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Abstract : A series of copolyesters consisting of the oxyethyleneoxyterephthaloyl (ET) unit and the axy-
ethyleneoxy-(2-carbazolyl)terephthaloyl (ECT) unit were prepared and their properties were character-
ized. The copolyesters containing higher than 20 mole% of the comonomer unit, i.e., the ECT unit, were
amorphous according to the wide-angle x-ray diffractometry analysis. The glass transition temperature of
the copolyesters increased steadily with increasing content of the ECT unit; from 66°C for PET to

103 °C for PECT. All of the copolyesters exhibited photoluminescence (PL) in solution as well as in thin
fitms. The wavelength of emitted light by the thin films ranged from about 425 to 600 nm with maximum
emission occurring at about 490 nm. Polymer solutions, however, exhibited an additional luminescence
with maximum emitied light intensity at 410 nm. The shape of solution emission spectra showed a
strong dependence on the polymer concentration and composition. PECT doped with 3 mole% ofp-

chioranil demonstrated an appreciable photoconductivity.

Introduction

A wide variety of copolyesters of poly(ethylene
terephthalate) (PET) have been synthesized for
greatly diversified purposes.”™ Efforts to obtain
amorphous and fransparent polymers, thermo-
plastic elastomers, flame-retardant materials, liquid
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crystalline compositions, and antistatic copoly-
mers are some of the representative examples.

In this investigation, we tried to synthesize a
series of PET copolyesters bearing the carbazole
moieties attached to the terephthaloyl units,
Since Hoegl reported™ ** the photoconductivity of
poly{N-vinylcarbazole), PVK, admixed with elec-
tron-accepting materials, interests in photocon-
ductivity of polymeric materials have been
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growing in a rapid pace. Especially, research on
the possible use of PVK in xerography pioneered
by the IBM group'® accelerated scientific studies
of electro- and photo-related properties of poly-
mers containing the carbazole structure. Electro-
and photoluminescence properties of carbazole
moiety containing polymers are some of the more
important contemporary research interests in the
worldwide polymer community!”*

The structure and composition of the polymers
to be reported in this article are given below:

{OCHerHgo-g‘@—gHocn;cnzo-?:«@—g}-
X ¥

(ET unit) {ECT unit)
Copoly-x,y

It should be noted that x and v in Copely-x,y
designate the average content of the two units in
mole fraction, but not the block length. Crystal-
linity, thermal transitions, fluorescence character-
istics and photoconductivity are the major prop-
erties examined for the copolyesters in the present
investigation.

Experimental

Synthesis of the N-[2,5-bis(methoxycar-
bonyl)phenyljcarbazole Monomer. N-[2,5Bis
{methoxycarbonyljphenyl]carbazole was synthe-
sized via 2-steps: synthesis of N-{2 5-dicarboxy-
phenyljcarbazole followed by the esterification of
the dicarboxylic acid .

N-(2,5-Dicarboxyphenyl)carbazole : 2-Bro-
moterephthaiic acid (5.0 g; 0.02 mol, Aldrich),
carbazole (6.82 g ; 0.041 mol, Sigma}, 1.4 g of cal-
cium carbonate, and 0.15 g of copper powder
were placed in a three-necked round-bottomed
flask containing 250 mL of N,N-dimethylforma-
mide (DMF). The mixture was refluxed for 48 h
under a nitrogen atmosphere. DMF was removed
from the reaction mixture by vacuum distillation.
Distilled water {300 mL.} was mixed with the resi-
due followed by thorough mixing. Insoluble solids
were removed by filtration. The filtrate was acidi-
fied to pH = 1 with 1 M HCI. The precipitate was
collected and washed with water on a filter. After
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being dried for 12 h at 60°C in a vacuum oven,
the crude product was recrystallized three times
using a mixture of water and methanol (1 : 2 by
volume). The yield of the yellow product was
4.97 g (75 %); mp. 290 ~ 291°C.

IR spectrum (KBr, cm) : 3600 ~ 2300 (acid
COOQOH stretching), 1700 (aromatic C=0 stretch-
ing), 1591 and 1454 {aromatic C=C stretching),
1310 and 1234 (C-N stretching), 745 (out-of
plane vibration of =C-H). 'H-NMR spectrum
(acetone-d, §ppm) : 7.1 ~ 7.4{m, 6H), 8.1 ~ 8.2
{m, 5H) and 11.8 {s, 2H). Anal. (%): calcd. for
CopHiNO:, C 72,5, H 4.0; N 4.2, Found, C 72.3;
H39:N42

N-[2,5-Bis(methoxycarbonyl)phenyt]car-
bazole : N-(2 5-Dicarboxyphenyl)carbazole (4.0
g, 0.012 mol) prepared above was dissolved in
200 mL of dry methanol in a 2-necked round-
bottomed flask. To this solution added dropwise
was 17.2 mL of purified SOCk (ca. 0.24 mol}.

The mixture was stirred for 10 h at room tem-
perature. And then excess distilled water was
added with vigorous stirring to the reaction mix-
ture precipitating the crude product. The mixture
was neutralized with 10% NaHCO,. The precipi-
tate was collected on a filter and washed with
water. The product was purified by recrystalliza-
tion from a mixture of distilled water and metha-
nol {1 : 1 by volume). The purified product was
dried at 60 °C in a vacuum oven. The yield was
3.6 g (83 %); mp. 310 ~ 312°C.

IR-spectrum (KBr, cm’) : 3049 (aromatic C-H
stretching), 2914 (aliphatic C-H stretching), 1735
{aromatic C=0 stretching), 1590 and 1448 {aro-
matic C=C stretching), 1312 and 1227 {C-N
stretching}, 1022 {C-O stretching) and 745 (out-of
plane bending vibration of =C-H). 'H-NMR spec-
trum (acetone-ds, Sppm) : 7.1 ~ 7.45 (m, 6H), 8.2
~ 8.35 (m, 5H), 4.0 (s, 3H) and 3.2 (s, 3H).
Anal. (%) : caled. for CeH2NQs, C 73.5; H4.8: N
3.9.Found, C73.2; H4.9; N 3.9,

Preparation of Poly[ethylene 2-(cabazolyl)
terephthalate] (PECT). N-[2,5.-Bis[methoxycar-
bonyljphenyl]carbazole (1.0 g ; 2.78x 10 mol),
zinc acetate (0.01 g}, chloroacetic acid (0.01 g)
and antimony oxide (5.0x 10° g} were mixed
with 3.0 mL of ethylene glycol (Junsei, purified
following the literature method™) in a polymeriza-
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tion tube equipped with a vacuum sealed
mechanical stirrer, a gas inlet, and a distillation
arm. The tube under an argon atmospheres was
heated to and maintained at 197°C for 2 h, at
220°C for 4 h, at 278 °C for 3 h, and finally at
283 °C for 3 h. And then vacuum {0.1 torr) was
applied to the tube at 283 °C for 2 h. Vacuum in
the tube was broken by introducing argon gas.
The solid mass obtained was crushed and the
powder was subjected to Soxhlet extraction for 3
days using ethanol. The polymer vield thus
obtained was 0.89 g { 90%).

IR-spectrum (KBr, cm') : 3438 (OH stretching),
3050 {(aromatic C-H stretching), 2953 (aliphatic
C-H siretching), 1725 (aromatic C=0 stretching),
1275 (C-N stretching), 1229 and 1101 (C-O
stretching) and 750 (out-of plane bending vibra-
tion of =C-H). Anal.(%): calcd. for the repeating
unit of CeHisNOs, C 73.9; H 4.23; N 3.92.
Found, C 72.8; H 4.31; N 3.83.

Preparation of Copolyesters (Copoly-x,y)
and Poly(ethylene terephthalate} (PET). All
the copolyesters, Copoly-1,2, Copoly-2,1 and
Copoly-4,1, and Copoly-1,0 (PET) were pre-
pared in the same manner as described above.
Their structures and compositions were confirmed
by [R-spectra and elemental analysis.

Instrumentation. FIIR and 'H-NMR spectra
were recorded on a Bomem Michelson spectro-
photometer and a Varian Gemini 300 instrument,
respectively. Elemental analysis was conducted
using a Perkin-Elmer Model 240 analyzer. The
molecular weights of the polymers were determined
against polystyrene standards using a Waters
(600E) GPC with a refractive index detector. Tet-
rahydrofuran (THF) was utilized as an eluent.
Thermal properties of the synthesized PET
copolyesters were examined by differential scan-
ning calorimetry (Mettler DSC 821°) and thermo-
gravimetry (Mettler TG50). UV-vis and photo-
luminescence (PL) spectra were recorded on a
Hewlett Packard HP 8452A Diode Array spectro-
photometer and AMINCO-Bowman Series 2
luminescence spectrometer, respectively. The cur-
rent (I} vs. voltage {V) curve in the measurement
of photoconductivity was obtained using a Kei-
thley 2400 digital source meter. Thickness of thin
films was measured using a Tencor P-10 surface
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profiler. Wide angle X-ray diffractograms were
obtained on a Rigaku Geiger diffractometor. The
nickel-filtered CuK afA = 1.541 A) radiation was
used for the X-ray analysis.

Measurement of Photoluminescence (PL)
and Photoconductivity. The PL spectra of
polymer solutions and films were obtained at the
excitation wavelength of 338 nm using the instru-
ment explained above. The band pass of the
monochromator was kept at 4 nm and the scan
rate at 10 nm/sec.

The polymer films (ca. 500 nm thick) were pre-
pared by spin coating {Laurell spin coater. U5
A.). On a precleaned glass plate of 1.2x1.2 cm
spin-coated was polymer solutions {cone.
100 mg/mL) in 1,1,2,2-tetrachloroethane which
had been filtered beforehand through a 0.45 um
syringe filter (Nalgene. Cat. No. 05-2845). The
glass plate was cleaned before use in a sonicator
using acetone, methanol, distilled water, acetone,
and finally with 2-propanol. The spin coater was
used in a clean bench through which a steady
stream of argon gas was continuously introduced
during spin coating. The films for photoconducti-
vity measurement were prepared by dissolving
100 mg of polymers and 3 mole% of p-chloranil
in 1.0 mL of 1,1,2 2-tetrachloroethane followed
by filtration and spin coating on an indium-tin
oxide {ITO) coated glass plate. The obtained films
were 500 ~ 600 nm thick. On the top surface of
the film vacuum (10°torr) deposited was gold
electrode 100 nm thick. Photoconductivity was
measured using a Xe-Lamp (300 W) and an Oriel
77220 1/4m monochromater. Keithley 2400 digi-
tal source meter was utilized in field regulation
and current measurement.

Results and Discussion

Synthesis and General Properties of Poly-
mers. Structures and compaositions of all the poly-
mers were confirmed by IR-spectra and elemental
analysis. The composition of the copolyesters
were the same as feeds according to the results of
elemental analyses. The values of solution viscos-
ities and average molecular weights of the poly-
mers are shown in Table L. Their number-average
(M.} molecular weights were not very high
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Table I. Molecular Weight and Glass Transition Temperature of Polyesters

Copoly-x,y T’ -dL/g M." M,° PDI* T, °C

LO{PET) 0.39 d E d 66
4,1 0.29 7021 9547 1.36 72
2.1 0.28 5782 8353 144 87
1,2 0.26 5561 6863 1.23 90

0,1{PECT) 0.34 8557 10771 1.25 103

* Measured at 30 °C for the polymer concentration of 0.5 g/dL in a mixture of phenol and 1,1,2 2-tetrachloro-

ethane (1:1 by wt.).
* The value was obtained by GPC.
‘ Polydispersity index.
I Not measured.

Copoly-0,1
(PECT)
Nﬁ
Copoly-2,1

Copoly-4,1

Exo

- T T T
50 100 150 200 256 300
Tempersture { "C)

Figure 1. DSC thermograms of the polymers obtained
under a nitrogen atmosphere at the heating rate of 20°C/

min.
Copoly-0,1
(FECT)

Copoly-1,2

Copely-2,1

Intensitcy — .

Copoly-4,1

PET

1 | 1 [ i 1

5 10 15 20 26 W I/ 40 45 50
28 (degrees)

Figure 2. Wide angle X-ray diffractograms of polymers.
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ranging from about 5500 to about 8600. Since all
of the copolymers and the PECT homopolymer
were soluble in tetrahydrofuran {THF) at rocom
temperature, their molecular weights could be
determinated against polystyrene standards by
GPC using THF as an eluent. The polydispersity
indices were rather low ranging from 1.23 to
1.44. This can be ascribed to removal of low
molar mass species by solvent exfraction as
described in Experimental.

With the exception of PET, all of the copolyesters
and PECT were found to be amorphous (Figure 1
and 2). The small peaks appearing at 26= 8° are
from the substrate glass. It is believed that random
orientation and bulkiness of the carbazole moiety
along the backbone destroy the crystallinity very
efficiently making the copolymers amorphous.
Their glass transition temperatures (T,s) increased
steadily, as the content of the comonomer unit
bearing the carbazole moiety was increased
(Table I and Figure 1). For example, the T, value
of PECT was 103 °C while that of PET was 66
°C. Evidently, increased rotational barrier for the
main chain by inclusion of comonomer units
bearing the bulky pendant carbazole group over-
rides the expected increase in polymers free
volume by the pendants. The former usually
results in a higher T, value, whereas the latter a
diminished T, value.

UV.-vis Absorption and Photolumines-
cence Behavior. Uv-vis spectra of the present
polymer films are shown in Figure 3. For the pur-
pose of comparison, the spectrum of poly(vinyl-
carbazole} (PVK) is also included in the figure.
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—s— PVK
—o— Copaly-0,1
{PECT)
—a— Copoily-1,2
—— Copoly-2,1
—~-— Copoly-4,1

Absorbance {a.u.)

T T 1
300 3&5 350 378 400
Wavelength (nm)

Figure 3. UV-vis spectra of polymer films.

PVX exhibits two absorption peaks for IT — IF¥
transition whose maxima are located at 330 and
346 nm. PECT and copolyesters alsc show two
absorption peaks whose maxima are a little blue-
shifted when compared with those of PVK and
they appear at 326 and 340 nm, respectively. The
terephthaloyl moiety attached to the N-atom of
the carbazole moiety seems to cause such a shift
by an electronic effect.

Photoluminescence {PL) spectra of the present
polymer films, however, greatly differ from the PL
spectrum of PVK (Figure 4). The PL spectrum of
PVK appears over a broad range of about 365 —~
550 nm with the wavelength of emission maxi-
mum being located at 418 nm. The tail extends to
about 600 nm. The general shapes and absorp-

—s—PVK
=0 Copoly-0,1
(PECT})
—ai— Copoly-1,2
== Copoly-2,1
—x— Copoly-4,1

PL intensity (a.u.)

i L i { L ! "
300 400 500 600 700 800

‘Warvelength (nm)

Figure 4. PL specira of polymer films. Excitation wave-
length was 340 nm,
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tion maximum positions of the present polyesters
are practically same, But the absorption band
position has been moved to red by about 70 nm
when compared with the absorption spectrum of
PVK. Moreover, a broad shoulder peak is ob-
served around 550 nm on all the PL spectra of
polyesters. As expected, PL intensity decreases as
the content of the carbazole moiety decreases in
the polymer,

The seemingly contradictory observations in
the shift direction for absorption and PL spectra
of the present polyesters, compared with those of
PVK, can be explained by conformational
changes around the bond between the terephtha-
loyl group and the carbazole moiety. According to
a model calculation (CS Chem3D Pro’, Cam-
bridgesoft Co.) in the ground state the carbazole
moiety orients itself 60° twisted out of the plane
of the terephthaloyt unit, which indicates that the
electronic interaction between the two moieties is
mainly through an inductive effect, but not
through a resonance effect. Therefore, the pres-
ence of the two electron-attracting carbonyl
groups in the terephthaloyl unit cause a weak
blue shift in the absorption position of the carba-
zole pendant.

On the contrary, we observed a strong red shift
in PL spectra of the polymers as described above.
This contrasting shift can be explained by the con-
jecture that the two ring systems of terephthaloyl
and carbazole moieties are of more or less copla-
nar or less twisted conformations in the excited
state. Of course, intra- and intermolecular interac-
tions leading to the formation of excimers and
exciplexes can be more important factors for this
red shift in PL specira of polymers. Probably,
intra- and intermolecular exciplex formation is the
major contributing factors to this phenomenon.

In order to clarify this point a little bit further, we
examined the PL behavior of PECT in dichlo-
romethane varying its concentration (Figure 5).
Figure 5 shows several interesting aspects in the
PL spectra of PECT in solution. First of all, its PL
spectra especially in dilute solutions are very dif-
ferent from its PL spectrum in thin film as shown
in Figure 4. When the concentration is very dilute,
only 5 x 10® M in the repeating unit, the PL spec-
trum (Figure 5) is very broad ranging from about
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(a) 5.0x 10°M
(6)5.6x 10"M
() 5.0x10°M
(d) 5.0x 10°M
(2)5.0x 10°M

PL intensity (a.u.}

300 400 500 600 700 800
Wavelength {(om)

Figure 5. PL spectra of PECT in dichloromethane solu-
tion. Excitation wavelength was 340 nm. The concen-
fration represents the molar concentration of the
repeating unit.

350 to about 700 nm. The maximum PL intensity
was observed at 420 nm, which is not far from
the maximum emission intensity position (418
nm) of the PVK film (Figure 4). As the concentra-
tion increases, the peak intensity at 420 nm grad-
ually diminishes and a new peak at 503 nm
appears and its intensity grows. This new peak
corresponds to the major peak at 490 nm shown
eartier in Figure 4 for the PL spectra of polymer
films. The solvent used appears to have caused a
slight red-shift for this peak in solution. At the
repeating unit concentration of 5x 10'M the ear-
lier peak at 420 nm totally vanishes, and only one
broad single PL spectrum is resulted as ohserved
for the polymer film. It is noted that Figure 5 (a)
and (b} exhibit a weak shoulder at 615 nm, which
is ascribed to the emission from the carbazole
excimers.

Photoconductivity of PECT. Photoconduc-
tivity of PECT films containing 3 mole% chloranil
was measured using a Xe-lamp as the light
source. The film was sandwiched between the
ITO coated glass and gold electrodes as described
in Experimental. Photoconductivity of the films
was measured in two different ways: dependence
of current on the bias voltage at the fixed wave-
length of light {390 nm) and dependence of con-
ductivity on the wavelength of the light (390
-~ 460 nm) at the fixed light power of 1.8 mW,
The results are shown in Figure 6 and 7. Unfor-
tunately, due to lack of an adequate light source
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Figure 6. Voltage dependence of the photocurrent of
PECT at varying light intensity.
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Figure 7. Dependence of PECT photoconductance on

the wavelength of light.

photoconductivity could not be measured for the
340 nm light where maximum absorption by the
carbazole moiety occurs, which will be pursued in
future work.

Figure 6 shows that photocurrent increases as
the bias voltage and light intensity increase, which
is the phenomenon generally, observed for pho-
toconducting polymers””* Figure 7 reveals that
photoconductance can be higher than 1x10™ Q7
at the wavelength shorter than 430 nm and it
increases steadily as the wavelength of the light
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becomes shorter. The results shown in the two
figures point out two important facts: Firstly,
although the PECT polymer doped with a low
level of chloranil does not absorb much light
beyond 360 nm, it shows appreciable degree of
conductivity (~1 x 107" up to about 430 nm.
This implies that a very little absorption of light
can generate carriers and the mobility of the carri-
ers is fairly fast. Secondly, the photocurrent
obtained for PECT at 390 nm and 2 V is 1x 107°
A for the film 0.5 mm thick. This conductivity is
significantly higher than the photocurrent (ca.
1x 10% A) measured for poly(vinylcarbazole)
(PVK) 1.5 mm thick at 340 nm and 2 V. There-
fore, it can be conjectured that PECT may be able
to show a much better photoconductivity when
exposed to light of shorter wavelength to produce
higher concentration of carriers, Further results on
the conductivity of this polymer will be reported
in future. Since the contents of the carbazole moi-
ety in other copolymers are lower, their photocon-
ductivity has not been studied in this inves-
tigation.

Conclusion

A series of newly modified PET and copolyes-
ters bearing the carbazole moieties on the tereph-
thaloyl rings were prepared. It was found that
crystallinity was lost even at the 20 mole% level of
the carbazole comonomer unit, which is explain-
ed by the random orientation of the bulky carba-
zole pendants. The glass transition temperature of
the copolyesters, however, steadily increased with
increasing the comonomer content indicating
augmentation in rotational energy barrier along
the main chain.

All the copolyesters reveal photoluminescence
emitting light in the visible region in solutions as
well as in thin films. When compared with the
photoluminescence of PVK, the present copolyes-
ters emit light in a much longer wavelength region
indicating the presence of rather strong interac-
tions of pendants with the backbone, most prob-
ably with the terephthalovl unit. The similar red-
shift in fluorescence was observed for concen-
trated solutions. Preliminary study on the photo-
conductivity of polyloxyethyleneoxy-(2-carbazolyl)
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terephthaloyl] (PECT) complexed with a low level
of chloranil leads to the temporary conclusion
that this polymer can be a good photoconducter
having excellent carrier mobility.
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