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We report the time, temperature, and pressure dependence of conductivity of oriented polyacetylene
doped by alkali metals. The in situ conductivity data show that the doping process, by intercalation, is
dependent on the size and structural ordering of the ions in the polyacetylene matrix. Steplike features
in the in situ conductivity measurements show the presence of doping-induced staging transitions. The
temperature dependence of conductivity follows a power law, indicating that the system is at the critical
regime of the metal-insulator transition, for which the Fermi level is near the mobility edge. We find a
weaker temperature dependence for potassium-doped polyacetylene as compared to sodium-doped
polyacetylene. The increase of conductivity at high pressures as well as its weaker temperature depen-
dence shows the important role of the interchain interactions for improving the conductivity of alkali-

metal-doped oriented polyacetylene.

INTRODUCTION

The conductivity of doped oriented polyacetylene
(CH),, is of magnitude on the order of 10* S/cm.! The
temperature-independent Pauli susceptibility indicates
the presence of metallic states in doped (CH),.? Never-
theless, the typical negative temperature coefficient of
resistivity of doped-(CH), exhibits nonmetallic behavior,
which may arise due to inhomogeneous doping, disorder,
carriers localized at defects, etc.! These features suggest
the important role of interchain-hopping transport,
which may be the “bottleneck” for the transport mecha-
nism in this quasi-one-dimensional system. Previous
studies of the effect of pressure on the optical properties
of undoped (CH), have indicated that high hydrostatic
pressure redshifts the absorption edge.’ The effect of
pressure on the band structure of (CH), arises from the
decrease of the interchain distance and the increase of the
overlap integrals of wave functions.® In this paper we ex-
amine the effect of hydrostatic pressure on the conduc-
tivity of doped, oriented (CH), .

Since the alkali-metal ions are smaller than many p-
type dopants, a smaller separation of chains may occur
during the intercalation process of the counterions into
the polymeric matrix. Nevertheless, the maximum con-
ductivity* of n-type doped (CH), is lower than that of p-
doped (CH),,>® a fact which may arise from the higher
chemical reactivity of the n-type dopants, resulting in
breakdown of the conjugation length. This observation
has motivated us to make a systematic study of in situ
conductivity of (CH), doped by different alkali metals,
and of the dependence of the conductivity on the doping
time, pressure, and temperature. Indeed we find that
pressure increases the conductivity and weakens its tem-
perature dependence; in addition, the dependence of the
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transport properties on the alkali-metal dopant also indi-
cates the importance of interchain hopping for the trans-
port properties.

EXPERIMENTAL DETAILS

Oriented (CH), films were prepared according to the
nonsolvent method described by Akagi et al.” The sam-
ples were further oriented by stretching the films by a fac-
tor of 7-10.% Samples of thickness that ranges between 7
and 25 um were doped in a tetrahydrofuran (THF) solu-
tion of alkali-metal naphthalides. The doping solutions
were prepared in a dry box by adding excess amount of
alkali metal into THF solution of naphthalene, and then
allowing it to react for a minimum of 3 h to ensure com-
plete reaction with naphthalene.>'°

Generally, rather few published transport data of
alkali-metal-doped (CH), are available, probably due to
the extreme sensitivity of the n-type doped materials to
conducting paints, air, impurities, etc. as compared to p-
type doped (CH)X.“’11 Since conducting adhesives dis-
solve in THF, we prefer to use pressure contacts. We
developed a miniature sample holder consisting of
spring-loaded contacts that retains good electrical con-
tact under hydrostatic pressure and low-temperature con-
ditions. This miniature pressure-contact assembly con-
sists of two ceramic blocks held together by four plati-
num (Pt) leads with a pair of heat-treated beryllium-
copper spring foils between them, as shown in Fig. 1(a).
One side of the sample is exposed to the doping solution
so that fast and uniform doping can be achieved. Yet, at
low temperatures the contacts occasionally open due to
the differential thermal contraction of various parts of
the pressure-contact assembly. We eliminated this prob-
lem by thinly coating the (Pt) wires with gold paint at the
contact region in order to obtain better adhesion with the
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FIG. 1.
pressure-cell assembly including the Teflon cell, BeCu cap and
feedthrough, and soft BeCu sealing rings.

(a) Spring-loaded pressure-contact assembly; (b)

sample. This paint, confined between the wires and sam-
ple, apparently does not dissolve into the solution.

The in situ room-temperature conductivity experi-
ments were prepared in a glove box where the sample and
the doping solution were placed in a sealed glass con-
tainer, which is equipped with a Pt wire feedthrough, so
that it could be taken out of the dry box for dc-
conductivity measurements in atmospheric conditions;
the data accumulation of the time-dependent conductivi-
ty was obtained, every 30-600 s, by a computer-
controlled measuring system. In a separate measure-
ment, we found the ionic conductivity of the solutions
negligible (107> S/cm) compared to the electronic con-
ductivity (about 4000 S/cm) of the samples. We have
also used highly pure hexane as pressure medium and
found the experimental results to be identical.

The samples were pressurized in a self-clamped high-
pressure apparatus made of beryllium-copper.’?”'* The
high-pressure Teflon cell assembly is shown in Fig. 1(b).
Pt wires were soldered to insulated copper wires that are
taken out through the feedthrough located in the
beryllium-copper cap of the Teflon cell. The feedthrough
is sealed with Stycast 2850 FT epoxy. The polyimide in-
sulation of copper wires is found to be resistant to the
THF solution, which is essential for avoiding shorting be-
tween the electrical leads. The doping solution itself, or
high-purity hexane, is used as the pressure-transmitting
medium in order to avoid contamination of the doped po-
lymer during the experiment. The samples prepared for
high-pressure studies were doped inside a glove box by
immersion into potassium naphtalide (5 mM) for 8-12 h.
The Teflon cell was first “preconditioned” by allowing it
to react with the dopant solution for 10—15 min in order
to avoid contamination during the measuring process and
reduction of the dopant concentration. The conductivity
of the samples in the pressure cell is quite stable even
after it is removed from the dry box; a decrease of less
than 10% occurred after 24 h. The pressure cell is
clamped at room temperature and then cooled down to
1.2 K in a helium cryostat.
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RESULTS AND DISCUSSION

A. In situ conductivity

Recent improvement of the quality of pristine (CH),
films has increased remarkably the maximum conductivi-
ties of K-, Rb-, and Cs-doped polymer.*'>!¢ A compar-
ison of in situ conductivities, as a function of doping
time, for various alkali-metal dopants (solution concen-
tration of 10 mM) is shown in Fig. 2(a). All the time-
dependent conductivity measurements were carried out
at ambient pressure. Generally, upon doping, the con-
ductivity rapidly increases, reaches a maximum, and
thereafter decreases slightly. Before reaching the maxi-
ma, distinct steps consisting of small plateaus and abrupt
jumps of the conductivity are clearly evident as shown in
the inset of Fig. 2(a). These steps were observed in elec-
trochemical K-doping experiments and correlated by
structural determination with distinct staging transi-
tions.!”!® The staging transitions in alkali-doped poly-
acetylene [(C,H,,),,K] is defined by m (CH), chains per
channel of alkali ion in the (a,b) plane and n (CH) units
per alkali ion along the ¢ direction. The stage-2 (in dop-
ing concentration of 6.2%) to stage-1 (in the doping con-
centration 6.2-15 %) transition is achieved when m de-
creases from 4 to 2; associated with this staging transition
in K-doped (CH),, the crystalline coherence length in-
creases from 25 to 65 A.!8 In particular, for K-doped
(CH), it was found that the peak in the conductivity cor-
responds to a crossing from a stage-2 to a stage-1
configuration. The slight decline in the conductivity
thereafter stems from the completion of the stage-1
configuration, as the channels of potassium ions are filled.

It is interesting to note that although the highest con-
ductivity of Na-doped stretched-oriented sample reached
is on the order of that reached by doping with K, Rb, and
Cs, its conductivity decays very rapidly to a rather low
value (~200 S/cm), while for the other alkali metals the
conductivity levels off at values above ~ 1500 S/cm and
remains stable for a long time, as shown in Fig. 2(b). The
distinct behavior of Na-doped (CH), apparently stems
from the enhanced structural disorder!® at the higher
doping levels, whereas the doping-induced disorder for
the larger ions (Cs, Rb, K) is not significant. The lower
maximum of conductivity observed in Cs-doped (CH),
can be understood to arise from the larger interchain dis-
tance required to accommodate the larger Cs ions.

The extent of doping-induced structural disorder is ap-
parently strongly dependent on the doping rate, as is
clearly revealed in in situ studies of the conductivity with
different concentrations of doping solution. The rate of
increase of the conductivity is higher for the more con-
centrated solution (10 mM), but the magnitudes of both
the maximum and the final conductivities are consider-
ably lower than those obtained by doping with a less con-
centrated solution (5 mM) [see the inset of Fig. 2(b)]. In
addition, for doping with the more concentrated solution,
the distinct steps in the conductivity-versus-time data al-
most disappeared. This is consistent with the increase of
structural disorder upon rapid doping that destroys the
well-defined staging transitions. Thus, a fast rate of dop-
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FIG. 2. (a) In situ conductivity vs doping time for Na, K, Rb,
and Cs; inset shows in more detail the steps in the conductivity
at the onset of intercalation. (b) Time dependence of conduc-
tivity, normalized by the values after 20 h, for K, Rb, and Cs at
ambient pressure; inset shows the conductivity vs time for K-
doped (CH), for two concentrations.
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ing that can be achieved by either increasing the doping
solution concentration or employing dopants with small-
er ionic size are associated with enhanced disorder. This
observation may also explain the higher conductivity of
Rb-doped (CH), as compared to that of K-doped (CH),
in our experiments (another possibility is that the co-
insertion of THF molecules along with the dopant ions is
more probable for K doping).!%!°

Thus, upon doping, two competing mechanisms prevail
in our in situ experiments: increase of the conductivity
due to increase of the carrier density and a simultaneous
structural disorder. For any particular dopant, the even-
tual conductivity depends on which mechanism is dom-
inant. Apparently, doping-induced structural disorder is
not the only factor that determine the magnitude of the
conductivity. Previous'* in situ conductivity measure-
ments of electrochemically doped K-doped (CH), indi-
cate that during intercalation the system undergoes stag-
ing transitions at which the electronic properties change
drastically; for instance, at the transition from an un-
doped to a stage-2 structure the conductivity increases by
10 orders of magnitude and the ESR linewidth is reduced
by a factor of 40. However, at higher doping levels when
a transition from stage-2 to stage-1 takes place, a reduc-
tion in conductivity!” and an increase in ESR linewidth?
(by a factor of 1.7 and 1.4, respectively) occur. A similar
decrease in conductivity at the higher doping concentra-
tion has been observed in AsF; intercalation graphite
compound at the transition from stage 2 to stage 1.%!
Thus, in addition to the structural disorder, the decrease
in conductivity at the higher doping levels for K, Rb, and
Cs may be associated with such staging transitions.

An additional important factor affecting the conduc-
tivity is the intrachain and interchain coupling in the in-
tercalation compound. For instance, the maximum possi-
ble doping levels for K and Na are 18% and 11%, respec-
tively.?? Therefore, in K-doped (CH),, the separation be-
tween adjacent solitons, which is much smaller than that
in Na-doped (CH),, results in higher intrinsic conductivi-
ty.23 Other factors that may affect the conductivity are
the increase in disorder along the columns of alkali coun-
terions and the commensurate pinning of the charge car-
riers by the dopant ions. Thus, structural differences in
the alkali-metal-doped (CH), systems affect the intrinsic
transport properties; however, these may often be masked
by the effects of disorder.

B. Temperature and pressure dependence

From previous temperature dependence of conductivi-
ty for K-, Rb-, and Cs-doped (CH), it is known that nei-
ther the fluctuation-induced tunneling model nor the
variable-range hopping provide a satisfactory model for
the conduction mechanism.* The temperature depen-
dence of conductivity of stretched-oriented (CH), indi-
cates improvement in the transport properties, as is evi-
dent by the rather small ratio p(250 K)/p(1.2 K)=25 for
K-doped (CH), (as can be seen in Fig. 3). However, for
Na-doped (CH), a stronger temperature dependence is
observed, resulting in a larger ratio of p(250 K)/p(4.2
K)=105. As mentioned before, the overlap of the wave
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FIG. 3. Normalized conductivity vs temperature for Na- and
K-doped (CH), in log-log scale.

function of the localized states in K-doped (CH), is much
higher than that in Na-doped (CH), [and possibly the
doping-induced disorder is smaller in K-doped (CH),].
This corresponds to the weaker temperature dependence
observed for K-doped (CH), as compared to Na-doped
(CH),. The best fits of the conductivity versus tempera-
ture (shown in Fig. 3) for these systems follow a power
law, o «< T, where n is 0.57 and 2.6 for K- and Na-doped
(CH),, respectively. Power-law dependence has been re-
cently observed in polyaniline?* and polypyrrole,?
and has been theoretically predicted for systems at the
critical regime near the metal-insulator transition, at
which the Fermi level is near the mobility edge.?®

A study of the effect of interchain coupling is obtained
by measuring the pressure dependence of the conductivi-
ty of K-doped (CH),. The hydrostatic pressure is applied
to the sample after the conductivity is stabilized for 5-8
h at the maximum doping level. As is shown in Fig. 4,
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FIG. 4. Conductivity vs pressure for K-doped (CH),.
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FIG. 5. Normalized conductivity vs temperature for K-
doped (CH), at ambient pressure, 8 kbar, and 10 kbar; inset
shows the nearly temperature independent conductivity below
45K.

the results are qualitatively similar to that of pristine
(CH),.? At 10 kbar the conductivity increases by a fac-
tor of ~2, due to the enhancement in interchain interac-
tion that results in a higher probability of interchain hop-
ping. At pressures above 10 kbar, a decrease in conduc-
tivity is observed. The exact reason for this decrease is
not well understood; it may be due to the enhanced pin-
ning of charge carriers at high pressures as the counter-
ion columns are squeezed closer to the (CH), chains, or
creation of structural defects, etc.

The temperature dependence of K-doped (CH), at
various pressures is shown in Fig. 5. Both the ambient
conductivity and its variation with temperature are con-
siderably reduced at high pressures. The ratio of p(250
K)/p(1.2 K) for samples at ambient pressure and 10 kbar
are 25 and 2.8, respectively. The weaker temperature
dependence at high pressures originates from the
enhanced interchain interaction, in agreement with our
observations of the difference in the temperature depen-
dence of conductivity in Na- and K-doped (CH),. The
inset in Fig. 5 depicts the results for samples under pres-
sure at the low-temperature regime, below 4 K, where a
temperature-independent conductivity is observed, simi-
lar to the behavior of disordered metals.

CONCLUSIONS

The in situ conductivity measurements of alkali-metal-
doped (CH), display a strong correlation between the
electronic and structural properties. The detailed tem-
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poral evolution of the conductivity for different alkali-
metal dopants can be understood in terms of the effects of
interchain interaction, staging of the intercalated com-
pounds, doping-induced structural disorder, and the rate
of diffusion of the alkali ions into the polymer matrix.
We find that the difference in the time dependence of the
conductivity of K- and Na-doped (CH), is related to the
rate of ionic diffusion and the resultant structural disor-
der. Similarly, we find that the variations in the tempera-
ture dependence of conductivity and the effects of high
pressure in these systems could be understood in terms of
the magnitude of interchain coupling. Specifically, the
higher conductivity of K-doped (CH),, as compared to
that of Na-doped (CH),, as well as the weaker tempera-
ture dependence is correlated with the greater overlap of
the soliton wave functions in K-doped (CH),. The above
observations indicate that by increasing the interchain in-
teraction (achieved by doping with smaller metallic ions,
or by applying high pressure) the transport properties of
quasi-one-dimensional systems can approach near-
metallic behavior.

We find that a slow rate of intercalation is essential for
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obtaining high conductivity. At a fast doping rate, ob-
tained either by using more concentrated doping solution
or by employing alkali metals with smaller ionic size,
higher disorder is created, leading to a reduced conduc-
tivity and near elimination of staging transitions.

The temperature dependence of the conductivity fol-
lows a power law o = T similar to the behavior observed
recently in polyaniline and polypyrrole, in agreement
with the theoretical prediction for systems at the critical
regime near the metal-insulator transition, for which the
Fermi level is close to the mobility edge.
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