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The electrical conductivities of perchlorate-doped highly oriented polyacetylene films were measured
from 290 to 1.5 K. The conductivity and its anisotropy were significantly enhanced by stretching. The value
of the conductivity was 18000 Scm ™' at 190 K, and remained at 14000 Scm™*, even at 1.5 K. The extraor-
dinary high conductivity at very low temperature showed that the film is really metallic. The temperature
dependence of the conductivity could be expressed as the sum of two terms:One is almost a temperature-
independent term, which may be due to a very weakly localized free carrier; the other is due to a three-
dimensional variable-range hopping mechanism of a more localized carrier. The conduction mechanism is
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discussed in terms of the polson model of doped polyacetylene.

The metal-nonmetal transition in a conducting poly-
mer is an attractive subject in condensed-matter physics
as well as in the structural chemistry of polymers. Es-
pecially polyacetylene ([CH],), changes from nonmetal-
lic to metallic states upon increasing the doping level.
After a recent substantial improvement in the synthesis
of polyacetylene,’'? an extensive effort still continues to
elucidate the mechanism of the nonmetal-to-metal tran-
sition. Although numerous groups have investigated the
transport properties,> " a detailed picture of the elec-
trical conductivity has not yet been proposed. A sample
having high conductivity showed a metallic tempera-
ture dependence of conductivity over the range 300—
200 K; below this temperature, however, the conductiv-
ity gradually decreases.®

In our previous study, the temperature dependence of
the conductivity of iodine-doped polyacetylene (made
by Shirakawa’s method®) was analyzed by using one-
and two-dimensional variable-range hopping models.”
In this paper we present the temperature dependence
of the electrical conductivity of highly conductive poly-
acetylene made by Tsukamoto’s method,? and doped
with perchlorate. Perchlorate ion was a good dopant for
an optical study based on the transparency in the visible
region.'® It is also useful for conductivity measurements
since the maximum value is fairly high. Moreover, it has
no spin, while the FeCl, ™ ion has an effective spin which
may influence the conductivity.®) In our study of the po-
larized reflection spectra of perchlorate-doped polyacet-
ylene,'® the change in the optical and electrical prop-
erties upon stretching was found to be important for

an analysis of the electronic structure and conduction
mechanism. The polymer chain becomes more ordered
and the interchain contacts are increased by stretching,
causing the metallic property to appear. We discuss the
effect of the orientation on the conductivity and tem-
perature dependence of the conductivity in connection
with the conduction mechanism.

Experimental

The Ziegler—Natta catalyst was prepared according to a
technique described by Tsukamoto et al.?) Polyacetylene
films were synthesized in a glove box, where argon gas was
circulated through a purification system that could keep the
oxygen and water contents below 1.0 ppm, respectively.?
The catalyst was cast with a uniform thickness of 10 pm on
a glass plate by using Doctor Brade (Type YD-2, Yoshimitu
Seiki Co., Ltd.). Acetylene monomer gas (six-nine grade)
was passed over the catalyst cooled at —10 °C. After poly-
merization, the films were washed repeatedly with toluene,
stretched by hand in the glove box with a stretching ra-
tio of 3—8, and then dried in vacuo. The thickness of the
stretched film was ca. 1 pum. The perchlorate doping was
carried out in the glove box at room-temperature in an ace-
tonitrile solution of dried copper(II) perchlorate by the same
technique as that described previously.'® The doping levels
were determined based on the weight uptake. Polymeriza-
tion, stretching, washing and perchlorate doping were car-
ried out under a purified argon atmosphere. The tempera-
ture dependence of the electrical conductivity was measured
by a conventional four-probe method with low-frequency (80
Hz) alternating current under vacuum condition. Electrical
contacts were achieved by using silver paste. The temper-
ature was monitored by a copper—constantan thermocouple
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(290—30 K) and a calibrated carbon resistor (30—1.4 K).

Results and Discussion

Temperature Dependence of the Conductiv-
ity of Perchlorate-Doped Polyacetylene. Fig-
ure 1 shows the temperature dependence of the con-
ductivity of perchlorate-doped with polyacetylene, [CH-
(ClO4)y)e, parallel to the stretching direction. The dop-
ing was carried out immediately after synthesis. Films
(a) (y=0.074) and (b) (y=0.082) were doped to a sat-
urated level, but film (b) was exposed to air for 30 min
after doping. Film (c) was also a freshly prepared sam-
ple doped to y=0.022. The orientational order param-
eter (P, (for the definition of P,, see Appendix)) of
these films were estimated from the infrared absorption
spectra to be 0.68. The room-temperature conductiv-
ity (o(T), Fig. 1 (a)) is 17000 Scm™?!, and increases
upon cooling, as in the case of FeCl; -doped polyacety-
lene.'?) This shows the maximum value to be at 190 K
(0190 /0rRT=1.09), as shown in the inset of Fig. 1; it
then decreases to 015k /orT=0.84 at 1.5 K. High con-
ductivity (¢>10* Sem~!) down to 1.5 K implies that
the heavily perchlorate-doped stretched polyacetylene is
a metal with a weak localization of carriers. The tem-
perature dependence of the conductivity is illustrated
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Fig. 1. Temperature dependence of conductivity par-

allel to the stretching direction; (a) stretched fresh
sample, y=0.074, (b) y=0.083 (measured after 30
min exposure to air), and (c) y=0.022. The inset
shows the expansion of the region from room tem-
perature to 100 K.
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in Fig. 2 by a Ino plot to 1/T. The activation energy
(AEFE) for curve (a) in the 3—1.5 K region is only 1.2
peV, which is obtained by the fitting to

o =ooexp(—AE/ksT). (1)

This means that most of the carriers are very weakly
localized, even in the 1 K region. We also analyzed
the conductivities of other films at very low tempera-
ture, and found o9 and AFE of Eq. 1, as shown in Ta-
ble 1. The most ordered heavily doped film (Fig. 1
(a) and (b), P2=0.68) shows a large o¢ for the chain
direction. In a previous study on the reflection spec-
tra, we found that elongation of the film increases the
inter- and intrachain interaction, producing a metallic
reflectance.'® The elongation results in an increase of g
along the chain direction. In this respect, perchlorate-
doped polyacetylene is highly anisotropic. It is remark-
able that neither phonon scattering nor electron—elec-
tron scattering were found at very low temperature.

A comparison of curves (a) and (b) of Fig. 1 shows
the effect of oxidation by air. A decrease in the con-
ductivity of the film of Fig. 1 (b) was noticed below
230 K, while that of curve (a) was found from 190 K.
This may mean that the conductivity mechanism which
dominates in the low-temperature region is influenced
more by air. The activation energy for 2.5—5 K, esti-
mated by the plot of Fig. 2 (b), was 7.2 peV. This value
is six-times larger than that of curve (a), suggesting the
formation of deeper traps by oxidation in film (b) than
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Fig. 2. Ino against 1/ T for the [CH(ClO4)y]z; (a) y=

0.074, (b) y=0.083 (measured after 30 min exposure
to air), and (c) y=0.022.
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Table 1. Parameters of the Modified Three-Dimensional Variable Range Hopping Model

Sample Y AE T\ oo To  In(A)® o L R Vo
100%eV K Scm™! K 10°ecm™* A A cm™?
y=0.074 fresh film (a)® 0.681 1.2 30 14200 32700 14.61 77.1 13.0 17.4 149200
y=0.083 film (b) parallel® 0.554 7.2 5 8200 18670  14.31 64.1 15.6 18.3 100400
perpendicular 9.0 2 220 26500 11.78 71.9 13.9 17.7 8500
y=0.072 parallel 0.681 10 10 12000 17000 14.36 62.0 16.1 18.4 104800
perpendicular 13 2 50 30500 10.81 75.3 13.3 175 3300
y=0.070 unstretched 0.0 17.8 5 70 29300 12.15 83.3 12.0 15.7 11200

a) For the definition of P2, see Appendix. b) For 3D VRH model A=0.39[N(ep)/akpT]V/? vpe?. N(ep)=0.22
states/eV-(C atom) (for stretched sample) and 0.31 state/eV-(C atom) (for unstretched sample), respectively.14) The

lattice parameters are taken to a=8.0, b=8.6, and ¢=2.46 A
d) These parameters are obtained from the curve of Fig. 1 (b).

(a)-

in film (a).
conjugated double bonds of the polyacetylene chain.
Curve (c) of Fig. 1 shows the conductivity of a less-
doped film (y=0.02); it indicates that a really metallic
state is not realized at this level of doping. The room-
temperature conductivity of y=0.022 was 300 Scm™!;
the conductivity decreased monotonically from room-
temperature to 1.5 K with 01 5 x/orr=0.44

Above 10 K, the more tightly bound electrons are
activated; the activation energy (AF) estimated from
Fig. 2 and Eq. 1 is 0.88 meV for curve (a). Accordingly,
the conduction mechanism in doped polyacetylene may
be considered based on two terms: one is almost the
temperature-independent conduction mentioned above;
the other is a process requiring thermal activation. In
fact, the contribution from the latter, which can be
described by three-dimensional variable-range hopping
(3D-VRH) conduction, becomes significant for a higher
temperature region as shown below.

Variable-Range Hopping Analysis of the Con-
ductivity‘of Oriented Polyacetylene. Following
Mott’s treatment,'® the 3D-VRH conductivity is given
by

o(T) = 0.39[N (er)/akpT) *voe? exp [— (To /T) /4],

Air oxidation enhances sp® defects in the
12)

(2)

where To=16a3/kgN(er), o' is the decay length of
a localized state, or L=a~! is the localization length
(we will use this terminology in the following discus-
sion), 1y is the hopping attempt frequency, and N(er)
is the density of states near to er per unit volume.?
The optimum hopping distance (R) is given by

3 1/4
k= (27‘[CYN(EF)’CBT) ’ (3)

We applied Eqs. 2 and 3 to the values of the con-
ductivity after subtracting the contribution of the al-
most temperature-independent conduction expressed by
Eq. 1 by using op and AFE of Table 1. The residual
conductivities follow the good relation of Eq. 2 fairly
well, as shown in Fig. 3. It is remarkable that the re-
lation between Ino T2 and T—/4 holds over a wide
temperature range. In this analysis we used the value

¢) These parameters are obtained from the curve of Fig. 1

T/K
300 200 150 1009080 70 60 S0 40
15
[ 1 TTT T T T
&
X
5]
e~
~ 10F i
T~
b
=
5....!....1-...[....
0.20 0.25 0.30 0.35 0.40
T-1/4/K-1/4
Fig. 3. Ilno(T)T? against T~'/* plots for perchlo-

rate-doped polyacetylene; (a) P2=0.68 parallel to
the stretching direction. (b) P2=0.55 parallel to the
stretching direction, (c) perpendicular to the stretch-
ing direction of (a), (d) perpendicular to the stretch-
ing direction of (b), and (e) unstretched film.

of the density of states (N(er)), to be 0.22 and 0.31
state/eV+(Catom), for the stretched and unstretched
films, respectively, at the saturated doping level.'¥) The
lattice parameters for two CH chains are assumed to be

as shown in Table 1.1%
Combining Eqgs. 1 and 2, the conductivity is given by

O_(T)=o_0e—AE/kBT

+0.39[N (er) L/ ks T 2roe?eT0/DV (g

The calculated conductivities with the parameters of
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Table 1 are shown in Fig. 4 together with experimental
points, which illustrates the good agreement between
the experimental and calculated values throughout the
examined temperature range. Above 200 K, the ob-
served conductivity (o(T')) decreased, which may have
been caused by phonon scattering. The rotational mo-
tion of the perchlorate ion may be freed above 186 K,
leading to enhanced phonon scattering above this par-
ticular temperature. For film (c), the conductivity in-
creased monotonously to 290 K; this may mean that the
dominant conduction mechanism is not the same.

Concerning the temperature dependence of different
conduction mechanisms, one is 7~! and the other is
T—1/% on the exponent; this has been discussed in de-
tail by Mott.!'™ In Table 1 gives the cross-over temper-
ature (T1) from a nearly free to the VRH conduction
according to this type of analysis. Below T; the conduc-
tion of a nearly free, or very weakly localized, carrier is
dominant. The weakly localized carrier has an extended
localization length (L), which it is effective for transport
at a very low temperature, where thermal excitation is
not available. From an activation energy of 1.2 peV
below 3 K, the value of L at 1.5—3 K was estimated
using
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Fig. 4. Observed and calculated temperature depen-

dence of conductivity; (a) y=0.074, P2=0.68 paral-
lel to the stretching direction of fresh sample. (b)
y=0.072, P2=0.55 (measured after 30 min exposure
to air), and (¢) y=0.07 unstretched. The solid lines
are simulated temperature dependences of conductiv-
ity. For details, see text.
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to be as large as 680 A. In a stretched fresh film, the
T—1/4 dependence exists above T;=30 K.

More reliable values for L and R above T; were ob-
tained by an analysis using Eq. 4, and are tabulated in
Table 1. These values are 13 and 18 A, respectively,
which had implications in an estimate using the polson
model of the minimum L and R, being ca. 13 and 18 A.

Effect of Stretching and Anisotropy of the
Conductivity. The room-temperature conductivity
of unstretched fims is only 500 Scm™!. By stretching
the film, the room-temperature conductivity parallel to
the stretching direction is increased by a factor of 30—
40, and a metallic property appears as shown in Fig. 1.
The anisotropy of the conductivity is given by the ra-
tio of the conductivity parallel and perpendicular to
the stretching direction (0/,/0); its temperature de-
pendence is shown in Fig. 5. The most ordered film
(P2=0.68) exhibited a conspicuous temperature depen-
dence, as shown in curve (a) of Fig. 5. The anisotropy
was 92 at 280 K and 250 at 1.5 K. A strongly oriented,
but mediumly-doped film of y=0.039 (P2=0.68) showed
a similar behavior, as shown in Fig. 5 (b). In contrast,
the anisotropy of a less-stretched film (P,=0.55) was
almost constant (22—35), as shown in Fig. 5 (c).

In the preceding section the conductivity is expressed
using two terms. At very low temperature, conduc-
tion by extended carriers dominates, whereas above 30
K, the 3D-VRH term becomes significant. The tem-
perature dependence of anisotropy suggests that the
extended carrier moves along the chain with a large
anisotropy of 250 at very low temperature, while the
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Fig. 5. Observed and calculated temperature de-

pendence of anisotropic ratio for percﬁlorate—doped
(CH)g; (a) P2=0.68, y=0.083, (b) P>=0.68, y=
0.039, and (c¢) P2=0.55, y=0.072.
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VRH conduction involves interchain hopping. The
anisotropy of the conductivity can be reasonably ex-
plained using the parameters given in Table 1; the cal-
culated anisotropy for curves (a) and (c) for heavily
doped films are shown by solid lines in the Fig. 5; they
show satisfactory agreement with the observed values.
The result provides additional support for Eq. 4, and
the overall scenario of the conduction mechanism.

The oo values dramatically increase by extensive
stretching, as shown in Table 1; the ¢ of a P»=0.68
film is 12000 Scm™!, a P5=0.55 film is 8200 Scm™!,
and an unstretched (P2=0) one is only 70 Scm™!, re-
spectively. The metallic conductivity appears due to
an extended ordering of fibril, which enhances the in-
terchain interaction.

Perpendicular to the stretching direction, the values
of R and L are of the same order of magnitude as for
the parallel direction, indicating that a 3D nature of
the interaction is conceivable. However, hopping to the
perpendicular direction requires slightly larger activa-
tion energy, as indicated by the larger Tp in Table 1.
The hopping frequency (1) in the direction perpendic-
ular to the stretching direction is apparently more than
one order of magnitude smaller than that in the parallel
direction; this means that the phonon density of states
is larger along the chain direction.

By transmission electron microscope (TEM) obser-
vations of an ultra-thin stretched film,'® a small part
of fibril was found to still exist along the perpendicu-
lar direction. The electrical conductivity for the per-
pendicular direction may be caused by this component,
rather than an intrinsic property of perpendicular trans-
port in a less-ordered system. However, the trend of
the temperature-dependent anisotropy conductivity of
Fig. 5 (a) is not compatible with the expected behav-
ior based on this mis-oriented fibril transport, since the
anisotropy of the conductivity shows a temperature de-
pendence in the low-temperature region. In a previous
study of the reflection spectra of highly oriented poly-
acetylene,!® the real part of the dielectric function of
a highly ordered film showed a negative value for the
perpendicular direction in the far-infrared region. This
implies that a metallic state is realized even for the per-
pendicular direction in a highly ordered system. The
temperature dependence of the anisotropy, and a sim-
ilar localization length for parallel and perpendicular
directions, suggests that hopping to an adjacent chain
(interchain hopping) occurs significantly, as well as does
intrachain hopping in the high-temperature region.

Polson Model of Perchlorate-Doped Polyacet-
ylene. By studying the optical and structual as-
pects of doped polyacetylene, we proposed the polson
model.®=2V) The characteristic point of the model is
that an unpaired electron is enclosed by two charged
soliton structures which comprise dopant-coordinated
allylic groups. Figure 6 shows an idealized model of a
polson—antipolson chain (a) and interchain contacts in
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the ordered fibril structure (b).

Although the crystal structure of perchlorate-doped
polyacetylene is not perfectly determined,'® we can es-
timate the structure based on the dopant concentration
and polson model. Saturated perchlorate-doped poly-
acetylene contains 8 mole percent per repeat unit of the
[CH]; chain. Accordingly, twenty-five carbon atoms in-
volving two dopant-coordinated groups form a polson
unit. This chain unit may be the smallest polson struc-
ture in the perchlorate-doped polyacetylene, suggest-
ing that the minimum polson unit length is ca. 30 A,
since each C—C bond length would be ca. 1.2 A along
the chain direction. If we consider more strictly the
structure of the polson unit (Fig. 6), an unpaired elec-
tron is contained within 11 carbon atoms between the
dopants, and a value of 13 A found for L, as mentioned
in the preceding section. The carrier (an unpaired elec-
tron) in the polson unit moves freely within the unit,
making the minimum L to be ca. 13 A. The hopping
distance (R~18 A) to the nearest neighbor is naturally
explained in Fig. 6 by hopping to the inter- or intrachain
neighboring polson unit.

Along the one-dimensional polson chain, we can esti-
mate the conductivity using

~ 47n3h

where v is the Fermi velocity, Sg the area of the Fermi
surface, and 7 the relaxation time of a free carrier.

From an energy-band calculation of the one-dimen-
sional polson chain,?®?") we estimated vg to be 108
cms™!; 7 was estimated to be 107!% s by an opti-
cal experiment.’®2Y By using the lattice parameters of
a=8.0, b=8.4, and ¢=2.46 A, the conductivity was
estimated as 2x10% Scm~!. The experimentally ob-
tained o( is one order of magnitude smaller than this
value, presumably because of scattering due to impuri-
ties and defects in the 7-conjugated system. However,
a pretty good agreement between the theoretical and
experimental values supports the picture of a one-di-
mensional metallic band of the polson chain structure.

A one-dimensional metal is not stable to a Peierls dis-
torsion, and it thus seems paradoxical that the doped
polyacetylene shows a highly anisotropic conduction. In
fact, high metallic conductivity is realized by extensive
stretching with intimate contact among the chain, thus
expanding the dimensionality due to the interchain in-
teraction. The interchain contact is essential for realiz-
ing a metallic state. Therefore, the doped polyacetylene
should be regarded as being a three-dimensional metal
with a large anisotropy, but not as being a one-dimen-
sional conductor.

g VFSFTa (6)

Conclusion

The electrical conductivities of heavily perchlorate-
doped highly oriented polyacetylene films were mea-
sured at 290—1.5 K; the maximum value was 19000
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R~18A
polson anti-polson
(b)
P AP P AP P AP P AP P AP P
AP P AP P AP P AP P AP P AP
Fig. 6. Structural formula for perchlorate ions in doped polyacetylene (a) and the interchain contact between the

nearest neighbor polson—antipolson chain of doped polyacetylene (b). Unpaired electrons are shown by block circles.

Sem™! at 190 K. Metallic conductivity with a large
anisotropy was realized by extensive stretching. The
temperature dependence of the conductivity was ana-
lyzed by a neat formula, in which almost temperature-
independent and a variable-range hopping (VRH) terms
are included. The conduction at very low temperature
is highly anisotropic, since three-dimensional VRH is
suppressed at low temperature. Although the conduc-
tivity is much larger along the chain direction than in
the perpendicular direction, heavily doped polyacety-
lene is never a one-dimensional conductor, since the
metallic property is caused by the interchain and in-
terfibril contact with stretching. Moreover, the conduc-
tivity for the perpendicular direction could be explained
by a three-dimensional VRH mechanism. The free car-
riers, which are very weakly localized, are considered
in the polson unit, and the polson chain may form a
metallic energy band.
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Appendix

The definition of the order parameter (P2) was given by
Jen et al.,?® and was explained in our previous paper.!?) By
fixing the zaxis parallel to the stretching direction, the sec-
ond-order parameter (P2), which is a Legendre polynomial,
is given by

P = (Py(cos 0)) = %(3c0s2 6—1), (A1)
where 6 is the angle between the axis of the individual poly-
mer chain direction and the macroscopic symmetry axis, and
(---) is the thermal average. It is assumed that the polymer
chains are linear and that each chain has a series of inde-

pendent absorbing groups in which the transition dipole mo-
ments are inclined at a common angle (a) to the chain axis.
Following this model, the P and the observed dichroic ratio
(R) are given by

= _ (2cot? a+2)(R-1)
2T (2cot?a—-1)(R+2)

(A2)

The P, of an undoped film was estimated by the dichroic
ratio R of the bands at 738 cm™! (CH out-of-plane vibra-
tion band of cis-polyacetylene) and 1029 cm™ (CH out-of-
plane vibration band of tmns—polyacetylene).g) These bands
are polarized perpendicular to the polyacetylene chain. The
angle 0 represents an average angle of disorientation of the
chain to the stretching direction. From the dichroic ratio,
we could obtain the second-order parameter as follows by

allowing o to tend to be zero:?®
5 _(R-1)
Py = . A3
T (R+2) (A3)
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