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The distribution of iodine in polyacetylene
doped under conditions typical for most pub-
lished work is investigated by energy disper-
sive X-ray analysis under an electron micro-
scope. The 9.1 GHz dielectric constant of a
series of iodine doped (CH), is measured as a
function of temperature. From the X-ray anal-
ysis we conclude that the reaction takes
place in two steps: a fast reaction at the
fiber surfaces and a slow reaction with the
interior of (CH), fibers. The dielectric con-
stant of lightly doped (CH), at the fiber
surfaces and pristine (CH)_ in the interior
of the fibers. The tempera%ure dependence of
€ is believed to be related to the intrinsic
temperature dependence of the conductivity of
the highly doped fiber surface layers.

Pure polyacetylene, (CH)_, is an insulator with
an electronic band gap of 1.4 ev which by doping
with either acceptors or donors may be transfor-
med into a highly conducting metal. Apparently

it may be doped continuously from zero concentra-
tion to several percents, about to y = 0.25 in
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tiie case of (CHI_)_. A number of physical proper-
ties have been sfulied as a function of dopant
concentration and widely different mechanisms
were proposed to explain the transition from the
insulating to the metallic state. In most cases
it was assumed that the doped material was homo-
geneous or at least quasi-homogeneous for all do-
pant levels. It was initially suggested [1] by
the Pennsylvania group that at low concentrations
localized states are formed and by increasing the
concentration a Mott transition takes place. A
later suggestion [14] which seems to be supported
by some experiments [2] is the formation of spin-
less mobile carriers, solitons at low dopant con-
centrations. A completely different view was
given by Tomkiewicz et al. [3] who suggested that
even at very low dopant concentrations metallic
particles are formed - it is strongly inhomogeneous.

In this paper we study the homogeneity of
iodine vapour doped polyacetylene for various do-
pant levels. There are two scales for which an
inhomogeneity is to be considered.

a.) Polyacetylene films consist of loosely
packed fibers with an apparent density of 1/3 to
1/2 of that of the fibers. A typical fiber diame-
ter is 200 R. During the doping the iodine vapour
diffuses into the sample in the space between the
fibers. As part of the iodine is trapped by the
fibers a relatively large scale concentration
gradient appears.

b.) On the other hand the solid state reac-
tion of (CH), fibers with iodine vapour may lead
to an inhomogeneity on the scale of a fiber dia-
meter. This may be due to either a lack of ability
for iodine ions formed at the surface to diffuse
or dopants interactions leading to a segregation
of doped and undoped phases.

We show by energy dispersive X-ray analysis
in a scanning electron microscope that under our
conditions of iodine doping, which are typical
for most published work, the large scale penetra-
tion depth of iodine is about 50 um for low doping
levels.

We present also a study of the dielectric
properties, measured at 9.1 GHz, indicating that
the reaction within the fibers is strongly inho-
mogeneous: at low dopant levels the surface of
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the fibers becomes metallic while the interiour
remains intact.

Cis-polyacetylene films were prgpared by the
Ziegler-Natta polymerisation at -78°C [4]. Prior
to doping the films were transformed to the trans
isomer by heating at 180°C for half an hour under
a dynamic vacuum. Films were doped in iodine at-
mosphere at room temperature for various lengths
of time. The average iodine concentrations of the
samples were determined by measuring the weight
increase. As_grown films have a density of
0.4-0.6 g/cm”.

Large Scale Iodine Distribution

Energy dispersive X-ray analysis was performed
with a JEOL JSM-35 scanning electron microscope
and a PGT-1000 analysing system. The freshly cut
surfaces of doped samples were scanned to deter-
mine the iodine concentration distribution across
the sample. The electron beam energy was 10 keV
and the L , and L characteristic iodine
X-ray lin&s wgre deteg%ed. Although the electron
beam diameter was only 20 nm the spatial resolu-
tion for this low density material is 10 pm [5]
as it is determined by the diffusion of injected
electrons. This value for the resolution was ve-
rified by the profile of doped films placed
tightly between undoped films. Scanning was per-
formed with a repetition rate of 1 Hz. A typical
measuremetn consisted of 60 scans. The electron
beam gave rise to a trace on the surface with a
depth less than 1 um. Corrections other than for
background effects were not made thus the profils
are not proportional to the true concentration
distribution since the variation in density and
instrumental resolution distort them somewhat.

Figure 1 displays the iodine profiles across
about 150 pm thick samples with average concen-
trations y = 0.003 and 0.020. Figure 2a gives
the distribution for a 680 um thick sample with
an average concentration y = 0.006.

These profiles are similar: the iodine con-
centration drops significantly within about 50 um
from the surface. Samples kept under vacuum for a
week showed the same profiles. At first sight it
may be surprising that in a sponge-like material
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FIGURE 1 Iodine energy dispersive X-~ray analy-
sis profiles of doped polyacetylene. The ordinate
is the distance from sample surface. The intensi-
ties are roughly proportional to iodine concentra-
tion across the samples. Average concentrations
are a) y = 0.003 (vertical scale amplified by a
factor of 2), b) y = 0.020
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FIGURE 2 Iodine energy dispersive X-ray analy-
sis profile for thick samples a) y = 0.006,
b) y = 0.034. Note the steps at 100 and 300 um.
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like (CH)_, such a large concentration gradient
can take place. We believe this is due to a de-
crease of the vapour pressure of iodine from the
surface towards the interior of the samples. Since
the mean free path in iodine vapor at rooms tem-
perature (p ~0.3 torr) is about A = 2.5 um in
free space, its value within the sample is deter-
mined by the dimension of the pores separating
the fibers. According to poer size distribution
measurements [6] the mean value of these is

A = 400 A. For a diffusion throEgh a6thickness of
1 = 50 um of the order of (l/A)° ~10" collisions
of every iodine molecule with polyacetylene fibers
take place. Thus at low doping leves fgg every
collision there is a probability of 10 that a
reaction takes place.

Inhomogeneity Within A Fiber

In thick samples (400-600 um) even a nominally

y = 0.10 sample appears to be inhomogeneous, in
the middle there is only a negligible amount of
iodine. For high nominal concentrations (y=0.034,
0.059, 0.109) a "step" was found in the iodine
distribution (Fig. 2a). This shows that at low
concentrations the reaction is much faster than
for concentrations above about a percent.

This may indicate that the reaction is con-
fined at the early stageg of doping to the sur-
face of fibers. For 200 R average fiber diameter
y ~0.03 iodine content can cover the surface of
fibers. Thus the reduction of reaction rate may
indicate a decrease of iodine free fiber surface.
For concentrations above a few percent the reac-
tion slows down since only iodine diffusing ac-
ross a strongly doped layer may react.

The temperature dependence of the dielectric
constant at different dopant concentrations also
supports the idea of a strongly inhomogeneous ma-
terial. The dielectric constant was measured at
9.1 GHz by the resonant cavity method [7]. The
raw data for shift and absorption were normalized
to the weight of the undoped samples i.e. the di-
electric constants given are characteristic to
the polarization per CH unit in the effective
medium approximation. Pure trans (CH)_ showed a
temperature independent dielectric constant of
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FIGURE 3 Normalized temperature dependence of
the 9.1 GHz dielectric constant of iodine doped
polyacetylene. Average concentrations and 80 K
dielectric constants are e: y = 0.002, 580K=7.95;
X: y = 0.009, €80K — 10.6; +: y = 0.040,

€100K — 29.0; €y - 4.7.
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= 4.7 in agreement with previous measurements

€
[81.

With doping increases and shows a tempera-
ture dependence. The absolute values depend some-
what on sample preparation conditions: for equal
nominal concentrations thicker samples tend to
show smaller dielectric constants. Since typical
sample thicknesses were 150 um this is in agree-
ment with our findings of an inhomogeneity of
doping on a 50 uym scale. The most remarkable fea-
ture of the data is the similarity of the tempe-
rature dependence of e(T)-eo for nominal concen-
trations 0.002 <y <0.04 (Fig. 3). The increase
with temperature of e¢(T)-¢ _ between 80 and 300 K
is about a factor of 2.8 for all samples.

We have previously suggested [9] that the in-
crease of ¢ by doping is due to highly polarizable
bound states fomred on the polyacetylene chains.
We have, however remarked that in a system of
homogeneous highly polarizable centers a gquasi-
linear concentration dependence of the increment
of ¢ is not to be expected. Dipole-dipole inter-
actions give rise in a dense system of polar-
izable centers to a concentration dependence much
faster than linear. In fact as we pointed out [9]
at fairly low dopant concentrations a polariza-
tion catastrophe is expected.

The present data are easier to understand if
the system is assumed to be inhomogeneous. The
data indicate that a phase separation occurs at
all doping levels and that only the volume of the
highly doped phase is increased as the doping
proceeds. This was suggested to be a possible
interpretation of the proton NMR data of iodine
doped (CH), films [10].

In the light of this assumption the measured
dielectric constant € is not due to highly polar-
izable individual defects but rather to the ca-
pacitance of the metallic surfaces. We should
like to point out, however, that isolated "small"
metallic particles are not expected to give a
significant contribution to ¢ since this would be
(in the 1limit of very low concentration) propor-
tional to the relative wolume occupied by them.

We expect in this case
AV

Ae ~ N = ¢

v o
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wnere N is an average depolarization factor AV/V
the filling factor of isolated metallic particles.
Thus we believe that already at low concentra-
tions more or less interconnected metallic sur-
faces exist. Most likely a phase separation of
highly doped and undoped (CH)x occurs at the sur-
face of fibers. The main effect of doping up to a
few percent nominal dose is to increase of ¢ is
intrinsic to the doped part of the fiber surface.
These highly doped surfaces, however, have not
the conductivity of the fully doped material but
exhibit a temperature dependent conductivity.
Thus in our model the increase of ¢ with tempera-
ture is due to the exclusion of the electric
field from the doped surfaces as the conducti-
vity is increased with temperature.

This model is in agreement with other expe-
rimental findings. In our view there is no clear
evidence in the literature for dopant concentra-
tion homogeneity on the scale of fiber dimensions.
Infrared optical data {11] e.g. show the appea-
rance of new absorption peaks in addition to that
found in pure (CH)_,. These new peaks appear to

L h X
grow in intensity as the sample becomes more do-
ped but no shift of them is found as expected for
phase segregation.

The d.c. conductivity in our view depends at
low doses on the quality of interconncetions and
on the intrinsic value at higher doses. For
samples not much thicker than twice the penetra-
tion depth of iodine vapour (100 um) we distin-
guish three concentration ranges for which the
conductivity is strongly different.

a.) At very low doses a strong dispersion is
found between the 9.1 GHz and d.c. conductivi-
ties [9], as expected for a conductivity deter-
mined by loose interconnections.

b.) At intermediate doses no dispersion is
found at high T [9,12] and we suggest that it is
no more the interconnection of doped surfaces but
the intrinsic properties of very thin doped re-
gions which determines o(T) and x(T) [13].

c.) At high doses all surfaces are doped and
at a slower rate, the reaction proceeds towards
the interior of the fibers and the conductivity
becomes truly metallic.
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We conclude that polyacetylene doped with a
few percent of iodine under conditions typical of
most work in the field is inhomogeneous in two
scales: a) there is a concentration gradient on
the scale of 50 m due to trapping of iodine by
the fibers and b) iodine reacts preferentially
with the surface of the fibers giving rise to
loosely interconnected metallic surfaces.

For higher dopant levels when all the fiber
surface has reacted the reaction slows down. In
this case the reaction rate is determined by the
iodine diffusion through the fully doped layers.
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