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Electron localization and charge transport in poly(o-toluidine): A model polyaniline derivative
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The electron localization is increased with increasing one dimensionality of a quasi-one-
dimensional disordered system (quasi-1D-DS). This concept is tested by studying the electron local-
ization in the methyl ring-substituted derivative of polyaniline (PAN), poly(o-toluidine) (POT). The
studies include the measurements of temperature dependence of the dc conductivity o.d, (T), ther-
moelectric power S(T), microwave conductivity o. „(T), and dielectric constant e(T) at 6.5 GHz,
dc susceptibility g(T), electron paramagnetic resonance, and electric-field dependence of conduc-
tivity o.(F). The experimental results showed greater electron localization in the HCl salt of POT
than that of PAN, rejected in much smaller o.d„o. , and e, increased Curie susceptibility, and de-

creased Pauli-like susceptibility. The localization is attributed to the reduced interchain diffusion

rate caused by decreased interchain coherence and increased interchain separation, both of which
result from the presence of CH3 on the C6 rings. The T dependences of lno. ——T ' and

S(T)—So+B/T are interpreted as quasi-1D variable-range hopping (VRH) between the nearest-
neighboring chains. Within the model, o.(F)-%'F' with A- T ' can be understood. The
charging energy limited tunneling model for granular metals and the three-dimensional VRH model
with a Coulomb gap are not consistent with the experiments. Other possible mechanisms for elec-
tron localization and the general implications for control of dimensionality and conductivity are dis-

cussed.

I. INTRODUCTION

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. ' It is well known, howev-
er, that due to the interference of scattered electron
waves, all the electron states in a strict one-dimensional
disordered system (1D-DS) are localized with any weak
disorder. The localized electron wave function in a
strictly 1D-DS decays exponentially from its center. This
was pointed out by Mott and others ' and proved later
by rigorous calculations. For localized states dc con-
ductivity o.„,=0 at the T=O K limit, while for metals
o.d, is finite. The strictly 1D model fails to represent po-
lymers (for instance, polyacetylene) which show "metal-
lic" behavior upon doping. The reason for the metal-
lic behavior is that these polymer systems are not strictly
1D, but quasi-1D systems where interchain coupling is
not negligible. In this paper we will explore the impor-
tance of the interchain coupling on electron localization
in a quasi-lD-DS, poly(o-toluidine). Our results demon-
strate the essential role of coherent interchain coupling in
control of localization in a quasi-1D-DS.

The strength of the interchain coupling is character-

ized by interchain diffusion rate or interchain transition
rate w. If an electron can coherently transfer from one
chain to another before it is reAected back by an impurity
or chain defect the electron may avoid the interference of
backward scattering of electron wave functions and
hence decrease the localization. It can be shown ' ' that
in the case of weak disorder, i.e., EF~, /A &) 1 where EF is
the Fermi energy, ~; is the mean free time, and A is
Planck's constant divided by 2~, if the interchain
diffusion rate w exceed a threshold value w„ the states
become extended; otherwise they are still localized. In
the localized regime, i.e., w & w„ the interchain coupling
increases the localization length n ' of electron
states. '" In the case w —w„a ' is increased by a factor
of w /( to, —w) ))l. If the disorder is not "weak, "
EF~, /6-1, the interchain diffusion still tends to delocal-
ize the electron wave function though an insulator-metal
transition may not occur. '

The value of the diffusion rate w depends on many pa-
rameters. In the weak interchain coupling case w «w„
w -2~t~~,. /A if the chains are packed into a perfect lat-
tice ' (t~ is the interchain tansfer integral or —,

' of the in-

terchain bandwidth). Hence in the case of a perfect chain
packing, w depends on t~ and ~;. It can be shown ' that
when t~ or ~, increases so that t~~, /%=0. 3, w will be
equal to w, and an insulator-metal transition occurs. It is
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noted that t~ is related to the overlap of the electron
wave functions at two neighboring chains. This overlap
is an exponentially decaying function of interchain dis-
tance. Hence the interchain separation is expected to be
of considerable importance in the localization of a quasi-
ID-DS. The value of ~; depends on the concentration of
defects and intrachain crystalline coherence length. The
importance of ~; in determination of conductivity of a
conducting polymer has been realized by many authors
(see Refs. 6—9, 11, 13, and 14). Highly stretched I2-doped
"new" polyacetylene has very high conductivity which is
likely attributed to the reduction of defects and improve-
ment in crystalline coherence length. ' In the case
where interchain disorder is present, interchain crystal-
line coherence length is another important parameter in
electron localization of a quasi-1D-DS. The coherent
transfer of an electron from one chain to another will be
interrupted by the interchain disorder and the electrons
will be localized transversely to some extent and a smaller
w is expected.

The polyaniline (PAN) system provides an excellent
quasi-1D-DS system to test the above concepts. With
substitution of a methyl group (CH3) for a hydrogen atom
on each C6 ring of the emeraldine salt form of PAN
(PAN-ES), the poly(o-toluidine) salt (POT-ES) is formed'
(Fig. 1). The optical spectra' change only slightly,
reflecting a small increase in ring angle due to increased
steric repulsion from the CH3 groups. Also crystallinity
and intrachain coherence length are similar. ' ' Howev-
er, within the crystalline regions of POT-ES there is
greater disorder in the interchain separation' compared
with that of PAN-ES, likely associated with the random
location of CH3 at the (a) and (b) atom of the C6 (see Fig.
1) and there is a few percent increase in interchain separa-
tions. ' So the interchain transfer integral t~ of POT-ES
and in, terchain coherence are decreased, but the intra-
chain band structures and intrachain coherence length
remain essentially the same. ' ' Both interchain effects
tend to decrease the interchain diffusion rate and hence
increase localization of the electron states. Therefore it is
expected that the electron states in POT-ES will be more
localized than those in PAN-ES.

In this paper we report systematic studies of electron
localization in the POT-ES system by magnetic suscepti-

bility y(T), dc conductivity od, (both temperature and
electric-field dependence), microwave conductivity
o Mw( T) and dielectric constant e( T), thermopower S ( T)
and electron-spin-resonance measurements. It completes
our results briefly reported earlier. ' Although there is
no significant difference of the electron band structures of
PAN-ES and POT-ES, our transport and magnetic stud-
ies confirmed the increased localization of charges in
POT-ES associated with reduced interchain diffusion
rate. Quantitative data analyses show that quasi-one-
dimensional variable-range hopping (quasi-1D VRH) of
the charge carriers between the nearest-neighboring
chains is responsible for charge transport. The estimated
localization length is several A. The data do not support
either the charging limited tunneling model' or 3D VRH
with a Coulomb gap.

This paper is organized as follows. In Sec. II we dis-
cuss theoretical models for quasi-1D-DS. We limit our
discussion only to the models relevant to our experi-
ments. In Sec. III we present our experimental results.
In Sec. IV we will analyze our experimental data based
on these theoretical models. In Sec. V localization mech-
anisms are discussed. Finally in Sec. VI we draw our
conclusion.

II. QUASI-ONE-DIMENSIONAL DISORDERED
SYSTEMS, MODELS

A. dc conductivity

Let us consider a quasi-1D-DS in which charges are
transported efFectively along one-dimensional chains.
These chains are assumed to have finite length and pack
parallel into bundles. If the disorder is weak, i.e. ,

EF~; /A))1, there exists a threshold value of interchain
transition rate w„below which (w (w, ) the electron
states are localized and above which (w )w, ) they are ex-
tended. ' In the localized regime, the conduction at
finite temperatures is due to so-called phonon-assistant
hopping. Specifically, at low temperatures k& T (&A/~;,
Mott's variable-range hopping among the localized states
dominates the conduction. ' ' For a strict 1D-DS,
VRH conductivity varies as lno. —T '. ' But for a
quasi-1D-DS near the insulator-metal transition (w —w„)
where the electron wave functions are extended over
several chains, there exists a fairly high temperature,
below which the quasi-1D-VRH conductivity along the
chains is given by' '

a =o.oexp[ —( To /T) ' ]

c
N
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FIG. 1. Schematic structure of (a) POT-EB, (b) POT-ES,
doped with 1M HCl solution. Note that one H atom on each C6
ring in PAN is replaced by CH, group in POT. Due to ring tor-
sional motion about the N-N axis, there are two possible loca-
tions for the CH3 [(a) and (b)] on each C6 ring.

where e is the electron charge, v h is the attempting fre-
quency, k~ is Boltzmann's constant, g (EF) is the density
of states with one sign of spin (since phonons are spinless
so that electron spins are approximately conserved dur-
ing the hopping processes), and 2 is the average cross-
sectional area of each chain.
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2e'g (EF )b'v, „
CT (t~r, /fi) exp[ —(TOIT)'~ ), (3)

Note that v„h may be a function of temperature, de-
pending on details of electron-phonon interactions. '
Mott and Davis took it as a constant. Nakhmedov, Pri-
godin, and Samukhin' gave v„h~ T and p ) 1. The
preexponential factor can be calculated, in principle,
from the resistor network model proposed by Miller and
Abrahams ' for single-phonon hopping processes. This
model give an upper limit of v h on the order of the pho-
non frequency, but v h decreases rapidly with increasing
hopping energies or temperatures. ' Therefore at high
temperatures the contribution to the conductivity from
single acoustic phonon hopping processes may be smaller
than that of multiphonon hopping processes. ' The
latter may be important in many noncrystalline materials
where hopping energy is in the range of 10 —10 eV.

For weak interchain coupling, i.e., w « w, or t~~, &&A,

it is shown' that longitudinal localization length
a ' =4l, and transverse localization length P ' =b

where l; is longitudinal mean free path and b is the inter-
chain separation. Since the probability of a charge hop-
ping beyond the nearest-neighboring chains is very small
in the case of weak interchain coupling (though there is
"variable-range" hopping along the chain direction), we
can consider the VRH between the nearest-neighboring
chains only. Interchain hopping conductivity perpendic-
ularly to the chains is'

B. Thermoelectric power

Thermoelectric power in the case of hopping conduc-
tion is not well understood and different authors give
different results. ' In general, the thermoelectric power
S for hopping conduction is given by

ka W dlnf (E)g (E)p(E)
2e ksT dE

where 8'is. the range of energy contributing to the con-
duction, f (E) the energy distribution of conduction elec-
trons, and p(E) t, heir mobility. According to Mott and
Davis, W is assumed to be the hopping energy. For the
interchain hopping in quasi-lD-VRH, W-kz(TQT)'
[see Eq. (5)]

S(T);„„,=
ka dlnf (E)g (E)p(E)
e dE EF, inter

-const

(9)

and for the intrachain hopping, W- kz T0

ka To dlnf (E)g (E)p(E)
e T dE

S ( T);„,„,=
E~, intra

—1/T .

(10)

The total thermopower will have contributions from both
interchain and intrachain hopping and have the T depen-
dence

S(T)=So+BIT .
where For metallic conduction, W-k~T. We then have the

well-known linear relation S ( T) ~ T. For 3D-VRH,
W-k~(TOT )', S(T) ~ T' .4

(4)Tp =8' Ig (EF )zkg

where z is the number of nearest-neighboring chains. The
most probable hopping distance (R, , ) and hopping ener-

gy (W) are
C. ac conductivity and dielectric constant

The simplest and most widely used model for ac hop-
ping conductivity is the pair approximation. However,
the pair approximation is only valid for high frequencies
and it incorrectly predicts cr(co) —+0 when the frequency
co—+0. In the low-frequency limit, the conductivity
should approach the results obtained by percolation
theory which are identical with the results given in Sec.
II A within a numerical coe%cient. ' ' It was found that
the relation

cx k~
R = (T /T)' W'= (T T)'

opt 4 0 0

For the component of interchain hopping conductivity
parallel to chain direction, the interchain hopping dis-
tance -R,„t is used instead of b and we obtain

2e v ho.
~~

— " (t~r;/A') exp[ —(To/T)'~ ] .
ak~ TzA o(co) =od, .+ cr~(co.), (12)

where o.d, is calculated by the percolation approach and
o (cv) is calculated from pair approximation, gives a good
approximation to the conductivity over a wide range of

26

Following the approach of Mott and Davis for 3D
hopping, the pair approximation for 1D hopping gives

In contrast, intrachain VRH conductivity'3 (without
any interchain motion allowed) is the same as that of a
strict 1D-DS, i.e.,

e N(EF)
o (~)= ksTtvln (vp„/co),

960. A

where N(E+)=2g(EF) is the density of states with both
sign of spins.

At the T =0 limit and for co~, &&1 the dielectric con-
stant of a 1D-DS is

(13)The hopping energy is obviously W-zk~ T0/16.
For weak interchain coupling, t~~,. /6&&1, interchain

o ~ and o
~~

[Eqs. (3) and (6)] are much smaller than intra-
chain o;„„,[Eq. (7)]. Due to finite chain lengths and oc
casional large intrachain barriers, it is expected that the
observed temperature dependence of the conductivity for
an experiment is determined by interchain hopping. (14)e=e +(2.4)16e l; /fivFA

2e'g «r»t, h
~intra (zTO/16T)exp( zTO/16T) . —

Au
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and the localization length o, '=4l;, where e is the
contribution from core polarization. The numerical
coefficient depends on details of the calculation and
somewhat difFering numbers were obtained by other au-
thors. Since N(EF)=2/rrfivF in 1D we can write, in-

cluding a geometric factor f accounting for the orienta-
tion of 1D chains,

e'=e +1 2nfe. N(EF )a 2/A, (15)

III. EXPERIMENTAL TECHNIQUES

POT was synthesized in the base form (POT-F.B) (see
Fig. 1) as described earlier. ' The measured POT-ES
samples were protonated to approximate 50%
([Cl]/[N] =0.5) by equilibrating the powder samples with
1M HC1 solution for a minimum of two days and subse-
quently drying overnight in vacuum (- 10 —10
mbar). Pressed pellets (pressed under a pressure of —9
kbar) were used for most of the transport measurements,
v, ith the exception of microwave studies where films cast
from N-methyl-2-pyrrolidinone (NMP) were used. All
the samples were handled in the air except the ones used
for electron-paramagnetic-resonance (EPR) measure-
ments.

A four-probe technique was utilized for o.d, measure-
ments. The four probes are gold wires attached to the
sample surfaces by Acheson Electrodag 502. The electric
current was provided by a Keithley 220 current source
and a Keithley 194A multirneter was used to measure the
voltage. The input resistance of the multimeter is greater
than 1 GA. The temperature was controlled by a
LakeShore DRC 82C temperature controller. Both
temperature-sensing diode and sarnp1e are contained in a
cylinder made of oxygen-free high-conductivity copper.
The whole system was enclosed in a Janis DT dewar with
He exchange gas. The same system was used for
electric-field dependence of conductivity measurements.
A HP 214B pulse generator was used to apply a pulsed
voltage to the samples and a HP 7603 oscilloscope was
used for the measurement. Maximum average input
power to the sample from the pulse generator was 10 pW.
To reduce sample heating efFects due to the applied volt-
age, samples were in thermal contact with a block of
single-crystal quartz through GE 7031 varnish. The
displayed temperature Auctuation was on the order of 0.1

K, but due to the large size of the quartz block attached
to the samples the actual temperature Auctuation of the

where f—
—,
' for random oriented permanent dipole mo-

ments. If disorder is not "weak, " the relation e ~ l; still
holds, but the numerical coefficient may be slightly
difFerent.

The above results can be generalized. If g is the locali-
zation length in the direction of the electric field (if the
external field is perpendicular to the polymer chains, g
will be the localization length transverse to the chains), a
rough estimate of the dielectric constant will be

e=e„+e N(EF)g

In the case of transverse polarization g —a~ '.

samples was expected to be less than that. During the ex-
periment the width and the repetition rate of the pulses
from the pulse generator were changed to monitor the
heating efFects.

A similar probe was used for thermoelectric power
measurements. The sample was mounted across two
single-crystal quartz blocks maintained at two difFerent
temperatures. The temperature difference was no larger
than 1 K and was maintained by a Keithley 220 current
source. A copper-Constantan thermo couple was also
mounted to monitor the temperature difFerence. During
the measurement the temperature difFerence was slowlj.
increased to 1 K in 5 —10 min. The thermovoltages of the
samples and thermocouple were measured by two Keith-
ley 180 nanovoltmeters with input resistance larger than
1 GQ and recorded by a HP 7004B X-Y recorder. The
slope of the thermovoltage of the samples versus that of
the thermocouple yields the sample thermopower after
correction for contact contribution.

The "cavity perturbation" technique was adopted for
the microwave frequency transport measurement. A
cylindrical TMO, O cavity of resonance frequency of 6.5
GHz was used. This system has been used to study PAN
as well. ' The microwave source was a HP 8350B sweep
generator. A temperature-sensing diode was attached to
the outside wa11 of the cavity to measure the temperature.
Since the system was filled with He gas„we assume the
temperature of the diode and the sample is the same. The
samples were held in quartz tubes. The typical sample
size is about 0.5X0.5X4 mm . For all the samples the
"depolarization regime" condition was satisfied.

EPR X-band measurements utilized a Bruker EPS 300
spectrometer with an Oxford ESR900 cryostat. A
TE&O4 double rectangular cavity was used. The sample g
factor was calibrated by a diphenylpicrylhydrazyl
(DPPH) sample. The temperature was controlled by an
Oxford ITC4 temperature controller. The static suscepti-
bility was measured by the Faraday technique and the
same system has been used to measure the susceptibility
of PAN. The core diamagnetic susceptibility was cal-
culated based on the measured value of PAN-EB, with
correction for substituents and counterions obtained from
Pascal constants.

IV. EXPERIMENTAL RESULTS

We present here the results of comprehensive transport
and magnetic studies of the poly(0-toluidine) polymer.
The absolute static susceptibility of POT-ES after correc-
tion for the core diamagnetism is shown in Fig. 2 where
the data are plotted as gT versus T. Figure 3 shows the
electron-paramagnetic-resonance relative susceptibility of
POT-ES and POT-EB obtained by double integration of
the EPR signals. After subtraction of the core diamag-
netic contributions, the static g of POT-ES can be
decomposed as

X=Xp
&
+ C/&

where yt, ,„&;=54X10 emu/mol (2 ring as a unit) and
C =0.025 emu K/mol. The y of POT-EB is roughly
Curie-like though more complicated behavior is present
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FIG. 2. Temperature dependence of static susceptibility y of
POT-ES per mole (2 ring units) plotted as products of g and T
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FIG. 4. Temperature dependence of EPR peak-to-peak
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at low temperatures (T ( 100K), likely due to residual ox-
ygen in the sample. The EPR signal indicates that spin
concentration in POT-EB is low (of the same order as for
PAN-EB). The data in Fig. 2 show a deviation of y for
POT-ES from Eq. (17) at low temperatures (T-20 K).

The EPR linewidths of POT-EB and POT-ES are
displayed in Fig. 4. The peak-to-peak line width for
POT-ES starts with 0.69 at 295 K and increases to 2.4 G
monotonically as the temperature is decreased to 4 K,
while the linewidth for POT-EB increases from 10 to 14
G over the same temperature range.

The EPR g factor for POT-EB is 2.0050 at 295 K and
decreases to 2.0045 at 4 K while the g factor of POT-ES
is 2.0034. It only slightly increases when the temperature
is decreased (Fig. 5).

The shape of the EPR absorption signal of POT-ES is

plotted in Fig. 6, together with that of PAN-ES. The y
axis is the reciprocal intensity (single integral of EPR
derivative signal) normalized to its central value and the
x axis the square of the static magnetic field measured
from the center of the EPR line and normalized to the
half-power linewidth. The two solid lines correspond to
1D and 3D spin diffusion (see discussion in Sec. V).

The temperature dependence of the dc conductivity of
POT-ES is well represented by o'd, ~exp[ —(T0/T)' ]
with T0=30000 K while the room-temperature value is
-0.01 S/cm (Fig. 7). Within the temperature range
covered in the experiment (40—300 K) one can easily dis-
tinguish the applicability of the exponent —,

' from —,
' or —,'.

For the sake of comparison, PAN-ES has the similar tem-
perature dependence of o.d, with T0 =6000 K and cr (295
K) =5 X 10 ' S/cm. The microwave conductivity cr Mw
of POT-ES at frequency 6.5 GHz has a similar value to
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FIG. 3. Temperature dependence of EPR double integrals of

POT-EB (+) and POT-ES ( ) in arbitrary units. A finite g at
the 1/T~O limit in POT-ES suggests a finite y&, „&;.
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FIG. 5. Temperature dependence of EPR g factors of POT-

EB (+) and POT-ES ( ).
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FIG. 6. The line-shape data of POT-ES (H) and PAN-ES (+)

in comparison with the theoretical line shape of 1D and 3D spin
diffusion. POT-ES is closer to 1D system behavior than PAN-
ES.

that of ud, at room temperature, but is larger than o.d, at
low temperatures. The lower the temperature, the larger
is the dispersion (Fig. 7). The microwave conductivity of
that POT-EB is 5X10 " S/cm at room temperature,
while its dc conductivity is 10 ' S/cm. The microwave
dielectric constant e of POT-ES is about 10 at 295 K and
7 at 30 K, while e of POT-EB is about 4.5 and indepen-
dent of temperatures [inset (a) of Fig. 7].

It is noted that the room-temperature value of od, may
vary between 0.01 and 0.02 S/cm, depending on the sam-

pie conditions (moisture, doping level, sample age, etc.).
For the extremely old samples (several months or a year
in the atmosphere) crd, may be lowered to 3 X 10 S/cm.
The old samples have much broader EPR linewidth (-2
G after several hours pumping) and large S(T) (see
below). The determination of the value of o Mw requires
the knowledge of the depolarization factor of the sample,
which is dificult to calculate accurately due to the irregu-
larity of the sample geometry. The value of the o.M~ in
Fig. 7 was calculated from the measured sample dimen-
sions. Changing the depolarization factor in a reasonably
large range resulted in the change of o.M~ between 0.01
and 0.05 S/cm at 295 K.

The T dependence of thermoelectric power of POT-ES
is approximately So+8/T with So= —3.9 pV/K and
8 =1.6 mV [inset (b) of Fig. 7]. At room temperature
S-2 pV/K and increases when T is cooled down. For
old samples, S—10 pV/K. Most of the samples show de-
viation from the So+8/T behavior in the vicinity of
T-300 K with S(T) slightly increasing with increasing
temperature. It is also noted that S(T) becomes slightly
smaller (more negative) with exposure of samples to mois-
ture (this may account for scatter in our data near room
temperature).

The electric-field dependence of cr(F) for POT-ES fol-
lows approximately the Poole-Frenkel formula

cr(F) ~ exp[A( T)F' ),
where the temperature-dependent constant A( T) de-
creases with the increase of the temperatures and electric
field F is in the range of 1 —400 V/cm (Fig. 8).
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V. DISCUSSION

Upon HCl protonation the conductivity of POT in-
creases from 10 ' to 10 S/cm. Earlier studies'
showed that POT and PAN have similar optical spectra,
suggesting similar band structures of the two polymers.
However, our studies indicate that the conducting elec-
trons in POT-ES are more localized compared with those
in PAN-ES. The mechanism for this increased localiza-
tion is investigated in this paper.

A. Magnetic properties

Static magnetic susceptibility of POT-ES may be
decomposed into a finite Pauli-like component (temper-
ture independent) and a Curie-like component ( —1/T),
indicating the existence of a finite density state near the
Fermi energy. From yp,„»=@~N (EF), we calculate
N(EF ) = 1.7 statesleV per 2 rings. This suggest that con-
duction electrons in POT-ES are substantially delocalized
and that their wave functions have extensive overlap with
wave functions on neighboring sites. This decomposition
is not good at low temperatures (T (20 K) where y is
smaller th'an expected (Fig. 2). This deviation may be due
to a weak antiferromagnetic coupling from dipole-dipole
interaction of adjacent spins or through bond coupling.
This could also reAect a polaron to bipolaron transition
at low temperatures.

EPR linewidths of POT-ES and POT-ES are displayed
in Fig. 4. Since both nitrogen and hydrogen have a nu-
clear magnetic moment, the hyperfine interaction be-
tween the electrons and the nuclei will broaden the EPR
linewidth. A rough estimate of the hyperfine interaction
between an electron and a proton gives

(19)

where proton moment p =1.4X10 erg/G and r —1
0
A. Although the EPR linewidth of POT-EB is on the or-
der of 10 G in accordance with the above estimate, the
EPR linewidth of POT-ES is at least one order smaller at
room temperature. This difference is attributed to the
electron motion which averages out the hyperfine interac-
tion (and also other interactions like electron-electron di-
pole interactions) and narrows the EPR line (motional or
exchange narrowing ' ). Therefore electron delocaliza-
tion to some extent in POT-ES is expected in accord with
the presence of a gp, „&;. The decrease of EPR linewidth

with increase of temperatures indicates that electron
motion is increased as temperature increases.

Analysis of the EPR g factor of POT can result in a
similar conclusion. The g factor of an electron near a
carbon-hydrogen bond is about 2.0031, while it is 2.0054
for an electron near a nitrogen-hydrogen bond. The g
factor of POT-EB is close to 2.0054 (Fig. 5), indicating
that radicals are localized to N sites only, but the g factor
of POT-ES is g=2.0034 (Fig. 5), corresponding closely to
the arithmetic mean of the g factors of six C and one N in
the repeat unit, implying that electrons are delocalized
over at least one ring and nitrogen repeat unit, i.e., -5
A. This gives a lower limit of the localization length of
electrons in POT-ES.

A comparison of the magnetic properties of POT-ES
with those of PAN-ES (Refs. 32, 33, and 39) is summa-
rized in Table I. Though the total room temperature y is
the same, POT-ES has larger yc«, , and smaller yp, „».
This implies greater electron localization in POT-ES.
Also POT-ES has a larger EPR linewidth than PAN-ES.
This suggests there is less motional narrowing in POT-ES
and hence electrons are more localized. In contrast, g
factors of POT-ES and PAN-ES are similar, indicating
the spins are delocalized over at least one ring and nitro-

0

gen repeat unit ( —5 A) for both polymers.
Note that N(EF) is closely related to bandwidth 8'.

For a half-filled 1D band

N(EF)= 4
~c8' ' (20)

where c is the lattice constant (2 ring-nitrogen units).
Though N(Ez) for POT-ES is approximately half of that
for PAN-ES, it is not correct to conclude that POT-ES
has twice as wide a bandwidth as PAN-ES. Instead, opti-
cal studies' suggest that POT-ES and PAN-ES have very
similar bandwidths. Thus the apparent difference in
N(EF) must come from the difference in either electron
localization or electron-electron on-site interaction.
Note that since both polymers are inhomogeneous sys-
tems, gp, „&; and gc„„,may result from different regions
(crystalline or amorphous) in the polymers.

Analysis of the EPR line shape shows that the spin
diffusion in POT-ES is closer to 1D motion than that of
PAN-ES. This is associated with the increased electron
localization in POT-ES. For a system with 3D spin
diffusion (diffusion rate tc )EPR linewidth Av) the

TABLE I. Magnetic properties of POT-ES compared with PAN-ES (Ref. 33). Xc„„,is the number
of Curie spins per 2 rings and LeLHpp is EPR peak-to-peak linewidth.

Quantities'

y (10 emu/mol per 2 rings)

yp, „&; (10 emu/mol per 2 rings)
+curie (per 2 rings)
EPR AHpp(G)
g factor

'All data are room-temperature values.

POT

139
54
0.065
0.7
2.0034

ES

139
110

0.023
0.3
2.0038
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transverse magnetization @(t) varies such that
4&(t)- exp( —t/to), resulting in a Lorentzian line shape; '

for 1D spin diffusion (and also w ) b, v),
4(t)- exp[ —(r/to) ~ ]. ' For a quasi-1D spin sys-
tem with interchain spin diffusion, the EPR line shape is
in between ' and changes gradually from a 1D spin
diffusion line shape to a 3D line shape while the inter-
chain diffusion rate increases to become compatible with
the intrachain diffusion rate or the EPR linewidth. The
1D and 3D theoretical line shapes as well as room-
temperature experimental line shapes of POT-ES and
PAN-ES are shown in Fig. 6. The POT-ES line shape is
closer to 1D than that of PAN-ES.

It is noted that the analysis of the EPR line shape is
not unique. The fitting of the POT-ES line shape at room
temperature and low temperature (-4 K) to a simple 3D
motional or exchange narrowing formula gave reason-
ably good results. If this analysis were correct, our re-
sults would indicate that the spin-diffusion rate in POT-
ES would be lower than that of PAN-ES, and not neces-
sarily mean that POT-ES is closer to a 1D system than
PAN-ES. However, a simple decomposition of the EPR
line into a Lorentzian and a Gaussian component was
not successful. The analysis we adopt here (spin difFusion
in 1D and 3D) is consistent with transport properties of
POT-ES given in Sec. VB which show quasi-1D charge
transport.

In summary, the electrons in POT-ES are greatly delo-
calized upon HC1 doping from POT-EB, but they are still
more localized than those in PAN-ES. This increased lo-
calization is associated with increased one-dimensionality
of POT-ES compared with PAN-ES.

B. Transport properties

The increased electron localization in POT-ES can be
also seen from T dependence of the dc conductivity. The
room-temperature conductivity of POT-ES ( —10
S/cm) is two to three orders smaller than that of
unoriented PAN-ES (-5 X 10 '—10' S/cm). The temper-
ature dependence of od, of POT-ES (Refs. 18 and 44) is
exp[ —( To IT) ' ~ (Fig. 7) with To —30 000 K, much
larger than To =6000 K obtained for PAN-ES.
Several models result in this kind of temperature depen-
dence, including quasi-1D-VRH, ' ' charging energy-
limited tunneling for granular metal' and 3D-VRH with
a Coulomb gap. To probe the conduction mechanism
thermoelectric power S(T) and the electric-field depen-
dence of the conductivity cr(F) were measured. The S(T)
can be decomposed into the sum of a constant and 1/T
term [inset (b) of Fig. 7], suggesting a quasi-1D VRH.
Given a crystal structure with greater isolation between
chains and the T dependence of S( T), the hard, data are fit
to the quasi-1D-VRH model Eq. (3) or Eq. (6), since in-
terchain and intrachain resistance are in series and inter-
chain o. (o i or o

~~)
is much smaller than intrachain o;„„,

for the case w ((w, . From the value of To and X(EF)
0

we estimate a '-0. 88 (2 rings) or roughly 9 A, con-
sistent with the above g-factor analysis.

We can also estimate the localization length from Eq.
(14). The microwave dielectric constant of POT-ES and

«( T =0) ~ a X(EF ) . (21)

However, the finite difference of e for POT-ES and POT-
EB at the T=0 limit [inset (a) of Fig. 7] indicates«« ~ iV (E~ )%0 where « is taken as the dielectric
constant of POT-EB. Finite yp, „&; implies finite X(EF),
which also contradicts the application of this model.

POT-EB has a finite difference about 2.5 at the T =0 lim-
it. The dielectric constant of POT-EB is attributed to
electronic polarization of the polymer backbone. ' The
difference @=2.5 is the contribution from the conduction
electrons in POT-ES. From Eq. (15) and assuming f =

—,
'

for randomly oriented polymer chains, we estimate
1 =1.2 A (Ref. 45) for «=7.0—4. 5=2.5. Thus the local-
ization length is a '=41, =5 A, in the same order as the
estimated 9 A obtained from To.

Note that I; estimated from the data of both e and To
is one order smaller than the crystalline coherent length
(-40 A). ' '' There is also a significant amount of amor-
phous component in the polymer [-50% (Refs. 16 and
17)]. The measured I, is an effective mean free path aver-
aged over crystalline and amorphous regions. An alter-
native interpretation is that the measured e is limited by
the transverse polarization, rather than intrachain polar-
ization. As interchain hopping dominates o., the
transvese polarization likely plays an important role in e.
The study of oriented polyaniline favors this interpreta-
tion. Applying Eq. (16) to the transverse polarization, we
get gi-5 A, on the order of the polymer chain dimen-
sion. This value suggests that electron wave functions
are basically localized to one chain. In either limit (inter-
chain or intrachain), « implies the electron wave func-
tions are localized to one chain and to regions less than
crystalline coherence length.

The thermopower behavior of S(T)=SO+B/T is con-
sistent with the quasi-1D-VRH model only. Though a
similar behavior is also obtained in a semiconductor with
an energy gap E at the Fermi energy where B =E /e,
from the data we obtain an unrealistic value for E of 1.6
meV, too small for the consistent application of the mod-
el (where E ))kz T is required ). It is noted that
phonon-drag effects cause the thermopower for pure
crystalline metals and semiconductors to vary as 1/T at
high temperature. However, this effect can be observed
only in highly crystalline samples since disorder will
suppress the phonon-drag effect. Had it been observed,
a phonon-drag peak would appear below 100 K and
quickly disappear when T is raised. Phonon-drag effects
at room temperature are negligible.

As mentioned before, 3D VRH with a Coulomb gap
also predicts Ino. ——(To/T)'~ . However, analyses of
dielectric, magnetic, and thermopower data argue against
the applicability of this mode1. According to this model
electron interactions cause the density of states X(E) at
the Fermi energy to vanish as X(E)~(E EF) . In a-
strong electron localization system where the transport
properties are determined by single-particle hopping
among the localized states, the dielectric constant pro-
vides a probe for X(EF) according to Eq. (16) (Refs. 27,
28, and 31)
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The thermopower for 3D VRH with a Coulomb gap is
expected to be a constant when T «T, where T, is a
critical temperature related to the Coulomb gap A. Here
b. (in eV) is determined by

T1/2

%'( T)=
2U

1/2

T—1/2

(28)

(E )i/2 3/4

&3/2 1 (5/2)i/2
and

(22)

where 1 (5/2) = 1.329. The critical temperature (T, )

(Ref. 49) (in K) is

1/2 1/2
~o 2e
2U

(29)

Tc 125 /kB To (23)

2

U(r)= — erF . —
6'7"

The potential is thus lowered by
1/2

4e F1/2

(24)

(25)

In the case of quasi-1D-VRH, we consider that elec-
trons are localized by effective Coulomb potentials be-
tween adjacent sites. The localization length a ' is
determined by

2mU
(26)

which is changed by the electric field as well. Substitut-
ing Eq. (26) and Eq. (4) into Eq. (6) and expanding U in
the first order of 6U, we get

( TG /T)' 3
lno. = cons

4U

=%'( T)F ' +const, (27)

where

For our experimental condition T ((T„but S(T) is not
a constant. This is again inconsistent with the predic-
tions of a Coulomb gap.

It is noted that the charging energy-limited tunneling
model' (CELT) for granular metals also predicts
lno. ~ —T' . However, this theory predicts the electric-
field dependence of conductivity cr(F) ~ exp( FG/F)—, '

where Fo is related to the size of the metallic grains. '

This electric-field dependence is not consistent with the
experimental results where o(F) ~ exp(AF'/ ). The data
of o(F) at hig. her field (F-10 V/cm) and lower tempera-
tures (T=100 K), utilizing two-probe techniques, were
reported earlier. Forcing a fit to the CELT model of
the data at 10 V/cm results in the size d of the metallic
regions being on the order of 1 pm. This value is too
large for the self-consistent application of the model, .

since the charging energy E, —e /ed «kB T and hence is
negligible.

The dependence of cr on the electric field F can be
modeled by Poole-Frenkel effects where lno (F)
~%'F'/, as is shown in Fig. 8 where F is up to 400
V/cm. This field dependence is attributed to the change
of an effective Coulomb potential U(r) in the applied
field F

The experimental values of A(T) for different tempera-
tures are shown in the inset of Fig. 8. Applying Eq. (28)
for the linear relation between %(T) and T ' we ob-
tained K'=0. 24 (cm K/V)'/ . Using TG =30000 K and
e-e =4.5 (choosing e instead of e is empirical ) for
POT-ES, we find U=0. 1 eV. Utilizing Eq. (26) and
a '-9 A, we estimate the effective charge carrier mass
m =m, . This result suggests that the charge carriers for
POT-ES are moving among the localized states without
large C6 ring motion characteristic of the massive pola-
rons reported for the PAN-EB, leucoemeraldine base and
lightly doped PAN-ES. ' '

Finally it is noted that the dispersion of 0. is not
significant between dc and 6.5 GHz at room temperature.
This is not a surprising result if we calculate cr (co) at
co=2irX6. 5 GHz using Eq. (13) and v h=10' Hz.
This yields o (co)-10 S/cm at room temperature.
This value is one order smaller than od, at 300 K so that
dispersion between dc and 6.5 GHz at room temperature
is negligible, but at low temperatures the dispersion of
the conductivity is large since o-d, is decreased dramati-
cally.

VI. LOCALIZATION MECHANISM

The magnetic and transport data show increasing lo-
calization in going from PAN-ES to POT-ES. There are
several possible mechanisms for the increased electron lo-
calization in POT-ES compared with PAN-ES.

One is due to the reduced intrachain bandwidth of
POT-ES. Since CH3 is larger than H, the adjacent ring
angles are increased to avoid the strong steric repulsion
from CH3 on the rings. ' This reduces the overlap of the
m-electron wave functions and hence the bandwidth.
Therefore electrons are more readily localized by a given
magnitude of disorder. ' Based on the optical studies'
of POT-ES and PAN-ES, the variation in intrachain
bandwidth between POT-ES and PAN-ES is less than
5%%uo. Since o.''~U~ ~ W; there is only 5% reduction in
a ', too small to account for the observed difference of
the localization length in POT-ES and PAN-ES. Also
other PAN derivatives, such as poly-o-ethoxyaniline,
show almost identical intrachain bandwidth as PAN-ES,
but their conductivities for unoriented samples are still
two to three orders smaller than that of PAN-ES.

Another fact is that CH6 groups on the rings randomly
locate on position (a) or (b) (see Fig. 1). This introduces
an additional random potential along the chains which
tends to reduce ~, and thus decrease w ~ ~, . Since there
is no significant broadening of the shoulders of the opti-
cal transition, ' this random potential is expected to be
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2 e r
t~ =— —exp( —r/a),3eaa (30)

where r is the separation of two electron states, @=4, '

and a is the radius of ~ electrons on the C atoms which is
twice the value of the Bohr radius, i.e., 1.06 A. Since the

0
interchain separation of PAN-ES chains is about 5.5 A,
we assume r =5.5 A. ' ' This gives t~ =0.066 eV and
J=3) 1. This analysis suggests that the crystalline re-
gions of PAN-ES are in the metallic state with g —X.

Combining our transport and magnetic results with x-
ray studies, ' the mechanism for the increased localiza-
tion in POT is proposed to be the reduced interchain
diffusion rate due to the decreased interchain bandwidth
t~ caused by the larger tarnsverse unit cell length and
more importantly the decreased coherence between the
chains caused by greater disorder in interchain separation
within the crystalline regions. Both of them are attribut-
ed to the existence of the CH~ group on each C6 ring.
The CH& has larger size than H and its location on the (a)
or (b) position of the C6 ring varies depending on the ring
rotation. Hence CH& increases the interchain spacing
and induces more disorder in chain separation.

These results point to a methodology to synthesize ma-
terials of controlled one-dimensional character to further
probe localization phenomena, through judicious increase
or reduction in interchain coherence and separation.

small. Chain defects or finite chain length of POT-ES
may play some roles in localization. However, a molecu-
lar weight study suggests that the chain length of POT
ranges from 150 to 30000 A, much larger than localiza-
tion length and even larger than crystalline coherence
length -40 A. ' Therefore the finite polymer chain
length is unlikely to play an important role in the elec-
tron localization.

Finally we note that since POT-ES has a few percent
increase in the interchain separations, ' the interchain
transfer will decrease. Also the interchain separation of
POT-ES features more interchain disorder even within
the crystalline regions. ' Both effects will decrease the
interchain diffusion rate and hence localize the electrons.
We estimate the change in localization due to these two
effects. We assume that due to the greater interchain dis-
order and the larger interchain separation in POT-ES
there is no significant interchain coupling. Thus we can
ignore the interchain diffusion in POT-ES. For PAN-ES,
on the other hand, we assume that its chains pack into a
perfect lattice within the crystalline regions and the inter-
chain diffusion rate is characterized by a dimensionless
parameter" J=~t~~; /2' A' where ~; = l; /U~. When
J= 1, a localization-delocalization transition occurs.
Due to the interchain coupling, the localization length
will be enhanced by a factor of g. If J ( I, g= 1/(1 —J );
if J ) 1, (=N(1 —1/J ) (X is the number of the chains in
a bundle determined by perpendicular coherence length
of the crystalline regions). We take l, to be the crystalline
coherence length [40 A (Ref. 17)], V+=2/vrfiN(E+) and
N(EJ ) =3.5/eV per 2 rings. Assuming all the electron
wave functions are exponentially decaying, we roughly
estimate the transfer integral as

Similarly, the achievement of highly conducting "metal-
lic" polymers then requires maximizing the interchain
coherence and the interchain transfer integral. Increase
of intrachain scattering time or conjugated length is also
important and probably is easier to achieve by decreasing
the defects, increasing the chain length, and stretching-
orienting the polymer samples. Hence addition of the
side groups to PAN and other polymers such as polypyr-
role and polythiophene is likely to increase localization
with concomitant decrease in conductivity in the absence
of special crystal packing.

VII. CONCLUSION

The electron localization phenomena in POT-ES were
studied by the temperature dependence of the dc conduc-
tivity, electric-field dependence of the conductivity, mi-
crowave conductivity and dielectric constant, ther-
moelectric power, EPR and dc susceptibility measure-
ments. The results showed greater electron localization
in POT-ES compared with that of PAN-ES though their
electronic band structures are very similar. X-ray studies
of POT-ES and PAN-ES show similar crystallinity and
intrachain coherence length of these two polymers.
However, POT-ES has larger interchain separation and
more disorder in the interchain separation. Combining
these results with EPR line-shape analysis, it is proposed
that the key factor for this localization is the decreased
interchain diffusion rate caused by (1) reduced interchain
bandwidth due to the larger size of the CH& group on
each C6 ring as compared with the H in PAN-ES which
separates the neighboring chains further apart, and (2) re-
duced interchain coherence due to the enhanced disorder
in interchain separation within the crystalline regions,
likely induced by random location of CH~ at (a) and (b)
positions on C6 ring. A rough estimate to account for the
difference of interchain coupling in POT-ES and PAN-ES
is consistent with this conclusion.

The slightly reduced intrachain bandwidth due to in-
creased adjacent ring angles, small random potential
along the chain introduced by the CH& on the ring, and
finite chain length may play some roles, but they are not
the primary causes of the difference of localization in
POT-ES and PAN-ES. Their roles in electron localiza-
tion of POT-ES are unlikely to be important.

The room-temperature conductivity of POT-ES is
—10 S/cm, two to three orders smaller than that of
PAN-ES ( —5X10 ' —10' S/cm). The dielectric constant
of POT-ES is also one order smaller (10 for POT-ES
versus 100 for PAN-ES). POT-ES also has larger EPR
line- width, more Curie spins, and fewer Pauli spins. The
crd, ( T), S ( T), and

hard,

(F) show that quasi-1D-VRH of the
charge carriers between the nearest-neighboring chains is
the conduction mechanism for POT-ES. This suggests
that POT-ES is a quasi-1D-DS with weak interchain cou-
pling. In the framework of the quasi-1D-VRH, electron
localization length is found to be several angstroms, es-
timated from three independent experimental data: EPR
g factor, To from 1no.d,(T) ~ —(To/T)'~, and e(6. 5
GHz) at T =0 limit. If this model was also applied to the
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electric-field dependence of a (F) ~ exp(AF'~ ) and
A~ T '~, we conclude that the effective mass of the
moving charges is on the order of the electron mass.

An important implication of our studies for polymer
processing is discussed. Although increasing polymer
chain length and reducing the defects on the polymer
chain will increase the conductivity, the conductivity of
the polymers is also limited by the interchain coherence
and bandwidth. To improve the latter two parameters is
very important.
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