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The dopant structure in FeCls-doped polyacetylene was studied from the analysis of Fe K-edge EXAFS
and XANES, measured by use of synchroton radiation. It is concluded that Fe atom is surrounded by four Cl
atoms with Fe-Cl distance of 2.19—2.20 A, and the dopant exists in the state of [FeClsJ~. The following

mechanism is proposed for the doping process:

(CH), + 2yxFeCl; — [CH(FeCl,"),], + yxFeCl,

It is also shown that the chlorination of polyacetylene occurs significantly on performing a ‘“‘heavy doping.”

When doped with a suitable electron donor or
acceptor, polyacetylene becomes metallic with an
electrical conductivity more than 12 orders of
magnitude higher than that of the undoped state.? A
wide variety of dopants has been tested to see their
effects on the electrical properties. However, little has
been known on the electronic states and geometrical
structures of dopants in the doped polyacetylenes.
When a polyacetylene film is immersed into a
nitromethane solution of FeCls, FeCls is taken into the
polyacetylene film to give electrical conductivity of, at
most, 102S cm~1.2.9 The state of the dopant in the
FeCls-doped polyacetylene was studied by means of
Modssbauer spectroscopy and ESR, but there were some
contradictions among the conclusions given by
different authors.4-?

The doping of polyacetylene is often compared with
the formation of the graphite intercalation com-
pound. In the case of the graphite intercalation
compound with FeCls, the intercalated FeCls layer
was reported to have a structure more or less similar to
that in anhydrous FeCls.® On the other hand,
available experimental data suggest that the dopant
state in FeCls-doped polyacetylene is quite different
from this case.4~? Thus it seemed to be of great
interest to elucidate the dopant structure in a FeCls-
doped polyacetylene. We report here the results of the
analysis of the extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge
structure (XANES) of Fe K-edge measured on FeCls-
doped polyacetylene films. They provide a most direct
evidence that the dopant exists in the state of [FeCls].
Curious behaviors were found for a heavy doping with
FeCls. Namely, Fe K-edge jump decreased in spite of
the increase of apparent dopant content, and the
electrical conductivity of the film decreased on
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increasing apparent dopant content. We will also

discuss the origin of this phenomenon.
Experimental

Polyacetylene films of cis-rich form were prepared by the
previously reported method.? FeCls-doping was carried out
by immersing polyacetylene films into a nitromethane
solution of FeCls as described elsewhere.? FeCls had been
kept in vacuo for several hours before use. Nitromethane was
well dried over CaCl; and distilled before it was used as the
solvent. Films of different dopant content were obtained by
changing the immersing period and/or FeCls concentration
of the solution. The dopant contents and electrical
conductivities of the prepared samples are listed in Table 1.
The dopant content given there is the apparent value which
is calculated from the weight uptake of a polyacetylene film
in the doping process assuming that the dopant exists
entirely in the form of FeCls. In reality, the dopant exists as
[FeCl4]—, not as FeCls, and furthermore, the weight increase
is partly due to the chlorination of polyacetylene,
particularly in the case of heavy doping as we will show
later. Thus the values of dopant content in Table 1 should
be taken only as a measure of doping degree. Figure 1 shows
the change of electrical conductivity as a function of dopant
content, where the points indicated as A, B, C, and D
correspond to Samples A, B, C, and D, respectively.

The specimens for the measurements of X-ray absorption
spectrum were prepared in the following way. In an Ar-

TABLE 1. THE DOPANT CONTENT AND CONDUCTIVITY
oF FeCl;-doped POLYACETYLENE SAMPLE

Sample Dopant concent® Conductivity
%, mol/(CH) mol S/cm
Sample A 2.4 10—80
Sample B 8.7 700—800
Sample C 13.0 0.4—200
Sample D 7.4 700

a) Dopant content was calculated from the weight
uptake of the polyacetylene assuming all the dopant
was in the form of FeCl,.
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filled gloved box, a doped polyacetylene film was cut into
several pieces of appropriate size and folded up several times
to give a thickness suitable for X-ray absorption measure-
ment, and then sandwiched between two pieces of adhesive
tape to keep it in the folded state and, at the same time, to
prevent the sample from a direct exposure to the
atmosphere. The samples prepared by this way were stored
in an Ar-filled Schlenk flask until just before they were used
for the measurements.

Preliminary EXAFS experiments were done by use of an
in-laboratory EXAFS spectrometer combined with a high-
power rotating-anode X-ray generator (RIGAKU RU-
1000).12 Through these experiments, we checked the effects
of sealing the sample with adhesive tapes, the appropriate
sample thickness, and the homogeneity of the dopant
distribution in a doped film. The final data of X-ray
absorption spectrum were taken by use of synchrotron
radiation emitted from the 2.5 GeV storage ring of the
Photon Factory in the National Laboratory for High-energy
Physics (KEK-PF), employing the EXAFS facilities at BL-
10B.1»  X-Rays were monochromatized with a Si(311)
channel-cut crystal. The intensity of the incident beam, I,
and that of the transmitted beam, I, were measured with the
ionization chambers which were placed before and after the
sample, respectively, the gas filled in an ionization chamber
being N3z for I, and Ar for I. Most of X-ray absorption
measurements were done at room temperature. The
measurement at low temperature (10 and 80 K) was done
only for Sample D, which was regarded to be a
representative sample having a high electrical conductivity.
X-Ray photoelectron spectra were taken with McPherson
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Fig.-1. Conductivity of FeCls-doped polyacetylene as

a function of dopant concentration y. A, B, and C
in the figure correspond to samples A, B, and C, re-
spectively.
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ESCA 36 electron spectrometer by empolying Mg Ka
(1253.6 €V) as the stimulating radiation. In order to avoid
the effects of directly exposing the sample to air, a sample
which has been kept in an Ar-filled vessel was transferred to
the spectrometer by use of an Ar-filled gloved box which was
directly connected to the spectrometer. The gases coming
out from a sample were analyzed by use of JEOL JMS-D300
mass Sspectrometer. For the purpose to check the
inhomogeneity of Fe distribution in a FeCls-doped
polyacetylene film, we carried out the electron probe
microanalysis by use of JEOL EPXMA TYPE JXA-5, the
intensity distribution of Fe Ka fluorescent X-ray being
observed.

Results and Discussion

In the preliminary EXAFS experiments, we noted
that Fe K-edge jump was significantly lower in the
case of Sample C than what was expected from its
apparent dopant content, it being even lower than
those observed for Samples A, B, and D, and
furthermore, it was found to vary as we examined
different portions of Sample C. Since the latter fact
indicated that the distribution of Fe is considerably
inhomogeneous in this sample, we examined the Fe
distribution in the film by use of an electron probe
microanalyzer (EPMA). The image of Fe Ka fluores-
cent X-ray showed that Fe distribution was indeed
quite inhomogeneous, having Fe-rich regions and Fe-
less regions within a film. On the other hand, the
films of lower dopant content (Samples A, B, and D)
were found to have a homogeneous Fe distribution.
The reason for this anomarous behavior of Sample C
will be discussed later.

As a typical example of the Fe K-edge absorption
spectra measured by use of synchrotron radiation, the
spectrum of Sample D at 80 K is shown in Fig. 2. The
spectrum shows a sharp pre-edge peak attributable to
Is-3d transition and several peaks near Fe K-edge,
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Fig. 2. Fe K absorption spectrum of Sample D at 80 K.
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which are followed by EXAFS of a relatively simple
structure. Spectral shape was found to be almost the
same for all other samples of FeCls-doped poly-
acetylene.

We extracted EXAFS oscillation x(k) from the
observed spectra by the following method.’? The
smoothly-varying component us(4), was estimated by
fitting an observed spectrum using the cubic spline
method. The free atom absorption coefficient, po(4),
in the region of 50—60 eV from the edge was taken to
be equal to the difference between us and the
background absorption us which was determined by a
smooth extrapolation from the preedge region by use
of Eq. 1.

us(A) = A + CA® + Dt 1)

The po value in other region was estimated by
extrapolating the u, values in the above-mentioned
region assuming that the wavelength dependence of u,
was describable with the Victoreen’s equation, the
parameters of which were taken from the literature.1?
The photon energy E was converted to the photoelec-
tron wave number k by Eq. 2.

k= VI2m(E-E,)/k (2)

where E, is the ionization threshold. Then the EXAFS
oscillation was calculated by using Eq. 3.

x (k) = (u—ns)/no @)

Using thus extracted x(k), we performed a Fourier
transformation of k3. x(k) over the region, 4=k=12 A-1,

Figure 3 shows the Fourier transform of the EXAFS
data of Sample D at 80K. It shows only one
prominent peak with the maximum at about 1.8 A.
This peak can be attributed to the nearest-neighbor Cl
atoms surrounding Fe atom. No peak which is attri-
butable to Fe-C or Fe-Fe, can be found even in the

units
N
(]

Amplitude / arb.
=)

% 1 2 3

r/,&

Fig. 3. Fourier transform of % x(k) of the 80K
EXAFS data of Sample D.
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Fourier transform of the EXAFS data at 10K. The
Fourier transforms of the EXAFS data of all other
samples (Samples A, B, and C) were also nearly the
same as that of Sample D, exhibiting again only one
prominent peak attributable to Fe-Cl.

Assuming the first shell to be due to Fe-Cl bond, we
carried out the curve-fitting analysis by use of the
following equation based on the single scattering
theory.

k3y (k) = (N/R*k*F (k)exp(—2k%02)sin[2kR+ ¢ (k)] 4)

where N is the coordination number, R the
interatomic distance, F(k) the back-scattering am-
plitude function, o the Debye-Waller factor, ¢(k) the
phase shift function. The back-scattering amplitude
function F(k) and the phase shift function ¢(k) were
empirically determined from the analysis of the
EXAFS data of the model compound, [N(CzHs)4]-
[FeCls]. Treating N, R, and o as fitting parameters,
their best-fit values were determined by means of the
nonlinear least square technique. Figure 4 shows the
calculated and observed k3. x(k) curves for Sample D.
The R and N values obtained by the curve-fitting
analysis are listed in Table 2. For all samples of FeCls-
doped polyacetylene, Fe-Cl bond length was found to
be 2.19—2.20 A. The obtained coordination numbers
were somewhat different from sample to sample
within the range of 3—4. But this difference is not
likely to be intrinsic since a relatively large error is
generally expected for a coordination number deter-
mined from the EXAFS data measured at room
temperature. Because the EXAFS data obtained at
lower temperature have better quality, the coor-
dination number 3.9—4.0 obtained from the 80 K
and 10 K EXAFS data of Sample D, is most reliable
and can be taken as the actual coordination number.
Thus we can conclude that, in the FeCls-doped
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Fig. 4. The calculated (——) and observed (---)
k3. x (k) curves for Sample D.
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polyacetylene, Fe atom is surrounded by four Cl
atoms with Fe-Cl distance of 2.19—2.20 A.

There are several kinds of the chemically stable ion
of the type [FeCl:P~, which are [FeCls]-, [FeCl4]2-,
[FeClg]*-, and [FeCls}*~. The Fe—Cl distances which have
been determined from the crystal structure analysis
are given in Table 3. Note that Fe-Cl distance is
nearly the same for a given kind of the anion irrespec-
tive of the kind of the counter cation. In other words,
it is almost determined by the valence state of Fe and
the Cl coornination number. The data shown in
Table 3, indicate that the Fe-Cl distance of 2.19 A is
the one characteristic of [FeCls]-. Another ion which
has the coordination number of 4, is [FeCl4]2-, but its
average Fe—Cl distance is about 2.3 A. Therefore the
results of the analysis of the Fe K-edge EXAFS data
of FeCls-doped polyacetylenes indicate that the dopant
is in the state of [FeCls}~. As we have mentioned, Sample
C has a very inhomogeneous Fe distribution. However,
its Fe K-edge EXAFS data gave also the same conclu-
sion. This means that the Fe-containing chemical

TaBLE 2. RESULTS OF THE ANALYSIS OF EXAFS paTa
BY USING THE EMPIRICAL PARAMETERS®)

K. Asakura, 1. Ikemoto, H. Kuroba, T. KosavasHi, and H. SHIRAKAWA

Sample Bond length Coordination
A No.
Sample A 2.200 2.9
Sample B 2.195 3.3
Sample C 2.195 4.2
Sample D (T=300K) 2.199 3.5
Sample D (T= 80K) 2.200 3.9
Sample D (T= 10K) 2.200 4.0

a) The phase shift and amplitude functions obtained
from the analysis of the room-temperature EXAFS data
of [N(C.H;)][FeCl,], assuming Fe-Cl distance as 2.18
A and coordination number as 4, were used except for
the analyses of the 80 K and 10K EXAFS data of
Sample D, for which the empirical parameters derived
from the 80 K EXAFS data of [N(C,H;),][FeCl,].

TasLeE 3. Fe-Cl Bonp LENGTHS IN [FeCl,]¥~ 10NS

Bond length
[FeCL ]2~ (C;H,S,),[FeCl,] 2.313 (av.) 14
(CsH,S,),[FeCl,] 2.33 (av.) 15
{[Fe(7*-CsHy) (CO),],SbCl},
[FeCl,]CH,CI, 2.302 (av.) 16
[N(CH,;),]:[FeCl,] 2.292 17
[FeCl,]- [As(CgHj;),[FeCl,] 2.19 18
[FeCl,(DMSO),][FeCl] 2.162 19
Na[FeCl,] 2.196 20
[PCL][FeCl,] 2.185 21
[FeClg]4- NaK;[FeCl,] 2.5100 22
[FeCl]*~ [Co(NH,)e][FeCl,] 2.3926 22
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species existing in the Fe-rich regions of this sample is
also in the state of [FeCl4].

As it is known, XANES is determined by the local
electronic state surrounding the X-ray absorbing
atom, and reflects the valency state and the local
symmetry around the X-ray absorbing atom.23.29
Although a detailed analysis of XANES is rather
complicated, one can use XANES just as a fingerprint
of the local structure and electronic state. In Fig. 5,
the Fe K-edge XANES spectrum of Sample D
measured at 80 K is compared with the corresponding
spectra of [Co(NHs)g][FeCls], [N(C2Hs)4]2[FeCly],
and [N(CzHs)4][FeCly], in which the local structure
surrounding Fe is [FeClg]?-, [FeCls]?-, and [FeCl4]-,
respectively. The sharp pre-edge peak in the spec-
trum of Sample D arises from la—3d transition and
is characteristic of a tetrahedrally-coordinated ion
like [FeCls]~. Furthermore, the structures above the
absorption edge are also similar to the ones found for
[N(CeHs)4][FeCls]. XANES spectra of other FeCls-
doped samples are also nearly the same as that of
Sample D. Thus the Fe K-edge XANES of FeCls-
doped polyacetylene indicates that the local state
surrounding Fe corresponds to [FeCls]~ in agreement
with the conclusion derived from EXAFS data.
Summarizing all the results mentioned above, we can
definitely conclude that, in a FeCls-doped polyacety-
lene, the dopant exists mainly in the state of [FeCl4]-,
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Fig. 5. XANES spectra of (a) Sample D, (b) [N-
(CH;)4][FeCly], (c) [N(C,Hy)yl, [FeCl,] and (d) [Co-
(NH;)¢][FeClg]. The photon energy is measured from
the transition energy of the pre-edge peak E, of each
sample. The transition energies of the pre-edge peaks
of Sample D, [N(C,H;),][FeCl,], [N(C,H;),], [FeCl,]
and [Co(NH,;)¢] [FeClg] are 7104.8, 7104.8, 7103.0,
and 7104.5 eV, respectively.
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not in the state of FeCls nor in the state of [FeCl4]2-.
This conclusion is consistent with the recent studies
by Mé&ssbauer spectroscopy.4-9

The dopant state revealed by the present study, is
quite different from that in the graphite intercalation
compound, where ther intercalated FeCls takes a layer
structure somewhat similar to the one in anhydrous
FeCls, having a partial charge transfer between
graphite and FeCls layers.® Since the dopant exists as
[FeCl4]~, we propose the following doping mechanism
for the FeCls-doped polyacetylene. In a separate
experiment, we have studied the solute structure in a
nitromethane solution of FeCls by use of Fe K-edge
EXAFS, and found that [FeCls]~ exists in the
nitromethane solution beside another iron-containing
species.2®  The latter is likely to be a solvated
octahedral chloro complex,?® which we tentatively
denote as [FeClz]*. Possibly the following electrolytic
dissociation had taken place in the nitromethane
solution to yield [FeCl4]~.

2FeCl; — [FeCl,]- + [FeCl]* (5)

Therefore it is most likely that, when a polyacety-
lene film is immersed into the nitromethane solution
of FeCls, [FeClz]* is reduced by the electron transfer
from polyacetylene to form FeClz which might remain
in the solution or precipitate from the solution, and
only [FeCl4]- ions enter into the space surrounded by
positively-charged polyacetylene chains.

As shown in Fig. 1, it has been generally observed
that the electrical conductivity of FeCls-doped
polyacetylene initially increases with dopant content,
but decreases when the apparent dopant content
exceeds about 10 mol% on performing a heavy doping.
Among the samples taken up in the present study,
Sample C was the one prepared under the condition of
heavy doping. In fact, the apparent dopant content of
this sample was 13 mol%, which is considerably
higher than that of Sample D. However, the mag-
nitude of Fe K-edge jump was found to be lower in
comparison with Sample D. As we have already
mentioned, the magnitude of Fe K-edge jump varies
from portion to portion on the film of Sample C. We
confirmed also by means of electron probe microanal-
ysis(EPMA), that Fe distribution is quite inhomo-
geneous in this sample. To clarify the origin of these
anomalous behaviors of a heavily-doped sample, we
examined the X-ray photoelectron spectra of FeCls-
doped polyacetylene films. As shown in Fig. 6,
Samples A and B exhibit a single C 1s peak
accompanied by a high-binding-energy tail, whereas
the C 1s spectrum of Sample C splits into two peaks,
indicating the presence of two different kinds of C
atom. The Cl 2p spectra of FeCls-doped polyacety-
lenes are shown in Fig.7 together with the correspond-
ing spectrum of [N(C2Hs)4][FeCls]. Note that the Cl
2p spectrum of Sample A very much resembles that of
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[N(CzHs)4][FeClyg], but the Cl 2p spectrum of Sample
C exhibits a quite strange shape, indicating the
presence of two different kinds of Cl atoms. The
observed binding energies of C 1s and Cl 2p peaks are
listed in Table 4. The binding energy of the main C 1s
peak is 284.1 eV both for Sample A and Sample B,
which is in good agreement with the C Is binding
energy of an undoped trans-polyacetylene. Since the
C 1s spectrum of Sample C is clearly composed of two
components, we carried out a deconvolution into two
components and determined the energy splitting and
the intensity ratio of the high-binding-energy com-

Intensity/arb. units

1 1
290 280

Binding Energy/eV

Fig. 6. XPS C, spectra of (a) Sample A, (b) Sample
B, and (c) Sample C.

Intensity/arb units
}

210 . 190
Binding Energy/eV

Fig. 7. XPS Cl,, spectra of (a) Sample A, (b) Sample
B, (c) Sample G, and (d) [N(C,H;),][FeCl,].
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TaBLe 4. XPS resuLts oF FeCl;-doped POLYACETYLENE FILMS

Cie

Clyp

Binding energy Intensity ratio Binding energy Intensity ratio

Sample
C-1 C-2

eV

C-2/C-1

Cl-1 Cl-2
Cl-2/Cl-1

Sample A 284.1 — —
Sample B 284.1 — —

Sample C 284.4 286.2 0.39

198.3 — —
198.2 — —
198.6 200.2 0.35

ponent to the low-binding-energy component. A
deconvolution into two components was also done on
the Cl1 2p spectrum. The results are given in Table 4.
Hereafter we denote the low-binding-energy com-
ponent of the C 1s peak as C-1 and the high-binding-
energy component as C-2. In the same way, we denote
the low-binding-energy and high-binding-energy
components of the Cl 2p spectrum as Cl-1 and CI-2,
respectively.

We noted that the shape of C 1s spectrum as well as
that of Cl 2p spectum changed when Sample C was
kept in vacuo for a long period (see Figs. 8 and 9).
This means that the intensity ratio of the two
components of each spectrum changes with time. In
Fig. 10, we have plotted the intensity of each
component as a function of the time for which the
sample had been kept in wvacuo. Note that the
intensity of the C-2 component of the C 1s specrum
decreased while that of the C-1 component increased
with time, and at the same time, the intensity of the
C1-2 component of the Cl 2p spectrum showed a
significant decrease with time while no appreciable

Intensity/arb. units

1 I 1
290 280

Binding Energy/eV

Fig. 8. Time dependence of the C,; spectra of Sample
C; (a) 10h, (b) 24h, and (c) 49 h.

Intensity /arb.units

1 1 1
210 190
Binding Energy/eV

Fig. 9. Time dependence of the Cl,, spectra of Sample
C; (a) 11h, (b) 25h, (c) 50 h.
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Fig. 10. Time dependence of the intensities of the de-
comvoluted components of Cl,, and C,; peaks. C-1
and C-2 denote the lower and higher binding energy
components of the C;; peaks, respectively. C-1 and
Cl-2 denote the lower and higher binding energy
components of Cl,, peaks, respectively.



July, 1985]

change was found for the intensity of the CI-1
component. We examined the gases which coming
from the sample during the above-mentioned process
by use of mass spectroscopy and found that the main
chemical species was HCI.

Summarizing the above-mentioned experimental
data, we can derive the following conclusion. Since
the intensities of the C-2 and Cl-2 components
decrease in parallel to each other, they are likely to be
associated with the same origin. The Cl 2psp
binding energy of the Cl-2 component, 200 eV, is the
value that is usually found for a Cl atom forming
C-Cl bond, and the C 1s binding energy of the C-2
component is the one that is expected for a C atom of
C-Cl bond.?® Thus the C-2 and Cl-2 components are
likely to be associated with the C-Cl bond which has
been formed as a result of the chlorination of
polyacetylene chain. At present, we do not know
about the mechamism of the chlorination taking
place in the process of a heavy FeCls doping.
Possibly, when a polyacetylene film already saturated
with [FeCls]- with apparent dopant content above
10 mol%, is further kept in a nitromethane solution
of a high FeCls concentration, the chlorination of
polyacetylene chain takes place in some way within
the doped region and the Fe containing species of the
reaction products escapes from the polyacetylene film
into the solution. Thus the weight increase in this
process is not due to an increase of [FeCls]- content,
but is mainly due to chlorination. This explains the
reason why the magnitude of Fe K-edge jump is
markedly smaller than what is expected from the
apparent dopant content, and why the electrical conduc-
tivity decreases on a heavy doping.

The above-described phenomenon is similar in
some respects to the one found for a heavy doping
with bromine.?®? In this case, the addition of
bromine to polyacetylene chain significantly takes
place, resulting in an abrupt decrease of electrical
conductivity. It is also known that HBr comes out
from such a heavily Br-doped film when kept in
vacuo.

Finally we wish to point out that, in the case of
Sample B whose dopant content is just around
10 mol%, the shape of the Cl 2p spectrum is a little
different from what is expected for [FeCls]-. There
seems to be a contribution of the component
corresponding to Cl-2. In other words, the
chlorination is likely to take place to a small extent
even in a relatively-light FeCls doping.
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