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Abstract : A series of poly(1,4-phenylenevinylene-ait-3-alkyl-2,5-thienylenevinylene)s (alkyl = hexyl
[PPV-alt-6-TV] and octyl [PPV-ait-8-TV] group) have been synthesized by the Heck coupling reaction.
These polymers were characterized using 'H-NMR, FTIR spectroscopy, and thermogravimetric analysis
(TGA). They are solvent processible and have obviously copolymeric structure. The photophysical proper-
ties of the polymers were investigated using UV-visible and steady-state photoluminescence(PL) spectro-
scopy. We studied the change of light-emitting propertiesby incorporating the thiophene group into the PPV
polymer backbone using alternating copolymer system. The properties of two synthesized polymers are
very similar, but they exhibited apparent changes of light-emitting properties compared with other PPV
backbone based polymers. The broad absorption bands from 350 to 570 nm are due ton-7 transitions of
the polyconjugated systems. The absorption maxima of the two polymers were found at about 452 and
448 nm for PPV-alt-6-TV and PPV-alt-8-TV, respectively. The copolymers showed broad PL spectra
between 550 and 700 nm without vibronic bands and PL emission maxima of PPValt-6-TV and PPV-ait-
8-TV are about 620 and 605 nm, respectively. The copolymers exhibited the red emission (PPValt-6-TV),
but more red shifted emissions are needed to obtain real red color.

Introduction

Since the successful fabrication of a polymer light
emitting diode (PLED) using poly(p-phenylene
vinylene) (PPV) as the active material,' there has
been extensive research interest in conjugated
polymers. The light weight, flexibility, ease of pro-
cessing, and unique electrical and photonic semi-
conducting properties are among the most
attractive characteristics of this class of materials.
Although many polymers have been developed
and studied®® since the discovery of electrolumi-
nescence {EL) in PPV, researchers still need mate-
rials which show better characteristics in terms of
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efficiency, luminance, and color purity, etc.
Nominally fully conjugated PPV emits light in
the green-yellow region of the visible spectrum.’
This color can be altered by incorporation of elec-
tron-donating and electron-withdrawing substitu-
ents on the polymer backbone or by limiting the
conjugation length of the chromophore. With suitable
change in molecular structure, one can control the
color and efficiency of electroluminescence as well
as solubility and processibility of the polymer.”
The dialkoxy substituted PPVs such as poly(2-
methoxy-5-(2-ethylhexyloxy)phenylenevinylene)
(MEH-PPV),"  poly(2-methoxy-5-(3,7-di-methyl-
octyloxy)phenylenevinylene) (OC1C10-PPV)* exhibit
longer wavelength emission than PPV. The trialkyl-
silyl or the alkoxyphenyl substituted PPVs such as
poly(2-dimethyloctylsilyl-1,4-phenylenevinylene)
(DMOS-PPV),"®  poly(2-(4-(3,7-dimethyloctyloxy)
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phenyl)phenylenevinylene)'*** are well processible

due to the good solubility in various organic sol-
vents as well as the similar emission to PPV.
Copolymerization is another way to control the
polymer’s characteristics. Introduction of carba-
zole or oxadiazole moiety, into polymer backbone
can alter the electronic and photonic properties.
We reported the carbazole or fluorene containing
PPV copolymers which showed high photolumi-
nescence efficiency with blue and greenish blue
emission.'® We also studied the effect of kink
structure in PPV derivatives on electronic and pho-
tonic properties.”” The conjugation breaker, meta
linkage of vinylenes, led to blue shift of PL spec-
trum. In the same manner, low band gap
comonomers can be introduced into PPV main
backbone. The PPV copolymers containing low
band gap comonomey, such as dialkoxy substi-
tuted comonomer, showed longer wavelength
emission.”* Thiophene also has lower band gap
than benzene and poly(2,5-thienylenevinylene)
(PTV) has been found to have a 25% lower band
gap than that of PPV."® In this paper, we report the
synthesis and luminance properties of the PPV
copolymers containing thiophene to shift their
emission to longer wavelength than that of PPV.
We prepared alternating copolymers through
Heck coupling polymerization" using divinylben-
zene and 2,5-dibromo-3-alkyl-thiophenes. The
polymers synthesized are poly(1,4-phenylenevinyl-
ene-alt-3-hexyl-2 5-thienylenevinylene) (PPV-ait-6
-TV) and poly(1,4-phenylenevinylene-alt-3-octyl-
2,5-thienylenevinylene) (PPV-alt-8-TV). Hexyl and
octyl side chain of thiophene monomers enable the
polymers to be soluble in various organic solvents
*and processible. The synthetic route and polymer
structures are shown Scheme 1.
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Materials. N, N-Dimethlyformaldehyde (DMF)
was purified by distillation over phosphorous
pentoxide (P;Os) and the triethylamine (NEt;) was
distilled over CaH,. 2-Hexyl thiophene and 2-
octyl thiophene were purchased from the Acros
Organics Co. and were used without further puri-
fication. Tri-o-tolylphosphine, palladium(Il) acetate,
N-bromosuccinimide (NBS), and all of the other
chemicals were purchased from the Aldrich Che-
mical Co. and were used as received unless other-
wise stated. The p-divinylbenzene was separated
from a mixture of p-divinylbenzene and m-divinyi-
benzene according to the literature procedure.”

Instrumentations. The synthesized compounds
were identified by 'H- and *C-NMR spectra that
obtained using a Bruker AM 200 spectrometer.
FT-IR spectra were measured by a Bomem Mich-
elson Series FT-IR spectrophotometer, and UV-
visible spectra were obtained with as Shimadzu
UV-3100S. Thermogravimetric analysis (TGA) of
polymers was performed under nitrogen atmos-
phere at a heating rate of 10°C/min with a
Dupont 2200 analyzer. Elemental analyses were
performed by the Analytical Laboratory of Korea
Advanced Institute of Science and Technology
using a Elemental Analyzer (EA1110-FISONS).

Steady-state PL spectra of the films were taken
by pumping with 488 nm CW from argon ion
laser. The fluorescence signal was dispersed by a
1-m scanning monochromator (Mcperson model
2061), a photomultiplier tube (Hamamatsu R928)
and a lock in amplifier. Fluorescence decay was
recorded by the time-correlated single-photon
counting method. The light source was a high
power Ti:sapphire laser system. The laser pulses
with 150 fs and 300 wlJ/pulse at 800 nm and
1 kHz repetition rate was frequency-doubled by a
B-BBO crystal (400 nm) to excite the samples.
The fluorescence decay profiles were collected at
the wavelength of interest using a microchannel
plate PMT (Hamamatsu R2809U) and then fit to
exponential decay functions using the previously
described deconvolution technique to obtain a
best fit. The sample was cooled down using a
Janis C-210 head with a Leybold Heraeus helium
compressor. The temperature was controlled by a
Lakeshore 330 autotuning temperature controller.
The temperature fluctuation during the measure-
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ment was less than 1K and the cryostat was evac-
uated to 10* Torr. In order to avoid possible
contamination by oxygen, the sample was kept in
vacuum for all measurements.

Synthesis of Monomers (2,5-dibromo-3-
hexylthiophene and 2,5-dibromo-3-octylth-
iophene) (1 and 2). Each of 4.0 g (23.8 mmol)
of 3-hexylthiophene and 3.2 g {23.8 mmol) of 3-
octylthiophene were reacted with 8.9 g (50.0 mmol)
of N-bromosuccinimide (NBS) in 30 mL of N,N-
dimethylformamide (DMF). The reaction mixtures
were stirred and heated to 70°C for 6 hrs. Then
the products were extracted with methylene chlo-
ride and washed sodium hydroxide solution and
water. The organic layers were dried with anhy-
drous magnesium sulfate (MgSQ,) and the solvent
was removed with rotary evaporator. Through
column chromatography with silicagel and alu-
mina, the product was purified and the colorless
liquid was obtained. The vield was 7.8 g (90%)
for 2,5-dibromo-3-hexylthiophene. 'H-NMR (CDCls,
ppm): § 6.75 (s, 1H), 2.46 (t, 2H), 1.52 (m, 2H),
1.28 (m, 6H), 0.87 (t, 3H). “C-NMR (CDCl,,
ppm): & 142.95, 130.92, 110.29, 107.91, 31.56,
29.54, 29.47, 28.78, 22.57, 14.09. Anal. Calcd
for CioHi0S: C, 71.36; H, 9.59; S, 19.05. Found:
C, 72.65; H, 8.62; S, 18.73. And the vield was
5.7g (90%) for 2,5-dibromo-3-octylthiophene.
'H-NMR (CDCls, ppm): 6 6.75 (s, 1H), 2.48 (t,
2H), 1.54 (m, 2H), 1.25 (m, 10H)}, 0.87 (t, 3H).
“C-NMR (CDCl;, ppm): & 142.97, 130.93, 110.26,
107.89, 31.84, 29.56, 29.45, 29.31, 29.19,
29.09, 22.65, 14.10. Anal. Calcd for C;HzS: C,
73.40; H, 10.27; S, 16.33. Found: C, 74.24; H,
9.72; S, 16.04.

Polymerization of PPV-alt-6-TV and PPV-
alt-8-TV (3 and 4). A mixture of 0.52¢g (4.0
mmol) of p-divinyibenzene, 1.3 g (4.0 mmol) of
2,5-dibromo-3-hexylthiophene, 0.036 g of palla-
dium acetate and 0.24 g of tri-o-tolyphosphine
was dissolved in 15 mL of DMF and 1.4 mL of tri-
ethylamine was added. And the reaction mixture
was stirred and heated to 100°C for 48 hrs under
nitrogen atmosphere. 2-Bromothiophene, 0.16 g
(1.0 mmol) was added to reaction flask to end-cap
the polymer and reacted for 12 hrs. 2,5-Dibromo-
3-octylthiophene was also reacted in the same
reaction condition as above reaction. The orange
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brown solids were obtained by precipitation of the
solution in methanol. The polymers were further
purified by Soxhlet extraction with methanol. The
vield was 0.8 g (67%) for poly(1,4-phenylenevi-
nylene-alt-3-hexyl-2,5-thienylenevinylene) [PPV-
alt-6-TV] (3). '"H-NMR (CDCl, ppm): § 7.42 (m,
4H), 7.18 (m, 1H), 6.88 (d, 1H), 6.82 (d, 1H),
2.64 (t, 2H), 1.60 (m, 2H), 1.33 (m, 6H), 0.89 {(t,
3H). "C-NMR (CDCl;, ppm): & 142.06, 140.93,
140.22, 136.29, 135.57, 129.86, 129.50, 128.07,
127.36, 126.56, 121.65, 119.50, 31.67, 30.79,
29.05, 2841, 2259, 14.08. Anal. Calcd for
CH2S: C, 81.58; H, 7.53; S, 10.89. Found: C,
81.62; H, 7.91; S, 10.47. And the yield was 0.74 g
{57%) for poly(1,4-phenylenevinylene-alt-3-octyl-
2,5-thienylenevinylene) [PPV-ait-8-TV] (4). 'H-
NMR (CDCl;, ppm): 8 7.43 (m, 4H), 7.18 (m,
1H), 6.89 (d, 1H), 6.82 (d, 1H), 2.64 (t, 2H),
1.61 (m, 2H), 1.28 (m, 10H), 0.88 (t, 3H). "°C-
NMR (CDCls, ppm): & 142.14, 141.28, 140.71,
136.43, 135.71, 135.57, 135.43, 135.14, 129.64,
127.14, 126.55, 121.43, 31.87, 30.81, 30.14,
2942, 29.24, 27.86, 22.64, 14.09. Anal. Calcd
for Cz2Ha6S: C, 81.93; H, 8.13; S, 9.94. Found: C,
81.95; H, 8.49; S, 9.56.

Sample Fabrication. The synthesized polymers
were dissolved in p-xylene, then the solutions
were spin-coated onto quartz substrates for UV
absorption and PL. measurements.

Results and Discussion

Structure Characterization. The phenylene-
vinylene and thienylenevinylene alternating
copolymers were prepared by Heck coupling
reaction. The polymers were soluble in organic
solvents such as methylene chloride, dichloroet-
hane, and p-xylene. PPV-ait-8-TV showed slightly
better solubility than PPV-alt-6-TV due to the
longer alkyl chain. Heck reaction has various syn-
thetic advantages over Wittig reaction on mono-
mer preparation and reaction conditions.
However, both Heck and Wittig reactions are not
good polymerization method to obtain high
molecular weight. The number average molecular
weight (M,) and the weight average molecular
weight (M,) of the PPV-qit-6-TV (PPV-alt-8-TV),
determined by gel permeation chromatography
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Figure 1. 'H-NMR spectrum of poly(1,4-phenylenevi-

nylene-alt-3-hexyl-2,5-thienylenevinylene), PPV-alt-6-TV,

in CDCls.

using polystyrene standards, were 8,000 (10,000)
and 24,000 (26,000} with a polydispersity index
(PDI) of 3.0 {2.6), respectively. Although the
molecular weights of the polymers were some-
what low, they were high enough to fabricate the
polymer films. The 'H-NMR spectrum of the PPV-
alt-6-TV is shown in Figure 1. The proton peaks of
alkyl chain on thiophene appear at about 0.5~
3.0 ppm and proton peaks of aromatic rings, ben-
zene and thiophene appear at 7.0 ~8.0 ppm. The
polymerization resulted in the appearance of
vinylic proton peaks at about 6.8 ppm (broad
doublet) along with aromatic protons of phenyl
and thiophene in the '"H-NMR spectra. The vinylic
protons {5~6 ppm) indicate that a small amount
of unreacted vinyl groups exist at the end of poly-
mer chains though we tried to end-cap with 2-
bromothiophene. PPV-ait-8-TV displayed the sim-
ilar '"H-NMR to PPV-alt-6-TV except the peaks
from the alkyl chain on thiophene (not shown
here). Figure 2 shows the FT-IR spectrum of PPV-
alt-6-TV in KBr pellet. The strong peak appeared
at about 970 cm’* indicates that the vinylene C=C
bonds formed have the trans configurations. This
proves the polymerization reactions have been
successful. PPV-ait-8-TV also showed the similar
FT-IR stpectrum to PPV-alt-6-TV (not shown here).
Thermal properties of the synthesized polymers
were evaluated by the means of TGA under nitro-
gen atmosphere. Figure 3 shows that two poly-
mers exhibited good thermal stability. The weight
loss of the polymers was less than 5% on heating
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Figure 2. FT-IR spectrum of poly(1,4-phenyienevi-

nylene-alt-3-hexyl-2,5-thienylenevinylene), PPV-alt-6-TV,

in KBr pellet.
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Figure 3. TGA thermograms of PPV-alt-6-TV and PPV-

alt-8TV.

up to about 300°C and above 400°C decomposi-
tion occurred. The polymerization results and
thermal properties of PPV-alt-6-TV and PPV-ait-8-
TV polymers are summarized in Table 1.
Absorption and Photoluminescence Stud-
ies. Figure 4 shows the absorption spectra of
PPV-alt-6-TV and PPV-ait-8-TV. The broad ab-
sorption bands from 350 to 570 nm are due to #-
7 transitions of the polyconjugated systems.”
The maximum absorption peaks of the two poly-
mers were found at about 452 and 448 nm for
PPV-ait-6-TV and PPV-ait-8-TV, respectively, and
the absorption edges were located at about 570
nm. As predicted from the absorption maxima
and the edges of PPV (415 nm/530 nm) and PTV
(540 nm/690 nm), the absorption maxima and
the edges of the alternating copeclymers of phe-
nylenevinylene and thienylenevinylene, PPV-alt-
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Table 1. Polymerization Results and Thermal Properties of PPV-dlt-6-TV and PPV-alt-8-TV

polymers polymer yield (%) M.* M, PDI° T"(°C)
PPV-alt-6-TV 67 8,000 24,000 3.0 343
PPV-ait-8TV 57 10,000 26,000 2.6 375

°M,, M,, and PDI of the polymers were determined by gel permeation chromatography using polystyrene standards.
*Temperature at which initial loss of mass {5%) was observed.

—— PPV-ai1-6-TV
---- PPV-ait-8-TV

Absorbance (a.u.)

400 480 560 640
Wavelength (nm)
Figure 4. UV-visible spectra of PPV-ait-6-TV and PPV-
alt-8-TV thin films coated on a quartz plate.

T T
240 320

6-TV and PPV-ait-8-TV, are located between those
of PPV and PTV. Therefore, we could successfully
demonstrate the band gap control, especially low-
ering the band gap in PPV derivatives using copo-
lymerization. Figure 5 shows the photoluminescence
(PL) spectra of PPV-qit-6-TV and PPV-alt-8-TV. To
compare the PL properties, PL spectra of PPV
and MEH-PPV are also shown in Figure 5. The
synthesized copolymers exhibited broad PL spec-
tra between 550 and 700 nm and PL maxima of
PPV-alt-6-TV and PPV-ait-8-TV are about 620
and 605 nm, respectively. As expected from
absorption spectra of PPV and the copolymers,
the copolymers also showed red shifted emission
compared to PPV. Moreover, the PL spectra of the
copolymers are located at longer wavelength than
MEH-PPV. In terms of emission color, the copoly-
mers showed the emission closed to red color, but
still more red shifted of emissions are needed to
obtain real red color. One possible approach may
be the change of divinylbenzene monomer to
alkoxy substituted divinylbenzene.

Figure 6 shows the temperature-dependent PL
spectra of PPV-alt-6-TV. As the temperature
increases, the PL intensity is lowered due to faster
nonradiative decays. Similar temperature depen-
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Figure 5. Photoluminescence (PL) spectra of PPV-alt-6-
TV, PPV-alt-8-TV, MEH-PPV, and PPV thin films coated
on a quartz plate.
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Figure 6. Temperature-dependent photoluminescence
(PL) spectra of PPV-alt-6-TV.

dence of PL intensity was also observed in PPV-
alt-8-TV. Time resolved PL were measured to
obtain further information on the relaxation
dynamics of PPV-alt-6-TV, Figure 7 shows the PL
decay profiles of PPV-alt-6-TV at room tempera-
ture which were obtained at various wavelengths.
PL decay profile shows that the average PL decay
is faster at the high energy side of the PL band
than that at the low energy side. The PL decay
profiles of various conjugated polymers were

Korea Polym. dJ., Vol. 9, No. 2, 2001
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Figure 7. Photoluminescence (PL) decay profiles of
PPV-ait-6-TV at 295 K at various wavelengths.

similar to the results of PPV-alt-6-TV*'* These
observations were interpreted in terms of the ran-
dom walk of excitations within the DOS (Density
of States Distribution). The photoexcitation at
shorter wavelengths produces excited states in the
segments of the polymer chain within a range of
conjugation lengths, and then the excitons readily
migrate to the lower energy side.

Conclusions

PPV-qait-6-TV and PPV-alt-8-TV exhibited the
absorption maxima near 452 and 448 nm, and
PL emission maxima at about 620 and 605 nm,
respectively, with 488 nm excitation. The copoly-
mers showed red shifted emission compared to
PPV and MEH-PPV, and we expect more red
shifted emission from the copolymers of alkoxy
substituted phenylenevinylene and thienylenevi-
nylene, which is under investigation.
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