PHYSICAL REVIEW B

VOLUME 42, NUMBER 8

RAPID COMMUNICATIONS

15 SEPTEMBER 1990-1

Electron localization in polyaniline derivatives
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Electron localization in the methyl-ring-substituted derivative of polyaniline (PAN), poly(o-
toluidine) (POT), has been investigated by transport and magnetic measurements. The HCI salt
of POT shows greater electron localization than that of PAN due to decreased interchain
diffusion rate caused by increased interchain separation and decreased interchain coherence.
Each of these is attributed to the addition of one CHj to each C¢ ring. The general implications
for control of dimensionality and conductivity are discussed.

Isolated chains of conducting polymers are one-
dimensional (1D) entities. Models based on this 1D char-
acter have accounted for many of their unusual spectro-
scopic and magnetic phenomena, attributed to the pres-
ence of solitons and polarons.l However, it is well known
that the interference of scattered electron waves causes all
the electron states in a strictly one-dimensional disordered
system (1D-DS) to be localized by any weak disorder. 2"
For a quasi-one-dimensional (Q1D) DS,>¢ if the inter-
chain diffusion rate @ exceeds a threshold value w., the
states are extended; otherwise they are localized. In the
localized regime, i.e., @ <., the interchain coupling
tends to delocalize the electron states.> In the weak inter-
chain coupling case 0w < w,, wa2nt2;/h? if the chains
are packed into a perfect lattice® (z, is the interchain
bandwidth, 7; is intrachain mean free time, and A is
Planck’s constant). If the chains are not packed into a
perfect lattice, a smaller w is expected due to the disor-
der.> The value of w depends, among others, on ¢, which
in turn is related to the overlap of the electron wave func-
tions of two neighboring chains. This overlap is an ex-
ponentially decaying function of interchain distance.
Hence the interchain separation is expected to be of con-
siderable importance in the localization of a Q1D-DS.
Since @ also depends on 7; and interchain coherence
length,>® these two parameters also play important roles
in the electron localization. At low temperatures kgT
< h/17;, the conductivity of a Q1D-DS is due to variable-
range hopping (VRH) among the localized states>*¢
with the interchain conductivity o, «<expl— (To/T)"?]
much smaller than the intrachain conductivity® o
aexpl—zTo/16T] in the case of 7,7,/h<1. Here
To=16a/N(Er)kgz; a ~! is the decay length of the wave
function, N(Er) the density of states at the Fermi energy
Er (for both signs of spins), e the electron charge, kg the
Boltzmann constant, and z is the number of nearest-
neighbor chains. Because o, < oy, the observed conduc-
tivity should have the same T dependence as o,. The
hoping energies will be,® respectively, W, « T'? and
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Wy« To. Since thermoelectric power? S(T) o< (W?/eT)
x[dInN(E)/dElg=g,, S . (T) =const and S, & 1/T. Also
the dielectric constant is* e=2.4x16e2l?/hvrA for a
sample without voids (compactness 1.0) at the T=0 K
limit for frequencies v<<7,”! and the localization length
lioc=4l; (Ref. 4) where v is the Fermi velocity, /; is the
mean free path, and A is the cross-section area.

In this Rapid Communication we report the conse-
quences of this 1D nature for electron localization and
conductivity, utilizing a systematic study of electron local-
ization in the polyaniline (PAN) polymer system. With
substitution of a larger methyl group (CH;) for one hy-
drogen atom on each Cg ring of the emeraldine salt form
of PAN (PAN-ES) to form poly(o-toluidine) salt (POT-
ES) (Ref. 7) (Fig. 1), there is a several percent increase in
interchain separation,® though crystallinity and coherence
length are similar to those of PAN-ES.® Within the crys-
talline regions there is greater disorder in the interchain
separations,® likely associated with the random location of
CH; on a or b positions of the Cg rings. Spectroscopic
studies show that the POT-ES and PAN-ES have essen-
tially the same electronic structures.” We report here the
results of magnetic susceptibility y, dc conductivity oy,
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FIG. 1. Schematic structure of (I) POT-EB and (II) HCI
salt of POT (POT-ES).
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microwave conductivity onw and dielectric constant e,
thermoelectric power S(7), and EPR measurements
which together reflect the increasing localization of
charges associated with a decreased interchain diffusion
rate and increased one dimensionality. The results are
direct experimental verification of the mechanism of
charge localization and provide guidelines for design of
truly delocalized “metallic” polymers.

POT was synthesized in the base and salt form as de-
scribed earlier.” Pressed pellets were used for most of the
transport measurements, with the exception of microwave
studies where films cast from N-methyl-2-pyrrolidinone
were used. A four-probe technique was utilized for o4
measurements.'® The “cavity perturbation” technique
was adopted for the microwave measurement.!' EPR X-
band measurements utilized a Bruker EPS 300 spectrome-
ter.'? The static y was measured by Faraday technique. '

Though the electronic structure of POT-ES and PAN-
ES are essentially the same (as measured spectroscopical-
ly”), POT-ES has larger ycuric and smaller ypau; with
N(EF)=1.76 states/[eV (2 rings)] calculated from
ZPauli =#3N(Er) compared to 3.5 for PAN-ES, '3 imply-
ing greater localization of the electrons.'* The larger
EPR linewidth for POT-ES (0.7 vs 0.3 G for PAN-ES at
295 K) similarly suggests less motional narrowing'® and
hence, increased localization. In contrast, g factors of
POT-ES (g=2.0034) and PAN-ES (g=2.0038) are simi-
lar, indicating the spins are delocalized over at least one
ring and nitrogen repeating unit (~5 A) for both poly-
mers, since the value of g =2.0034 corresponds closely to
the arithmetic mean of the g factors of the six Clg
~2.0031 (Ref. 16)] and one N [g~2.0054 (Ref. 16)] in
the repeat unit.

The experimental line shapes of POT-ES and PAN-ES
are shown in Fig. 2, together with the 1D and 3D diffusion
theoretical line shapes. For 3D spin diffusion the trans-
verse magnetization ®(¢) varies such that ®(z)
~exp(—1/to), resulting in a Lorentzian line shape;'” for
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FIG. 2. The EPR line-shape data of POT-ES (0) and PAN-

ES (+) in comparison with the theoretical line shapes of 1D
and 3D spin diffusion.
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1D spin diffusion, ®(¢) ~expl— (¢/10) ~**1."7 Compar-
ison of the EPR line shapes shows that the spin diffusion
in POT-ES is closer to 1D motion than that of PAN-ES,
associated with the decreased interchain diffusion rate and
the increased electron localization in POT-ES.

The increased localization in POT-ES is further re-
flected in much smaller o4, and ow and € of POT-ES at
6.5 GHz [Fig. 3 and inset (a)] as compared with those of
PAN-ES.!"" The T-dependent og4. of POT-ES (Ref. 18)
varies as expl— (To/T)'"?] (Fig. 3) with To=30000 K
much larger than 6000 K reported for PAN-ES, ' also in-
dicating greater electron localization of POT-ES. The
S(T) can be decomposed into the sum of a constant and
1/T term [inset (b) of Fig. 3], suggesting Q1D VRH.
Given a crystal structure with greater isolation between
chains and the T dependence of S(7T), the o4 data are fit
to Q1D-VRH model (the equation for o,). From the
value of T and N(Er) we estimate ¢ ~!~0.88 (2 rings)
or roughly 9 A, consistent with above g-factor analysis.
Utilizing the equation for € at 7=0 K and N(Ef) =2/
mhur, assuming 0.7 sample compactness and averaging
over random orientations of the polymer chains, we esti-
mate /joc=4/;=6.4 A for e=7.0—4.5=2.5 [¢(EB) sub-
tracted from €(ES) (Refs. 11 and 19)]. This is in good
agreement with the estimated 9 A obtained from T.

It is noted that the charging energy limited tunneling
model?® for granular metals also predicts Incoc T ™12
however the electric-field dependence of o implies the size
of metallic grains on the order of 1 um, too large for the
application of the model.?' Similarly, 3D-VRH model in
the presence of a Coulomb gap predicts T ~'/? law.2
Within this model electron interactions cause the density
of states N(E) at the Fermi energy to vanish as
N(E) < (E —Efr)% However, the finite difference of ¢
for POT-ES and POT-EB at the T=0 K limit [inset (b)
of Fig. 3] indicate € — € N(Er)#=0 (Refs. 11 and 23)
(¢ is due to core polarization). The presence of finite
xpauii implying finite N(EFr) also contradicts the applica-
tion of this model.

The mechanism for the increased localization in POT as
compared with PAN-ES has broad interest for both the
theory of localization and the design of “metallic” poly-
mers. The CHj groups induce a small increase in ring tor-
sion angle and concomitant small decrease in the “metal-
lic” energy bandwidth. Also, there is random CHj occu-
pation of a or b position (due to ring flipping). Both
effects decrease 7; (Ref. 3) and hence w.® However, there
is only less than 5% difference in bandwidth of PAN and
POT with no significant broadening of the band edges ob-
served spectroscopically.” The important factors for the
increased localization in POT are proposed to be the de-
creased interchain diffusion rate due to the decreased in-
terchain bandwidth ¢, caused by the larger transverse
unit-cell length and the decreased coherence between the
chains caused by greater interchain disorder within the
crystalline regions. These results point to a methodology
to synthesize materials of controlled one-dimensional
character to further probe localization phenomena,
through judicious increase or reduction in interchain
coherence and separation. Similarly, the achievement of
highly conducting metallic polymers then requires maxim-
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FIG. 3. T dependence of o4 (O) and omw (6.5 GHz) (+) for POT-ES. Inset is (a) é(T) of POT-ES (0) and POT-EB (+) and (b)

S(T) of POT-ES.

izing the interchain coherence and reduction of interchain
separation. Increase of intrachain scattering time or con-
jugated length is also helpful. Hence addition of side
groups to PAN and other polymers such as polypyrrole
and polythiophene is likely to increase localization with
concomitant decrease in conductivity in the absence of
special crystal packing.

In conclusion, POT-ES shows more increased electron
localization than PAN-ES. The key factor for this locali-
zation is the decreased interchain diffusion rate caused by
(i) increased separation between neighboring chains and
(ii) decreased coherence between the chains even within
the crystalline regions. Both of these make this polymer

more 1D-like, hence more susceptible to localization.
Study of various PAN derivatives enables probing of the
important criteria for localization in solids and metallic
behavior in polymers.

The authors thank R. K. Kohli for preparing samples
and K. R. Cromack for assistance in the experiments.
This work is supported in part by Defense Advanced
Research Projects Agency (DARPA) through a contract
monitored by U.S. Office of Naval Research (ONR) and
in part by National Science Foundation (NSF) Materials
Research Grant No. DMR-85-19059.

*Present address: Jet Propulsion Laboratory, Pasadena, CA
91109.

tPresent address: Alchemi Research Center, Thanc-400601,
Naharashtra, India.

'W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. B 22,
2099 (1980); 28, 1138(E) (1983); M. J. Rice and E. J. Mele,
Phys. Rev. Lett. 49, 1455 (1982); J. M. Ginder, A. J. Epstein,
and A. G. MacDiarmid, Solid State Commun. 72, 697
(1989).

2N. F. Mott and W. D. Twose, Adv. Phys. 10, 107 (1961).

3N. F. Mott and E. Davis, Electronic Processes in Non-
crystalline Materials (Clarendon, Oxford, 1979).

4A. A. Gogolin, Phys. Rept. 1, 1 (1982); 5, 269 (1988).

5Y. A. Firsov, in Localization and Metal Insulator Transition,
edited by H. Fritzsche and D. Adler (Plenum, New York,

1985), p. 477; S. Kivelson and A. J. Heeger, Synth. Met. 22,
371 (1988).

6E. P. Nakhmedov, V. N. Prigodin, and A. N. Samukhin, Fiz.
Tverd. Tela. (Leningrad) 31, 31 (1989) [Sov. Phys. Solid
State 31, 368 (1989)).

TY. Wei, W. W. Focke, G. E. Wnek, A. Ray, and A. G. MacDi-
armid, J. Phys. Chem. 93, 495 (1989); A. Ray, A. G. MacDi-
armid, J. M. Ginder, and A. J. Epstein, Mater. Res. Soc.
Symp. Proc. 173, 353 (1990).

8M. E. Jozefowicz, J. P. Pouget, A. Ray, A. G. MacDiarmid,
and A. J. Epstein, Synth. Met. (to be published).

9M. E. Jozefowicz, R. Laversanne, H. H. S. Javadi, A. J. Ep-
stein, J. P. Pouget, X. Tang, and A. G. MacDiarmid, Phys.
Rev. B 39, 12958 (1989).

10F, Zuo, M. Angelopoulos, A. G. MacDiarmid, and A. J. Ep-



RAPID COMMUNICATIONS

5414

stein, Phys. Rev. B 36, 3475 (1987).

IH. H. S. Javadi, K. R. Cromack, A. G. MacDiarmid, and A. J.
Epstein, Phys. Rev. B 39, 3579 (1989).

12H. H. S. Javadi, R. Laversanne, A. J. Epstein, R. K. Kohli, E.
M. Scherr, and A. G. MacDiarmid, Synth. Met. 29, E439
(1989).

13J. M. Ginder, A. F. Richter, A. G. MacDiarmid, and A. J. Ep-
stein, Solid State Commun. 63, 97 (1987).

14M. Milovanovic, S. Sachdev, and R. N. Bhatt, Phys. Rev.
Lett. 63, 82 (1989).

I5R. Kubo and K. Tomita, J. Phys. Soc. Jpn. 9, 888 (1954).

16 R. Morton, Chem. Rev. 64, 453 (1964).

7M. J. Hennessy, C. D. McElwee, and P. M. Richards, Phys.
Rev. B 7,930 (1973).

WANG, JAVADI, RAY, MacDIARMID, AND EPSTEIN 42

18There is no difference of o4 data for ES samples obtained on
films (Ref. 10) and pressed powders.

19This can be compared to /; =3.8 A estimated for 50% pro-
tonated PAN-ES. We note that /; =0.7 A by Javadi et al.
(Ref. 11) for ES should be 2.7 A after deleting the 4r in Eq.
(2) of Ref. 11.

20p. Sheng and B. Abeles, Phys. Rev. Lett. 28, 34 (1972).

21Z. H. Wang, E. Ehrenfreund, A. Ray, and A. G. MacDiarmid,
Lig. Cryst. Mol. Cryst. (to be published).

22B. 1. Shklovskii and A. L. Efros, Electronic Properties of
Doped Semiconductors (Springer-Verlag, New York, 1984),
p. 228-243.

23R. L. Bush, Phys. Rev. B 13, 805 (1976). Also see the equa-
tion for e.



