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Organic third order nonlinear optical materials have
been investigated for potential applications in optical
devices such as all-optical switches, logic systems, and
light-modulators.! =3 In particular, one-dimensional con-
jugated polymers such as polyacetylene, polydiacetylene
have a very large and fast third-order nonlinear optical
effect.*~® In these one-dimensional systems, the non-
linear response is derived from a large dipolar transition
of n-electrons delocalized along their main chains. Con-
sequently, the macroscopic nonlinear susceptibility y®
(—w;; w,, w3, w,) is expressed as,

X(s)(_wl s Wy, W3, w4):wa1fwsz3fw4<'))> (1)

and for non-oriented systems as,

<V> = % ’})XXXX

where N is the density of nonlinear active chromophore,
the /s are the local field factors for each frequency (w,),
and y,,., 1s the microscopic hyperpolarizability along the
conjugated polymer main chains.

After the synthesis of polyacetylene was reported,
many polymers have been synthesized because of their
desirable electronic properties. However, these polymers
of the expanded n-electron systems have very poor
processability and bad linear optical qualities (light scat-
tering and long cut-off wavelength) due to the interaction
between the main chains, and are thus are not suitable
for optical device applications. Although the substitution
of the bulky side groups to the main chain improves their
processability, it causes a reduction of n-conjugation in
the main chain and a dilution of the concentration of
the nonlinear optical active chromophore. While these
changes do lead to somewhat of a decrease of the non-
linear optical properties they enable the fabrication of
the nonlinear waveguide structures with long enough
interaction lengths to offset the reduction of the non-
linearity.

Poly(3-alkylthiophene) is one of these soluble one-
dimensionally conjugated polymers,” ~® and there have
many studies of both its linear and nonlinear optical
properties.'®~!! The expansion of n-conjugation in the
main chain is found to enhance the hyperpolarizability
(7xxxx N €q 1),'2 and if the length of the side chains are
long enough (<hexyl), the change of the alkyl chain has
a negligible affect on the n-conjugation.!! Mechanical
stretching of the polymer films aligns the polymer main
chain and expands the n-conjugation,!® and this further
enhance the value of {y,...>. The nonlinear optical

766

Polythiophene / Copolymer /Nonlinear Optical Property / Optical Third Harmonic

responses were found to be ultra-fast (less than one
picosecond) by degenerate four wave mixing and inter-
ferometric measurements.'*~1® The excellent linear op-
tical and mechanical properties of these polymers has
enabled the fabrication of polymer waveguides in which
nonlinear refractive index changes were observed.!! The
density, N, of nonlinear optical (NLO) active sites is also
an important factor for macroscopic susceptibility y®.
Copolymerization of thiophene monomers with long and
short side chains is a convenient method to change the
value of N in a continuous manner. In this study, we
investigated the effects of copolymerization on the =-
conjugation and tried to improve the nonlinear optical
properties of the thiophene copolymer.
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Scheme 1. Synthesis of polythiophene copolymer.

EXPERIMENTAL

Monomers

Monomers, 3-dodecyl and 3-methylthiophene, were
obtained from Tokyo Kasei Kogyo Co. and purified by
vacuum distillation. Chloroform for polymerization was
purified by standard procedures and used immediately.

Polymerization

The copolymerization was carried out using the
following procedure.” The monomers (total amount
10 mmol) were dissolved in 20ml of dry chloroform.
Anhydrous FeCl; was added to the solution and stirred
for 15 min. The reaction mixture was poured into 100 ml
of methanol and the crude copolymer was isolated by
filtration. The ionic impurities were removed by soxhlet
extraction with methanol for 3 days. Following this the
dedoped polymer was purified three times by reprecipita-
tion from chloroform to methanol and dried under
vacuum.

Measurement

'"H NMR spectra and UV-VIS absorption spectra of
the copolymers were recorded by using JEOL GX500
FT-NMR and Shimadzu UV-3100 spectrophotometers,
respectively. The third-order nonlinear optical suscept-
ibility 1}, (—3w; o, w, w) of the copolymer was deter-



Preparation of Polythiophene Copolymer

mined by optical third harmonic generation (THG)
measurement using a fundamental of 1.907 um.'” y® =
1.4 x 107 1% esu for fused silica was used as a reference.

RESULTS AND DISCUSSION

Table I summarize the results of copolymerization.
The conversion percentage of the copolymers was cal-
culated according to,

Conversion (%)= Weight of the obtained copolymer

Total weight of the comonomers
x 100

Following the copolymerization, a small insoluble
amount remained which was removed by reprecipitation.
This part was not included in the conversion. It was
found that when more than 60% 3-methylthiophene was
used the copolymerization yielded only an insoluble mass.
Also, longer polymerization times resulted in larger
insoluble fractions and reduced the conversions. In Table
I, the conversions of the copolymerization were higher
than 50%. However as the fraction of 3-methylthiophene
was increased the molecular weight of the copolymers
became lower and the distribution of the molecular
weight broadened. The copolymer was precipitated as a
doped polymer during the polymerization. The molecular
weight and its distribution were dominated by the
solubility of the obtained copolymer. As the fraction of
3-methylthiophene monomer was increased, the solubil-
ity of the copolymer became poorer and the polymer
precipitated out at earlier stages of polymerization. The
precipitation causes a reduction of the molecular weight
and a broadening of the molecular weight distribution.

To characterize the structure of the copolymer, the 'H
NMR spectra were measured (Figure 1). The peaks are
assigned to the methyl proton of the dodecyl group (at
0.92 ppm), the methylene proton (at 1.28, 1.68 ppm), and
the aromatic proton of the thiophene ring (at 6.98 ppm).
The peaks at 6=2.82 and 2.53 ppm correspond to the
a-methylene proton of the dodecyl group for head-to-tail
and head-to-head coupling, respectively.!® The signal of
the methyl proton of 3-methylthiophene unit is also
observed to split into two peaks (at 2.43 and 2.23 ppm)
which may be attributed to those for the two kinds of
coupling as well as the signals of the a-methyl proton.
From the intensity of the signals, the ratio of the
head-to-head coupling for 3-methylthiophene unit is
determined to be 10%. This value is almost the same as

Table I. Copolymerization of 3-dodecylthiophene
and 3-methylthiophene®

Conversion®

Methyl fraction Methy! fraction M,*
in seed/mol% % in polymer/mol% x 10*
60 27.8 52.0 2.4

50 329 46.8 2.5

40 353 40.0 2.7

30 53.3 34.3 2.6

20 52.1 28.2 2.7

10 53.4 12.0 2.8

0 52.0 0.0 3.2

2 At r.t., in CHCI;, using FeCly, for 1 h. ® Soluble part. ° Determined
by GPC.
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for the 3-dodecylthiophene unit. The fraction of the
3-methylthiophene unit in the copolymers was calculated
as the ratio of the signal intensities for the corresponding
methyl protons.

In the case of copolymerization with largely different
reactivity, a long polymerization time produces a mixture
of copolymers with a multi-peak distribution because a
more reactive monomer is polymerized faster and the
monomer ratio in the polymerization solution changes.
By a gel permeation chromatography analysis, the ob-
tained copolymers were found to be homogeneous as
can be seen by the single peak distribution in Figure 2.
This indicates that the ratio of copolymers in a polymer
chain can be calculated from the 'H NMR spectra.
Figure 3 depicts the relation between the fraction of
3-methylthiophene in the copolymerization feed and the
copolymer. Except for the case of 60% 3-methylthio-
phene feed, the data lay on a straight line with a slope
of one. This implies that 3-methylthiophene is compatible
with 3-dodecylthiophene for the copolymerization and
that the 3-methylthiophene unit is attached to the
polymer chain randomly.

The UV-VIS absorption spectra of the copolymer films
are shown in Figure 4. The spectra have peaks around
500 nm assigned to the n—n* transition of the conjugated
polymer main chains. The linear absorption coefficient
and 4,,,’s are affected by the contents of the copolymers.
The coefficient and 4, are plotted against the fraction
of 3-methylthiophene for the copolymer in Figure 5. The
Jmax 18 @almost constant until the fraction of 3-methyl-
thiophene exceeds 40%, at which point 4., decreases
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Figure 1. 'H NMR spectrum of the obtained copolymer (3-methyl-
thiophene fraction: 34.3%).
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Figure 2. GPC curves of the copolymers. 3-Methylthiophene frac-
tion: 0% (——), 34.3% (~—).

767



H. Okawa, T. WaADA, and H. SASABE

60

50

40}

30

20 -

10

3-methylthiophene in copolymer (mol %)

1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

3-methylthiophene in feed (mol%)

I

Figure 3-Methylthiophene farction in the copolymers.

S
N W xR o Q
-
-

Linear absorption (10* cm)

(=]
.
ot

0300 400 500 600 700 800 900
' Wavelength (nm)

Figure 4. UV-VIS absorption spectra of the copolymers. 3-Methyl-
thiophene fraction: 0% (. ); 34.3% (——-), 52.0% (—-—).
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Figure 5. A, of the copolymers.

sharply. This indicates that the n-conjugation length is
not changed by the copolymerization with 3-methyl-
thiophene fractions lower than 40%. The absorption
coefficient curve has a peak around the fraction of 30%
as shown in Figure 6. The change of A_,, implies a
decreasing of the m-conjugation length on the polymer
main chain.?® The sharp blue-shift of A, can be ex-
plained as follows. The methyl group of the comonomer
with different steric effect produces a defect on the
n-electron conjugation states in the copolymer main
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Figure 6. Linear absorption of the copolymers.
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Figure 7. 13,,(—3w; 0, w, ) of the copolymers (4, =1.907 um).

chains and reduces the m-conjugation length. On the
other hand, mono-alkyl substituted polythiophenes have
two modes of coupling, head-to-tail and head-to-head
coupling. In the head-to-head coupling, the polymer
main chains are twisted and the conjugation of the
polymer is inhibited. As determined by the 'H NMR
study, the contents of this head-to-tail coupling is 10%.
Thus, the conjugation length of poly(3-alkylthiophene)
is 10 repeating units. At low fractions of 3-methyl-
thiophene (less than 30%), the reduction of the n-con-
jugation by 3-methylthiophene unit is not pronounced
and A, is not changed because the copolymers have
already defect and the 10 repeating units length of the
n-conjugation. When the fraction becomes higher than
30%, the reduction of the n-conjugation by 3-methyl-
thiophene units becomes large enough that the blue-
shift of A,,, is observed. The absorption coefficient is
dominated by both the density of the main chains and
the length of the m-conjugation. The introduction of
3-methylthiophene units to the copolymer decreases the
density of the main chain and n-conjugation length. This
trade-off relation results in the peak in the plot of the
coefficient against the fraction of the 3-methyl monomer
unit.

The nonlinear optical property of the copolymer was
estimated by optical third harmonic generation. The
absolute value of (¥, ,{ —3w; w, w, w} is plotted against
the fraction of 3-methyl monomer. The third harmonic
is 636 nm for the fundamental of 1907 nm. This wave-
length is in the tail of the absorption peak around 500 nm.
The 1}1:{—3w; o, w, w} of the copolymer is enhanced
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by three photon resonance and is also sensitive to the
absorption around 500 nm. The increase in the optical
density of the copolymer enhance the y® of the co-
polymer and the blue shift of the absorption peak reduces
it. Like the absorption coefficient, the curve for 3 has
a peak around the fraction of 20%, and x® in the
copolymer becomes three times that of poly(3-dodecyl-
thiophene).

CONCLUSION

In summary, the copolymer with 3-dodecyl and 3-
methylthiophene was synthesized. The 3-methylthio-
phene is compatible to 3-dodecylthiophene in the co-
polymerization for fractions of 3-methyl monomer less
than 40%. The introduction of 3-methylthiophene unit
into poly(3-dodecylthiophene) main chain causes a de-
crease of the m-conjugation in the main chain and in-
crease of the NLO active chromophore because of the
3-methyl group in the comonomer. Shorter alkyl sub-
stitutions further reduces the n-conjugation length. The
changes in the UV-VIS absorption spectrum and the
nonlinear optical properties of the copolymer do not
depend on the monomer fraction in a simple manner,
rather there is a “trade-off” optimization point in the
plot of x'® versus 3-methylthiophene fraction. Finally,
the x® is enhanced mostly around the fraction of 20%.
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