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ABSTRACT: A novel free radical photoinitiator, 3-allyl-1-[2-hydroxy-3-(thioxanthen-9-one-2-yl)oxypropyl]limidazolium chloride
([AIPTX]CI), is synthesized by the addition reaction of 2-(2,3-epoxy)propoxylthioxanthone (ETX) with a heterocyclic compound
imidazole firstly, and the achieved intermediate 1-[2-hydroxy-3-(thioxanthen-9-one-2-yl)oxypropyl]imidazole (IPTX) is then reacted
with allyl chloride. IPTX is chosen to evaluate the photoefficiency of [AIPTX]CL FTIR and "H-NMR confirm the structures of
[AIPTX]CI and IPTX. UV-Vis spectra of the two photoinitiators are similar and both exhibit the maximal absorption about 400 nm.
Fluorescence spectra show [AIPTX]CI/IMZ has slightly higher fluorescence intensity than IPTX system. Photopolymerization studies
indicate that [AIPTX]CI/IMZ is more efficient for the polymerization of water-soluble monomer than IPTX. Moreover, due to its
advantages of water solubility and polymerizability, [AIPTX]CIl is an environmental-friendly photoinitiator and has potential for

application in UV-curing systems. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40659.
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INTRODUCTION

At present, free radical photocuring technology has gained a
wide range of industrial applications.'™ The traditional photo-
curing systems are usually organic-soluble systems, using reac-
tive diluents to reduce the viscosity of the resin.*® Because of
environmental and legislation constrains, many efforts have
been made to develop water as a substitute of conventional
organic diluents in the last 20 years. Water-soluble system has
many advantages, such as none volatile organic solvents
(VOCS), easily adjusting the viscosity, no skin irritation, and
unpleasant odor. In water-soluble photocuring system, a photoi-
nitiator is an extremely important component.”'® Currently,
the traditional organic-soluble photoinitiators have been widely
used in water-soluble photocuring systems. However, the poor
compatibility between organic-soluble photoinitiators and
water-soluble resins would inevitably affect the final performan-
ces of the curing products.''™"> Great attention has been paid to
synthesize new and highly efficient water-soluble photoinitiators
in recent years.'2° On the other hand, in order to overcome
the inherent defect of migration of low molecular weight photo-
initiators, many researchers have concentrated on preparing
polymeric or polymerizable photoinitiators.?’** To give consid-
eration to both water solubility and no migration, J. Yin group
synthesized the water-soluble polymeric photoinitiator.?*?>
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To our knowledge, thioxanthone photoinitiator containing both
the advantages of water solubility and polymerizability has sel-
dom been reported.

In this article, imidazole (IMZ), an odorless compound, was
introduced into the structure of 2-(2,3-epoxypropoxyl)thiox-
anthone (ETX) to achieve 1-[2-hydroxy-3-(thioxanthen-9-
one-2-yl)oxypropyl]imidazole (IPTX), which was further
reacted with allyl chloride to obtain 3-allyl-1-[2-hydroxy-3-
(thioxanthen-9-one-2-yl)oxypropyl]imidazolium chloride
([AIPTX]CI). Because of the existence of quaternary ammo-
nium ion and double bond, [AIPTX]CI possesses the advan-
tages of water-solubility and polymerizablility simultaneously.
Therefore, [AIPTX]Cl may have good compatibility with
water-soluble resins, and may copolymerize with the photo-
curable resins. IPTX was chosen as a model compound to
evaluate the photoefficiency of [AIPTX]CI/IMZ (a mixture
of [AIPTX]Cl with IMZ at 1 : 1 molar ratio). FTIR and 'H-
NMR were used to characterize the structure of [AIPTX]CI
and IPTX. UV-Vis and Fluorescence spectra were used
to investigate their photochemical behavior. The photopoly-
merization of trimethylolpropane triacrylate (TMPTA) and
acrylamide (AM), initiated by [AIPTX]CI/IMZ and IPTX
systems, was studied by differential scanning photocalorime-
try (photo-DSC).
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Materials

Ethanol (>99.8%), chloroform (>99.5%), petroleum ether (bp
30-60°C), benzene (>98.0%), allyl chloride(>99.8%), Ammonia
water (>27.5%), N,N-dimethyl formamide (DMF; >99.5%),
IMZ (>99.0%, Jiangsu Kangle new material), TMPTA (Nantong
Litian Chemical Company), AM (Guangzhou Gao Jian chemical
limited) were used as received. ETX was synthesized in our lab
according to the procedure described in literature.”® Other
chemicals were of analytical grade except as noted.

Characterization

"H-NMR spectra were recorded on a Mercury Plus 400MHz
spectrometer with CDCl; and DMSO-ds as solvent. '>C-NMR
spectra were recorded on a Brucker Avance 300MHz spectrome-
ter with DMSO-dg as solvent. FTIR spectra were recorded on a
Perkin-Elmer Paragon1000 FTIR spectrometer. The samples
were prepared as KBr disk. Elemental analysis was conducted
on an Elementary Varioel apparatus. Mass spectra were recorded
on a HP5989A mass spectrometer at 70 eV. UV-Vis spectra were
recorded in chloroform solution by a Perkin-Elmer Lambda 20
UV-Vis spectrophotometer. Fluorescence spectra were recorded
in chloroform solutions with a PerkinElmer LS50B lumines-
cence spectrophotometer.

Photopolymerization of AM and TMPTA was studied by means
of DSC 6200 (Seiko Instrument Inc) photo-DSC with a high-
pressure Hg lamp. Approximately 2 mg sample mixture was
placed in the aluminum DSC pans. In the polymerization of
AM, the solvent is water, and the concentration [AM] = 2.0
mol/L. Whether in AM or in TMPTA, the concentration
[PI] = 0.02 mol/L. Heat flow versus time (DSC thermogram)
curves were recorded in an isothermal mode under a nitrogen
flow of 50 mL/min, cured at 25°C by UV light with an intensity
of 35 mW/cm?®. The reaction heat liberated in the polymeriza-
tion was directly proportional to the number of vinyl groups
reacted in the system. By integrating the area under the exother-
mic peak, the conversion of the vinyl groups (C) or the extent
of reaction could be determined according to

C=AH,/AH/"" (1)

where AH, is the reaction heat evolved at time #, and AH,""

is the theoretical heat for complete conversion. For an acrylic
double bond, AH,"™°"=86 kJ/mol, and for an acrylamide
bond, AH,"*°" = 82.5 kJ/mol.”” The polymerization rate (R,) is
directly related to the heat flow (dH/dt) according to

R,=dC/dt=(dH/dt) /AHJ"*" (2)

Photoinitiators Preparation

Synthesis of IPTX.IMZ (3.41 g, 0.05 mol) and ethanol
(50 mL) were added to a three-necked flask with magnetic stir-
ring under a nitrogen atmosphere. When the mixture was
heated to 70°C, ETX (5.69 g, 0.02mol) was added slowly to the
mixture. After the addition was completed, the mixture was fur-
ther reacted for 7 h, and then cooled down to room tempera-
ture. The mixture was filtered through a thin layer of activated
charcoal. The filtrate was evaporated to remove ethanol, and the
residual liquid was poured into mixed solvent of water and
chloroform. The chloroform phase was separated and evapo-
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Scheme 1. Synthesis route for IPTX and [AIPTX]CL

ETX

rated to give yellow liquid. The yellow liquid was dissolved in
diluted hydrochloric acid and washed with benzene in a separat-
ing funnel. Ammonia was used to adjust the pH value of the
aqueous layer to 8-9, and the solution was extracted with chlo-
roform. The chloroform solution was evaporated to give crude
product, which was then recrystallized and dried under vacuum
at 50°C for 48 h to yield 5.34 g IPTX. Yield: 75.8%.

m.p.: 170°C (DSC in N,); EIMS (70 eV) m/e = 352; '"H-NMR
(CDCls, 400 MHz): 0= 8.68-7.50 (7H, aromatic), 7.11-6.83
(3H, heterocyclic), 4.32-4.21 (2H, OCH,), 4.25-4.13 (2H, CH,),

4.07 (1H, CH), 240 (1H, OH); "C-NMR (DMSO-d,
300MHz): §=178.2 (C=0), 157.09 (Ar—0), 137.73-111.41
(14C, aromatic and heterocyclic), 69.77 (OCH,), 68.11

(CHOH), 49.23 (CH,-N); FTIR (KBr): v= 3440 (-OH), 3020,
2920 (CH, CH,), 1630 (C=0). C;oH(N,05S: Calcd. C 64.76,
H 4.58, N 7.95, S 9.10; Found C 64.81, H 4.48, N 7.79, S 9.06.

Synthesis of [AIPTX]CL IPTX (3.52 g, 0.01 mol), allyl chloride
(10 mL), and chloroform (50 mL) were added in a three-
necked flask with magnetic stirring and reflux condenser under
nitrogen atmosphere, the mixture was heated to 60°C for 8 h.
After cooled down to ambient temperature, the resultant solu-
tion was evaporated by a spinning evaporator to remove chloro-
form and excessive allyl chloride. The crude product was
washed by petroleum ether twice and dried under vacuum at
50°C for 48 h to yield 3.07 g [AIPTX]CL Yield: 71.6%.

m.p.: 93 °C (DSC in N,); "H-NMR (CDCl;, 400MHz): 6 = 8.49-
7.82 (7H, aromatic), 7.60-7.31 (3H, heterocyclic), 6.01 (1H, CH=),
5.40-529 (2H, =CH,), 492 (1H, OH), 4.50-4.41 (2H, NCH,),
4.32-4.28 (2H, OCH,), 4.21-4.14 (2H, CH,N), 4.07 (1H, CH); *C-
NMR (DMSO-ds, 300MHz): ¢ = 178.43 (C=0), 157.12 (Ar-O),
136.84-111.59 (16C, aromatic, heterocyclic, and CH=CH,), 69.68
(OCH,), 67.14 (CHOH), 52.01 (N-CH,), 50.77(CH,-N); FT-IR
(KBr): v=13430 (-OH), 3040, 2920 (CH, CH,), 1633 (C=0);
C»,H,,CIN,O;S: Caled. C 61.60, H 4.93, Cl 8.27, N 6.53, S 7.48;
Found C 61.71, H 4.87, ClI 8.29, N 6.49, S 7.44.

RESULTS AND DISCUSSION

Photoinitiators Synthesis
The main purpose of this article is to investigate the photoiniti-
ating efficiency difference between oil-soluble photoinitiator
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as well as the results of mass spectra, >’C-NMR, and elemental

UV-Vis Spectra

UV absorption spectra of IPTX and [AIPTX]CI were measured
in chloroform, as shown in Figure 3. The absorption maximum
(Zmax) and the logarithm of molar extinction coefficients at
Amax (loge) are summarized in Table I. From Figure 3 and
Table I, the maximum of absorption of IPTX and [AIPTX]CI
are all about 400 nm, which is the common characteristic of
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Figure 1. FTIR spectra of IPTX and [AIPTX]CL

IPTX and water-soluble photoinitiator [AIPTX]Cl. Through the
ring-opening reaction of epoxy group of ETX with IMZ, the
intermediate IPTX was achieved. Then, IPTX was further
reacted with allyl chloride to give [AIPTX]Cl. The synthesis
route is presented in Scheme 1. The structures of IPTX and
[AIPTX]Cl were characterized by 'H-NMR, "C-NMR, FTIR
spectra, mass spectra, and elemental analysis.

From the FTIR spectra (Figure 1), in addition to the absorption
of carbonyl group from TX moieties (Ar—CO—Ar) around
1630 cm ™', the appearance of absorption at 3440 cm™ ' verified
the formation of hydroxyl group in IPTX and [AIPTX]CL
Meanwhile, the absorptions around 1100 cm™' indicate that
C—N bond was successfully introduced to the target products.
Moreover, the expected structure of IPTX and [AIPTX]Cl were
further confirmed by the signals in "H-NMR spectra (Figure 2),

CDCl,

12-14

TX. Moreover, according to the value of loge, these absorptions
should belong to the 7-7* transition of C=0.>**

Fluorescence Spectra

Fluorescence spectra of IPTX and [AIPTX]Cl/IMZ were measured
in chloroform, as shown in Figure 4. According to Figure 4,
the fluorescence emission wavelengths of the two photoinitia-
tor systems are all about 440 nm, a typical emission character-
istic of TX.?® The emission intensity of IPTX is slightly weaker
than that of [AIPTX]CI/IMZ, which can be ascribed to the
quenching effect of coinitiator imidazole on the excited TX.
Imidazole can transfer an electron to excited TX moiety, which
can generate active free radicals. The active free radicals have
quenching effect on the excited TX. Therefore, the higher the
concentration of coinitiator imidazole is, the better the
quenching effect is. Though the whole ratio of TX moiety with
coinitiator imidazole in [AIPTX]|CI/IMZ is the same as that in
IPTX, the partial concentration of coinitiator imidazole moiety
around TX moiety in IPTX is much higher than that in
[AIPTX]Cl/IMZ, which results that the excited TX moiety of
IPTX is quenched more easily than that of [AIPTX]Cl/IMZ.

[AIPTXICI

H,O DMSO

PPM

Figure 2. 1H-NMR spectra of IPTX and [AIPTX]CL.

Mnﬁ‘i& WWW.MATERIALSVIEWS.COM
1

40659 (3 of 6)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40659



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
0.3 100 -
80-
o 0.2
= 2 60
= ]
2 3
=] [=
< 01+ 491
20-
0.0

300 350 400 450
Wavelength (nm)

Figure 3. UV-Vis absorption spectra of IPTX and [AIPTX]CI in chloro-
form solution (the concentration is 2.5 X 10> M).

As a result, the emission intensity of IPTX is weaker than that
of [AIPTX]Cl/IMZ.

Photopolymerization of TMPTA and AM

Figures 5 and 6 show the photo-DSC profiles of AM and
TMPTA initiated by IPTX and [AIPTX]ClI/IMZ systems. Their
polymerization behaviors appear to be similar. The data for the
maximal polymerization rate (R, m.x) and the final conversion
of TMPTA (Cay) are summarized in Table II.

According to Figures 5, 6, and Table II, IPTX is a little more
efficient than [AIPTX]CI/IMZ in initiating TMPTA. This result
can be ascribed to the efficiency of the photoinitiator system,
which is mostly determined by the efficiency of electron and
proton transfer between photoinitiator and coinitiator. TX is a
well-known hydrogen-abstraction type photoinitiator, and its
photoefficiency can be greatly promoted in the presence of a
hydrogen donor.’’>* In this study, IMZ (group) was used as a
hydrogen donor or coinitiator. In [AIPTX]CI, the alkaline nitro-
gen atom in imidazole ring was quaternized and lost its alkalin-
ity. Thus, [AIPTX]Cl needs an additional IMZ as coinitiator.
Upon irradiation, the photoreduction reaction occurs between
[AIPTX]Cl and IMZ, resulting in producing ketyl radical and
imidazole free radical, and the later can initiate photopolymeri-
zation of vinyl monomers (as shown in Scheme 2). Therefore,
for [AIPTX]ClV/IMZ system, the electron and proton transfer
belongs to intermolecular transfer. However, as for IPTX, aside
from the intermolecular hydrogen abstraction, the intramolecu-
lar reaction will also take place (as shown in Scheme 3). As is
well known, the efficiency of intramolecular electron and proton
transfer is higher than that of intermolecular electron and pro-
ton transfer.*>** Hence, the efficiency of producing free radicals

Table I. Absorption Properties of IPTX and [AIPTX]CI in Chloroform
Solution (The Concentration is 2.5 X 107> M)

Photoinitiator Jenax (NM) log(e/Lmol~* cm™1)
IPTX 401 3.750
[AIPTX]CI 401.4 3.758
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Figure 4. Fluorescence spectra of IPTX and [AIPTX]CI/IMZ in chloro-
form solution (the concentration is 2.5 X 10> M).

from IPTX is higher than that of [AIPTX]CI/IMZ system. As a
result, the photopolymerization rate and the final conversion of
TMPTA of IPTX system is higher than those of [AIPTX]Cl/IMZ
system.

As for the photopolymerization of AM initiated by IPTX and
[AIPTX]CI/IMZ systems, the result is completely opposite to
that of TMPTA. [AIPTX]Cl/IMZ exhibits much better initiating
performances than IPTX, whether photopolymerization rate or
final conversion of AM. This result can be mainly attributed to
the compatibility of the photocuring systems. [AIPTX]CIl, due
to the introduction of the structure of quaternary ammonium
salt, is water-soluble, and has good compatibility with the
water-soluble monomer AM. Meanwhile, the coinitiator IMZ is
also water-soluble. Therefore, the compatibility of [AIPTX]CI
system will be better than that of IPTX system, because IPTX
belongs to organic-soluble initiator. As a result, [AIPTX]Cl/IMZ
has better initiating effect on AM than IPTX. Similarly, as
shown in Figures 5, 6, and Table II, IPTX is more efficient for
the photopolymerization of TMPTA than that for AM, while

28+
24
[AIPTX]C/IMZ-AM
S 20
IPTX-TMPTA
IPTX-AM

-
[=2]
PR

[AIPTX]CIIMZ-TMPTA

Heat flow (mw/m
>

0 T L 1

0 60 120 180
Time (s)

Figure 5. Photo-DSC profiles for IPTX and [AIPTX]CI/IMZ in AM and

in TMPTA, cured at 25°C by UV light with an intensity of 35 mW/cm?

(The photoinitiator concentration is 0.02M).
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Figure 6. Rate vs. conversion for photopolymerization of AM and TMPTA
for IPTX and [AIPTX]CI/IMZ, cured at 25°C by UV light with an inten-
sity of 35 mW/cm? (The photoinitiator concentration is 0.02M).

Table II. Results for Photopolymerization of TMPTA and AM Initiated by
Photoinitiator Systems, Cured at 25°C by UV Light with an Intensity of
35 mW/cm? (The Photoinitiator Concentration is 0.02M)

Photoinitiator- R, max X Hinax Trnax
Monomer 102 (571  Cr(%)  (mW/mg) (s)
[AIPTXICI/IMZ-AM  5.416 62.08 2431 8.3
IPTX-AM 3.352 38.08 16.54 8.1
[AIPTXICI/IMZ- 3.322 36.60 15.68 6.1
TMPTA

IPTX-TMPTA 3.598 4125 17.28 7.2

Rp, max, maximal polymerization rate; Cy, final conversion; Hmax, maximal
heat flow; Trhay, time to reach maximal heat flow.

[AIPTX]CI/IMZ is quite the opposite. In addition, due to the
existence of double bond, [AIPTX]Cl may copolymerize with
the photo-curable monomers or resins. Thus, [AIPTX]Cl may
not migrate to the surface of the cured product any more,
which will certainly favor to improve the quality of the photo-
curing products.

H
H-N
‘\7.N+
intermolecular
+electron transfer

1

(@]
S Oﬁ/\N = o
e
=" Monomer
/=) — > Polymer

intermolecular  H™N._N
proton transfer

peee el OH
OO0 %G

Scheme 2. Proposed initiation mechanisms for [AIPTX]Cl/IMZ.

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40659 (5 of 6)

SOAEAE
s OH :

monomer

Polymer

Scheme 3. Proposed initiation mechanisms for IPTX.

CONCLUSIONS

UV-Vis spectra indicate that [AIPTX]CI possesses a slightly red-
shifted UV maximum of absorption as compared with IPTX.
Fluorescence spectra show IPTX has a little lower intensity of
fluorescence than [AIPTX]CIL Photopolymerization of TMPTA
and AM, initiated by IPTX and [AIPTX]CI/IMZ systems, was
studied by photo-DSC. The results indicate that [AIPTX]CI/
IMZ is much more efficient for the water-soluble monomer AM
than IPTX, and it is a little lower efficient for the organic-
soluble monomer TMPTA than IPTX. In a word, [AIPTX]Cl/
IMZ is a good efficient photoinitiator whether for the water-
soluble monomer or for the organic-soluble monomer, espe-
cially for water-soluble monomer. Due to the advantages of
water solubility and polymerizability of [AIPTX]CI, it might
have great potential applications in UV-curing systems.
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