-polymers of the title compounds with a conventional

poIymer.

(ii) The replacement of H atoms in the title polymers with substituent

groups -w’nichare themselves polymerizable under appropriate conditions.
..

(iii) The use of polymeric dopant ions. If the polymeric ion constitutes

a large portion of the final polymer, the

a homogeneous blend. Each of these three

Ectively pursued.

resulting material is, in effect

types of research should be

(iv) Relatively large quantities of selected conducting polymers adhering

to a rigid set of specifications should be synthesized for certain of the

studiss listed at the beginning of this section, 1.&.

11
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1.5 Summary

The chief conclusionsresulting from the present study are (i) that in

order for the newly and rapidly emerging area of conductive polymers to
..

develop efficiently to the stage wher~ such polymers can be used technologically

it is necessary to study selected aspects of the model conducting polymers,

polyacetylene,poly(p-phenylene)and polyanilineand certain of their

derivatives. These polymers represent three distinctly different types of

conducting polymers - those consisting of a totally-aliphaticbackbone, those

consisting of a totaily aromatic back-bone and those consisting of an

aromatic/non-carbonalternatirigbackbone.

(ii) The proposed method of study of these polyners also applies to

other types of conducting ~olymers.

(iii) Of prime importance in all cases’is the determinationof the

chemical purity, uniformity of composition and structure and overall

honoge~iety of the doped acd undoped pol’ymersbefore ~hey are subjected to

detziled chemical and physic=l examination.

(iv) Only by gaining a detailed understandingof the nature of the

interdependencyof (a) the chemical and”physical pro-pertiesand (b) the

conductivityof conducting polymers as outlined in this report, can the

scientific significance and potential technologicalapplication of this

“challengingnew area of non-classical solid state science.be realized.

. .

. .

.
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Study ~POU~ B

Molecular, Crystallographic, and Defect Structures in Conducting Polymers

Chairman

R.H. Baughman

Study Group Members

C.E. Brown

R.R. Chance

L.Y. Ho

Z. Iqbal

B.A. Olalik
.

D. Sandman

G. Tourillon

Allied - Signal Inc.

Medical College of Wiscousin

Allied - Signal Inc.

Polytechnic Institute

Allied - Signal Inc.

Ohio State University

G.T.E. Laboratory

Brookhaven National Laboratory
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1.0

mers

ties

INTRODUCTION

Structural irregularities’in presently available conducting poly-

provide major limitations regarding-both (1) obtainable proper-

and (2) understanding of structure-property relationships. These

irregularities range on the molecular scale from chemical defects,

chain ends, chain kinks, and chain folds to polycrystallinity and

dopant nonuniformity. These defects are believed to limit conduc-

tivities and conductivity anisotropies, as well as to reduce the

prospects for exciting transitions - such as metal-to-superconductor.

Similarly, property degradation due to imperfections decreases the

likelihood for applications as active components in electronic devices.

Finally, the fundamental physics of transport in conducting poly-

mers’in largely obscured by the high imperfect nature of available

materials. For these reasons the proposed research deals with (1)

development of improved understanding of the molecular, crystallographic,

and defect structures of presently-available polymers; (2) using this

information to evaluate the effect of structure on properties; and

(3) development of synthesis and materials modification methods which

improve structural and chemical perfection.

1.1 STRUCTURAL CHARACTERIZATION

POLYMERS

Scope

OF HIGHLY lIISORDEREilCONDUCTING

Characterize polymer molecular structure (both before and after

doping) regarding chemical nature and regularity, chain geometry,

. .

14
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molecular weight, and conjugat on length. Characterize the aggrega-

tion of polymer chains and dopant arrays in both crystalline and

amorphous regions of the polymer. A focus here should be orIderiva-

tion of equilibrium structures for the crystalline components, the

nature of crystallite aggregation, and the morphological relationship

of crystalline and amorphous components.

Justification

While methods might be developed which lead to conducting poly-

mers having single crystal perfection, the materials having the

greatest applications potential are expected to be the lower cost com-

positions which are disordered. Understanding the defect and

crystallographic structures of these materials could be the key for

design engineering to meet applications needs.

Status

Little detailed information is presently available even for the

most thoroughly investigated conducting polymers cwcerning (1)

crystallographic structures, (2) morphology, (3) the nature of polymer

chain irregularities, and (4) average conjugation length and the

distribution of conjugation lengths. ●

Research ProDosed

(1) Increased application of advanced methods for structure

determinations is proposed, including EXAFS measurements to determine

local stl

diffract’

ucture, the combination of electron, x-ray, and neutron

on on the same samples, and high resolution e“

15
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microscopy. Expanded IJSe of synchrotronsradiation for the charac-

terization of small crystals is encouraged. In situ measurements.—

of structural evolution during doping are feasible for certain of

these methods and shou?d be pursued.

(2) Increased theoretical effort to model polymer molecular,

crystallographic, and defect structures and to compare these

model calculations with observable is important - a major

problem being the treatment of electrostatic interactions.

(3) Increased effort on using spectroscopicmethods {Raman, IR,

Solid State C13, UPS) to characterize structural irregularities,

chain conjugation length, and the distribution of conjugation

lengths is also suggested. Laser resorption/Fouri~r transform

mass spectral analysis of the chemical compositions of doped

and undoped polymers should be encouraged.

scattering spectroscopy coupled with normal

polymers such as polyaniline could produce

Techniques for characterization of interfac

Infrared and neutron

mode analysis on

mportant results.

al structures and

structural orientation should be developed.

1.2 DEVELOPMENT OF NEARLY !IEFECT-FREECONDUCTING POLYMER—— —.

COMPLEXES AND EXPERI?4ENTAL MOOEL COMPOIIMIS

Scope

Develop an improved understanding of structure-properly rela-

tionships for nearly defect-free conducting polymers via (1)work

on model compounds of low molecular weight; (2) development of

improved materials synthesis and molecular processing techniques,

so as to obtain high molecular weight materials with improved

16
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perfect

1attice

on; and (3) mak-ng the transition from single chain to

calculations of electronic properties.

Justification

Property improvements and increased understanding of

inherent properties of conducting polymer are expected.

Status”

Existing conducting polymers are grossly defective and non-

uniform from molecular to micron scales. This structural

disorder frustrates properties optimization and the development

of fundamental materials understanding.

Research Proposed

(1) Utilize solid-state reactions, epitaxial growth, reactions

in ordered host media, simultaneous polymerization and crystalli-

zation,”and post-synthetic processing to obtain materials having

improved perfection. If possible, well characterized, stan-

dardized samples should be identified and made available to all

workers at a research level.

(2) Expand efforts to derive structure-property relationships

for conducting polymers using molecular charge transfer complexes

(which are obtainable as single crystals) as model compounds.

17



Study GrC)Up C

Study Group Members

W. Kobel

I). Kim

S. Kim
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Chairman
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Polaroid Company
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1.0 Introduction

Most of the peaple in this section were involved with synthesis and the
topics reflect this bias. As the overall study concerns conducting and
semiconductingPolymersr characterizationtechniquesare well develcped
and research topics for that area are considered in other sections.
The broad area of heterocyclic polymers was brcken down into three
sections based on the synthetic approach and treatmentof the polymer
to make it interesting electrically. The three subdivisionswere:

1. Electropolymerized heterocycles which are conductingas formed.

2. Preformed polymers with heterocylicunits which are insula~ing
unless doped. [The equivalent non-heterocyclewould be lW~Y(PPhenY~ene)*l

3. Heterocyclic polymers with extended conjugationwhen madel i.e.
intrinsic semiconductorsor conductors.

1.1 Electro@ymeri.zed Heterocycles

scope

There are many materials made this
poly(pyrrole)-andpdy(thiophene).
also been studied. ALSO, polycyclic analog= h== ken reported

way.
The

The two best known are
effect of substituantshas

recently. Most electropol~rized polymers are made from five membered
ring heterocycles, and are generally produced in a cross-linked
form of uncertain structure. While IMXt of such polymers are poor
conductors some of the polypyrmles and pdythiophenes are excellent
conductors-

Justification

Such polymers are easily made by electropolymerizationand are conductive
as such. They tend to be stable towards oxygen when oxidized and
some can be completely unaffected by water. This is a tremendous
advantage over many of the other types of conductingpolymers-

Status

Some of these materials are being commercializedto produce conducting
films, antistatic materials and organic electrodes. The various
starting heterocycles allow oxidation potentials to be varied systematically
over a broad range for many different uses. However/ while applications
are developing and the range of pdymerizable compounds is enlarging/
their basic structures and the detail~ nature of the gdymarizations
are still unclear.

19



Research Proposed

1.2

1.

2a.

2b.

3.

4.

5.

Study of the basic chemistry of their Polymerization/which
includes the effect of the counter-ion~polymerizationmeth~t
etc.

Study of the polymer structure, perhaps by generating soluble
polymers whch can be characterizedmuch more easily than the
cross-linkedones. Here too, the counter-ion could be an important
factor in structure formation.

Newer techniques of characterization:
small angle X-ray/ neutron scattering~
the study of the polymer structures.

New polymerizablemononers which could
etc.

Nature of transport in these systems -

Solid state NMR/ EXAFS~
etc. can be applied to

allow one to vary Eol at

electrical and ionic.

Polvmer electrodes have been made. Work on polymer semiconductor
int&actions and polymer-pol~r junctions has been started
and should continue.

Preformed Heterocyclic Polymers~ Dopabable for Conductivity

scope

Polymers of this type have been made for twenty-fiveyears as part
of the drive for thermally stable polymers. Undoped~ many of this
class are extremely oxidatively and thermally stable. It includes
Poly-quinoxalinesloxadiazolesjtriazolest thiadiazoles!benzoxazoles~
benzothiazoles,benzimidazoles,phthalocyanines,porphyrins, etc.
while most are insulating as readerSOme have been doped and can
show high conductivity in the doped state. Only one of the polymers
is made in large quantityl a poly(benzirnidazole)~while a few are
produced experimentally. Work to date has been on off-the-shelf
polymers synthesized for other programsJ with uncertain histo~=

Justific&ion

These polymers can be made easily and are very stable. Many are
soluble and can be preformed into fibers or films before doping.
Others can be made in fiber or film form from soluble pre-polymers.

They can be easily handled and formed and doped when in the final
configuration. While the doped polymers tend to be air and water
sensitive they can be highly conductive and can serve as polymer
electrodes. The wide variety of structures can generate a wide
variety of properties.
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Status

Work on these materials
Very few of the systems

Research Proposed

has been reported
have been s~udied

1. A survey of the various polymers with
should be carried out.

only in the last few years.
and none in deptn.

various doping agents

2. In the interestingcases, structure-propertyrelationshipsshould
be determined.

3. Does structure alter with doping?

4. For interestingPolymers/ the syntheses should be optimized!
and analogues made to claify structure-propertyrelationships.

1.3 Aromatic Ladder Polymers: Potential Intrinsic .Seiniconductorsor
Conductors

.

scope

This class of materiais is mainly ladder polymers, bath of the fully
aromatic type - the heterocyclicequivalent of polyacenes where
an aromatic carbon is replaced by aromatic nitrogen - and those
which have aromatic groups replaced by sulfur and/or oxygen. Such
polymers have been made recently by direct synthesis. They have
one or two parallel sets of alternatingdouble and single bondsl
either as they are made~ or after oxidation for
O and S in the backbone.

Justification

Such polymers may be intrinsicallyconducting.

those polymers with

Calculations or
polyacenes show that there is no localizationof n electrons
in this system. We hope that this will also be true of the heteroaromatic
systems. In the worst case? they should be intrinsic semiconductors
and become conductors when doped. Recent work on one such system
shows that this is true. Many of these polymers are extremely thermally
and oxidatively stable. Some are soluble in exotic solvents and
may be processable. In many casesf the polymers have a regular
structure and may be crystallizable. Most can be liquid crystal
when processed properly.

Status

Very few from a potentiallywide range of polymers have been made~
and even fewer studied in any depth. Characterizationof even the
basic structures is almost non-existent. Doping and electrical
characterizationis just starting for some of the polymers. Und ped

-9
systems have been made which are semiconductorswith u 65

= 10 S/cm.
In doped systems, a conductivityof 1 S/cm has been reac ed.
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Research Proposed

,

1. &lanynovel structures remain unsynthesized. Some of the potential
structures could be intrinsic conductors.

2. Besides linear Polymersl some of these systems could generate
helical polymers which may become electromagnetic.

3. klanyof the syntheses should lead to well defined structures.
Structural characterizationshould be easier than for polyacetylenes~
and should be importan~ for understandingproperties-

4. As the systems developJ characterizationof the electrical properties
will become very important, first empirically and later theoretically
for the important systems.

1.4 Summarv

Heterocyclic conducting polymers have wider structural variety than
carbocyclic polymers. They can be readily synthesized. Both preformation
and direct electrosynthesishave been used and many types of conducting
and semiconductingmaterials have been made. In general, these
polymers are air and water stable and many are very themally stable.

‘ This is a great advantage compared to many other conducting polymers.
Some double strandedt ladder~ heteroaromaticpolymers have been
made and many more could be made. They could have qualitatively
different properties from the standard single stranded polymers.
One could have conduction along the chain as well as carrier exchange
between chains with such polymers.
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INTRODUCTION
.

The field of conducting polymers owes its growth to the strong inter-
disciplinary interactions between chemist and physicist and the development of
an appropriate theoretical framework ‘coguide system design. As a consequence,
a target system for s“mthesis should be chosen keeping in mind the following
criteria.

.(1) A system should be chosen in which there is a theoretically valid reason
for anticipating conductive properties, e.g. band structure calculation, strong
orbital overlap, etc.

(2) The choiceshoulrireflect an awareness of potential applications for
polymeric conductors.

(3) Systems which would assist in evaluating a theoretical prediction should be
targets irrespective of their anticipated phyeical and chemical properties.

{4) Stability (chemical, thermal) and processibility (solution, melt) are
important design considerations.

(5) Direct preparation of polymers in raacroscopicallyordered forms via
appropriate techniques, e.g. electropolymerization,topochemical polymerization,
should be attempted.

(6) The potential of the system for structural modulation via facile synthetic
routes should be evaluated.

(7) The conversion of conventional polymers which are already stable and
procesgible into conductive systems, and/or copolyinerization,blending or doping
of new systems with such conventional polymers is an important area for $

investigation.

(8) Conductivity is achieved in many systems by doping — the development of
novel dopants or doping procedures is of considerable interest.

Keeping in mind these criteria, we now give a specific discussion of five
important materials areas where synthetic efforts need to be focussed.

-. ----
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ORGAliICBASEI)SYSTEMS

Development of organic based conductive polymer systems should include
aromatic, heteroarornaticand oleffnic systems, and co-polymers thereof. Studies
should especially focus on the development of polymerization techniques which
provide high molecular weight polymers employing free radical, anionic,
cationic, or metathetic processes. Emphasis should be placed on techniques
which will provide polymers with’known chemical structures based on the
chemistry employed to prepare thers. Such techniques should provide
materials of high chemical purity, devoid of catalyst residues and defect
structures.

Additionally, efforts should be directed toward the synthesis and
development of novel dopants aimed at improving the thermal stability,
environmental stability and mechanical properties of conductive systems. Novel
dopant systems will include those which can be activate& thermally or photo-
chemically.

Emphasis should also be directed toward the synthesis of intrinsically
conductive systems aridsystems which employ dopant-species as an integral part
of the polymeric

Justification

(1) Preparation
provides a basis

structure.

of clean polymeric materials of known chemical composition
for careful chemical and physical studies for the development

of a better theoretical understandingof conducting polymers.

(2) The formation of high molecular weight polymers will provide materials with
improved electrical and physical properties eventually necessary for
applications.

Status ●

High molecular weight polymers have now been realized for polyacetylene,
polyphenylene and polyphenylenevinylene systems employing Ziegler+atta
catalysis reactions, olefin metathesis reactions and free radical processes.
Likewise, high molecular weight polyheterocyclicpolymers have been prepared by
electrochemicalpolymerization. Wch remains to be done on the further
development of chemical and electrocatalyticpolymerization techniques for the
preparation of structurally diverse, highly conjugated organic systems.

Research Proposal

(1) Expand the scope of electrochemicalpolymerization techniques to include
electrocatalyticprocesses.

25

(2) Synthesize and develop new organic structures containing functionalities
capable of polymerization by free radical, cationic, anionic, and metathetic
techniques which are generally applicable to the construction of a wide range of
conjugated systems.



(3) Study mechanlsstsof polymerizationuseful for preparing highly conjugated
systems with the aim of development of new polymerization processes (photo-
chemical,radiationinduced,etc.)

(4) Preparation of novel organic systems with intrinsic conductivity (small
band gap).

(!3) Synthesize novel dopants (e.g. light or thermally activated, integral
part of polymer structure).

POLYMERIC MACROCYCLIC ?iETALCOMPLEXES AS QUASI ONE I)I?lENSIt3NALCONDUCTORS

Hacrocyclic metal complexes can be used as organic conductors (or semi-
conductors) if they are polymerized in a cofacial arrangement, linked together
by bridging ligands. The basic structure is shown in Fig. 1.

q, I

If M is a transition metal which achieves an octahedral arrangement, e.g.
Fe, Ru, Co, Rh, etc., L is a linear organic ligand like pyrazine, l,4-diiso-
cyanobenzene or CN- and the macrocycle is (~ ); e.g. phthalocyanine, stable
polymers (or oligomers) -can be synthesized which may exhibit conductivities up
to 1 S/cm without additional external doping (M. iianacket al, since 1980 in
various journals).

Polymers of this type have been described first by Kermey and ?Yarks,who
used phthalocyanine as the macrocycle, Si, Ge, Sn, Al and Ga as the central
metal atom and O and F as bridging ligands. Ooping of the corresponding
polymers with oxidants, e.g. iodine, led to conductive materials (conductivities
up to 1 S/cm).

Justification

The polymeric structure shown in Fig. 1 is highly variable. By changing

systematically the three variables, namely the macrocycle H (e.g. from phthalo-
cyanine to tetrabenzoporphyrine,etc.), the central metal atom (e.g. from Fe to
Ru) and the bridging ligand L (e.g. from pyrazine to tetrazine), polymers are
obtained which, according to ?10-talc.ulations, show a band structure (intrinsic
conductors}. The band-gap can be controlled by the variation of the structure.

Research Proposal

Polymers of the type shown in Fig. 1 should be studied systematically
concerning the synthesis and their general properties. By putting substituents
in the peripheral positions of the macrocycle, the polymers can be made soluble
in most of the organic solvents. The solid state properties, e.g. crystallinity
must be studied (if possible). Nothinz or only very little is known about the
relation between chain length and conductivity.
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Beside phthalocyanine
naphthalocyanine and other

as the macrocycle in Fig. 1, tetrabenzoporphyrine,
planar thermally stable systems must be investigated.

The band structure can be altered by electron donating and electron accepting
groups in the macrocycle. The synthesis of these substituted macrocycles should
be worked out. liewbridging ligands (which-are also responsible for a band
structure) should be studied, e.g. SCN-, N3 , etc.

Advantages of These Systems.—

(1) Conductivity without external doping is expected (and has been proven in
various examples).

(2) The synthesis of polymers is easy and not expensive.

(3) The polymers are thermally stable.

(4) Composites with other polymers are possible.

.
.

CODIFICATION OF CONVENTIONAL POLYMERS

In the past 10 - 20 years numerous efforts have been focussed on
preparation and characterizationof novel conductive polymers. However,
commercially available polymers or readily synthesizable polymers may be
modified to coductive materials.

Surface Treatments

Carefully controlled oxidation, reduction, or elimination of certain groups
(cf HCI, HF and H2Q) may produce semi- and conductive materials.

(1) Elimination of hydrogen halides from polyvinyl halide and copolymers of
vinyl halide and olefinic monomers.

(2) Elimination of halogen from polyhalogenated olefinic polymers.

(3) Radiation effects on polyolefinic polymers.

(4) Metal ion implantation on polymers.

Research Proposal

The above areas need to be reinvestigated on better controlled materials
without destruction of their physical form or physical properties. In addition
a new area to”be investigated is the synthesis of composite systems.

(1) Formation of polypyrrole, polythiophene, etc. on conventional polymers to
combine desirable physical properties.

(2) Stabilizationof conductive polymers by treating (coating, blending,
bonding) with polymers.

.
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TCIPOTACTIC/TOPOCHEHICAL

ESQlx?

The rationalsynthesis
control .ofstructure during

Justification

CONTROLIN PREPARATIONOF CONDUCTINGMATERIALS

Df conducting materials requires attention to
the preparation of these materials.

Although topotacticmethods for the preparation of inorganic composites and
refractory materials (e.g. epitaxial growth) has been an area of intensive
research, similar strate~ies have not been thoroughly explored for conducting
materials composed of two-dimensionalconducting polymers and quasi-l-n linear
chain compounds. The ability to predictably control the structure of the
material of interest will allow the synthesis of conducting systems with desired
electronic and structural properties.

The fundamental problem can be divided into two areas: (1) conirol of
macroscopic morphological structures; (2) synthesis of hew materials based orI
topochemical reactions. The major area of interest includes the use of
“substrate control” in the synthesis of new materials, and the chemical and
electrochemical poly~erization/crysta~lization of materials at we~~-

characterized, epitaxially oriented surfaces. Also included is control of
morphology by the environment of the growth medium.

Research Proposal

(1) Studies to understand the relationship between ordered structures of
conducting materials and the structure of their precursor. This has been
exploited in some systems (e.g. covalently linked phthalocyanines and fused
heterocyclic polymers) and requires further attention in 1,2-0 materials. These
studies can include monomers whose lattices are nearly degenerate with their
polymer lattices. Information regarding crystal structure of reactive monomers
under conditions relevent to polymerization is insufficient to allow prediction
of Lhe direction of solid state polymerization.

(2) Initiation of chemical polymerization at well-defined, epitaxially oriented
surfaces. Polymerizationmay be initiated thermally, photochemically or via
chemical reactions with functional groups on the surface. Systematic
investigationof the effect of well-defined surfaces on the morphological
identity of chemically and electrochemicallygrown phases needs to be performed.
Such surfaces include, but are not exclusive, surfaces modified by covalent
attachment of appropriate reagents and Langmuir-Blodgett films.

(3) Spectroscopic investigationof monolayer and sub-monolayer films of
dimensional materials on well-defined surfaces. Such techniques include
infrared, Raman, SERS and EXAFS.

(4) Investigationof the growth of dimensional materials in anisotropic media.
Examples include crystallizationin liquid crystalline media, clathrates or in
the presence of orienting electromagnetic fields.

(5) Investigationof directional control of crystal growth as a route to
macroscopic organized structures.



INORGANICCONDUCTIVE POLYMERS

From a synthetic point of view,probably the most ignored area in the field
of conductive polymers has been that of inorganic chemistry. The lackof effort
in thisarea is quitesurprisingin view of the myriadof properties available to
the inorganic chemist with the use of the transition metals.

In the contextof conductive polymers, the use of transition metals offers
the following advantages over the conventional carbon based systems. The larger
radial extension of the -d- orbitals is likely to result in more favorable
bonding interactionsresultingin widerband structuresand more highly
conducting systems. Strong metal-metal bonding in many transition metal
complexes as well as the highly conducting tetracyanoplatinatesare clear
manifestationsof this property. In addition, the mixed valence behavior so
important to conductive polymers is easily satisfied with transition metals and

their multivalence behavior. Systematic changes in the energetic and band
filling can be made in a predictable way with the proper choice of transition
metal.

Status

work

(1)

(2)

(3)

Host of the important contributions to the field thus far have included
in the following three areas:

Stacked macrocyclic compounds.

Purely inorganic polymers.

Ordered clusters.

Althou%h much work has been completed in the first category, the central
metal in most of these complexes has remained innocent (i.e. not participating
in the conduction process). Further work is needed in this area to extend this
field to include the heavier transition metals.

(SN) and the polysilanes are examples of the second category. Hany
attempts ?$oextend this work have ended in frustration, however, the initial
success with these materials including the superconductivityof (SN)X provides
impetus for further effort in purely inorganic polymers.

The chevrel phases are just one important example of the third category.
The chevrel phase, formed from stacked molybdenum-sulfur clusters exhibits low
dimensional conductivity at room temperature and superconductivity at low
temperatureunder pressure.

Reeea~ch Proposal

Intensifiedresearch building cm what is already known from dimeric and
small cluster chemistry is likely to be a fruitful endeavor and greatly enhance
this area of conducting polymers.
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INOF@WIC CONDUCTIVE POLYMERS

Scope

From a synthetic point of view, probably the most ignored area in the

field of conductive polymers has been that of inorganic chemistry. The lack
of effort in this area is quite surprising in view of the myriad properties
exhibited by inorganic systems not present in the more familiar carbon based
systems.

The use of heavy transition metals and main group elements offer
several advantages over purely organic systems through their larger radial
extension of orbitals and their multivalence behavior. The larger radial
extension of the valence orbitals in the heavier elements is likely to
TC’s?dtin nore favorable bondir!ginteractions, resulting in wider band
structures and more highly conductive systems. This phenomenon is
illustrated well in the TTF and TXTSF charge trans~er salts in which the
conductio~ process is though~ CO involve mainly the S and ,Se atoms,
respectively, and not the carbon based orbitals. An additional example of
this behavior is found with the highly conductive Krogman salts. The
Krogman salts are formed from a one-dimensional stacking of [Pt(CN)4]n-
complexes. Overlap between the platinum d 2 orbitals is responsible for the
structural and metallic properties of thes~ compounds.

In addition to the increased overlap, inorganic!systems, especially the
transition metals, offer multiple oxidation states. The mixed valenCe

character so important to conductive polymers is thus easily satisfied with
the use or transition metal complexes. Systematic variation in the
energetic and band filling can be made in a predictable way with the proper
choice of transitionmetal.

Status

Most of the important contributionsto the field thus far have included
work in the following three areas:

(1) Stacked macrocyclic compounds.

(2) Purely inorganic polymers.

(3) Ordered clusters.

Although much work has been completed in the first category, the
central metal in most of these complexes has not participated in the
conduction process. ‘Furtherwork in this area iS needed to extend this
field to include the heavier transitionmetals Where the transition metal is
expected to dominate the conduction process.

(SH)X and the polysilanes are examples of the second category. Many
attempts to extend this workhave ended in frustration;however, the initial
success with these materials including the superconductivity of (SN)X
provides impetus for further effort with purely inorganic polymers.
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The Chevrel phases are just one important exam~le of the third
cztegory. The Chevrel phases are composec!of [MoX8]n- anioric clusters
xhere X = S, Se, Te, and stack to form low dimensional conductors at room
temperature and superconductors at lower temperatures (with critical
temperaturesas high as 13 K).

Research ?roposa~

Closer inspection of the characteristics of conventional‘inorganic
polymers is warranted and is likely to reveal many new candidates for
~u~~her studies. Synthesis of ~ materials is also an important goal and
is likely Eo be a fruitful endeavor. Electron delocalization in low
molecular weight analogs of these polymers (i.e., mixed valence complexes
such as the famous Taube-Creutz ion) suggest that these materials will be
interesting conductors if extended to ?olymers. Such past work provic?esa
rational starting point for the synthesis of new inorganic conductive
polymers.

.
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Introduction

Applications of conducting polymers will be driven by the
unique combination of electronic, mechanical, as well as
fabrication properties that are anticipated for this class of
materials. The delocalized electronic structure frequently
enables high electrical conductivity and those properties in
conjunction with traditional properties of polymers (e.g.,
good mechanical properties, ease of fabrication, low cost,
and low weight) are anticipated to enable this class of
materials to be commercially more important in the future.
Commercial use of conducting polymers has been inaugu~ated by
the Xerox Corporation “+dhi%h.is marketing a copier containing
static dissipation brushes comprised of an conductive
polymer. In addition to conductivity, these compounds
exhibit highly anisotropic optical properties and uses based .-

on these properties may arise in the future . Our study
group, which was unfortunately composed Of nonexper~~ in
application areas, attempted to identify potential uses of
conducting polymers and further identify potential research
areas which, if successfully undertaken, might ultimately
enable development and commercialization of these
applications. The group took a broad brush long term view
and thus avoided development types of projects. .=.

1.1 POTENTIJiL APPLICATIONS OF CONDUCTING POLYMERS

SCOPE

Research sampies cf pclyze:s exhibiting high dc electrical

conducting have been developed and samples sutiable for
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commercial evaluation are just becoming available. The scope
of this workshop report is to identify those applications
where this class of materials as currently understood or as
envisaged to be available in the future might find utility.
Preference was paid to where new markets would open up as
opposed to those markets where introduction of conducting
polymers would have to displace current technology.
Relatively poorly conducting materials suitable for
electrostatic charge dissipation are emerging. Important as
these applications are this Study Group has chose to avoid
development types of projects requiring these types of
materials and focus on a longer term prospects for conducting
polymers.

JUSTIFICATION

Polymers are one of many important materials with
applications ranging from low to high technology. These
applications have been developed over many years of intense
research and development activities both from a scientific
research and business marketing points of view. Due to the
wide range of properties exhibited by polymers, this work has
shown large number of ways polymers can be used. New
applications often result form combining properties of
blended (composites etc) materials or by manipulation of pure
materials. In some instances polymers have replaced exiting
materials, while in other instances whole new applications
and industries have been developed.

Conducting polymers now introduce new phenomena to the
polymer property repertoire i.e., control of electronic and
ionic transport. By combining ion and electron transport to
a-polymer’s general ease fabrication at moderate conditions
(In contrast to the such conditions for metals and ceramics)
a new class of materials with potential applications in
electromagnetic interference shielding (EMI), resistive
heating, sensors (chemical, pressure, temperature) ,
batteries, solid state electronic or electrooptic devices,
thermoe~ectric devices, ferromagnetic materials as well as
testing concepts associated with the Holy Grail of molecular
electronics:are hoped to emerge.

STATUS

A wide range of conducting polymers are presently know.
These include intrinsic (e.g., (SN) or pyropolymers)
conducting polymers or those which mu~t be doped (e.g.,
(CH) , polypyrrol). Evaluation for potential applications
are $inited ’ by the availability and stability of these
substances as well as their ability to be suitably
fabricated. Very recently, and most notably at this meeting,
a few cases where ccnd~.lctir.gfilms, fibers, composites, latex
acd ~.aldable cesins ~~~p.: Z;. conducting polymers ha<’e been

reported. Control of morphology and processing, however, are

34



—-

.,. -

~,,,.;

not as well developed. The processing of conducting
materials for evolutionary reasons is the least well
understood area.

The physics of conducting polymers, although intensely
studied, remains in some areas controversial. This is
especially true for morphologically related phenomena. For
example, the importance inter vs. intra particle size and
contacts or molecular weight as well as morphological
variations on conductivity are not well understood.
Microscopic phenomena such as the role of solitons, polarons,
and bipolarons are also not universally accepted.

Environmental stabilities of these materials are essential
properties which limit their application. Recent studies
have begun to understand the factors which control their
thermal, oxidative, hydrolytic as well as chemical
stabilities. Likewise reliable reproducible preparation of
samples large enough to enable commercial evaluation for
possible products has only been achieved for a few materials.
For these reasons there. are currently only a limited number
of commercial applications of these materials. Nonetheless,
an example where a conducting polymer is used is in a
commercial xerographic copier. The substantial work aimed at
developing an organic battery, has yet to lead to a
commercial success.

PROPOSED RESEARCH

The Study Group did not want propose developmental research
aimed at a specific product and prefered to identify areas of
general research that, if successful, could ultimately be
used to exploit applications. These are:

,,
1) Understanding the chemistry and physics of composites
including active/passive homogeneous and/or heterogeneous
blends. 2) Fundamental understanding and characterization
of single polymeric units vs. aggregates. This includes
understanding of the conductivity of highly ordered vs.
disorder systems as well as the study of interface phenomenon
of conducting materials with classical inorganic conductors,
~semiconductors, and insulators. 3) Developing capabilities
to control morphology and understand its effect on ionic and
electron transport. 4) Improve characterization
capabilities for conductive polymers. !5) New synthetic
endeavors include the development of highly ordered polymeric
systems with controlled morphology, intrinsic conductors
(especially pyropolymers) and controlled properties via
electrochemical techniques. The synthesis needs also extends
to blends and composites. 6) Processing and synthetic scale
up technologies will also be important to assure availability
of interesting materials for commercial evaluation.

35

. . .
,“.



,.,.,
,,s4.,

,:,,...
,.~:,

:i}.....
.,

.. 1.2 Summary

In addition to the fundamental studies aimed at understanding
chemistry and physics of conducting polymers, materials are
just becoming available for evaluation in terms of commercial
application. It appears that adding high electrical
conductivity to the host of advantageousproperties polymers
have become associated with would lead one to expect many
commercial applications in the future. This may come to
pass, however, at the present time merging of the electrical
properties of conducting polymers with the expected
mechanical/fabrication properties of polymers has required a
compromise in expectations. Some samples are becoming
available for study and the Study Group has reviewed a
variety of areas where applications of these materials might
find a home in the future. The Study Group strongly suspects
that conducting composites/blends might lead to a variety of
important opportunities for conducting polymer.
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1.0 Introduction

The investigatio~. 0: cond’uccing pclyners a.nz ir. the
broader sense the investigation of ccnc?ucting molecular
and organic materials has been intensely pursued for
a decade now. The scope of this CONDUCTIVE MATERIZAIS
SC113NCE i.s defined by the breadth of materials and
concepts studied. This broad interdisciplinary field
requires the close interaction of four diverse
disciplines: chemistry or synthesis of new materials,
physics or experimental study of these unconventional
materials, development of theoretical concepts germain
to these molecular and polymeric systems, and applied
research into these novel solids that may lead to
applications . Each of these four disciplines interact
with the other three and together they form the conductive
materials science. This may be illustrated by the diagram
below.
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The basis of the field has been developed through intense
study of several model systems including charge transfer
salts such as tetrathiofulvalene-tetracyanoquiodimethane
and polyenes such as polyacetylene and its various isomers
and doped forms. New synthetic procedures were developed
during the study of the chemistry of these systems,
and tools were developed for measuring the electrical,
magnetic, spectroscopic and other properties of these
highly anisotropic systems. New theoretical concepts
such as strong electron-phonon interaction, Peierls
transition, solitonsr bipolarons, etc. were developed
to understand these materials and research initiated
into application of these novel systems as electrostatic
eliminators and battery materials.

It is our assessment that these studies into chemistry,
physics, application and theory are together forming
a new conductive materials science. Several develop-
ments are already visable which point to a rapidly
evolving materials base and an understanding of con-
ductive materials. Presentations at this Workshop point
to many opportunities in new formulations of polyenes
such as polyphenylene and polythiophene, and the
development of environmentally stable and processable
materials based on polycrystalline inhomogenous and/or
composite systems. The development and understanding
of the nonlinear optical respQnse of these solids opens
up new opportunities for nonlinear signal processing
based on the strong electron-phonon coupling of polyene
chains. As the science of conductive materials is
extremely broad, it is necessary to bring to bare a
very wide variety of tools including, but not limited
to measurement of the electronic structure of monomers,
oligomers and polymers; measurements of th’e
three-dimensional ordering of polymers and molecules
and solids; measurement of the role of the counterions
in effecting the reactivity of conducting polymers and
its effects on the structural order of conducting
polymers; and direct measure of the charge transport,
magnetic, optical, and rhealogical properties of these
materials and their composites. Theory has made a great
deal of progress in the field, but many opportunities
for new science remain. These include application of
quantum chemistry to small and medium sized molecules
and oli.gomers and to development of more sophisticated
phenomenological mlodels of the electronic structure
an% defects of polyenes, and to understanding the
macroscopic properties of real samples of conductive
materials and their polycrystalline or composite
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formulations. All four of the disciplines indicated
in the tetrahedron participate, althou-gh not equally,
in each of these areas. The study group focused on
four broad categories including novel materials and
design methods analytical methods, physical properties,
and theory. The objective was to take the broad view
of problems in the field and a long term look into the
future. NO attempt Was made to prioritize the areas
or the research topics given the amount of time available.
In general, a healthy conductive material science requires
progress in each of these four areas and contributions
from chemistry, physics, application and theory. The
following summaries address scope, justification, status
and research needed for each of the four topics.

1.1 Novel Materials and Desi.qnMethods

Scope

Conductive materials science is driven by the development
and synthesis of novel polymeric or molecular materials
which are electron and sometimes ion conducting systems
and/or have magnetic or optical properties that are
unusual. The development of ‘systems with desirable
environmental, mechanical, or processing parameters
is also an objective.

Justification

The development of conductive materials science is in
many ways materials limited. The design and synthesis
of new materials and novel synthesis of established
materials is a way of building on the present
understanding of conductive materials. In testing of
the many current concepts, development of the design
criteria for the synthesis of materials with the desired
electrical, magnetic7 optical, and mechanical properties
is an ultimate goal.

Status

A considerable information base has already been built
based on the study of polymers such as polyacetylene
and charge transfer salts such as TTF-TCNQ. The recent
development of new conducting polymers such as polypyr-

} role blends with latex and similarly the development
of new superconducting charge transfer salts demonstrate
the beginning of the ability to design new materials
with tailored properties. However this is only the
beginning.

40



Research Proposed

The synthesis of new materials and interplay of syn-
thetic, measurements, applications, and theoretical
researchers has been a unique and invaluable aspect
of the conductive materials science area. However our
understanding of the ~chemistry occuring in many
polymerization and “doping” processes is at a very
primative level. More careful chemical studies should
be carried out on existing systems with close coupling
to physical measurements. Modification of the synthesis
and post processing of conducting polymers should be
explored as well as the control of’ “ordering” both at
the microscopic and morphological level. New synthetic
techniques such as electrochemical deposition, and
formulation of new kinds of composite systems as well
as vacuum techniques should be explored. Attempts should
be made to develop long range order “in polymers.
Synthetic routes to new types of materials should’ be
vigorously studied. We must understand better how to
construct new types of conductive polymer materials.
In parallel with the development of new materials is
a search for new properties in polymers including better
control of conductivity, its absolute value and
temperature dependence, stable magnetic molecular and
polymeric systems, soluble and liquid conducting polymers,
fast response nonlinear optical materials based on
conjugated polymers, and inorganic polymer systems.
In parallel with this development of new materials is
a development of applied quantum chemistry that includes
a better understanding of the molecular electronic
structure and its relationship to macromolecular -
electronic structure. It is essential that there is
an adequate level of manpower support as well as the
requisite equipment (glove boxes, vacuum lines, GC ,
HPLC , crystal growing equipment etc. ) for the progress
of this program.

1.2 Analytical ’Methods

Scope

The application and increased sophistication of analy-
tical methods in the characterization of the structure
and chemical composition of conducting materials.

Justification

New and unusual materials cannot be l~nderstood until
the knowledge of what material is being studied is
developed. ,
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Status

A significant number of traditional and new analytical
techniques have been developed by different ~ portions
of the materials science community. These techniques
include x-ray diffraction, synchrotrons diffraction,
low angle x-ray scattering, diffuse x-ray scattering,
neutron diffraction and scattering, electron, and ion
spectroscopes, scanning electron microscopy (SEM) ,
transmission electron microscopy (TEM ) and other
sophisticated cheniical and analytical tools. The array
of analytical techniques have not been applied
consistently to this broad range of materials.

Research Proposed

The available analytical techniques as well as new
techniques specific to the problems of conductive
materials need to be brought to bear in this area.
The advent of the use of cyclic voltammetry in the
conducting polymer field is an example of greatly
increased understanding which. results from the over-
lapping of this conductive materials science and
measurement science. Examples of the more traditional
techniques that need to be more consistently applied
include fourier transform infrared spectroscopes, mass
spectrommetry using modern sampling techniques,
synchrotrons radiation and x-ray diffraction as well
as sophisticated magnetic resonance measurements. Because
of the broad materials questions that arise, the ability
to handle the large amount of data generated is an
important limiting factor. Hence, software and hardware
for computer manipulation of the data is an important
consideration. Sufficient funding is necessary to enable
the collaborative mode of interaction that is a part
of application of these techniques to these new novel
materials.

1.3 Physical Properties

Scope

How do we go from a chemical or physical understanding
of model compounds to an understanding of the real
materials to be used in applications?

Justification ‘

The transfer’ of novel materials to engineering groups
and the realization of applications requires an under-
standing of the relationship of the macroscopic proper-
ties to the chemical and physical properties of the
model systems usually studied.
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Status

At present, the chemical and physical knowledge of model
compounds and polymers is much greater than the current
understanding of
stable compositions

Research Proposed

Continued detailed

real processable and environmently
of conductive materials.

study of model synthetic materials
and the physics of these model systems is important
for gaining the underlying knowledge for understanding
the complicated macroscopic systems. In parallel with
this continued study , development of new materials
preparation techniques is encouraged. These techniques
WOU ld include preparation of new forms of composite
materials containing conducting and nonconducting polymer
systems as well as the formation of polycrystaline or
other macroscopic materials formulations.

The broad spectrum of analytical techniques needs to
be applied to these model systems as suggested in
paragraph 1.2. That includes study of the chemical,
crystal and electronic structure as well as the reacti-
vity of the component materials. Detailed physical
studies of these model materials need to be performed.
This includes measurement of the electronic excitation.
spectrum of these materials via spectroscopy from the
far infared through the vacuum ultraviolet and a detailed
determination of the electronic structure Or density.
of states in the vicinty of the fermi level of these
materials. Insight into the mechanism of charge
conduction in various conductive materials can only
be gained through careful coordinated measurements of
a broad spectrum of transport parameters including
temperature dependent dc conductivity, electrical field
dependence of conductivity, the frequency dependency
of conductivity from dc through microwave frequencies,
the magnetoresistance and Hall effect as well as other
related experiments such as thermoelectric power and
thermal conductivity. The dynamics of defect states
is also an important aspect. Relevant studies includes
photoinduced optical effects and photomagnetic effects.
In the absence of this broad spectrum of studies an
incomplete and inaccurate picture of the electronic
structure and properties of these sytems is obtained.

A, full study of the electronic properties of the macro-
scopic formulation of these materials, directly
synthesized in the end form, processed as neat polymer
or processed in composite form is also warranted. That
includes a broad spectrum of transport studies a~~d
spectroscopic studies. In addition, the mechanical
and theological properties become more important.
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Determination of the processability of these polymers
and polymer composites, as well as the environmental .

stability and half life, are necessary for ccnnmercial
applications. Adequate funding is necessary in order
to accomplish these broad goals which includes adequate
manpower as well as access to the necessary equipment.
Because the techniques and skills involved are resident
among different groups of scientists, it is suggested
that collaborative interdisciplinary research be
encouraged. In support of this, the funding mechanisms
must be set up to accommodate joint proposals,
interdepartmental activities, and interinstitutional
activities. An important component is the funding for
travel and residence in other laboratories.

1.4 Theory

Scope

The development of a theoretical understanding that
enables the induction from molecular and structural
properties to the macroscopic properties of solids.
The development of design criteria for preparing materials
of desirable electrical, magnetic, optical and mechanical
properties is an ultimate goal.

Justification

The development of microscopic and phenomenological
theories provides a framework for understanding known
properties Of materials and the determin~t~on of the
underlying microscopic materials parameters. An under-
standing on this microscopic level should allow a the
prediction and\or design o< new materials and their
properties. The theoretical prediction of new phenomena
is an important driving force for experimental study.
The observation of new phenomena and anomalous behavior
in turn is an important impetus for new theoretical
development.

Status

The theoretical understanding in the field is currently
at a rudimentary level. Conductive material science
encompasses a broad array of problems “ranging from study
of molecular monomers to oligomers, to isolated chains,
to chain deffects (solitons, polarons, bipolarons, etc.),
to crystals, to addition of disorder, to the modeling
of composite systems. Development of models of the
electronic structure of this broad array of systems
and the prediction of their physical properties is still
in an early stage.. “
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Proposed Research

Research needs to be conducted in parallel in the broad
areas of study of the isolated units through the
electronic structure of the polymers and interfaces
that are involved in real macroscopic formulations.
In addition, there is an absence of real understanding
of the measured physical properties of the real material
including conductivity, magnetism, etc. The development
and availability of supercomputers should allow the
application of quantum chemistry to larger molecular
or oligomeric and chain model units. This should enable -
a better understanding of the relationship between the
molecular and macromolecular architecture, electronic
structure, electron-phonon interaction, and charge
transport mechanisms. The role of coulomb correlation
has been insufficen’tly explored. Questions arise as
to whether it is large or small, and whether it can
be controlled to create a ferromagnetic ground state.
The effects of interchain interaction and interchain
screening need to be investigated. An understanding
of photogenerated defects in polymers other than
polyacetylene has yet to be developed. The actual
conducting polymers synthesized are far from microscopic
ordered single crystals. The role of disorder needs
to be determined. For example, which properties that
are observed are unique to conducting. polymers and which
are common to all of the disordered systems, for example
amorphous silicon. WOU ld doped ordered conducting
polymers behave the same or quite differently?

A particularly important question that remains contro- “
versial is: why do conducting polymers conduct? Indeed
almost all doped polymers have a room temperature
conductivity of ten siemens/centimeter. These polymers
generally also have a similar concentration of curie
spins. Is this central to the properties?

Polymers provide a unique opportunity for the fabri-
cation of new types of composite materials, including
the growth of interpenetrating polymer networks as well
as growing conducting polymers within microporous systems.
These new structures and their properties will-challenge
the theoretical community to expand the current
understanding of composites, for example effective medium
theory and Maxwell Garnett theory need be modified to
account for these nonspherical structures.

&
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1.5 Summary
-.

After nearly a decade of work, a new conductive materials
science has begun to emerge. This science is
interdisciplinary requiring close interaction from
chemistry, physics, applications research, and theory.
The frontiers of the field are expanding rapidly. Novel
materials and design methods are emerging, new and
sophisticated analytical methods are being applied,
a broad spectrum of physical properties are being studied,
both of the simpler model compounds and the more
complicated microscopic materials formulations, and
a broad range of theoretical concepts is being developed.
A significant investment in this materials science is
being carried out in other places including Japan and
Europe. It is essential that there be an adequate level
of support for manpower, as well as for the necessary
equipment in the United Stat~s. In light of the breadth
and depth of conductive material science, collaborative
interdisciplinary and interinstitutional programs need
to be encouraged. Cognizance needs to be taken of the
increased cost for communication under these circumstances
including extensive travel expenses.
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Objective
..

The area of conducting polymers has been characterized by a

large degree of interdisciplinary integration within research

groups. Cooperation among chemists, physicists and theorists

has gr~atly strengthened research programs. The objective of

this workshop is to-bring about a similar enrichment via

greater integrations among different research groups.

Consequentlyr the workshop will promote intergroup

interactions focussing on common problems related to

materials, syntheses, properties, and applications, as well

as future directions.
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Time: 7:00 - 9:00 PM

Registration, Refreshments at Brookhaven Center

8:30 - 9:OO

CHAIRMAN

9:00 - 10:00
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locycles”

M. AIdissi
Los Alamos National Laboratory

“Comparative Study of Polyacetylene, Its Copolymer:
and Composites”

F. J. Salzano
Brookhaven NationalLaboratory .

>.,
POSTER SESSION

K. Y. Jen
Allied Corporation

“Facile Route to Stable Conducting Polymers”
..-

0. Inganas, T. A. Skotheim and S. W. Feldberg

Brookhaven National Laboratory

“Photoelectrochemistry with Polymer Solid
Electrolytes”
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0
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0
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0
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Polytechnic Institute of New York
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E. M. Pearce
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Program of Direction of Problem Areas
and Potential for the Future - Chemistry, Physics

and Technology

,

Polyacetylene, Polyphenylene, Polyaniline
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Group A:

Chairman A. MacDiarmid
University of Pennsylvania “

Group B:

Chairman:
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.
.

Group E: Future Applications Possi.bili.tesfor Conducting
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Chairman: J. Miller
DuPont

. .
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Chairman:
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Properties

A. Epstein
Ohio State

..

University
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