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ABSTRACT: Copolymers of 4-(4'-nitrocinnamoyl)phenyl
acrylate (NCPA) and glycidyl methacrylate (GMA) were
prepared in a methyl ethyl ketone solution with benzoyl
peroxide as the initiator at 70°C. They were characterized
with UV, IR, '"H-NMR, ">C-NMR, and gel permeation chro-
matography. Copolymer compositions were determined
from 'H-NMR spectra. The monomer reactivity ratios, de-

termined by the method of Kelen and Tudoés, were r;
(NCPA) = 1.22 and r, (GMA) = 0.76. The initial decompo-
sition temperatures of the copolymers were greater than
272°C, as observed by thermogravimetric analysis in air. The
photocrosslinking properties of the polymer films were ex-
amined. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 86:
3264-3270, 2002

INTRODUCTION

In recent years, the synthesis of polymers containing
reactive functional groups in the pendant units has
been an active field of research in polymer science
because it provides an approach to the subsequent
modification of polymers for required applications.
Polymers containing «,B-unsaturated carbonyl groups
undergo crosslinking upon irradiation with UV light
or an electron beam, and such polymers are regarded
as negative-type photoresists. They are being used in a
variety of applications, such as photocurable coatings
and energy-exchange materials, and in a variety of
fields, such as microlithography and medicine.'”® A
number of polymers with photosensitive groups in the
pendant units have been prepared and tested for their
photoreactive properties.” > We reported the synthe-
sis and photosensitive properties of polymers contain-
ing «, B-unsaturated ketone moieties with electron-
donating or electron-withdrawing groups in the pen-
dant.'®!” The curing of these polymeric films occurs
within 60 s of irradiation with UV light in air in the
absence of a sensitizer. The presence of an electron-
withdrawing group (e.g., NO,) in the cinnamoyl aro-
matic ring reduces the rate of photocrosslinking of the
polymer.

High photosensitivity, thermal stability, and good
solubility are very desirable properties for a pho-
tocrosslinkable polymer. The copolymerization of
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monomers with different photofunctional groups is
the best technique for tailor-made polymers with a
range of properties for various applications. Copoly-
mers based on glycidyl methacrylate (GMA) have ver-
satile applications, such as photocurable or electron-
beam-curable coatings and printing inks, because of
the presence of reactive epoxy groups.'® The presence
of both unsaturated carbonyl and epoxy functional
groups in the polymer may provide some additional
advantages in terms of photosensitivity, thermal sta-
bility, and solubility for coatings, films, and many
other applications.

In a continuation of our work on photosensitive
polymers,'®!” the synthesis, characterization, thermal
stability, and photocrosslinking properties of copoly-
mers of 4-(4'-nitrocinnamoyl)phenyl acrylate (NCPA)
and GMA are reported in this article.

EXPERIMENTAL

Materials

GMA (Aldrich) was vacuum-distilled before use. Ben-
zoyl peroxide (BPO) was recrystallized from a chloro-
form/methanol (1:1) mixture. NCPA was synthesized
by the esterification reaction between 4-hydroxyphen-
yl-4'-nitrostyryl ketone (8.9 g, 0.033 mol) and methac-
ryloyl chloride (4.08 g, 0.039 mol) in the presence of
triethylamine (3.33 g) in methyl ethyl ketone at 0 to
—5°C according to a procedure described elsewhere.!”
All the other chemicals were analytical-grade samples
and were used as received.
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Scheme 1 Preparation of the copolymers of NCPA with GMA.

Copolymerization

Copolymers of NCPA and GMA in six different com-
positions were prepared with 2M solutions of the
monomers in methyl ethyl ketone in the presence of
BPO (0.5 wt % monomers) as an initiator at 70°C.
Suitable amounts of the monomers, initiator, and sol-
vent were mixed in a polymerization tube, flushed
with oxygen-free nitrogen for 20 min, and kept in a
thermostat at 70°C. After a predetermined time (=1 h),
the copolymer was isolated in excess methanol, puri-
fied by reprecipitation into methanol from a chloro-
form solution, and finally dried in vacuo.

Instruments

UV spectra were recorded with a Hitachi UV-2000
spectrophotometer (Kyoto, Japan). IR spectra were ob-
tained with a Hitachi 270-50 spectrophotometer with
KBr pellets (Kyoto, Japan). '"H-NMR spectra with a
Bruker 270 MHz spectrometer Bruker 270 MHz spec-
trometer (Silberstreifen, Germany) and '*C-NMR
spectra with a CXP 22.64 MHz FT NMR spectrometer
were obtained in CDCl; solutions with tetramethylsi-
lane as an internal reference. Thermogravimetric anal-
ysis (TGA) was performed in air with a Mettler TA
3000 thermal analyzer Mettler TA 3000 thermal ana-
lyzer (Switzerland) at a heating rate of 15°C min .
Glass-transition temperatures (T,’s) of the polymers
were determined with a PerkinElmer DSC D7
PerkinElmer DSC D7 (Uberlingen, Germany) at a heat-
ing rate of 15°C min ' in air. A Waters 501 HPLC
instrument Waters 501 HPLC instrument (Milford,
MA) equipped with three Ultrastyragel columns and
an RI-401 detector was used for the determination of
the molecular weights of the polymers. The molecular
weights were calibrated against polystyrene standards
with tetrahydrofuran as the mobile phase. The thick-
nesses of the polymer films were measured with a
Solan Dektak 3030 surface profile measuring instru-
ment.

Photoreactivity of the polymers

The photoreactivity of the polymers was measured as
follows. A thin film (1.25 * 0.1 um thick) of the
polymer on a flat quartz plate was made with a 2%

solution of the polymer in chloroform by the dipping
and evaporation of the solvent. Then, the film was
irradiated for selected time intervals with a high-pres-
sure (75-W) mercury lamp at a distance of 10 cm. After
each exposure time, the UV spectrum of the film was
recorded, and the disappearance rate of YC=C( of the
pendant «,B-unsaturated ketone unit was calculated
with the following expression:

Rate of conversion (%) = (A4, — A7)/ (A, — A,) X 100

where Ay, A, and A, are absorption intensities due to
the )C=C( group after the irradiation times t = 0, ¢
=T, and t = o (maximum irradiation time), respec-
tively. The data presented are the averages of three
experiments. The standard deviation between the ex-
periments was *2%.

RESULTS AND DISCUSSION

Photocrosslinkable polymers containing different
amounts of pendant «,B-unsaturated ketone and ep-
oxy groups were prepared by the free-radical copoly-
merization of NCPA and GMA in a methyl ethyl
ketone solution with BPO as the initiator at 70°C
(Scheme 1). The copolymerization proceeded in a ho-
mogeneous solution for all the compositions of the
monomer feeds. Table I gives the data of the molar
compositions of the initial mixtures of the comono-
mers used and of the resulting copolymers.

Solubility

Because solubility is one of the most important re-
quirements for a photosensitive polymer, the solubil-
ity of the copolymers was tested in various organic
solvents. All the copolymers were easily dissolved in
aprotic polar solvents such as N-methyl-2-pyrroli-
done, dimethylformamide, dimethylacetamide, di-
methylsulfoxide, and tetrahydrofuran and in chlori-
nated solvents such as chloroform and methylene di-
chloride. They were insoluble in hydrocarbons such as
benzene, toluene, and xylene and in protic solvents
such as methanol, ethanol, and 2-propanol.
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TABLE 1
Composition and Molecular-Weight Data for the Copolymerization of NCPA with GMA
Conversion
M, (%) C 1y M, X 107* M, /M,
0.10 8.14 0.14 0.19 5.02 1.97
0.20 9.16 0.20 0.28 4.12 1.89
0.35 10.21 0.34 0.49 3.88 1.83
0.50 10.26 0.48 0.75 3.51 1.79
0.65 9.25 0.52 0.82 3.05 1.76
0.85 8.55 0.57 0.92 2.29 1.75
1.00 — — — 3.94 1.47

M, and m, are the molar fractions of NCPA in the feed and copolymer, respectively.

Molecular weights

Table I gives the weight-average molecular weight
(M,,) and polydispersity index [weight-average molec-
ular weight/number-average molecular weight (M,,/
M,))] values for poly[4-(4'-nitrocinnamoyl)phenyl ac-
rylate] (PNCPA) and copolymer samples. The M, val-
ues of the copolymers range from 2.29 to 5.02 X 10*
Da, with polydispersity index values of 1.75-1.97, the
normal molecular weight distribution expected for the
free-radical polymerization of (meth)acrylate mono-
mers.

IR spectra

The IR spectra (Fig. 1) of the copolymers apparently
show more prominent absorptions of NCPA units be-
cause the absorptions due to GMA overlap those of
NCPA. Strong absorptions at about 1760 cm ™" corre-
spond to the ester carbonyl stretchings. A doublet
with a strong peak at 1680 cm ™' and a weak peak at
1640 cm ™! may be assigned to the ketonic carbonyl
group in the NCPA unit."” A strong band at 1620 cm ™!

100

corresponds to the pendant olefin group, which is
flanked by the ketone and phenyl groups in the NCPA
unit. The aromatic )YC=C( stretchings and C—H out-
of-plane bending vibrations can be observed at 1510
and 760 cm ™!, respectively. Absorptions at 990 and
810 cm ™! are due to the epoxy group of the GMA
unit."” A strong peak at 1360 cm ™' is due to the —NO,
group stretchings.

"H-NMR spectra

The 'H-NMR spectrum (Fig. 2) of copoly(NCPA-
GMA) contains distinct signals for both NCPA and
GMA units. Signals at 8.40-6.94 ppm are due to aro-
matic protons, and those at 6.36 and 6.08 ppm are
assignable to the ethylenic protons of the pendant
chalcone moiety of the NCPA unit.'” The GMA unit is
characterized by resonance signals at 4.35 and 3.83
ppm due to the methyleneoxy (CH,O) protons of the
ester and epoxy ring, respectively, and at 3.23 ppm
due to the methyne (CH) proton of the epoxy group.'’
The resonance signals at 2.68 and 2.06 ppm are assign-
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TRANSMITTANCE (%)

(o]

1 1 I 1 | { i

4000 3000 2000

1600 1200 800 400

WAVENUMBER (cm™)

Figure 1 IR spectrum of poly(NCPA-co-GMA) (molar fraction of NCPA = 0.75).



CHARACTERIZATION OF PHOTOSENSITIVE COPOLYMERS

3267

4

8 (ppm)

Figure 2 '"H-NMR spectrum of poly(NCPA-co-GMA) (molar fraction of NCPA = 0.75).

able to the backbone methyne and methylene protons
of both monomeric units. The methyl protons of the
GMA unit can be observed at 1.15 ppm.

13C-NMR spectra

Figure 3 shows the proton-decoupled ">*C-NMR spec-
trum of copoly(NCPA-GMA). Chemical-shift assign-
ments were made from the off-resonance decoupled
spectra of the copolymers. The ketonic carbonyl car-
bon resonances of the pendant chalcone unit of NCPA
appears at 190.4 ppm.'” The ester carbonyl carbons of
both monomeric units can be observed at 176.9 and
175.5 ppm and are interchangeable. The aromatic car-
bon that is attached to the esteric oxygen atom gave
resonance signals at 150.3 ppm. The other aromatic
carbons gave signals at 142.3, 130.8, 129.5, 127.2, 125.5,
124.7, 125.6, and 122.5 ppm, and the olefinic carbons
gave signals at 119.6 and 118.5 ppm. The signals due
to pendant ester methyleneoxy (—OCH,), epoxy ring
methyleneoxy (—OCH,), and methyne (—OCH) car-
bons of the GMA unit can be seen at 58.9, 55.1, and
53.4 ppm, respectively.'” Resonance signals of back-
bone methylene (—CH,), methyne (—CH), and ter-
tiary carbons appear between 48.1 and 45.1 ppm. A

group of signals at 18.5 ppm due to a-methyl carbon
of GMA indicates the presence of configurational tac-
ticity.

Copolymer compositions

The copolymer compositions were determined by
analysis of the "H-NMR spectra of the copolymers.
The assignment of resonance peaks in the 'H-NMR
spectrum of the copolymer allows the accurate deter-
mination of the copolymer composition.'*~** The mo-
lar fraction of NCPA in the copolymer was deter-
mined by the measurement of the integrated intensi-
ties of downfield protons (aromatic + olefinic = 10) at
8.40-6.08 ppm of the nitrocinnamoylphenyl group in
the NCPA unit and the total protons (22 H) from both
monomers with the following expression:

Molar fraction of NCPA = 10 — C/(10 — 3C)

where C is the ratio of the integrated intensities of
downfield protons to that of total protons in the 'H-
NMR spectrum of the copolymer. Table I gives the
values of C and the corresponding molar fractions of
NCPA in the copolymer samples. Table I clearly indi-
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Figure 3 Proton-decoupled ">*C-NMR spectrum of poly(NCPA-co-GMA) (molar fraction of NCPA = 0.75).
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TABLE 11
Tg’s and TGA Data for Copolymers of NCPA with the GMA System
RDT (°C)
my m, T, (°C) Stage 1 Stage 2 T 10 (°C)
0.00 1.00 74 200-416 (96) — 260
0.19 0.81 — 274-491 (75) 510-653 (23) 343
0.28 0.72 — 281-485 (64) 505-665 (34) 359
0.49 0.51 88 284-485 (50) 512-689 (47) 361
0.75 0.25 102 284-383 (33) 405-689 (65) 367
0.82 0.18 112 288-384 (26) 408-689 (72) 374
0.92 0.08 — 290-371 (21) 391-689) (78) 378
1.00 0.00 155 262-369 (40) 380-645 (56) 331

m, and m, are the molar fractions of NCPA and GMA, respectively, in the copolymer. RDT = range of decomposition

temperature; Ty,,, = temperature at which 10% weight loss of polymer occured.

cates that for all the monomer feed compositions, the
copolymer contains more NCPA.

Monomer reactivity ratios

Monomer reactivity ratios are important quantitative
values for predicting the copolymer composition for
any starting feed in batch, semibatch, or continuous
reactors and for understanding the kinetic and mech-
anistic aspects of the copolymerization. The reactivity
ratios of NCPA and GMA were determined from the
monomer feed and the resultant copolymer composi-
tion by the application of the Kelen-Ttados method,
the linear method of r, and r, determination in which
all data are weighted equally and which is insensitive
to the transposition of data.*** The reactivity ratio
values obtained from the Kelen-Ttdos plot are as
follows: r; (NCPA) = 1.22, r, (GMA) = 0.76, and ryr,
= 0.92. The product of the reactivity ratios (rir,
= 0.92), which is less than 1, indicates a random
distribution of the comonomers in the polymer chain.
The value of 1/r, (0.82) suggests that the reactivity of
growing radicals with NCPA ends appears to be a
little higher toward its own monomer molecule. Con-
versely, the reactivity of growing radicals with GMA
ends, as observed by the value of 1/7, (1.31), seems to
be less toward its own monomer and higher toward
the comonomer (NCPA). These observations clearly
suggest that the probability of the NCPA unit entering
the copolymer chain is somewhat more than that of
GMA.

T,

Table II gives the T, values of PNCPA, poly(glycidyl
methacrylate) (PGMA), and three copolymer samples.
The T, values for PNCPA and PGMA are 155 and
74°C, respectively. The copolymers exhibit a single T,
thereby indicating the formation of random copoly-
mers for all the monomer feed compositions. The T,
value of the copolymers depends on the copolymer

composition and increases with an increase in the
NCPA content in the polymer chain. This may be
attributed to the increase in the amount of stiff and
bulky aromatic pendant groups (chalcone moieties)
introduced into the system.

TGA

TGA is the most favored technique for the rapid eval-
uation of the thermal stability of polymeric materials.
It is especially useful in comparing the thermal stabil-
ities of various copolymers. Table II shows the differ-
ential TGA data for two homopolymers and for all the
copolymer samples. The initial decomposition temper-
atures (IDTs) of PNCPA and PGMA are 262 and
200°C, respectively. The IDT of the copolymers de-
pends on the composition of constituent monomers
and increases with an increase in the NCPA content in
the copolymer. PGMA decomposes in a single stage in
the temperature range of 200-416°C, with a weight
loss of about 96%. PNCPA undergoes thermooxida-
tive decomposition in two stages, the first one at 262-
369°C with a weight loss of about 40% and the second
one at 380—-645°C. The copolymers also decompose in
two stages similarly to PNCPA. Copolymers with
higher GMA contents undergo rapid decomposition
in the first stage. As the NCPA content in the copoly-
mer increases, the weight loss decreases in the first
stage (274-371°C) and increases in the second stage in
the temperature range of 400—650°C. The total weight
loss of the copolymers in both decomposition stages is
about 97%.

Photocrosslinking properties

The photoreactivity of the polymers was studied by
the irradiation of the polymer films with a high-pres-
sure mercury lamp and by the measurement of the UV
absorption intensity due to YC=C( of the pendant
nitrocinnamoyl group of the NCPA unit. Typical
changes in the UV spectral pattern of the copolymer
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Figure 4 Changes in the UV spectra of a thin film of
poly(NCPA-co-GMA) (molar fraction of NCPA = 0.75) after
0, 0.17, 0.5, 1.5, 2.5, 4.5, 6.5, 9, 12, 16, 20, and 25 min of
irradiation (from top to bottom).

film for different time intervals of irradiation are pre-
sented in Figure 4. The copolymers show an absorp-
tion band at about 310 nm due to the 7= transitions
of the pendant nitrocinnamoyl group of the NCPA
unit. The initial irradiation causes a trans—cis isomer-
ization of the nitrocinnamoyl group, as evident from
the appearance of an isobestic point at 272 nm. The
absorption intensity at 310 nm decreases rapidly with
the irradiation time, and the band disappears almost
completely within 30 min of irradiation. The copoly-
mer became insoluble in polar aprotic and chlorinated
solvents, in which it was easily soluble before irradi-
ation, within 60 s of irradiation. The decrease in the
UV absorption intensity due to the pendant chalcone
unit and the insoluble nature of the copolymers are
due to the crosslinking of polymer chains through 27
+ 2m cyclodimerization of the YC=C( group of the
pendant nitrocinnamoylphenyl unit,'®!” as shown in
Scheme 2. The 27 + 2w cycloaddition destroys the
entire m-electron system and results in a decrease in
the UV absorption intensity of the double bond of the
pendant nitrocinnamoyl unit with the irradiation
time.>>?¢

CONVERSION (%)

0 ] ! i i
0] 4 8 12 16

IRRADATION TIME (min)

Figure 5 Disappearance rate of the pendant chalcone dou-
ble bonds ()C=CX) of the copolymers with UV irradiation
for the following molar fractions of NCPA: (a) 0.28, (b) 0.49,
(c) 0.75, and (d) 0.82.

The disappearance rate of the double bonds of the
pendant nitrocinnamoyl group in PNCPA and four
copolymer samples with the irradiation time is shown
in Figure 5. Interestingly, the photoconversion rate for
the copolymers is faster than that of PNCPA and
increases with an increase in the NCPA content in the
copolymer chain. The higher rate of photoconversion
in the copolymers may be due to the presence of epoxy
groups.

CONCLUSIONS

Copolymers of NCPA with GMA were synthesized
and characterized with UV, IR, 'H-NMR, *C-NMR,
and gel permeation chromatography. The composi-
tion data and reactivity ratios of the monomers clearly
suggest a random distribution of comonomers in the

Scheme 2 Photocrosslinking of the copolymers.
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copolymer chain. The copolymers show a single T,,
thereby indicating the formation of random copoly-
mers. The copolymers possess good thermooxidative
stabilities, with IDTs greater than 270°C, as observed
with TGA in air. The rate of photocrosslinking of the
copolymer films increases with an increase in the
NCPA content in the copolymer chain. The curing of
the copolymers occurs within 60 s of irradiation in the
absence of a sensitizer. Because the copolymers exhibit
good photocrosslinking properties, even in the ab-
sence of a photosensitizer, they can find applications
as photoresists and coatings.
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