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ABSTRACT: Oxime Ester (OXE) Photoinitiators were
synthesized and characterized by HPLC, FTIR, UV-Vis
spectra, and '"H-NMR. The UV-Vis spectra of these pho-
toinitiators were similar to Benzophenone (BP) but
showed large red-shifted maximum absorption. OXE
were not only soluble in many solvents and (meth) acry-
late monomers but also could be dispersed easily in pro-
pylene glycol monomethyl ether acetate (PGMEA). The
kinetics of polymerization of monomer using OXE as

photoinitiator was studied by Real-time infrared (RTIR)
spectra. It showed that OXE were an efficient photoinitia-
tor. The concentration of OXE, functionality of monomer,
and light intensity had effect on the photopolymerization
kinetics. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123:
725-731, 2012
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merization; polymerization kinetics; real-time infrared

INTRODUCTION

Photopolymerization science and technology have
assumed an increasing relevance in many applica-
tions in the past several decades due to its unique
advantages of S5E (efficient, enabling, economical,
energy saving, and environmental friendly).'” It is
based on the use of photophotoinitiator systems
suited to absorb a light to produce primary radical
species, which can initiate polymerization. The type
I photoinitiators undergo a direct photo fragmenta-
tion process (o0-or less common B-cleavage) upon
absorption of light. The type II photoinitiators are
based on compounds whose triplet excited states
readily react with hydrogen donors. Photoinitiators
play an essential role in all the photocurable formu-
lations. Great attention has been paid to synthesize
new kinds of photoinitiators, which are able to use
in different fields such as negative photo-resist,*”
liquid crystal displays (LCDs),® dental materials,” 3D
fluorescence imaging,® and food beverages” in recent
years. Some traditional photoinitiators are widely
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produced and applied to the field of light-cured
materials, such as, benzoin derivatives, o,0-2-alkoxy
phenyl ketones, a-hydroxy alkyl ketones, o-amino-
alkyl ketones, acyl phosphine oxide, benzophenone/
amines, miketone, thiophene tons/amine. However,
these traditional photoinitiators more or less showed
the low-polymerization rate and conversion rate, dif-
ferential solubility and low transparency, oxygen in-
hibition and poor stability.

O-acyloxime photoinitiators had been reported in
recent year and attracted more and more atten-
tions.'”"" As our continuous studies on the develop-
ment of highly efficient photoinitiator systems for
the biomolecular photoinitiating system,'>'* a study
of four novel oxime ester photoinitiators which
might be applied in other fields is presented in this
study. The photoinitiators can absorb light of a par-
ticular wavelength from 300 to 400 nm to generate
active species, which can convert a crosslinker
monomer into a crosslinked network. The carbazole
structure group as a substituent on photoinitiator
molecules is of our interest because it can not only
enhance the solubility of the photoinitiators but also
lead to a big red shift of the absorption of the elec-
tron-accepting photoinitiator. The stability and sensi-
tive activity of Oxide Ester photoinitiators were
improved by the introduction of diphenyl sulfide or
carbazole group which had large conjugated system
and strong intramolecular electron transfer proper-
ties. The designed compounds could generate acids
or bases upon irradiation of light, which present a
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great interest in the field of polymeric photosensitive
systems and are essential component in chemically
amplified photoresists. The designed compounds
have high thermal stability and extremely higher
performance in photosensitivity, making them attrac-
tive for possible use in the pigmented system.

In this article, we reported the preparation of the
oxime ester initiators, and the structure of photoini-
tiators was characterized by FTIR, UV-Vis absorp-
tion spectra, HPLC, and 'H-NMR. High-performance
liquid chromatography (HPLC) results showed that
their purity were higher than 99.0%. The solubility
of OXE photoinitiators in many solvents and mono-
mers was determined. The kinetics for photopolyme-
rization of monomer using OXE as photoinitiators
was studied by Real-time infrared (RTIR) spectra.

EXPERIMENTAL
Materials

Carbazole, ethyl bromide, diphenyl sulfide, chloride,
cyclopentyl C, N-ethyl carbazole, amyl nitrite, o-
methyl chloride, acetyl chloride, hydroxylamine, ace-
tic anhydride, and 4-ethyl bromide were purchased
from China National Pharmaceutical Group Corp.
(Shanghai, China). Ethanol, methane, petroleum
ether, methanol, methylene chloride, aluminum chlo-
ride, and triethylamine were obtained from Sino-
pharm Group Chemical Reagent Co. (Beijing, China).
Other reagents were of analytical grade except as
noted. 1,6-Hexanedioldiacrylate (HDDA), tripropy-
lene glycol diacrylate (TPGDA), trimethylolpropane-
triacrylate (TMPTA), and trimethylopropanetrime-
thacylate (TMPTMA) were donated by Sartomer
Chemical Co. (Exton, PA).

Instruments

FTIR spectra were recorded on a Nicolet 5700 instru-
ment (Thermo Electron Corp., Waltham, MA) with
KBr plates.

'"H-NMR spectra were measured on a Bruker
AV600 unity spectrometer operated at 600 MHz
with TMS as an internal reference, using CDCl; as
the solvent.

UV-Vis absorption spectra were recorded on a
Hitachi U-3010 UV-Vis spectrophotometer (Hitachi
High-Technologies Corp., Tokyo, Japan). A cell path
length of 1 cm was employed.

High-performance liquid chromatography (HPLC)
was operated on the HPLC-10A instrument (Shi-
madzu Corp., Tokyo, Japan). The chromatographic
conditions were as follows: CLC-ODS column (5
pm, 250 mm x 4.6 mm) used as the stationary
phase, methanol-water (90/10, v/v) as mobile phase
with a flow rate of 1.0 mL/min.
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Synthesis of oxide ester photoinitiators

Using carbazole as raw material, four oxime ester
photoinitiators were synthesized through series reac-
tions such as instead, asymmetric acylation, oxime,
and esterification reaction. The final products were
purified with recrystallization.

Synthesis of OXE-2

The detailed experimental procedures for 1-[9-ethyl-
6-(2-methylbenzoyl)-9H-carbazol-3-yl]-ethanone-1-
(O-acetyloxime) [OXE-2]"* was shown in Scheme
1(a). The FTIR and 'H-NMR spectra were shown in
Figure 1(a), FTIR, (KBr, cm™ '), 2940 cm '(C—H),
1720 cm '(O—C=0), 1670 cm '(N—C=0), 1600
(—Ar), '"H-NMR (CDCls, 600 MHz): §1.47-1.50(3H, t,
—CHs;), 2.29(3H, s, —CHjz), 2.36(3H, s, —CH3),
2.50(3H, s, —CHj), 4.40-4.48(2H, q, —CHy—), 7.29-
8.12(9H, m, —benzene.). HPLC, 99.1%.

Synthesis of OXE-3

The detailed experimental procedure of 1-diphenyl
sulfide-1-cyclopentyl benzyl acetone oxime [OXE-
3]"® was shown in Scheme 1(b).The FTIR and 'H-
NMR spectra were shown in Figure 1(b), FTIR, (KBr,
cm Y, 2925 ecm ™ Y(C—H), 1740 cm ™ '(O—C=0), 1620
cm {(Ar—C=0), 1595(—Ar). 'H-NMR (CDCl;, 600
MHz): 61.13-1.17 (2H, q, —CH,—), 1.47-1.90(9H, m,
—cyclopentane), 2.28 (1H, s, —CHj), 2.36(1H, s,
—CH3;), 2.96-3.002H, q, —CH,—), 4.40-4.44(2H, q,
—CH,—), 7.29-8. 55(10H, m, -benzene). HPLC,
99.2%.

Synthesis of OXE-4

The detailed experimental procedure for 1-diphenyl
sulfide-1-cyclopentyl benzyl acetone oxime [OXE-
4]'® was shown in Scheme 1(c). The FTIR and 'H-
NMR spectra were shown in Figure 1(c), FTIR, (KBr,
em ™ Y): 2930 ecm ™ Y(C—H), 1720 cm ™ (O—C=0), 1635
cm '(Ar—C=0), 1605(—Ar). 'H-NMR (CDCls,
600 MHz) results was shown as following,
01.19-2.15(9H, m, -cyclopentane), 3.96-3.002H, d,
—CH,—), 7.20-8.10(14H, m, -benzene). HPLC, 99.0%.

Synthesis of OXE-5

The detailed experimental procedures for 1-(6-o0-
methyl benzoyl-9-ethylcarbazole)-1-cyclopentyl ben-
zyl acetone oxime [OXE-5]'® was shown in Scheme
1(d). The FTIR and 'H-NMR spectra were shown in
Figure 1(d), FTIR, (KBr, cm '): 2920 cm '(C—H),
1735 cm {(O—C=0), 1630 cm (Ar—C=0),
1600(—Ar). '"H-NMR (CDCls;, 600 MHz): §1.27-2.26
(12H, m, -cyclopentane —CH3), 2.36 (3H, s, —CHj),
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Scheme 1 a: Synthesis of OXE-2; b: Synthesis of OXE-3;
c: Synthesis of OXE-4; d: Synthesis of OXE-5.

3.05-3.07 (2H, d, —CH,—), 443-448 (2H, q,
—CH,—), 7.25-8.95 (15H, m, -benzene). HPLC,
99.2%.

Solubility

Solubility of OXE photoinitiators in the selected sol-
vents was determined by the following procedure:
The compound was gradually added to a solvent
(100.0 g), while the mixture was stirred. The com-
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pound continued to add to the mixture till to obtain
the saturated solution. The solubility of the photoini-
tiator was determined by measuring the ratio of the
soluble photoinitiator with the solvent.
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Figure 1 a: '"H-NMR spectrum for OXE- 2 in CDCl;. b:
TH-NMR spectrum for OXE-3 in CDCl;. ¢: 'H-NMR spec-
trum for OXE-4 in CDCls. d: "H-NMR spectrum for OXE-5
in CDCls.
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TABLE I
Solubility of Oxime Ester Photoinitiators
Solubility OXE-2 OXE-3 OXE-4 OXE-5

PGMEA 2.6 13.0 27.5 16
Cyclohexanone 16.5 26.0 30.0 23
Toluene 12.5 23 28 16
Methanol 21 19 5.8 12
Acetonitrile 12 15 9 8
PTGDA 3.6 3.2 4.5 2.9
TMPTA 2.8 3.2 4.4 3.1

Real-time infrared (RTIR)

Real-time infrared (RTIR) spectra were recorded on
a modified Nicolet 5700 spectrometer with a hori-
zontal sample holder (Nicolet 5700, Thermo Elec-
tron). Photopolymerizations were conducted in a cell
prepared by sandwiching the mixture of photoinitia-
tor and monomer between two glass slides and
spacers with 15 * 1 mm in diameter and 1.2 * 0.1
mm in thickness. The UV light photopolymerization
was triggered by a UV spot light source (EFOS Lite,
with 300420 nm filter and crystal optical fiber that
the diameter at the fiber exit was 5 mm, Canada).
Real-time FTIR data were collected with the resolu-
tion of 4 cm ' and 0.3985 s sampling interval. The
absorbance change of =C—H peak area from 6101 to
6261 cm ™' in the near IR range was correlated to the
extent of polymerization. For each sample, the series
FTIR runs were repeated three times and the error
on the reported double bond conversion as a func-
tion of polymerization time was less than 1%. The
degree of double conversion (DC) of the function
groups could be calculated by measuring the peak
area at each time of the reaction and determined by
the following equation.'” The rate of polymerization
(Ry) could be determined from the differential of
curve of conversion versus irradiation time."®

DC = [(AO - At)/Ao} x 100

where DC was the conversion at t time, Ag and A;
were the peak area of function group before irradia-
tion and at f time.

RESULTS AND DISCUSSION
Solubility of photoinitiator

Solubility in organic solvents of oxime ester photoi-
nitiators is one of the most important parameters in
practical application. The solubility of oxime ester
photoinitiators in different organic solvents and ac-
rylate monomers was summarized in Table 1. Oxide
Ester photoinitiator exhibited good solubility in non-
polar and polar solvents such as methanol, cyclohex-
anone, benzene, acetonitrile, and dimethylformamide

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 UV-Absorption spectra of photoinitiators in ace-
tonitrile at concentration of 2 x 107° g/mL in air. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

(DMF). Particularly, they possessed very good com-
patibility with commercial difunctional monomer
PTGDA and trifunctional monomer TMPTA, which
led to expand their business scope and improve
application value. The photoinitiators OXE-3, OXE-4,
and OXE-5 could dissolve soluble in the common
solvents such as acetone and toluene and were
highly soluble in the cyclohexanone and propylene
glycol monomethyl ether acetate (PGMEA).

Absorption properties

UV-Vis absorption spectra of oxide ester photoinitia-
tors in acetonitrile were shown in Figure 2. Values
for the molar extinction coefficient (gy.,) and the
wavelength of maximum absorption (Amax) were
summarized in Table II. According to Figure 2 and
Table 1I, it could be seen that the absorption charac-
teristics of OXE-2, OXE-3, OXE-4, and OXE-5 were
different from the benzophenone (BP) which showed
the longest wavelength absorption maximum around
253 nm. The maximum of absorption (Amnay) of OXE-
2, OXE-3, OXE-4, and OXE-5, however, were signifi-
cantly red shifted to 336, 337, 331, and 358 nm,
respectively. The high-molar extinction coefficient

TABLE II
Absorption Properties of OXE-2, OXE-3, OXE-4, OXE-5,
and Benzophenone in Acetonitrile Solution with the
Concentration of 2 X 107> g/mL

Photoinitiator Amax (NM) €max (g71 cm ! L)
OXE-2 336 67.8
OXE-3 337 34.2
OXE-4 331 59.5
OXE-5 358 62.7
Benzophenone 253 93.7
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Figure 3 Effect of different photoinitiator on polymeriza-
tion of HDDA ([OXE] = 0.3 wt %, [ = 30 mW /cm®). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

makes OXE an attractive photoinitiator. The transi-
tions in the region of 300-400 nm are usually found
owing to the spin forbidden transitions,'** which
are well known to attribute to the main benzenoid
n-n* type transitions. The significantly red-shifted
absorptions indicate that these photoinitiators can be
the potential efficient photoinitiators, because they
could absorb longer wavelength light effectively
than BP at used UV source, thus more free radicals
could be produced and higher cure speed than BP
could be obtained in the same condition. OXE-2 has
an absorption peak at 336 nm and the tailing of the
absorption edge is much expanded compared with
OXE-3, OXE-4, and OXE-5. From the absorption
properties, the photoinitiators are nicely matched
with UV source.

Effect of different photoinitiator on polymerization

Polymerization behaviors of HDDA initiated by four
photoinitiators were shown in Figure 3. The final
conversions of HDDA polymerization initiated by
OXE-3, OXE-4, and OXE-5 could get 96%, and the
maximum polymerization rates were reached within
0.2 min. The results indicated that OXE-4 and OXE-5
were the most efficient photoinitiators for the poly-
merization of HDDA. This could be attributed to
that the photoinitiator was high sensitive by the
introduction of diphenyl sulfide and carbazole
group which had large conjugated system and
strong intramolecular electron transfer properties.
On the other hand, they contained aromatic molecu-
lar structure and were the high efficient photobase
agent. When the light exposed, they would release
carbon dioxide, which ultimately lead to the forma-
tion of the high efficiency of amine.
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Effect of concentration of photoinitiator on
polymerization

The concentration of the photoinitiator is a key fac-
tor to affect the photopolymerization kinetics.*"** To
investigate the relationship of conversion and poly-
merization rate with different concentrations of pho-
toinitiator, real time FTIR was used to determine the
extent of DC as a function of time. During irradia-
tion, the decrease of the =C—H absorption peak
area could reflect the extent of polymerization since
the absorption of the peak area is proportional to the
amount of polymerized =C—H.* The rate of poly-
merization could be calculated by the time deriva-
tive of the DC, accordingly. The plots of conversion
and polymerization rate versus irradiation time of
HDDA in the presence of different concentrations of
OXE-4 were shown in Figure 4. The rate of polymer-
ization could get the maximum value around the 0.2
min period of inhibition time and the conversions of
HDDA reached over 92% after irradiated for 1.2 min
and the final conversion reached to 97% after irradi-
ated for 10 min. The higher the OXE-4 concentra-
tions, the higher the rate of polymerization was. It
might be attributed to the formation of more free
radicals with the increasing photoinitiator concentra-
tion during irradiation. An optimum photoinitiator
concentration was obtained at 0.5 wt %. When the
concentration of OXE-4 was more than 0.5 wt %, the
rate of polymerization began to decrease because
light screening effect of the initiator itself and its
photolysis products.** The proper initiator concen-
tration for HDDA should lie between 0.3 and 0.5 wt
% in the further study from both initiating ability
and cost point of view.
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Figure 4 Effect of OXE-4 concentration on the polymer-
ization of HDDA (I = 30 mW/cm?). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Effect of light intensity on polymerization

The light intensity is an important factor for photo-
polymerization kinetic. Generally, the active species
concentration associated with light intensity, the po-
lymerization rate is proportional to the square root
of the intensity of the incident UV light.* Figure 5
showed the degree of double bond conversion and
rate of polymerization versus time plots of HDDA
initiated by 0.3 wt % OXE-3 at different light inten-
sity. The polymerization rate increased nearly tripled
with increase in light intensity from 10 to 50 mW/
cm” and the final conversion increased accordingly.
The result was according with the previous report
that the relationship between proportionality of R,
to 1% because the higher light intensity could
yield more radicals which led to the increase in final
double bond conversion and polymerization rate.
Moreover, the induction period was decreased by
the radicals yielded from increase of light intensity
which could overcome oxygen inhibition.”* When
the light intensity increased to 80 mW/ cm?, the con-
version and rate of polymerization were slightly
decreased. This indicated that over-dose UV irradia-
tion had an adverse effect on the photopolymeriza-
tion. It might be due to the combination between
free radicals and chain transfer resulted from high
light intensity.

Effect of monomers on polymerization

The effects of monomers on polymerization initiated
by 0.3 wt % OXE-5 were shown in Figure 6. The
results verified photoinitiators could efficiently initi-
ate the photopolymerization of difunctional and tri-
functional monomers, but the behaviors of difunc-
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Figure 5 Effect of light intensity on polymerization of
HDDA ([OXE-3] = 0.3 wt %). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]
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cm?). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

tional monomers appeared differently from the other
trifunctional monomers. The conversion of difunc-
tional monomer was higher than that of TMPTA
monomer, but the polymerization rate was lower
than it. The polymerization of TMPTA was a very
rapid process, in which gelation often occurred at
the early stage of polymerization. The formation of
such gel structure might restrict the diffusion and
mobility of radicals, thus resulting in a very short
time to reach the maximum polymerization rate.””*®
The viscosity of TMPTA was high, thus leading to
very high crosslinking density in the whole polymer-
ization process but the final conversion and rate of
polymerization of TMPTMA was lower than them,
this maybe because of the steric hindrance of methyl
group in the molecular structure which hindered
itself polymerization.

CONCLUSIONS

In this article, four kinds of OXE photoinitiators
were synthesized which were efficient photoinitia-
tors for free radical polymerization. OXE could
dissolve in many solvents and could be dispersed
easily in (meth) acrylate monomers. They had signif-
icantly long wavelength absorption that afforded ef-
ficient light absorption and generated highly reactive
radicals with high efficiency. The higher the OXE-4
concentration, the more the free radicals could be
produced during irradiation resulting in the higher
rate of polymerization. The polymerization rate was
proportional to the square root of the intensity of
the incident UV light. The conversion of difunctional
monomer was higher than that of multifunctional
monomer photopolymerization.
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