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Spectroscopic properties of polyacetylene segments in copolymers
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In this paper we present an extensive study of the optical properties of polyacetylene@(CH)x and (CD)x#
segments in copolymers by means of several spectroscopic techniques. They include UV-visible absorption,
resonant Raman scattering, and photoinduced infrared absorption. A large variety of samples in either diblock
or triblock copolymers, in general in the solid state, but also, in one particular case, in solution, are investi-
gated. We show that the optical properties of these copolymers are strongly dependent on the distribution of
conjugation lengths of segments in the different samples. A consistent model based on the vibrational and
electronic properties of the polyacetylene conjugated segments and on a bimodal distribution is used to
reproduce the band shapes observed in the UV-visible absorption, resonance Raman scattering, and photoin-
duced infrared-absorption spectra. The calculated structured shapes of the bands, and in particular the features
in the low-frequency region of the photoinduced infrared absorption band in the different samples, are in very
good agreement with the experimental data.@S0163-1829~98!06324-3#
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I. INTRODUCTION

Conducting polymers have been extensively studied th
two last decades1 for both fundamental research and tech
cal application purposes. In this respect, the optical prop
ties of such compounds have played an important role in
design of materials for application in different domains
cluding electronics, nonlinear optics, and photonics.2 A ma-
jor requirement for these applications is the processing of
materials which is in general achieved by using adequ
methods of synthesis. One of the specific routes to the pr
ration of conjugated polymers, which involves a precur
polymer step,3,4 has proved to be rather powerful to obta
samples of easier processing and higher purity in compar
with those obtained by standard methods. This kind of p
cedure has been used to prepare, for example, highly
ented polyacetylene4 and also copolymers containing poly
acetylene segments.5 As a matter of fact, the use of polyme
based composites, blends, or copolymers has attra
increased interest from the scientific community by comb
ing the electronic properties of conjugated polymers to th
of host matrices. In particular, mechanical properties, tra
parency in the visible range, or the fact of being soluble
common solvents have been widely exploited to process
terial with usable technical applications. In this conte
diblock or triblock copolymers have been synthesized, m
of polyacetylene (CH)x and polynorbornene~PN! or polysty-
rene~PS! segments. These saturated polymers do not inte
with the conjugated segments of (CH)x whose electronic and
optical properties are not modified. Consequently, (CHx
conjugated segments can be studied in a rather diluted f
with a controlled length.

In this paper, we present the optical properties of the
polymers polyacetylene (CH)x-polynorbornene4 @referred to
570163-1829/98/57~24!/15328~9!/$15.00
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in the following as (CH)x-PN#, and polyacetylene
(CH)x-polystyrene6 @referred to in the following as
(CH)x-PS# studied by means of UV-visible absorption, res
nant Raman-scattering~RRS!, and photoinduced infrared
absorption~PIA! spectroscopic techniques. Since the synt
sis of such copolymers leads to polyacetylene blocks wh
length can be controlled from short~;10N, whereN is the
number of double bonds! to long segments (.100N), the
optical properties can therefore be studied as a function
the length distribution of polyacetylene segments. In ad
tion, since the copolymers are soluble in common solve
the different spectroscopic properties of these materials
also be investigated in solution, and these data can be c
pared to those obtained in solid-state form. All experimen
data have been analyzed in the frame of a bimodal distr
tion model previously elaborated7 to interpret the optical
properties of polyacetylene, including optical-absorptio
RRS, and PIA spectra. This model, based on electronic st
and vibrational modes calculated for the conjugated s
ments of different length of (CH)x ~Ref. 7! uses the bimoda
Gaussian distribution introduced in Ref. 7 in order to weig
the various contributions of the conjugated segments of
ferent lengths in the optical responses. A similar mo
based on finite (CH)x segments with various length, and als
using a bimodal distribution was introduced,8 to interpret Ra-
man data only. Our investigation includes, in addition, t
calculations of optical and PIA band shapes. This analysi
of prior importance to understand better the electronic a
vibrational properties of polyacetylene in terms of conjug
tion lengths and their distributions in the samples. In parti
lar, this study provides a significant test for the model int
duced for standard polyacetylene, since the copolym
investigated contain short conjugated segments in a c
trolled large concentration.
15 328 © 1998 The American Physical Society
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In Sec. II, we report the synthesis of tribloc
(CH)x-PN-~CH!x , diblock (CH)x-PN, and (CH)x-PS co-
polymers. In Sec. III, we show the experimental spectra
RRS, UV-visible optical absorption, and PIA of the copol
mers listed above. In Sec. IV, the theoretical model and
culated shapes of the bands in RRS, optical-absorption,
PIA spectra of the different samples are presented. Dis
sions and conclusions are given in Sec. V.

II. SYNTHESIS

Triblock copolymers (CH)x-PN-~CH!x and diblock co-
polymers (CH)x-PN were prepared according to a precurs
route method as described in Refs. 5 and 9, using eith
trifunctional or monofunctional metathesis catalyst. The p
cedure needs the preparation of a precursor polymer of p
acetylene which polymerizes via a ring opening metathe
polymerization, using W or Mo-carbene complexes as ini
tors starting from the 7,8-bis ~trifluoromethyl! tricyclo @4, 2,
2, 02,5#-deca-3,7,9-triene as the monomer. A solution of n
bornene~bicyclo @2.2.1#hept-2-ene! is added in order to ob
tain the polynorbornene blocks whose degree of polymer
tion m ranges from 400 to 500, corresponding to an aver
molecular weight of'40 000. The catalyst-to-monomer ra
tio can be adjusted to prepare various lengths of the pre
sor of polyacetylene, controlled by size exclusion chrom
tography. Typical thermal treatment at 140 °C for 40 m
under a high dynamic vacuum converts the precursor u
into polyacetylene segments. The precursor copolymers
soluble in common solvents like chlorobenzene, toluene
dichloromethane, which allows one to prepare films on s
cific substrates for spectroscopic measurements of f
standing cast films. In the case of the diblock copolym
(CH)x-PS, a different method was used, starting from
monomer PVS~phenyl vinylsulfoxide!. The procedure con
sists of inducing the polymerization using a polystyrene c
banion. A thermal treatment then transforms the PVS i
polyacetylene, leading to (CH)x-PS diblock copolymers. De
tails of the synthesis can be found in Refs. 6 and 10.

III. EXPERIMENTAL RESULTS

A. UV-visible absorption

In this subsection, we describe the experimental U
visible absorption features of the different kinds of copo
mers investigated in this paper. They consist of triblock a
diblock polyacetylene-polynorbornene (CH)x-PN-~CH!x and
(CH)x-PN, diblock polyacetylene-polystyrene (CH)x-PS,
and deuterated polyacetylene-polynorbornene (CD)x-PN. In
these various samples, the conjugated polyacetylene
ments are of different lengths. This can be qualitativ
achieved by using the synthesis methods described in Se
The main purpose of this study is to investigate the chan
in the features of the absorption spectra of the differ
samples compared to those reported for standard polyac
lene.

In Fig. 1, we show the absorption curves corresponding
the different samples as indicated. In Fig. 1~a!, we present
experimental results for the triblock copolym
~CH!88-PN-~CH!88. The absorption maximum is peaked
2.5 eV, and the overall shape is slightly different from th
f
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observed in standard trans-(CH)x as shown in Fig. 2 of Ref.
11. Notice that other triblock copolymers of this type ha
shown very close experimental features.12 Conversely, the
diblock copolymers (CH)x-PN can be synthesized with
much better control on the length of the (CH)x conjugated
segments. This fact, on the one hand, allows one to ach
much shorter conjugated sequences, and, on the other h
their distribution is much narrower than in the case of t
block copolymers. This is illustrated by the absorpti
curves shown in Fig. 1~b! for 40Nav ~from now on, the values
of N as deduced experimentally, e.g., from size exclus
chromatography, must be considered as average valuesNav!
and 10Nav, respectively~see also Ref. 13, and referenc
therein!. Note that the values ofNav have been deduced from
size exclusion chromatography measurements which de
mine the approximate value of the molecular weight for t
precursor polymer. They only provide an indication of t
average valuesNav for the whole chain, irrespective of con
jugation interruptions. Note also that the absorption for
copolymer with 40Nav sequences is rather similar in shape
that of the triblock copolymer shown in Fig. 1~a!, although
slightly shifted in energy. Conversely, the absorption of t
sample with 10Nav sequences exhibits structures whose re
lution is different if the compound is in solution or in th
solid-state form. Let us mention that the average position
the maximum shifts from'2.5 eV in the case of the struc
tureless band of 40Nav compound to'3 eV in the 10Nav
case.

Figure 1~c! presents the absorption of (CH)x-PS obtained
according to the method described in Sec. II. The maxim
of the absorption is observed at.2.7 eV ~460 nm!. The av-
erage conjugation length has not been estimated from
synthesis in this case, but the shape and maximum pos
of the band indicate that short conjugated segments
present in the sample with a broad distribution.6 Finally, Fig.
1~d! exhibits the absorption curve of the (CD)x-PN diblock
copolymer. The maximum position is recorded at 2.42 e
shifted by comparison to the absorption of standard po
acetylene.

FIG. 1. Optical-absorption spectra of different types of copo
mers recorded at room temperature.~a! Triblock (CH)x-PN-~CH!x .
~b! Diblock (CH)x-PN: (u) thin film (Nav540); (i ) thin film
(Nav510); (l ) sample in solution (Nav510). ~c! Diblock
(CH)x-PS. ~d! Diblock (CD)x-PN in thin film.
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FIG. 2. RRS spectra of diblock copolymers recorded at room temperature for different excitation wavelengths. In~a!, ~b!, and~c!, RRS
spectra of (CH)x-PN (Nav.100) for lL5647.1, 457.9, and 351.1 nm, respectively. In~d!, ~e!, and~f!, RRS spectra of (CH)x-PS for the
samelL , respectively.
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B. Resonant Raman scattering

Resonant Raman spectra of triblock copolym
(CH)x-PN-~CH!x have been published previously in Refs.
and 14. It was reported that due to the small difference
the conjugation length of the (CH)x segments in the differen
samples studied, no significant change was observed in
RRS spectra. In addition, they were similar to the spectr
trans-(CH)x samples containing a significant amount of sh
segments.

In Fig. 2, we report the RRS spectra of two differe
diblock copolymers (CH)x-PN, where the average lengths
the (CH)x segments areNav5100 and 10, respectively, a
determined by molecular mass distribution of the precu
from size exclusion chromatography. Let us recall that o
cal and vibrational properties of (CH)x polymers are charac
teristic of noninterrupted conjugated segments, and there
provide a way to determine their length distribution. Als
the RRS spectra of (CH)x-PS are shown for comparison
the same Fig. 2.

In Figs. 2~a!, 2~b!, and 2~c! we present the RRS spectra
(CH)x-PN for Nav5100 for different excitation wavelength
ranging fromlL5647.1 to 351.1 nm. In Figs. 2~d!, 2~e!, and
2~f!, RRS spectra of (CH)x-PS are reported for the samelL .
In both cases, the main features of these spectra are b
Raman bands peaked at 1098 and 1476 cm21 for the red light
excitation ~647.1 nm!, shifted to 1144 and 1573 cm21, re-
spectively, for the near-UV excitation~351.1 nm!. These
spectra are rather similar to those reported in Refs. 11 an
for triblock copolymers (CH)x-PN-~CH!x . Notice that no
resolved two-band structure is observed for excitations in
violet and near-UV range~457 and 351.1 nm!, as reported in
the spectra of good trans-(CH)x ~see Refs. 15 and 16!. This
result is an indication of the relatively low weight of lon
segments, compared to the short ones, in the bimodal d
bution of conjugated lengths in the sample.7 Note that the
Raman spectra of (CH)x-PS are rather similar to these d
scribed above for (CH)x-PN with Nav5100. This indicates
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that the average values of the conjugation lengths of (Cx
segments are very close in both the samples. This doe
allow us to extrapolate the value ofNav in (CH)x-PS, since
the presence of defects may play an important role in
interruption of the conjugation length.

In Fig. 3, we report the RRS spectra of the diblock c
polymer (CH)x-PN with Nav510 in solid state form@Figs.
3~a!, 3~b!, and 3~c!#, and in solution of dicloromethane@Figs.
3~d!, 3~e!, and 3~f!# for the different excitation wavelength
Note that, in this latter case, we show only the bands in
frequency range 1400– 1600 cm21. These results have bee
taken from Ref. 17.

The most peculiar result in these spectra is the appear
of a well-resolved structure in the near-UV range excitat
in both solid state and solution@Figs. 3~c! and 3~f!#. This is
illustrated in particular by the peaks at 1529 and 1565 cm21

@Fig. 3~c!# and at 1536 and 1558 cm21 @Fig. 3~f!#. This well-
resolved structure is also observed forlL5457.9 nm from
the sample in solution@Fig. 3~e!#, but, unexpectedly, it dis
appears in the RRS spectrum from the sample in solid-s
form, for the samelL @Fig. 3~b!#. Conversely, the RRS ban
peaked at 1538 cm21 is rather narrow. For the excitation
the red range we observe, in both cases, downshifted w
and broad bands at 1476 and 1094 cm21 for the sample in
solid-state form@Fig. 3~a!#, and at 1505 cm21 for the sample
in solution @Fig. 3~d!#.

In Fig. 4, we show the RRS spectra of deutera
(CD)x-PN diblock copolymers recorded for different excit
tion wavelengths from the red to UV range. Notice that
purpose for investigating the (CD)x-PN copolymer was two
fold: ~i! to achieve the synthesis of (CD)x segments of con
trolled lengths as in (CH)x copolymer samples; and~ii ! to
achieve a synthesis of partially aligned (CD)x segments
Concerning point~i!, it is possible to infer from the figure
that the bands in these spectra show the same featur
observed above in diblock (CH)x-PN in solid-state form. In
fact the bands are much narrower, and their peak posit
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FIG. 3. RRS spectra recorded at room temperature of diblock (CH)x-PN copolymers. In~a!, ~b!, and~c!, RRS spectra of thin-film sample
(Nav510) for lL5647.1, 457.9, and 351.1 nm, respectively. In~d!, ~e!, and~f!, RRS spectra in solution of dichloromethane (Nav510) in
the range 1450– 1600 cm21 for lL5568.2, 457.9, and 406.7 nm, respectively.
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shift to higher frequencies with respect to those recorde
the spectra of standard trans-(CD)x . In particular from Figs.
4~a!–4~c!, one can observe that the frequency of the peak
the double bond stretching mode band increases f
1370 cm21 ~for lL5676.4 nm! to 1503 cm21 ~for lL
5363.8 nm!. This is a clear indication that very short conj
gated segments are present in the sample, much shorter
in standard (CD)x .15 Note also that, as found in standa
trans-(CD)x , the peak of the band of the single bond stretc
ing mode undergoes a much smaller shift when the excita
wavelength changes as indicated above, because the
quency of this mode is almost independent of the segm
length. In regards to point~ii !, although RRS experiment
performed in polarized light were unsuccessful due to s
age conditions in a vacuum tube, polarized IR-absorpt
measurements confirm the partial orientation of the (CDx
segments in the copolymer.

C. Photoinduced infrared-absorption spectra

Photoinduced infrared-absorption spectra of different
block copolymers (CH)x-PN-~CH!x have been already
published.18,19 They are shown again in Figs. 5~a! and 5~b!
for comparison with the PIA spectra of diblock copolyme
@Fig. 5~c!#. As already pointed out,18,19 the two vibrational
photoinduced bands peaked at 1370 and 1287 cm21 do not
depend on the sample investigated. This is also confirme
the PIA spectra for (CH)x-PN diblock copolymers@see Figs.
5~a! and 5~c!#. In the case of a deuterated (CD)x-PN copoly-
mer, the equivalent features@whose intensity ratio is the op
posite of that observed in (CH)x# ~Refs. 20–23! are reported
at 1045 and 1225 cm21 @Fig. 5~d!# at the same values a
recorded in the PIA spectra of Refs. 20–22 of deutera
polyacetylene. Conversely, the broad band observed
(CH)x-PN copolymers in the ranges 500–1000 a
400– 900 cm21 in (CD)x-PN copolymers is sample
dependent.18,19In particular, in (CH)x-PN-~CH!x triblock co-
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polymers, the broad band clearly exhibits components at
and 738 cm21 @Fig. 5~a!# which are shifted and better re
solved at 520 and 700 cm21 @Fig. 5~b!# when the weight of
short conjugated segments increases. The band in Fig. 5~a! is
very similar to the one observed in standard polyacetylen18

Conversely, in the case of (CH)x-PN with Nav.12, the band
can be interpreted as an envelope of several compon
peaked at 600, 700, and 800 cm21 in the frequency range
600– 900 cm21. For the diblock (CD)x-PN copolymers with
Nav;20, the analogous band, broad and structureless
peaked at 550 cm21 and well shifted with respect to the stan
dard (CD)x band, peaked at 400 cm21 ~Refs. 20–22!.

FIG. 4. RSS spectra recorded at room temperature of dibl
copolymer (CD)x-PN: ~a! lL5676.4 nm, ~b! lL5457.9 nm, and
~c! lL5363.8 nm.
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IV. THEORETICAL RESULTS

Here we present calculated band shapes to be comp
with those recorded in the spectra obtained by using var
spectroscopic techniques~UV-visible absorption, RRS, and
PIA! from different copolymer samples as described in S
III. The basic idea of these calculations is to show that
model introduced in Ref. 7, in order to calculate the ba
shapes in the RRS, optical-absorption, and PIA~Refs. 18, 19,
and 23! spectra for polyacetylene samples is also able
simulate analogous bands in the related spectra of cop
mers with polyacetylene segments. Moreover, our purpos
to prove that, in these copolymers~in solid-state form and in
solution!, the conjugated segment distributions found
simulate the optical absorption in one copolymer are v
similar to those found for the band shapes observed in
spectra of the RRS and PIA of the same sample. Then
main differences between the experimental band shape
triblock copolymers, diblock copolymers, and polyacetyle
systems are mainly explained in terms of different distrib
tions of conjugated segments. This is expected from the
ues ofNav deduced from the synthesis, as reported in S
III.

The band shapes of optical absorption and Raman sca
ing of the triblock copolymers are very similar to tho
found in polyacetylene samples, as has been already

FIG. 5. Photoinduced infrared-absorption spectra recorded a
K with an excitation wavelengthlL5514.5 nm. The pump beam i
polarized perpendicular to the stretching axis, while the photo
duced infrared absorption spectrum is polarized parallel to the c
axis: ~a! ~CH!88-PN-~CH!88, ~b! ~CH!75-PN-~CH!75, ~c! (CH)x-PN
with Nav.12, and~d! (CD)x-PN with Nav.20.
red
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scribed in Sec. III. Here we do not show these band sha
as the distributions of conjugated segments found to simu
the experimental results were already reported in Ref. 14

Conversely, we show the optical-absorption band sha
of diblock copolymers given in Fig. 6, where the experime
tal data are also reported for comparison@they are the same
as given in Fig. 1~b!#. The distribution parameters used
calculate the band shapes are given in Table I. Notice tha
broad band in Fig. 6~a!, which is similar to that observed in
the optical-absorption spectra of triblock copolymers, rep
duces the experimental data well by using a bimodal dis
bution centered on long and short segments, as in polyac
lene samples. Conversely, a good agreement is obta
between the calculated multistructured band shapes give
Figs. 6~b! and 6~c! and the experimental data by using th
bimodal distribution parameters centered on short segm
only. This can be derived from the values ofN1 and N2 in
Table I. Moreover, the weight of the distribution centered
N2 , which is (12G), is always larger than the other on
centered onN1 , which is G. The values of the parameter
determine a distribution characterized only by one peak
the shorter segments and a very asymmetric shape with a

77

-
in

FIG. 6. Comparison between experimental~continuous line! and
calculated~dashed line! optical-absorption band shapes.~a! and~b!
Solid-state samples withNav540 and 10, respectively.~c! Sample
in solution with Nav510. The parameters used in the calculatio
are given in Table I.

TABLE I. Parameters used to calculate the band shapes give
Figs. 6, 7, 8, and 9.

Figure N1 s1 N2 s2 G g

Fig. 6~a! 40 10 12 6 0.45 0.08
Figs. 6~b! and 8 10 5 5 1 0.40 0.08
Figs. 6~c! and 8 10 5 5 1 0.35 0.018
Fig. 9 14 5 5 2 0.5 0.08
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toward longer conjugated sequences. Notice that the va
found for N1 and N2 are consistent with the average val
Nav510 determined from the synthesis. The numerous pe
in the structured bands in Figs. 6~b! and 6~c! represent the
different contributions of the electronic transitions related

FIG. 7. Calculated RRS band shapes in the frequency ra
1400– 1600 cm21 of (CH)x-PN ~solid-state sample withNav510!.
~a! lL5457.9 nm and~b! lL5351.1 nm. The parameters used
the calculations are given in Table I. These band shapes have
compared with those of Figs. 3~b! and 3~c!, respectively.
es

ks

the conjugated segments which have more weight in
short segment distribution, also taking into account the
crease, as a function ofN, of the electric dipole momen
intensities, as reported in Ref. 7. The different resolution
the structures is determined in the calculation by the value
g which is proportional to the inverse of the lifetime of th
electronic states of the copolymers in solid-state form and
solution. The values ofg given in Table I indicate that the
lifetime of the electronic states is longer when the system
in solution with respect to the case of the solid-state form

By using the same set of parameters, we have perform
calculations of the RRS band shapes observed in the sp
of the two copolymers characterized by the absorption gi
in Figs. 6~b! and 6~c!. In Figs. 7~a! and 7~b! we give the band
shapes for the double bond vibrational modes of the dibl
in solid-state form forlL5457.9 and 351.1 nm. These ban
shapes have to be compared with those given in Figs.~b!
and 3~c! (Nav510). These features are much narrower th
those observed in standard polyacetylene~see Refs. 7 and
16!, and are mainly determined by the narrow distribution
short conjugated segments, as given in Table I.

In Figs. 8~a!–8~d!, we report the calculated band shap
of RRS spectra of the diblock copolymer in solution for d
ferent exciting wavelengths as indicated~lL5568.2, 488,
431.1, and 406.7 nm, respectively!. The experimental data
taken from Ref. 17, and some of them, already given in F
3~d!–3~f!, are also included in the figure, for compariso
with the calculated band shapes. The most striking re
which can be derived from these figures is related to the
that the band shapes are very narrow, much narrower
those given in Fig. 7, and with several structures. In orde
obtain the calculated band shapes, we have also change
parameterDN related to the broadening of the double-bo
modes~see Ref. 7!, from the usual value used in standa
polyacetylene and copolymers in solid-state form (DN

ge

be
ge
FIG. 8. Comparison between experimental~continuous line! and calculated~dashed line! RRS band shapes in the frequency ran
1400– 1600 cm21 of (CH)x-PN ~sample in solution andNav510!. ~a! lL5568.2 nm, ~b! lL5488 nm, ~c! lL5431.1 nm, and~d! lL

5406.7 nm. The parameters used in the evaluations are given in Table I.
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15 334 57E. MULAZZI, A. RIPAMONTI, C. GODON, AND S. LEFRANT
514 cm21) to the valueDN58 cm21. Then the peak posi
tions and other features in the band shapes, in agree
with the experimental data, are determined by the differ
contributions of the double-bond vibrational modes of t
segments more weighted in the distributions.

Notice that both the values ofg and DN change signifi-
cantly from those found in standard polyacetylene with
spect to the case of (CH)x segments in solution. This resu
can be expected from a system in which the interactions
the electronic and vibrational states with the surround
states are smaller compared to a solid-state system.

In Fig. 9, we give the Raman band shapes for the dou
bond vibrational modes of deuterated diblock copolym
(CD)x-PN for lL5676 and 457.9 nm, using the distributio
given in Table I. These results have to be compared with
experimental band shapes given in Figs. 4~a! and 4~b!. Again
the narrow distribution, determined by the parameters u
is responsible for the narrow band shapes with structures
can be seen from this figure, the large shift observed exp
mentally in the double-bond frequencies fromlL5676.4 and
457.9 nm @see Figs. 4~a! and 4~b!# is well accounted for
theoretically. This is expected, as already mentioned, s
the frequency of this mode is strongly dependent on
length of the conjugated segments.24

In Fig. 10, we report the band shape of the broad b
observed in the vibrational PIA spectra in the frequen
range 400– 1000 cm21 in the copolymers containing (CH)x
and (CD)x segments. The band shapes were calculated
using the model of Refs. 18, 19, and 23. As we discusse
Sec. III, this band shape changes dramatically as a func
of the length of conjugated segments which have m

FIG. 9. Calculated RRS band shapes in the frequency ra
1300– 1500 cm21 of (CD)x-PN: ~a! lL5676 nm and ~b! lL

5457.9 nm. The parameters used in the evaluations are give
Table I. These band shapes have to be compared with those of
4~a! and 4~b!, respectively.
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weight in the distribution. Also, the intensity of the dipo
moments, decreasing withN ~see Ref. 19!, plays an impor-
tant role in such a calculation. In Table II, we give the p
rameters used in these calculations.

The most striking result is related to the fact that when,
the bimodal distribution,N1 is centered on long segmen
and N2 on short ones, the broad band presents a princ
peak and a secondary one. This last feature becomes m
evident whenever the weight of the short segment distri
tion becomes predominant. This is the case given in F
10~a! for the triblock copolymer~CH!75-PN-~CH!75.

A different case is reported in Fig. 10~b!, where the broad
band presents different structures at;600, 700, and

ge

in
gs.

FIG. 10. Calculated PIA band shapes in the frequency ra
400– 1000 cm21: ~a! triblock copolymer ~CH!75-PN-~CH!75, ~b!
diblock copolymer (CH)x-PN, and ~c! diblock copolymer
(CD)x-PN. The experimental data are also shown for comparis
The parameters used in the evaluations are given in Table II.

TABLE II. Parameters used to calculate the band shapes g
in Fig. 10.

Figure N1 s1 N2 s2 G

Fig. 10~a! 50 10 13 5 0.35
Fig. 10~b! 14 6 8 2 0.5
Fig. 10~c! 20 8 13 5 0.5
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800 cm21. The calculated band shapes, which reprod
rather well the experimental broad and structured band,
been obtained by using the parameters given in Table
which indicate thatN1 and N2 are both centered on sho
segments. The well-defined structures in the band shape
due to the different contributions of the photoinduced vib
tional frequencies of the short segments, which are m
heavily weighted in the distribution. This result is analogo
to what was found~mutatis mutandis! in the case of the
optical absorption and RRS band shapes for the diblock
polymers withNav510 in solid state form.

In Fig. 10~c!, we report the shape of the broad band in t
PIA spectra of the (CD)x-PN copolymer, calculated by usin
the parameters given in Table II. Notice that, in this ca
since the values ofN1 andN2 determine a distribution more
shifted toward intermediate lengths, the low-frequency ba
becomes structureless and broad, the maximum being pe
at 550 cm21, well displaced with respect to the value foun
in standard (CD)x polyacetylene.20–22

V. DISCUSSION AND CONCLUSION

In this paper we have presented experimental spectr
optical absorption, RRS, and PIA of polyacetylene-based
polymers containing polyacetylene segments, and a theo
ical analysis and interpretation of these data. The main p
pose of the synthesis of these copolymers was to pre
samples with (CH)x segments of controlled conjugatio
lengths, in some cases aligned along the chain axis. The
of the present investigation was therefore an extensive c
acterization of these copolymers in terms of conjugat
lengths of the segments in the polymeric chains. This w
achieved via a study of the main spectroscopic optical pr
erties of the samples, derived from different techniques
through the investigation of the changes of the spectrosc
features with the conjugation lengths of the segments in
different copolymers. This is an important issue since,
discussed in Sec. III, the size exclusion chromatogra
measurements~performed after the synthesis of the precurs
polymer block! provide only a rather approximate value
Nav of the overall chain. Conversely, the spectroscopic f
tures are determined by the electronic and vibrational pr
erties of noninterrupted conjugated segments along the p
meric chains.

In order to obtain a coherent picture and characteriza
of a specific copolymer, the optical spectroscopic featu
have been investigated by means of different technique
the same sample. In such a way, it is possible to give
interpretation of the experimental results from a spec
e
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compound by using a consistent model which includes
electronic and vibrational properties of the ground and
cited states of the conjugated segments of different len
~see Refs. 7, 18, and 19!.

As we have shown in Secs. III and IV, the drama
changes observed in the spectroscopic data of optical abs
tion, RRS, and PIA in the two block copolymers, with r
spect to the triblock ones, are very well accounted f
through different distributions of conjugated segments.

In fact, the data of the triblock copolymers are interpret
in terms of a broad bimodal distribution centered on long a
short conjugated segments. The various peculiarities
served in the spectra of these copolymers are explained~see
Secs. III and IV! by considering the different weights of th
long segments with respect to the short ones. This result
rather good agreement with experimentally estimatedNav
values determined in the synthesis by size exclusion chro
tography~Nav;88 and;75!. In the case of diblock copoly-
mers characterized by a smaller and more controlledNav
value (Nav;10), all spectroscopic data exhibit much sharp
features due to the separate contributions of various s
segments. As a consequence, the distributions, which are
rived from the theoretical evaluation, are centered only
short segments. In this situation, the bimodal distribution
comes a very asymmetric one with a tail toward the lo
segment side. Note also that, from the distributions and
values of the parameters used in the calculations, one
determine theoretical values ofNav which are in agreemen
with those evaluated from the synthesis for the differe
samples.

To summarize, we have presented a series of optical s
troscopic data of different types of copolymers containi
polyacetylene segments of different lengths. All these d
have been interpreted in a coherent way with a theoret
model, which also turns out to be successful when short s
ments are present in the sample. In addition, this model
also been applied to Durham-type polyacetylene sam
characterized only by short segments, and the features of
spectra of these samples have been found in agreement
the experimental data.25
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