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The frequency (f) and temperature ( T) dependence of the complex conductivity o* was measured for
undoped and lightly doped films of highly stretchable polyacetylene (hs-PA) and Shirakawa polyace-
tylene (S-PA). When o* and f were reduced by using the dc conductivity (0), all the experimental data
of o* of hs-PA were on a master curve whereas those of S-PA did not show such universality. The data
analysis based on the conductivity relaxation formalism revealed that the functional form H(r)«< 7%
(Tmin <7< Tmax» — 1 <a<1) of the relaxation spectrum H(7), i.e., the distribution function of relaxation
time 7, fitted the experimental data best and that a was independent of T for hs-PA while a was propor-
tional to T for S-PA. The T-independent « for hs-PA indicates isoenergetic hopping between equivalent
sites, so that the conduction mechanism in hs-PA can be ascribed to acoustic-phonon-assisted hopping of
charged solitons between PA chains. On the other hand, it is likely that the inter-fibril-barrier hopping
makes the main contribution to the conduction mechanism in S-PA. This difference in conduction
mechanisms between hs-PA and S-PA is attributed to their morphological dissimilarities.

I. INTRODUCTION

Conducting polymers have been extensively investigat-
ed by physicists and chemists since polyacetylene (PA)
was found to show a notable increase in dc conductivity
0(0) with increasing dopant concentration in 1977.2 As
a result, many different conducting polymers have been
developed to achieve higher dc conductivities. Besides
producing conducting films with high conductivity and
practical stability, an understanding of the conduction
mechanism in conducting polymers is also one of the
main goals of these investigations. However, few detailed
pictures of the conduction mechanism have been ob-
tained even for PA, although various models were pro-
posed.? The impedance spectroscopy’ (or complex con-
ductivity measurement) is an effective technique to reveal
the conduction mechanism in conducting polymers, in
particular undoped and lightly doped ones. For instance,
the complex conductivity o* (or ac conductivity) yields
information on the distribution of intramolecular and in-
termolecular hopping rates, which should be widely dis-
tributed in disordered or semiordered materials such as
conducting polymers. One can then obtain the tempera-
ture dependence of the hopping rate from that of the dis-
tribution by measuring o* at various temperatures. On
the other hand, it would be difficult from a measurement
of the dc conductivity o(0) alone to acquire information
on individual hopping rates since o(0) reflects the sum-
mation of all the hopping rates in the distribution. As a
consequence, o * measurements over wide frequency and
temperature ranges are expected to lead us to a more de-
tailed understanding of the conduction mechanism in
conducting polymers.

It is widely believed that solitons play an important
role in conduction in PA films.>* Particularly in un-
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doped and lightly doped PA, a charged soliton is thought
to make the main contribution to the conductivity as a
carrier. Epstein et al.’ measured o * of an undoped PA
film (S-PA) synthesized by the Shirakawa method,® and
indicated that the experimental results could be explained
by the intersoliton hopping (ISH) model.” In the ISH
model the main contribution to the conductivity comes
from the intermolecular hopping of the charge between a
charged soliton bound to a dopant and a neutral soliton
near another dopant. On the other hand, Chroboczek
and Summerfield® reported that their experimental results
of o* for undoped S-PA films did not agree with the ISH
model but could be interpreted in terms of the extended
pair approximation (EPA) with the energy-dependent
hopping model. It is, however, still controversial as to
which of the conduction mechanisms, among others,
properly explains the experimental results of undoped S-
PA. This is partly because one does not have enough ex-
perimental results to determine the conduction mecha-
nism.

PA synthesized with aged catalyst at high temperature
has recently attracted interest of the researchers on con-
ducting polymers owing to its high conductivity and sta-
bility.> 1% Akagi et al.!! reported that highly stretchable
polyacetylene (hs-PA), which is polymerized by the non-
solvent method with aged catalyst at high temperature,
showed much higher dc conductivity, bulk density, and
Young’s modulus than those in S-PA. The difference in
stretchability between hs-PA and S-PA is closely related
to dissimilarities in morphology or the higher-order
structure.!"'2 For instance, a fibrillar structure? is ob-
served in S-PA while a densely packed granular structure
is found in hs-PA.'?> This morphological difference be-
tween hs-PA and S-PA is expected to affect their conduc-
tion mechanisms.
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The purpose of this study is to reveal the conduction
mechanism of undoped and lightly doped PA by measur-
ing the frequency (f) and temperature (7) dependence of
o* for undoped and lightly doped hs-PA and S-PA films.
As mentioned earlier, o* reflects the distribution of hop-
ping rates and yields information on separate hopping
rates, of which the T dependence characterizes the con-
duction mechanism. Thus, we will discuss which mecha-
nism best fits the respective experimental results of hs-PA
and S-PA in this study. It is expected that a comparison
of o* between hs-PA and S-PA may elucidate the effect
of the higher-order structure on the conduction mecha-
nism in PA.

II. EXPERIMENT

Preparation conditions of hs-PA and S-PA samples
used in this study are summarized in Table I. The hs-PA
films with thicknesses of approximately 25 um were syn-
thesized at —78°C by using the catalyst
[Ti(OBu),/AlEt,] aged at 150°C for five hours with the
refined nonsolvent method.!! The S-PA films with
thicknesses of approximately 150 um were prepared by
the Shirakawa method.®

Iodine doping was performed in carbon tetrachloride
solutions with various concentrations of iodine after the
as-prepared cis-rich PA films were annealed at approxi-
mately 170°C for 30 min under vacuum to convert them
into the trans isomers. The complete isomerization was
confirmed by using differential scanning calorimetry.
The concentration (y) of iodine [CHI, ], in doped films
was determined by the weight uptake.

The o* measurement was carried out by using an arbi-
trary waveform generator (Wavetek Model No. 75) and a
fast Fourier transform analyzer (Advantest TR9407) in
the frequency (50 mHz to 1 MHz) and temperature (—90
K to room temperature) ranges. The multifrequency
simultaneous method!® was employed to avoid the effect
of the temperature drift on o* during the measurements.
The electrodes used were of the parallel condenser type,
that is, a PA film was sandwiched between two gold elec-
trodes vacuum deposited. A strongly non-Ohmic behav-
ior was observed in the lightly doped hs-PA samples.
Thus, we applied small enough amplitude of voltage to
the samples to avoid the non-Ohmic effect on the o*
measurement.

III. RESULTS AND DATA ANALYSIS

As a typical example, Fig. 1 shows the f and T depen-
dence of (a) Re(o*) and (b) Re(e*) for the lightly doped
hs-PA samples (y =5.0X 10™%), where €* is the complex
dielectric constant which is defined by

o*=iweyEe* . (1)
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FIG. 1. The f dependence of (a) Re(c*) and (b) Re(e*) at
different temperatures for the lightly doped hs-PA sample
(y =5.0X107%. The solid curves were obtained from Eq. (3)
with Eq. (4).

Here w is the angular frequency and ¢, the vacuum per-
mittivity. As shown in Fig. 1, Re(o*) is proportional to
f* with the slope s in the frequency range higher than the
relaxation frequency f, which is roughly estimated from
the inflection frequency in Re(o*) or Re(e*). Also, both
the dc conductivity ¢(0) and f, depend strongly on T
whereas the dielectric increment Ae, defined by the
difference between the low-frequency [€(0)] and the
high-frequency [€( « )] limits of Re(e*), is almost indepen-
dent of T. The plot of o(0) versus 7 ! for this sample is
exhibited by the symbol A in Fig. 2, together with other
undoped and lightly doped hs-PA samples. Figure 2
shows that ¢(0) of hs-PA has the non-Arrhenius type of
T dependence. In Fig. 3, we replotted all the experimen-
tal data in Fig. 1 by using reduced parameters o* /0 (0)
and fey,/0(0) which correspond to o* and f, respective-
ly. Here, the relation among o*, €*, and f in Eq. (1) is
replaced with that among the reduced parameters
0*/0(0), €* and fe,/0(0) as

TABLE 1. Preparation conditions of the hs-PA and S-PA samples used in this study.

Aging Polymerization Max. draw cis content
Sample Solvent T (°C) T (°C) Time Ratio (%)
hs-PA nonsolvent 150-160 —78 20 h 8 93
S-PA toluene RT —78 6 min 3 95
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FIG. 2. Plot of g(0) vs T~ for the hs-PA samples where the
symbol O denotes the slightly doped sample with the dc conduc-
tivity of 3.42X107¢ Sm~! at room temperature. The solid

curves were obtained from Eq. (5) and the dashed ones from the
ISH model
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FIG. 3. The dependence of (a) Re[c* /0(0)] and (b) Re(e*)
on the reduced frequency f€,/0(0) for the lightly doped hs-PA
sample (y =5.0X107%. The solid curves were obtained from
Eq. (3) with Eq. (4).

0*/0(0)=i[wey/a(0)]e* . (2)

Figure 3 shows that all the experimental data are on a
master curve, which indicates that the slope s of f* is in-
dependent of T and that f, has the same T dependence as
0(0). This means that the T dependence of o* is as-
cribed to that of 0(0) completely. This universality of o *
with respect to the parameters reduced by o(0) manifest-
ed itself in all the undoped and lightly doped hs-PA sam-
ples measured.

In contrast, the S-PA samples did not show such
universality concerning the reduced parameters o* /0 (0)
and fe€,/0(0), although the close relation between o(0)
and f, was observed as seen in the hs-PA samples. A
typical example of the S-PA samples is shown in Fig. 4
(y =4.8X10™% where the slope s and the dielectric in-
crement A€ decrease with increasing 7. Figure 5 shows
the plot of o(0) versus T ! for the undoped and lightly
doped S-PA samples including the above one in the sym-
bol A. Similar to the hs-PA samples, o(0) showed the
non-Arrhenius type of T dependence. In Fig. 6, we re-
plotted the experimental data in Fig. 4 by using the re-
duced parameters 0* /0(0) and f€,/0(0) but did not ob-
tain a master curve. This indicates that the T depen-
dence of o* does not result form that of only ¢(0) but
also from both s and A€ decreasing with increasing 7.
This T-dependent s and Ae were observed in all the un-
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FIG. 4. The f dependence of (a) Re(c*) and (b) Re(e*) at
different temperatures for the lightly doped S-PA sample
(y =4.8X107%. The solid curves were obtained from Eq. (3)
with Eq. (4).
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FIG. 5. Plot of 0(0) vs T ! for the S-PA samples.

doped and lightly doped S-PA samples.

A difference between hs-PA and S-PA was also ob-
served in the non-Ohmic behavior.!* The lightly doped
hs-PA samples showed strongly non-Ohmic behavior, of
which the nonlinearity increased gradually with decreas-
ing T. In contrast, such a strongly non-Ohmic behavior
did not manifest itself in the S-PA samples.

In general, the f dependence in disordered materials
that Re(o*) increases monotonically with increasing f
arises from the dielectric relaxation due to the local
mechanism such as the dipole moment rotation and the
charge polarization or from the conductivity relaxation
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FIG. 6. The dependence of (a) Re[o*/0(0)] and (b) Re(e*)
on the reduced frequency f€,/0(0) for the lightly doped S-PA
sample (y =4.8X 107 %. The solid curves were obtained from
Eq. (3) with Eq. (4).
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FIG. 7. The T dependence of « for all the S-PA samples.

caused by the long-range transport mechanism of a car-
rier hopping with multiple relaxation times 7.'> The
dielectric relaxation makes no contributions to o(0)
while the conductivity relaxation yields o(0) in the low-
frequency limit. The present experimental result of the
close relation between o(0) and f, in the T dependence
indicates that they result from the same conduction
mechanism, so that both the f dependences of hs-PA and
S-PA should be ascribed to the conductivity relaxation.
In this case, one ought not to employ the widely adopted
analysis scheme of the experimental data in which o(0)
and o, defined by o,,=Re(c*)—0(0), are dealt with
and discussed separately, but to adopt the analysis
scheme based on the conductivity relaxation formalism
where o(0) is regarded as the low-frequency limit of
Re(o*). 1

The conductivity relaxation, i.e., the long-range hop-
ping of a carrier, has been treated by several theoretical
studies,'® which led to the relation between o* and the
distribution of relaxation time 7, i.e., the normalized re-
laxation spectrum H (7). Here, we will adopt the relation

derived from the continuous time random walk,'”!8
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FIG. 8. Plot of 7, vs T ! for the S-PA samples.
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TABLE II. The best-fitting values of K and 7,,,,0(0) /¢ for the positive and negative « in all the hs-PA samples by using Eq. (3)
with Eq. (4). Here blank spaces indicate that the weight uptake is too small to be determined.

0(0) (Sm™")
yX1073 at RT K. a. Tmax+0(0) /€, K_ a_ Tmax—0(0) /€
undoped 1.16x1077 18.4 0.56 48.7 1.93x1073 —0.59 40.6
5.07X107" 3.01 0.50 8.66 2.16x107? —0.52 6.70
3.42X107° 7.99 0.46 24.9 4.76 X103 —0.50 19.3
9.78 X107 2.94 0.35 10.9 1.11X 1072 —0.40 9.54
0.5 2.38X1073 6.76 0.34 26.8 2.34X1072 —0.37 20.1
1.3 7.63X1073 7.39 0.25 37.1 2.06X1072 —0.40 30.8
3.0 498x10°* 2.16 0.78 4.82 9.03X107? —0.80 7.19
4.1 6.10x10* 9.71 0.83 21.3 2.61X107* —0.73 19.0
. . max L -1 doped hs-PA samples (y >5.0X0~*%). Incidentally, the
0" =Ke —iot [frmin H(r)(1+ior)"dr ’ master curve in Fig. 3 suggests that 7.,/ ~27f, has the
) same T dependence as ¢(0) shown in Fig. 2, and hence
Tioee( o), ) that Tmax0 (0) /€, in Table II is independent of T.

for the analysis of the experimental data. In Eq. (3), K is
a constant proportional to the number density of carriers.
By assuming the specific functional form of H(7) and
fitting Eq. (3) to the experimental data of o*, we found
the form

H(r)x1* (1, <7<T —1<a<l) (4)

max’

best fitting in most cases as shown typically in the solid
curves in Figs. 1, 3, 4, and 6. The experimental result of
the hs-PA samples that all the data were on a master
curve indicates that the parameter a, characterizing the
sharpness in the profile for H(7), is independent of T.
[Equation (3) combined with Eq. (4) yields the f depen-
dence of Re(o*)« £l in 71 <<w << . Thus, the
T-independent «a corresponds to a constant slope
s=1—|a| of f°.] Fitting Eq. (3) with Eq. (4) to the ex-
perimental data, we obtained two sets of the best-fitting
parameters for positive and negative values of a. Table
IT summarizes the result of all the hs-PA samples, where
K, and 7, correspond to the positive a, while K _
and 7,,  correspond to the negative a_. Since the fre-
quency range in this study should be much lower than
Tmin» WE Can assume 7. arbitrarily with no influence on
the values of the best-fitting parameters except K _.
Thus, we adopted 7,,,;,,= 10" %,/0(0) in this data analysis
to obtain the best-fitting parameters. Table II indicates
that the average value a of a, and |a_|, which are al-
most the same, increases gradually with y in the lightly

Whereas the parameter a or the profile for H(7) was
independent of T in hs-PA, the S-PA sample showed the
T-dependent a. Thus, we fitted Eq. (3) with Eq. (4) to the
experimental data of the lightly doped S-PA sample at
different temperatures as indicated by the solid curves in
Figs. 4 and 6. The best-fitting parameters are summa-
rized in Table III, where o, and |a_| are almost the
same. The average value a of a, and |a_| in Table III
was plotted versus T in the symbol A\ in Fig. 7, together
with the other undoped and lightly doped S-PA samples
measured. Figure 7 shows that a of the S-PA samples is
proportional to 7, which means that the profile for H (1)
increases its sharpness as 7 rises. This 7-dependent
profile for H (7) in S-PA ought to affect the T dependence
of 0(0) as suggested in Eq. (3), which results in the
different T dependence between o (0) and 7.} in S-PA.
For comparison, the plot of the average value 7). of
7ot and 7.1 _ versus 77! is shown in Fig. 8.

IV. DISCUSSION

As mentioned in Sec. I, two groups have reported the
experimental results of o * for the undoped S-PA sample,
leading to the different conclusions, the ISH model and
the EPA, on the conduction mechanism of PA. In the
ISH model, all the hopping sites are assumed to be
equivalent regarding the energy level, which is called the
isoenergetic hopping.!” This means that H(7) results
from the distribution of the hopping distance only,” so

TABLE III. The best-fitting values of K and 7,,,,0(0) /€, for the positive and negative a at different
temperatures in the S-PA sample (y =4.8 X 10~*) by using Eq. (3) with Eq. (4).

T (K) K. a, Tmax+0(0) /€y K_ a_ Tmax—0(0) /€y
235 344 0.97 69.9 5.75X107° —0.88 92.6
217 40.4 0.85 87.7 1.93x10™* —0.78 91.8
188 43.8 0.71 104 9.13x107* —0.67 88.9
169 49.4 0.63 128 1.76 X 1073 —0.62 112
150 52.8 0.58 142 3.36x107? —0.58 111
131 60.4 0.48 186 1.13X 1072 —0.50 139
118 57.1 0.45 175 1.61X1072 —0.48 142
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that the profile for H(7) is independent of T. Thus, the
conduction mechanism of hs-PA should be ascribed to
the isoenergetic hopping. On the other hand, the
energy-dependent hopping model such as the EPA can
give us the T-dependent profile for H (7). In the follow-
ing subsections we will individually consider the conduc-
tion mechanism of hs-PA and S-PA in detail.

A. hs-PA

First of all, we will discuss whether the experimental
data of hs-PA agree with the ISH model or not. This
theory is characterized by the hopping rate I =7"" pro-
portional to T" (n=10).” The dashed curves in Fig. 2
are the theoretical ones which were obtained by the
least-squares method with the functional form
0(0)xT < T" Figure 2 indicates that the theoretical
curves deviate appreciably from the experimental data
throughout the temperature regime for the measurement.
Although this deviation becomes obscure in the undoped
and slightly doped hs-PA samples, of which the experi-
mental data were obtained only in the narrow tempera-
ture regime, it ought to be concluded that the ISH model
cannot explain the experimental data of the T depen-
dence of hs-PA.

Whereas the characteristic T dependence of 7~ ! in the
ISH model was derived from the interaction between the
soliton and the phonon in PA chains,” a more detailed
theory of a phonon-assisted hopping has been dealt with
by Emin.?’ %2 For the optical phonon with the frequen-
cy w, the isoenergetic hopping rate I'(0)=7""! for jumps
between equivalent sites was given in the limit of weak vi-
brational dispersion as?!

[(0)= (J /%427 /wy)exp[ — (2E,, /#iwg)coth(#iwy /2kT)]
XA{I[(2E, /fiwg)csch(fiwy/2kT)]—1} , (5)

where I, represents the zeroth-order modified Bessel
function, J is the transfer integral, E, the binding energy,
and kT the thermal energy. It was indicated that Eq. (5)
was reduced to the Arrhenius type of T dependence in
each of the high- and low-temperature limits: the activa-
tion energies are given by E, /2 in the high-temperature
regime (fiwy/kT <3) and by fiw, in the low-temperature
regime (#iwy,/kT >3).2! On the other hand, the same
asymptotic expression of the isoenergetic hopping rate as
that derived from Eq. (5), i.e., the activated T dependence
with the activation energy E, /2, was obtained for the
acoustic phonon in the high-temperature regime
(#iw,, /kT <3).?> Here w,,, defined by o, =0/,
denotes the angular frequency of the highest-energy vi-
bration mode with which the carrier can effectively in-
teract, where wj, is the Debye frequency and [ is the ratio
of the radii of the carrier to the average lattice spac-
ing.?># In the lower-temperature regime (#w,, /kT > 3),
the large dispersion of the acoustic phonon gives rise to a
nonactivated T dependence of the hopping rate in con-
trast with the optical phonon.zo’22 In summary, the
phonon-assisted hopping gives us the same activated T
dependence with the activation energy E, /2 for both the
optical and acoustic phonons in the higher temperature
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regime, and the T dependence deviating from the activat-
ed behavior below T,=%iw,/3k for the optical phonon
and below T, =#w,, /3k for the acoustic phonon.

Figure 2 shows that the undoped and the least-doped
samples almost have the Arrhenius type of T dependence
while the T dependence of the more heavily doped sam-
ples deviates appreciably from the activated behavior in
the lower-temperature regime. The phonon energy evalu-
ated roughly from the deviation temperature is much
smaller than 0.15 eV (Ref. 24) of the typical optical pho-
non, which indicates that the hopping would be assisted
by the acoustic phonon. As also suggested in Fig. 2, the
temperature regime for the measurement should be re-
garded as higher than or comparable to T, because of the
activated T dependence in the higher regime. This per-
mits us to apply Eq. (5) to the analysis of the experimen-
tal data even in the acoustic-phonon-assisted hopping so
as to determine the values of E,, #iw,,, and J. The solid
curves in Fig. 2 are the theoretical ones obtained from
Eq. (5), which fit to the experimental data better than
those from the ISH model. Table IV summarizes the
best-fitting values of E,, fiw,,, and J, where the average
value 7_,, of 7,,,+ and 7,,, was used for estimation of
J. In the lightly doped hs-PA samples (y >5.0X 10™%),
the value of #iw,, is about 0.03 eV and almost indepen-
dent of y. Since fiwp is theoretically estimated to be
0.074 eV, the ratio of #iw,, to #iw,, gives us the value of /
as 2.5, which is close to the theoretical estimation 4-5 of
the charged soliton? rather than > 10 of the polaron.?
As a consequence, it is concluded that the charged soli-
ton makes a main contribution to the conduction in the
lightly doped hs-PA samples. This is supported by the
agreement between the experimental value, approximate-
ly 0.3 eV, and the theoretical value* on the binding ener-
gy E, of the charged soliton. Table IV also indicates the
larger values of E, and #w,, in the undoped and slightly
doped samples, which might reflect the effect of a dopant
or impurity different from I; .

The phonon-assisted hopping would depend strongly
on the hopping distance r between two sites since J is
considered to include the factor exp(—r/R) implicitly,?
where R is the electron decay length for the charged soli-
ton which is estimated to be approximately 0.36 nm.” Be-
cause the relaxation time 7 is the reciprocal of I'(0),
dependent exponentially on 7, the distribution function
p(r) of r results in the relaxation spectrum H(7), for
which the sharpness in the profile is characterized by the

TABLE IV. The best-fitting values of E,, #iw,,, and J of 7.,
for all the hs-PA samples by using Eq. (5).

yXx1073 E, (eV) fiw,, €V) J (meV)
undoped 0.95 0.053 8.9
0.69 0.046 0.98
0.83 0.051 20
0.61 0.044 3.9
0.5 0.39 0.032 0.069
1.3 0.39 0.035 0.19
3.0 0.30 0.030 0.59
4.1 0.31 0.033 0.48
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FIG. 9. Doubly logarithmic plot of a vs y for the hs-PA sam-
ples. The solid line has a slope of 1.

exponent a in Eq. (4). By assuming that r is equal to the
distance between two dopants, we will evaluate the
dependence of a on the dopant concentration y in a quali-
tative manner.

If doping is performed homogeneously, p(7) is given by
the distribution for r in the three-dimensional random
media:

p(r)=4wNpriexp[ — (47N, /3)r3] . (6)

Here Nj is the number concentration of the I; dopant
given by Np=dyN,,/3M -y where d is the density of
hs-PA determined to be 1.1 g/cm’,'' My the molecular
weight of CH, and N,, Avogadro’s number. Since 7 is
proportional to exp(2r /R), Eq. (6) leads to the functional
form of H(r) which has the maximum value at
Int=Inr,,,. This 7,, corresponds to r ., =(27Np) /3
at which p(r) has the maximum value. If a can be es-
timated roughly as dIlnH(r)/3dIn7 at r=pr_, (p<1),
Eq. (6) gives us a as

a=p '=-p R /r..
=(p '=p®R (2mdyN ,, /3M ;)""? , (7)

which indicates that a is in proportion to y'/3. As shown
in Fig. 9, the solid line with the slope of 1 is in a qualita-
tive agreement with the experimental data of the lightly
doped hs-PA samples (y >5.0X 1074, and gives us the
value 0.37 of p.

B. S-PA

The experimental results of the S-PA samples showed
that the profile for H(7) depends strongly on T with the
parameter a proportional to T. This T dependence may
be explained by the energy-dependent hopping model in
which the energy difference A between hopping sites is
taken into account. For instance, the variable range hop-
ping?’ is one of such energy-dependent hopping models
but is incompatible with the experimental results that
Re(c*) in the frequency range over f, depends strongly
on T and has the slope s of f* much smaller than 0.8.
The phonon-assisted hopping between nonequivalent sites
as an energy-dependent hopping model, on the other
hand, was dealt with in the same formalism as the hop-
ping between equivalent sites,?! which indicated that, ex-

cept for the extremely large A and low temperature, the
hopping rate for jumps between nonequivalent sites is
evaluated simply from the rate for jumps between
equivalent sites as ['(A)=exp(—A/2kT)I'(0).2 Thus, if
the distribution p(A) of A is broad enough in comparison
with p(r), H(7) mainly arises from p(A), so that the
profile for H(7) would have a strong T dependence.”® In
contrast, the experimental results of hs-PA showed that
the conduction mechanism of hs-PA was ascribed to the
isoenergetic hopping as mentioned earlier, which means
the dominant contribution of p(r) to H(7). These results
suggest the considerable difference between hs-PA and
S-PA in the dispersion of p(A). However, other experi-
mental results which compared hs-PA with S-PA by x-
ray diffractometry,” ir, and resonance Raman spectrosco-
py'® indicated that there was no distinct difference be-
tween them in crystal structure and conformation. Thus,
it is not easy to accept that S-PA alone has a largely
dispersive p(A), although it can explain the T-dependent
profile for H(7r). We should consider another energy-
dependent hopping model as a conduction mechanism of
S-PA.

Barrier hopping is also regarded as an energy-
dependent hopping model, since the height W of the po-
tential barrier between two hopping sites has a broad dis-
tribution p( W) in general which leads to a large disper-
sion in the activation energy. Here we will consider that
a carrier (charged soliton) bound to a dopant by the
Coulombic attractive force hops to a site close to another
dopant located on a different chain, since the interchain
hopping would make a main contribution to the conduc-
tivity in a low-frequency region. Then W is defined by>!

Wo—W=e?/mepe,r , (8)

31,32

where W, is the energy difference between the ground
and the extended states,33? e the elementary charge, and
€, the dielectric constant. Equation (8) indicates that
since W increases with €, the small €, facilitates the
long-range hopping of the carrier owing to the low poten-
tial barrier. Incidentally, €, of PA was estimated from
our experimental results of hs-PA to be approximately 7.
As mentioned in Sec. I, S-PA has the fibrillar structure in
which fibrils are entangled and a lot of empty spaces are
observed.? Since €, is nearly the unity in the interfibril
hopping between surfaces of two fibrils, the barrier hop-
ping would be more favorable for the interfibril jump
than for the intrafibril one. Thus, it is possible that the
interfibril barrier hopping makes a main contribution to
the conduction mechanism in S-PA. (Within the fibril of
S-PA, the intermolecular phonon-assisted hopping may
dominate as well as in hs-PA.)

As suggested in Eq. (8), the distribution function p(r)
of r in the barrier hopping yields p( W), which leads to

H(7) through the relation 7x<exp(W/kT). Then
a=090InH(7)dInt is written
a=0InH(7)/3InT=kT3Inp(W)/0W ,
which is rewritten by using Eq. (8) as
a=(mkTeye, /e*)[r?d1np(r)/dr+2r] . C)
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TABLE V. The values of r, and S which are estimated from W, and kT /a by using Eqgs. (12) and

(13) in all the S-PA samples.

o(0) (Sm™!)
yXx1073 at RT Wonax (€V) kT /a (eV) ro (nm) S (nm)
undoped 5.79X1073 0.36 0.024 17 1.9
0.48 2.06X1073 0.29 0.022 14 1.3
1.3 5.51x1073 0.20 0.019 11 0.92
3.9 1.24X1072 0.14 0.017 10 0.73

Equation (9) indicates that a is proportional to T, which
agrees with the experimental results of S-PA as shown in
Fig. 7. In addition, the proportional constant gives us
dlnp(r)/d1nr, which represents the sharpness in the
profile for p(r). If p(r) is assumed to be a Gaussian distri-
bution,

p(r)=[(21r)“1/2/S]exp[—-(r—r0)2/2S2] , (10)

with the peak at r;, and the width S, the substitution of
Eq. (10) into Eq. (9) yields

dInH (1) /3 InT=kT(meye, /e?)[(ro—r)r?/S*+2r] .
(11)

Equation (11) indicates that H (7) has the functional form
similar to that for the positive a in Eq. (4), i.e., the asym-
metric profile characterized by the steep decrease at
r>rq.x and the long tail at r <r_,,, where r_ ., is de-
rived from dInH (7)/3In7=0 as

(Fo = P max T mmax /S + 27 g =0 . (12)

Then, a could be estimated roughly as the maximum
value of dInH (7)/3InTin 0<r <r,,, by

a=kT(mege, /e*)[(ro—r)ri /S*+2r,1, (13)

where r, is given by 2ryr; —3r2 +25%=0.

The experimental results of S-PA can give us the pro-
portional constant a /7T from Fig. 7 and the activation en-
ergy W, of 7. from Fig. 8, which is related to r,, by
Eq. (8). (A small deviation from the Arrhenius type in
T might be due to the influence of the tunneling con-
duction.’®) Thus, we obtained r, and S from W_,, and
a/T by using Egs. (12) and (13) as summarized in Table
V. Since the diameter of the fibrils in S-PA was estimat-
ed to be approximately 20 nm,? the values of r, obtained
are reasonable ones. As a consequence, both the experi-
mental results of a proportional to T and the hopping
distance of almost the same length as the fibril diameter
lead us to the conclusion that the interfibril barrier hop-
ping contributes mainly to the conduction mechanism of
S-PA.

This conclusion is also supported by the experimental
results of the different non-Ohmic behavior between hs-
PA and S-PA. The phonon-assisted hopping theory pre-
dicts a large non-Ohmic behavior which manifests itself
in the applied voltage V between two hopping sites
greater than V,,=‘2kT/e.21 Thus, the nonlinearity in-
creases gradually with decreasing T owing to the reduc-
tion of V,, which agrees with the experimental result of

the T dependence of the non-Ohmic behavior in hs-PA as
mentioned in Sec. III. Thus, the experimental results of
the non-Ohmic behavior support the conclusion that the
conduction mechanism of hs-PA is ascribed to the
phonon-assisted hopping.

In the barrier hopping, on the other hand, V, should
be estimated as the applied voltage that exerts significant
influence on the barrier height W. When the electric field
V /r is applied to two sites located at x =0 and x =r in
the direction parallel to the x axis, the electric potential
energy W(x,V) between two sites is given by

W(x,V)=W,—e’r /dmese,x(r —x)—(eV /r)x . (14)

The maximum value of W (x, V) with respect to x affords
the V-dependent height W (V) of the potential barrier.
For simplicity, we employ the parabolic-barrier approxi-
mation*® in which the Coulombic potential in Eq. (14) is
replaced with the parabolic potential as

W(x,V)=[4W(0)/r?]x (r —x)—(eV /r)x , (15)

where W (0), given by W(0)=W,—e?/mese,r, denotes
the barrier height in the absence of the applied electric
field. Since Eq. (15) gives us the maximum value of
Wi(x,V) as

W(V)=[4W(0)—eV]*/16W(0) , (16)

the effect of the external voltage between two sites on the
barrier height manifests itself in V' >V, ~4W(0)/e.
Since the largest voltage should be applied to the highest
potential barrier W_,,, we can estimate W(0) to be ap-
proximately 0.3 eV of W_,, much greater than k7T from
Table V. Thus, it is concluded that the nonlinearity of
the barrier hopping is much smaller than that of the
phonon-assisted hopping. The experimental results of the
negligibly small non-Ohmic behavior in S-PA compared
with hs-PA supports the conclusion that the barrier hop-
ping contributes mainly to the conduction mechanism of
S-PA.

V. CONCLUSION

The f and T dependence of o* was measured for the
undoped and lightly doped films of hs-PA and S-PA. The
data analysis based on the conductivity relaxation for-
malism leads us to the findings that the functional form
of H(7) < 7% (Tpin <7 < Tmax» — 1 <a < 1) fitted the experi-
mental data best and that a of hs-PA was independent of
T while a of S-PA was proportional to 7. The T-
independent a of hs-PA indicates the isoenergetic hop-



1254

ping between equivalent sites, so that the conduction
mechanism of hs-PA can be ascribed to the acoustic
phonon-assisted hopping of the charged soliton between
PA chains. On the other hand, it is likely that the
interfibril barrier hopping makes a main contribution to
the conduction mechanism of S-PA since the small € in
the interfibril hopping facilitates the barrier hopping be-
tween fibrils. Thus, the different conduction mechanism
between hs-PA and S-PA should arise from their mor-
phological dissimilarities. This conclusion was supported
by the experimental result that hs-PA showed a non-
Ohmic behavior much greater than S-PA.

Comparing Fig. 2 with Fig. 5, one may notice little

ITO, TANABE, AKAGI, AND SHIRAKAWA 45

difference between hs-PA and S-PA in the T dependence
of o(0). As mentioned so far, the different conduction
mechanism between them was revealed by the o* mea-
surement leading to H (7) through the data analysis based
on the conductivity relaxation formalism. In general, it
would be difficult to determine the conduction mecha-
nism from the experimental data of o(0) alone in un-
doped and lightly doped conducting polymers, since both
the T dependence of a hopping rate and the profile for
H(7) affect that of o(0) at the same time. Then, the o*
measurement enables us to distinguish the T dependence
of a hopping rate and to discuss the conduction mecha-
nism in the light of the distribution of the hopping rates.

*To whom all correspondence should be addressed.
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