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The optical properties of segmented trans-(CH), and trans-(CD), are presented. It is shown from
the resonance-Raman-scattering data that a clustering of sp> defects occurs upon the introduction
of deuterium atoms in trans-(CH), and hydrogen atoms in trans-(CD),. In view of this effect, the
segmented polyacetylene sample still contains long conjugated segments whose electronic properties
can account for the almost unchanged optical-band-gap values. The doping-induced infrared bands
in different segmented samples are interpreted by considering the perturbation of the dopant on the
lattice dynamics of long segments. Also, the dc-conductivity results are discussed in terms of the
presence of clusters of sp> defects, which can limit both interchain and intrachain transport process-

€s.

I. INTRODUCTION

At the present time, there are a number of methods of
producing polyacetylene, (CH),, samples which can be
doped to give high electrical conductivity. These include
the original method of Shirakawa and Ikeda (SD),! the
procedures to obtain either Durham? or Assoreni® orient-
ed samples of Edwards, Feast, and Bott?> (EFB) at Dur-
ham or of Lugli, Pedretti, and Perego® (LPP) at Assoreni,
the method* used by Naarman and Theophilou (NT) and
most recently the one developed by Tsukamoto, Takaha-
chi, and Kawasaki (TTK).?> The maximum conductivity
which can be achieved by doping varies substantially
among these preparation methods, with both NT and
TTK samples showing the highest value (10° S/cm).
Several factors have been identified as leading to high
conductivity: (a) a very low concentration of sp* defects,
defects that would break the conjugation of the polymer,
(b) a high degree of orientation of the chains, (c) a bulk
density and morphology which allow a high doping level,
(d) the absence of disorder in the samples and (e) a high
molecular weight for the polymeric chain.

As previously mentioned,® since the conductivity in
(CH), is controlled by both intermolecular and in-
tramolecular transport processes, it is clear that a small
concentration of sp3-type defects associated with a high
degree of chain orientation will affect both mechanisms in
a positive way leading to a high bulk conductivity”®
[points (a) and (b)]. Also, the bulk density [point (c)],
which is related to the synthesis procedure, seems to be a
relevant factor in achieving a high conductivity since in
EFB-type’ or LPP-type oriented samples,” only a low
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doping level is obtained. On the contrary, samples
prepared in a different way*> can be doped to a high level
comparable to that obtained for SI-type! polymer films.
These factors must be taken into account together. As a
matter of fact, although the different segments in the con-
jugated chain in (CH), may be highly conducting, if the
activation energy for the transport of charge carriers
from one-chain to another is high, the macroscopic con-
ductivity is expected to be low. Moreover, extended con-
jugation is not always necessary for conductivity. For ex-
ample, a chain of eight (C{H,)N units exhibits a conduc-
tivity of 1 S/cm upon protonic acid doping, '° comparable
to the conductivity of polyaniline.!! Here, although the
segment conjugation length is short, a good conductivity
is obtained. A low-activation-energy interchain process
must therefore exist in order to produce the observed
bulk conductivity.

Furthermore, iodine doping of different molecular
weight (CH), samples ranging from 500 to 10° daltons
(Ref. 12) show no significant increase in conductivity with
increasing molecular weight. In fact, the dc conductivity
is on the order of 10> S/cm for all the different samples.
Nevertheless, the analysis of the resonance-Raman-
scattering (RRS) spectra of different pristine polymers
leads to the conclusion that a significant increase in the
concentration of long conjugated segments with respect
to the short ones is observed as a function of molecular
weight.!>'* Therefore, it appears that although a delo-
calized 7 system is necessary, long conjugated segments
are not necessarily needed and they are not alone respon-
sible for bulk electronic conductivity.

A model relationship has been derived'>!® between
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average conjugation length and conductivity, assuming
that the individual segments are metallic strands with
free electrons. The results of these model calculations
agree with some of the experimental data for doped
(CHD,), polymers, though the absence of Pauli suscepti-
bility in these samples!’ indicates that the doped seg-
ments within the polymer fibrils are not simple metals.

The relationship between the conductivity of polyace-
tylene and the conjugation length was studied experimen-
tally by Soga and Nakamaru.!® In their study, partially
hydrogenated polyacetylene films (CH,,,), were doped
with iodine from the vapor phase. However, this method
of doping is known to result in inhomogeneous doping. '
Thus, the results—which show that the electrical con-
ductivity depends on the average conjugation length /,
where / =1/y, when the film is doped—are not complete-
ly reliable. In addition, since it is known that the pristine
polymer is a rather inhomogeneous material with respect
to the conjugation length, it appears difficult to relate in a
simple way the experimental values of the conductivity
after doping with an average conjugation length.

In order to obtain information on the effects due to the
presence of sp>-type defects on the polymeric chain,
many groups have studied the conductivity, the optical
properties, and the electrochemical properties of “seg-
mented” trans-polyacetylene samples.!”2°~2% Such sam-
ples have been called “segmented” from the idea that an
sp? defect provides an essentially complete interruption
of the conjugation length. ?*

A series of studies? of “segmented” (CH), doped with
the usual oxidizing agents such as AsF; or I,, shows that
conductivities of 1 S/cm can be obtained for samples of
(CHDy 14),, when doped to a maximum level, suggesting
relatively strong intrachain and/or interchain transport
processes. A stronger temperature dependence of the
conductivity was observed in the “segmented” samples as
compared to trans-(CH), doped to the same level.?? This
observation supports the viewpoint that in the “segment-
ed” samples, the charges in the polymeric chain are more
localized due to the insertion of the sp* units.

In this paper we present an extensive study of the opti-
cal properties of the (CH), and (CD), films segmented by
the introduction of the sp> defects in a controlled way
through the insertion of deuterium and of hydrogen
atoms, respectively, in the samples. The concentration of
these defects ranges from 0.0 to 0.3 in (CH), and from
0.0 to 0.27 in (CD),. The purpose of this work is to
study how the optical properties are changed by sp? de-
fects. The present study provides information on the way
the sp3 defects are distributed along the chains from the
following: the change in the band gap, the broadening,
and the shift of the uv-visible absorption bands, and the
broadening and shift of the resonant Raman bands with
respect to the pristine polymer. Also, the modifications
which occur upon doping on the infrared absorption of
samples with various sp> defect concentrations can give
additional information on this matter.

The synthesis and the preparation of the segmented
(CH), and (CD), are reported in Sec. II. In Sec. III the
optical properties of such samples are described, i.e., the
uv-visible absorption, the infrared absorption together
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with the experimental and theoretical analysis of the
resonant-Raman-scattering data. Also, infrared and
near-infrared spectra of the iodine-doped segments sam-
ples are given. In Sec. IV the discussion and the con-
clusion are given.

II. SYNTHESIS AND PREPARATION

All (CH), or (CD), films used in the present study
were prepared from the cis isomer synthesized at —78 °C
following the SI procedure.! Thermal treatment at
=~160°C for 1 h was performed to achieve the complete
isomerization to the trans form.

The general method of preparation of trans-(CHD,, ),
or trans-(CDH,,), has been described elsewhere.?""?> We
recall here that the procedure is based on the method of
Pron?’ and Kletter.® They showed, in particular, that
samples of (CH),,, upon heavy n-type doping with sodium
naphthalide/tetrahydrofuran (THF) solutions, result in
metallic n-type doped films of composition (CHNa,),.
Subsequent exposure of these films to CH;OH, CH;0D,
H,0, or D,O resulted in hydrogenation and deuteration,
respectively. Soga et al.'® have shown similar results
upon heavy doping of polyacetylene with potassium
naphthalide/THF solutions, followed by a treatment of
the potassium-doped films with methanol or deuterated
methanol.

The conversion of (CH), to (CHD, ), is achieved via
reaction (1) which is carried out in THF solution:

(CH), +xyNa " (C;oHg) ™ —[Na, "(CH) ~ ], +xyC,,Hj; .
(1

The [Nay+(CH P 7], film, after washing with THF, is
permitted to react with CH,;0D, viz.,

[Na, *(CH) ~ ], +xyCH;0D —[CHD], +xyCH;ONa .
@)

A very accurate measurement of the value of y may be
made by titration of the methanol solution resulting from
the reaction shown in Eq. (2) with HCl. The same pro-
cedure can be used for synthesizing (CDH, ), by using
(CD), instead of (CH), in the above reactions. This
method produces films with y=15%. Films with a
higher level of partial deuteration (y =0.30) and hydro-
genation (y =0.27), respectively, were prepared by re-
peating the procedure using (CHD,), or (CDH,), in-
stead of (CH),.. In this way, hydrogen or deuterium is in-
corporated in the samples and sp3-hybridized defects are
thereby introduced in a controlled manner.

This type of defect is expected to break the conjugation
significantly leading to ‘“segmented” polyacetylene sam-
ples. Specific properties such as electronic optical ab-
sorption, vibrational infrared absorption, RRS and EPR
can be studied as a function of the sp? defects concentra-
tion in undoped samples such as those synthesized above
or after doping them with iodine, AsFs or HCIO, (Refs.
20 and 22).
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III. OPTICAL PROPERTIES

A. uv-visible absorption

The optical measurements were made either as
transmission or reflection, depending on whether the
samples were transparent or not. For the sample
thicknesses used (=50 um) and doping levels achieved
(<2%), we were able to make transmission measure-
ments below about 3000 cm ™!, but were only able to
make reflection measurements at higher frequencies. The
transmittance T was analyzed to give the absorption
coefficient, defined as a=(1/d)InT, where d is the thick-
ness of the (CH), film. The reflectance was analyzed by
the Kramers-Kronig methods to give the phase shift on
reflection, after which the optical constants were calcu-
lated. The absorption coefficient is then a=2(w/c)k,
where « is the imaginary part of the complex refractive
index and o the frequency. On account of inhomogeni-
ties and rough surfaces, it is expected that the transmis-
sion is the quantitatively more accurate method.

The optical-absorption spectra of trans-(CH), and
trans-(CHD, 4), recorded at room temperature”® are
presented in Fig. 1. The maximum absorption which
occurs at =2 eV in trans-(CH), is slightly shifted to
higher energies (=2.2 eV) for trans-(CHD, 4),. Also,

Absorbance (arb.units)

(b)

| L 1 1 1 L L 1
06 10 14 18 22 26 30 34
energy (eV)

FIG. 1. Optical absorption of a thin film of (a) trans-(CH),;
(b) trans-(CHDg_ 1) .

the Kramers-Kronig analysis of reflectance spectra of
(CHD, ),, with y ranging from 0.0 to 0.16 showed a simi-
lar shift in the absorption peak, along with an overall
reduction of the intensity in the visible region. %2

B. Infrared spectra

Infrared spectra of segmented trans-(CH), and trans-
(CD), are shown in Fig. 2 together with those of the pris-
tine polymer for comparison. The spectra of trans-
(CHD, 16), and trans-(CHD, ;;), strongly resembles that
of trans-(CH), whose main bands have been assigned pre-
viously.! The two main differences are the two bands at
2905 and 2148 cm ™!, which are due to C—H and C—D
stretching vibrations, respectively, of sp> hydridized car-
bon. The intensity of these two modes increases gradual-
ly with increasing values of y. This result confirms the
composition of the deuterated and hydrogenated poly-
mers. The absence of absorbance around 1400 and 850
cm ™!, where the doping-induced bands in trans-(CH,)
occur, indicate that the r-type dopant was removed in
treatment with the alcohol during the synthesis of trans-
(CHD, ), and (CDH,),.

The spectra of (CDH, ;5), and (CDH,,;), are also
very similar to that of trans-(CD), for which the band as-
signments have been published.! Again, new stretching
modes from sp-hybridized carbons are observed at 2899
and 2152 cm ™~ ! whose intensity increases with increasing
values of y.
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FIG. 2. Fourier-transform infrared spectra of (a) trans-
(CH),; (b) trans-(CHDy 4),; (c) trans-(CHDy 3),; (d) trans-
(CD)y; (e) trans-(CDHy ;5),; () trans-(CDH, 55),.
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C. Resonance Raman-scattering spectra

1. Experimental

RRS spectra of trans-(CHD,, ), for y =0.0, 0.069, 0.11,
and 0.16 have been reported previously?”?® for the two
excitation wavelengths A; =676.4 and 457.9 nm. Here in
Fig. 3 we show additional RRS spectra for segmented
samples with y =0.16 and 0.28, with excitation at
A; =647.1457.9, and 351.1 nm.

In Fig. 4 we present the spectra of segmented trans-
(CDH,), for y=0.27 for A, =676.4, 600, 514.5, and
351.1 nm. Here, we show only RRS spectra of a particu-
lar sample since the comparison between spectra of
(CDH, ), films for different y values have already been
presented.

Let us notice that in both cases, going from y =0.0
0.16 (in CHD,), or to 0.15 (in CDH,),, some
modifications in the band shapes and peak positions
occur. From the analysis of the spectra, which is report-
ed below, it is shown that these changes are well ex-
plained in terms of a shortening of the length of the con-
jugated segments. On the other hand, as already men-
tioned,?”?® almost no differences are seen in the RRS
spectra going from y =0.16 to 0.28 and from y =0.15 to
0.27, respectively, for all the laser wavelengths. This be-
havior was also reported by Furukawa et al.?° in hydro-
genated (CH), samples. These results suggest that no
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FIG. 3. Raman spectra at T=300 K of (CHDy ()., (a)
AL =647.1 nm; (b) A,=457.9 nm; (c) A, =351.1 nm;
(CHDy 35),, (d) Ay, =647.1 nm; (e) A, =457.9 nm; (f) A, =351.1
nm.
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further shortening has occurred after achievement of the
higher sp? defect concentration (0.28 and 0.27, respec-
tively). We note in addition that the first chemical treat-
ment (n-type doping and compensation) leads to a max-
imum y ~0.16 and a second complete identical treatment
is needed to obtain the y =~0.27-0.28 sample as men-
tioned above. Furthermore, in the segmented polyace-
tylene samples, slight differences in the band profiles of
the RRS spectra were observed after aging (1 or 2
months) as determined by repeating RRS experiments.

2. Theoretical analysis

The different features of the Raman spectra given
above can be analyzed and interpreted in terms of the
model presented in detail.>*3! We recall here that the
Raman band shapes are evaluated in that model by con-
sidering the electronic transitions and the Raman-active
vibrational frequencies and the related couplings in the
electronic excited states between the electrons and the vi-
brations of the conjugated segments of different length.
All the different contributions in the Raman-scattering
cross sections are weighted by using a bimodal distribu-
tion of conjugated segments. Following this model, it
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FIG. 4. Raman spectra of (CDH,,;), at 7=300 K; (a)
AL =676 nm; (b) A, =600 nm; (c) A, =514.5 nm; (d) A, =351.1
nm.
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TABLE 1. Parameters of the two distributions for the RRS
spectra of (CHD, ),.

Sample N, N, o, o, G
(CH), 60 20 30 7 0.55
(CHDy 960)x 40 15 20 7 0.5
(CHDy ;1) 40 15 20 7 0.4
(CHDy 17), 30 10 15 5 0.4

was shown that the quality of the sample, in terms of the
percentage of long conjugated segments with respect to
that of the short ones, can be determined.*? As an exam-
ple, a Shirakawa-type sample of good quality is described
with the bimodal distribution centered on segments of
100 double bonds (N) with a weight G =0.75 with respect
to the short ones whose distribution is centered on
N =15 with a relative weight of 0.25. A little higher
value for the long segment distribution (G =0.8) is found
when the Raman-scattering bands are analyzed for the
high molecular weight samples. !> !3

The (CHD, ), RRS spectra are interpreted by the bi-
modal distribution model presented before and related
parameters are collected in Table I. In Table II the pa-
rameters obtained from the analysis of the RRS spectra
for the freshly prepared (CDH,), samples (A4) are given
together with those of the two-month-old samples (B).
Note that the RRS spectra given in Fig. 4 have been
recorded from the two-month old samples. From Tables
I and II, we notice that by the addition of hydrogen or
deuterium atoms, a significant decrease in the conjugated
length of the segments is observed. This effect can be de-
duced from the downwards shift of the peaks of the two
distributions. In addition, the G coefficient, which
weights the long segment distribution with respect to the
short segment one, decreases as the concentration of the
sp3 defects increases. Note that the long segment distri-
bution has still a relatively large weight although the con-
centration y is rather high for (CHD, ;), and
(CDH, ,;7),. These calculations, which give evidence for
the predominance of short segments in the film with a
high concentration of additional sp> (CDH) units, are in
agreement with the optical-absorption spectra which
show peaks shifted to the violet as previously report-
ed?®? and in Fig. 1. It is worthwhile noting that by ag-
ing in a sealed evacuated sample tube, further
modifications have been observed in the RRS spectra.

TABLE II. Parameters of the two distributions for the RRS
spectra of (CDH,),..

Sample N, N, oy o, G
A (CD), 35 17 15 5 0.45
(CDHy ;5), 30 10 15 5 0.42
(CDHg ;) 30 7 15 3 0.40
B (CD), 50 17 20 5 0.45
(CDHg ;5), 40 10 15 5 0.45
(CDHg ,7), 40 10 15 5 0.40
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These parameters are also shown in Table II. In particu-
lar, slightly longer segments are present in samples B and
the parameters related to these samples do not change by
increasing the y concentration from 0.15 to 0.27, contrary
to what is found in samples A.

D. INFRARED SPECTRA OF DOPED SEGMENTED
SAMPLES

1. Experimental

In Fig. 5 we show the infrared spectra of [CHD,(I5), ],
and [CDH,(I;),], respectively for y =0.15-0.16. The
doping concentration z was determined to be 0.007 for
segmented (CH), and 0.0256 for segmented (CD),. In
the figure, we show for comparison ir spectra of undoped
samples. The doping-induced bands in segmented (CH),
[Fig. 5(a)] appear at 880, 1290, and 1400 cm ! while in
segmented (CD),, they peak at 740 and 1140 cm ! [Fig.
5(b)] respectively. In segmented (CD),, an additional
band reported before3* at 1240 cm ™! is not resolved in
this spectrum. We note that all other features in the
spectra are rather similar to those reported in the litera-
ture**3 for ordinary doped trans-polyacetylene. This is
an indication that the frequencies of the doping induced

CHD,
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FIG. 5. Infrared spectra of doped segmented samples: (a)
[CHD 16(13),], for z=0.0( ) and z=0.007(— — —); (b)
[CDHy,5(13), ], for z=0.0( )and z =0.0256(— — —).
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ir modes are very little changed in doped segmented sam-
ples compared with pristine films. In contrast, the inten-
sities of all the bands are decreased as reported®® in the
case of doped segmented (CH), compared with the pris-
tine polymer doped to the same level. A similar behavior
is observed in doped segmented (CD), as illustrated in
Fig. 6 in which we show the integrated oscillator strength
of the 1140-cm ! band in different samples as a function
of the dopant concentration. It should be noted that this
effect is dependent upon the sp3 concentration level, y, as
shown by the further intensity decrease observed in
(CDH,, ,;), compared with (CDH, ;5),. This point will
be discussed later, since from the RRS spectra, no
significant difference has been recorded for the two sam-
ples mentioned above.

2. Theoretical interpretation

The doping-induced infrared bands whose peak posi-
tions are reported above can be explained by following
the perturbed Green-function method applied to the
trans-polyacetylene as previously reported.>®3’ From the
values of the frequencies of the band peaks which do not
change in the different segmented samples (y ranging
from 0.0 to 0.16 having the same z dopant concentration
value), it appears that mainly the long and intermediate
segments are more easily doped. Then the doping-
induced modes are due to the perturbation induced by
the dopant on the lattice dynamics of these kind of seg-
ments, just as in the case of ordinary (CH),. Short seg-
ments, whose concentration is increased at larger y
values, do not appear to contribute to the position of the
peaks of the doping induced bands in this particular case.
This result is different from that reported previously*
where a shift of the peaks of the doping-induced bands
towards higher frequencies is observed as function of the
content of short segments within the samples. Thus, it

[CDHy (13),]

z (%)

FIG. 6. Integrated oscillator strength of the 1140 cm ™' band
in [CDH, (I3),], for y =0.0(X);y =0.15(@);y =0.27(A) as a
function of the dopant concentration.
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appears that the short segments in the segmented po-
lyacetylene samples are too short to permit good charge
delocalization and to accommodate dopants. We recall
that from the Raman data analysis of the segmented sam-
ples reported in Table I and II, the short segment distri-
bution is centered on N =10.

Taking into account the lattice dynamics of long seg-
ments, the different frequencies of the band peaks can be
found at 850, 1280, and 1400 cm ™! for a change of the
force constant A=~30X10° cm™? in trans-(CHD, ), for
y=0.16 and at 700, 1140, and 1240 cm~ ! in trans-
(CDH,), for y =0.15, with the same value of A. The
contribution of the intermediate segments (N ranging
from 25 to 15) can introduce a shift in the position of
these peaks towards higher frequencies.

E. Near-infrared spectra of doped segmented samples

We show in Fig. 7 the near-infrared absorption spectra,
determined by the Kramers-Kronig analysis of
reflectance, of doped segmented (CH), and (CD),. In
Fig. 7(a), spectra of [CHD, 4(13),], are shown for two
different z values as indicated. Notice that the intensity
of the midgap band (=~6000 cm ') increases with the z
value, while that of the main band in the visible region
decreases. Also, a shift of the peak of this latter band to-
wards higher frequencies is observed with increasing z
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~ 72N
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FIG. 7. Near-infrared spectra of doped segmented polyace-

tylene: (a) [CHD, 4(13),],, z=0.005( —-—-); z=0.016( —— );
z=0.023(— — —); (b) [CDH,(I5), ], y =0.15,
z=0.000( —-—-); y =0.15, z=0.037( ); y =0.27,
z=0.033(— — —)
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values. Similar behavior is observed for [CDH,(I;),],.
In addition, as shown in Fig. 7(b), for doped segmented
(CD),, the features of the spectra of the samples, with
y =0.15 and 0.27 and almost the same z value, do not
change as function of the sp® concentration level, the
only difference being the intensity of the bands which de-
creases with increasing y values. This is an important
point to be discussed later since, as noticed before, the
RRS spectra of the undoped samples with the above re-
ported sp® concentration levels do not show significant
differences.

IV. DISCUSSION AND CONCLUSION

In this paper we have reported experimental optical
data of segmented trans-polyacetylene, (CHD,), and
(CDH,),, together with the theoretical interpretation of
the Raman data and the doping-induced infrared bands.

In principle, deuteration or hydrogenation of polyace-
tylene might be expected to result in the controlled in-
crease in the band gap of the polymer. However, the re-
sults show that the optical absorption band gap is not
significantly modified even for sp* concentration level y
as high as 0.3.

Another important point in this study was to investi-
gate the relationship between conjugation length and
conductivity after doping, and, in particular, the role of
the presence of sp* defects in changing the interchain and
intrachain transport processes of the charge carriers.
The measurements reported previously?? show that by
doping either with HCIO, or with AsF; (10%) (vapor
phase), the dc conductivity values are for y =0.0 approx-
imately 250-400 S/cm, while for y =0.30 of the order of
1072 S/cm. It is observed that a real decrease in conduc-
tivity occurs by increasing the concentration of sp> de-
fects in the samples. On the other hand, if one considers
the length of the conjugation segments, as derived from
an homogeneous distribution of defects, !® the dc conduc-
tivity values cannot be accounted for. These two points,
i.e., the results of the optical band gap and the dc con-
ductivity, can be somewhat clarified by considering the
results of analysis of the RRS spectra of segmented
(CH), and (CD),. They suggest (see Sec. III) that a clus-
tering of sp* defects occurs during the segmentation pro-
cess. As previously proposed,?’ a bimodal distribution of
conjugation segments is considered in the calculation in
order to account for the evolution of the Raman spectra
of samples with different concentration of sp* defects. As
a consequence, long segments are still present in the sam-
ple, even at high sp? defects concentration, together with
conjugated segments whose length has been shortened
compared with that in the pristine polymer. The effect of
clustering which was proposed first for segmented (CH),
(Ref. 27) has been confirmed in segmented (CD), (Ref.
28). A strong support to these results has been given by
the calculations previously reported®®* where a bimodal
distribution of conjugated segments is also proposed in
order to account for the clustering effect.

In view of the above-reported results, it is possible to
explain the experimental data on the band gap of po-
lyacetylene samples with different sp® concentrations.
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Since long segments still exist for all the y concentration
levels considered, the band gap is not expected to change
compared with the value in pristine films.

Moreover, following the analysis of the Raman data, it
is possible to explain the shift of the absorption optical
band peak towards higher energies and the intensity de-
crease of the overall band as a function of sp® concentra-
tion. In fact, the increase of the number of short seg-
ments with respect to that of the long ones in the
different samples account for both effects, since electronic
transitions of the short segments occur at higher energies
and the related transition dipole moments decrease as al-
ready shown.*® Again these results on the length of con-
jugated segments are important to explain the dc conduc-
tivity values, which are not negligible (1072 S/cm) in
doped samples with a concentration of sp3 defects as high
as 30%. A careful analysis of the results of the dc con-
ductivity of the doped segmented samples reveals that the
dc conductivity decreases by increasing the concentration
of sp3 defects in the samples.*?? Thus, although the ad-
dition of sp* defects, which seems to form clusters on the
chain, does not change the Raman band shapes when y
varies from 0.16 to 0.30 (see Sec. III), the conductivity is
affected dramatically.

Furthermore, as we have discussed before,® these re-
sults offer a further indication that the length of the con-
jugated segments in the polymeric chains, together with
the nature of the defects which limits this length, seem to
play an important role in the intrachain and interchain
carrier mobility. Then, these data seem to indicate that
sp* defects tend to limit the interchain and intrachain
transport processes and that the clustering of these type
of defects is even more efficient in inhibiting these pro-
cesses.

It should be noted that the maximum concentration of
iodine dopant which can be introduced in the segmented
samples is 3%, which is only one-half of the usual dopant
concentration in pristine samples.

Moreover, the intensity of the infrared bands in the
segmented samples decreases with increasing y values, as
indicated”® and also reported in Sec. IIID while their
peak position and their band shapes are almost un-
changed. Also, with increasing y values, the near-
infrared optical bands in the doped segmented samples
display a decreasing intensity (see Sec. III E). It has been
shown? that, if two I,” ions have to be accommodated
on the conjugated segments (even number of sites), a
minimum distance of 20-25 sites between sp*® defects
should be required to generate such a pair. This would
be a possible explanation for the fact that the maximum
iodine doping concentration allowed in the sample is only
3%. In fact, from the Raman data analysis (Sec. II1 C),
we found that the short segment distribution is centered
at N=10 (i.e., 20 sites) for y =0.17 and 0.30. The capa-
bility of doping the conjugated segments in such samples
decreases since on one hand, the short segments are too
short to accommodate two I~ ions and on the other
hand, the concentration of long and intermediate seg-
ments decreases with increasing y value. This interpreta-
tion is further corroborated by the decrease of the inten-
sities of the ir and near-ir bands without any shift of their
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peak positions (see also Sec. III D).

Finally, it should be noted that all the data recorded
from doped films are obtained in segmented samples
doped in vapor phase. It is well known?? that this type of
procedure leads to a very inhomogeneous doping of the
polymer. This can be an additional factor responsible for
the decrease of the intensities of both ir and near-ir
bands. In addition, the systems doped in such a way are
disordered and it may be rather unreliable to compare ex-
perimental data obtained for the same z dopant concen-
tration from different segmented samples.

The optical results are in agreement with conclusions
obtained from electrochemical n-type doping studies of
segmented polyacetylene (CHD,), (Ref. 21). Since the
injection potentials for n-type doping of trans-(CH), and
trans-(CHD, 5), were found to be essentially identical, it
was concluded that long conjugated segments, which are
doped preferentially, are present in both (CH), and
(CHDy ;5),. Changes in open circuit potential, ¥, as a
function of time for trans-(CH), and trans-(CHD,, ;5), in-
dicated that the diffusion is significantly slower in trans-
(CHDy 5), than in (CH),, indicating that the negative
charge is more localized, due to the sp>-hybridized de-
fects.

The clustering of sp>-hybridized defects has also been
alluded to in order to explain the two orders-of-
magnitude reduction in the intrachain diffusion of soli-
tons in trans-(CHD, ;5), as determined by EPR and
NMR studies.?* The intrachain diffusion rate is reported
to be larger than the interchain diffusion rate in trans-
(CHDg ;5),, suggesting that three-dimensional behavior
becomes increasingly important in segmented polyace-
tylene.

G. A. ARBUCKLE et al. 43

In conclusion, the results of the present study are con-
sistent with the above observations. In particular, we
have shown that, upon introducing sp> defects in rrans-
(CH), or trans-(CD), polymer films, a clustering of de-
fects occurs as evidenced from the Raman data analysis.
This agrees well with the almost unchanged band gap in
different segmented samples. Also, the clustering ex-
plains the nonnegligible dc conductivity in doped samples
with high sp?® defects concentration and it is responsible
for the decreasing values of the inter and intrachain
transport processes of the change carriers in the samples
with increasing y values. This is an important result in
order to give some enlights on which parameters are im-
portant to be controlled in obtaining high-conductivity
(CH), samples.
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