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bstract

Novel polymeric sulfur-containing photoinitiators bearing side-chain benzophenone and coinitiator amine, copolymers of 4-[(4-
ethacrylamido)thiophenyl]benzophenone (MAATPBP) and of 4-chloro-4′-[(4-methacrylamido)thiophenyl]benzophenone (CMAATPBP) with
,N-dimethylaminoethyl methacrylate (DMAEMA), as well as their hompolymers of poly(MAATPBP), poly(CMAATPBP) and poly(DMAEMA)
ere prepared and structurally characterized. The most commercially used photoinitiator BP and their corresponding low molecular weight

ombinations (MAATPBP/DMAEMA and CMAATPBP/DMAEMA) were selected as the reference to evaluate their photoefficiency. Polymeric
hotoinitiators display similar UV–vis maximal absorption spectra to the low molecular counterparts, which are greatly red-shifted in compari-
on with BP. Photopolymerization of difunctional 1,6-hexanediol diacrylate (HDDA) and trifunctional trimethylolpropane triacrylate (TMPTA)
ere studied by photo-DSC to investigate the photoefficiency of the copolymers, homopolymers and the combination of their homopolymers.

he results show surprising high efficiency of the two copolymeric photoinitiators and their homopolymeric combinations. Poly(MAATPBP) and
oly(CMAATPBP) can also efficiently initiate the photopolymerization without the coinitiator because of the photolysis at C–S bond. Their activity
ata obtained are discussed and related to the structural requirements of the above systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymeric photoinitiators have recently gained an increas-
ng interest [1–12] for their extensive applications in the field
f printed circuits, encapsulation of electronic components,
oatings, printing inks, and so forth. Their higher cost with
espect to the corresponding low molecular weight analogues
hould, however, be justified by various advantages [13], such
s nonyellowing, low-odor, compatibility improvement with for-
ulation components as well as of lower contaminant release.
olymeric photoinitiators can be defined as macromolecular sys-
ems that contain pendent or in-chain chromophores [4], which
bsorb light efficiently and generate radicals capable of initiat-
ng polymerization. Conventionally, these photoinitiators have

∗ Corresponding author. Tel.: +86 21 54743268; fax: +86 21 54747445.
E-mail address: jyin@sjtu.edu.cn (J. Yin).
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r; Benzophenone

een classified into two main types: photofragmenting (type I
hotoinitiators) or hydrogen-abstracting chromophores (type II
hotoinitiators) [4]. Most of type II polymeric photoinitiators
re based on benzophenone (BP) [4,13–15], probably because
f its relatively low cost, and its photoefficiency can be promoted
y the presence of hydrogen donor amine [15]. Two ways may
e used to achieve type II polymeric photoinitiator systems: one
s to use the polymeric photoinitiators and polymeric coinitia-
or amines [7], however, the polymer-bound photoinitiators or
mines may show significantly decreased reactivity due to their
oor diffusion ability; the other is to incorporate the photoini-
iators and coinitiator amines into the same polymer chain, and
t has obvious advantages such as efficient energy migration or
ntramolecular reactions to afford more reactive species, which

an be protected as in a cage by the microenvironment of the
olymer chain [4,7].

Recently, there has been extensive interest on aromatic
etone systems containing thio functionalities [6,16–20],

mailto:jyin@sjtu.edu.cn
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robably because of the two advantages below: firstly, the
hio atom may greatly red shift their absorption maxima [17];
econdly, aside from the H-abstraction reaction, these photoini-
iators may also undergo photolysis reactions at the C–S bond as
n type I systems [18]. Such increased absorption maximal and
he photolysis reaction at C–S bond may greatly enhance their
hotoefficiency [16]. To our knowledge, however, there are few
tudies on sulfur-containing polymeric aromatic ketone systems
21].

In our previous work [22,23], we have synthesized three
ovel polymerizable sulfur-containing BP photoinitiators, 4-[(4-
ethacrylamido)thiophenyl]benzophenone (MAATPBP), 4-

hloro-4′-[(4-methacrylamido)thiophenyl]benzophenone (CM-
ATPBP) and 4,4′-bis[(4-methacrylamido)thiophenyl]benzo-
henone (BMAATPBP), which are particularly attractive due
o ease of synthesis and their high photoefficiency. In this
aper, we report synthesis and some preliminar characteriza-
ions concerning the photoefficiency of a series of polymeric
ulfur-containing photoinitiators bearing side-chain BP moi-
ty and/or the coinitiator N,N-dimethylaminoethyl methacry-
ate (DMAEMA) group. Two copolymeric photoinitiators
earing side-chain BP and DMAEMA, P(MAATPBP-co-
MAEMA) and P(CMAATPBP-co-DMAEMA), were synthe-

ized through copolymerization. The corresponding homopoly-
ers, P(DMAEMA), P(MAATPBP) and P(CMAATPBP) were

lso prepared in order to compare the photoefficiency of the
opolymers with their homopolymer counterparts. The most
ommercially used photoinitiator BP and their corresponding
ow molecular weight compounds (MAATPBP/DMAEMA and
MAATPBP/DMAEMA) were selected as the reference to
valuate their photoefficiency. UV–vis spectra and photopoly-
erization of difunctional 1,6-hexanediol diacrylate (HDDA)

nd trifunctional trimethylolpropane triacrylate (TMPTA) by
hoto-DSC were studied to investigate their photochemical
ehavior.

. Experimental

.1. Materials

2,2′-Azo-bis-isobutyronitrile (AIBN), 1,4-dioxane (DOX),
,N-dimethyl formamide (DMF) (from Medicine Group of
hina), N,N-dimethylaminoethyl methacrylate (DMAEMA)

from Shanghai Well Tone Material Company), 1,6-hexanediol
iacrylate (HDDA) (from Kewang Chemical Reagent Com-
any), trimethylolpropane triacrylate (TMPTA) (from Nan-
ong Litian Chemical Company) were used as received.
-[(4-Methacrylamido)thiophenyl]benzophenone (MAATPBP)
nd 4-chloro-4′-[(4-methacrylamido)thiophenyl]benzophenone
CMAATPBP) were synthesized according to our previous
ork [22,23]. Other chemicals are of analytical grade except

s noted.
.2. Synthesis of polymers

Three homopolymers of P(DMAEMA), P(MAATPBP),
(CMAATPBP), and two copolymers of P(MAATPBP-co-

(
C
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MAEMA), P(CMAATPBP-co-DMAEMA), were prepared by
hermal radical polymerization using AIBN as initiator. All
olymerizations were carried out in a 25 mL glass vials, using
.0 wt.% AIBN (w/w) with respect to monomers, and DMF
except for P(DMAEMA) with DOX) as the solvent. The
onomers and AIBN were submitted to several freeze-thaw

ycles before closing the vials. After sealing under high vac-
um, the vials were kept at 85–90 ◦C for 72 h in the dark.
he polymeric product was isolated by pouring the reac-

ion mixture into a large excess of methanol (except for
(DMAEMA) with petroleum ether). After filtration, the poly-
ers were dried under vacuum to constant weight and stored

n the dark. The FT-IR and 1H NMR confirmed the expected
tructures.

P(DMAEMA): 1H NMR (CDCl3, 400 MHz): δ = 3.96 (2H,

H2 of ), 2.49 (2H, CH2 of CH2O), 2.20 (6H,
H3), 1.98–1.58 (2H, CH2 of ), 1.04–0.56 (3H,
H3). FT-IR (KBr, cm−1): 2947, 2821, 2770 (CH3, CH2), 1732

C O of ).
P(MAATPBP): 1H NMR (CDCl3, 400 MHz): δ = 7.77–6.88

13H, aromatic), 2.09–1.78 (1H, CH of ),

.76–1.40 (1H, CH of ), 1.36–0.75 (3H, CH3).

T-IR (KBr, cm−1): 3365 (NH), 1653 (C O of ), 1587
C C of Ar), 1081 (C–S).

P(CMAATPBP): 1H NMR ([-d6] DMSO, 400 MHz):
= 8.39–6.87 (12H, aromatic), 3.32–3.28 (1H, CH of

), 1.95–1.84 (1H, CH of ),
.45–0.70 (3H, CH3). FT-IR (KBr, cm−1): 3364 (NH), 1658

C O of ), 1588 (C C of Ar), 1081 (C–S).
P(MAATPBP-co-DMAEMA): 1H NMR (CDCl3,

00 MHz): δ = 7.68–7.10 (13H, aromatic), 5.74 (1H, CH

f ), 5.43 (1H, CH of ),
.98 (2H, CH2 of CH2O), 2.48 (2H, CH2 of ),

.20–2.15 (1H, CH of , 6H, CH3 of

N–(CH3)2), 2.00 (1H, CH of ), 1.94–1.58

3H, CH3 of ), 1.49–0.74 (3H, CH3 of

). FT-IR (KBr, cm−1): 3526, 3353 (NH),

731 (C O of ), 1682 (C O of ), 1659 (C O

f : hydrogen bond), 1652 ( ), 1588 (C C of
r), 1081 (C–S).
P(CMAATPBP-co-DMAEMA): 1H NMR (CDCl3,

00 MHz): δ = 7.68–7.10 (12H, aromatic), 5.75 (1H, CH of

), 5.44 (1H, CH of ), 3.98
2H, CH2 of CH2O), 2.96 (CH of ), 2.49 (2H,
H2 of ), 2.21–2.16 (6H, CH3 of –N–(CH3)2),
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.01 (1H, CH of ), 1.95–1.59 (3H, CH3 of

), 1.48–0.72 (3H, CH3 of ).

T-IR (KBr, cm−1): 3336 (NH), 1731 (C O of ), 1682

C O of ), 1659 (C O of : hydrogen bond),

652 ( ), 1588 (C C of Ar), 1081 (C–S).

.3. Measurement

.3.1. Physicochemical measurements
1H NMR spectra were recorded on a Mercury Plus 400 MHz

pectrometer with DMSO-d6 or CDCl3 as solvent.
FT-IR spectra were recorded on a Perkin-Elmer Paragon1000

TIR spectrometer. The samples were prepared as KBr disc.
Elemental analysis was conducted on an Elementary Varioel

pparatus.
UV–vis spectra were recorded in chloroform solution by a

erkin-Elmer Lambda 20 UV–vis spectrophotometer.
Molecular weights were determined by gel permeation chro-

atography (GPC) in THF solution on a Perkin-Elmer Series
00 apparatus. Monodisperse polystyrene (PS) samples were
sed as calibration standards.

.3.2. Photocalorimetry (photo-DSC)
Photopolymerization of HDDA and TMPTA was studied by

SC 6200 (Seiko Instrument Inc.) photo-DSC with a high-
ressure Hg lamp. The intensity of the light was measured by an
ltraviolet Radiometer (UIT-101), and the distance between the

ight source and the surface of the samples was 3 cm. Approxi-
ately 1.2 mg sample mixture was placed in the aluminum DSC

ans.
Heat flow versus time (DSC thermogram) curves were

ecorded in an isothermal mode under a nitrogen flow of
0 mL/min. The reaction heat liberated in the polymerization
as directly proportional to the number of vinyl groups reacted

n the system (only a trace of polymerizable photoinitiator sys-
em was used compared with HDDA or TMPTA which can be
mitted here). By integrating the area under the exothermic peak,
he conversion of the vinyl groups (C) or the extent of reaction
ould be determined according to:

= �Ht

�H theor
0

(1)

here �Ht is the reaction heat evolved at time t, and �H theor
0

s the theoretical heat for complete conversion. �H theor
0 =

6 kJ/mol for an acrylic double bond [24]. The rate of poly-
erization (Rp) is directly related to the heat flow (dH/dt) by the
ollowing equation:

p = dC

dt
= dH/dt

�H theor
0

(2)

c
(
t
D

Scheme 1. Structure of photoinitiators and coinitiator DMAEMA.

. Results and discussion

.1. Synthesis and characterization of photosensitive
olymers

The purpose of this paper is to provide a new way to achieve
ighly efficient sulfur-containing polymeric BP photoinitia-
ors. The synthetical pathway leading to polymeric deriva-
ives involves the preparation of the corresponding methacrylic

onomers [23], successively submitted to radical homo-
P(DMAEMA), P(MAATPBP), P(CMAATPBP)) and copoly-
erization (P(MAATPBP-co-DMAEMA), P(CMAATPBP-co-
MAEMA)), in the presence of AIBN as shown in Scheme 1.
hrough the copolymerization of polymerizable photoinitiators
f MAATPBP, CMAATPBP with the unsaturated coinitiator
f DMAEMA, two novel sulfur-containing polymeric pho-
oinitiators bearing side-chain BP and coinitiator amine were
ynthesized. In order to compare the photoefficiency of the
opolymers with that of the corresponding homopolymers mix-
ures in photopolymerization, P(DMAEMA), P(MAATPBP)
nd P(CMAATPBP) were also prepared. Relevant synthesis and
haracterization data of the polymeric derivatives are summa-
ized in Table 1.

1H NMR and FT-IR spectra analysis of the polymers

onfirmed the expected structures. Indeed, 1H NMR spectra
Figs. 1 and 2) of the two copolymers show the signals in
he 4.0–2.4 ppm region given by the methylene protons in
MAEMA and in the region 7.0–8.0 ppm give by aromatic
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Table 1
Synthesis and characterization data for polymeric photoinitiators

Sample Feed (molar ratio),
initiator/coinitiator

Producta (molar ratio),
initiator/coinitiator

Mn
b (g mol−1) Mw/Mn

b

P(DMAEMA) 0:1 0:1 295800 1.511
P(MAATPBP) 1:0 1:0 14560 1.346
P(MAATPBP-co-DMAEMA) 1:2 1:1.953 24220 1.455
P(CMAATPBP) 1:0 1:0 37500 1.141
P(CMAATPBP-co-DMAEMA) 1:2 1:1.379 63430 1.816

a Determined by elemental analysis.
b Determined by GPC.
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Fig. 1. 1H NMR spectra of P(MAATPBP-co-DMAEMA) in CDCl3.

rotons in MAATPBP or CMAATPBP, thus clearly indicat-
ng that the polymerization reaction has involved the above
nsaturated monomers. Figs. 1 and 2 further interpret each
ignal of the copolymeric photoinitiators in 1H NMR. Accord-

ngly, aside from the absorption of carbonyl groups from ben-

ophenone ( ) at 1652 cm−1 in the FT-IR spectra of
he copolymers, the signal of other carbonyl groups around

Fig. 2. 1H NMR spectra of P(CMAATPBP-co-DMAEMA) in CDCl3.
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659–1731 cm−1 from amido groups (C O of ) and ure-

hano groups (C O of ) verified that both DMAEMA
nd MAATPBP or CMAATPBP were successfully introduced
nto the macromolecular backbones.

The average molecular weight obtained for the homopoly-
ers and copolymers was determined by GPC. From Table 1,

he average molecular weight values of P(MAATPBP-
o-DMAEMA) and P(CMAATPBP-co-DMAEMA) are
ntermediate to those found for P(DMAEMA) and
(MAATPBP) or P(CMAATPBP), thus indicating there
ight be chain transfer and/or termination reactions involving

mide groups for the monomers. The component of copolymers
as determined by elemental analysis, by calculating the con-

ent of sulfur in copolymers. With respect to the corresponding
eeds with the same molar ratio of initiator and coinitiator,
owever, P(MAATPBP-co-DMAEMA) displays a higher
ontent of DMAEMA co-units than that in P(CMAATPBP-
o-DMAEMA), thus suggesting a higher reactivity ratio of
AATPBP as compared with CMAATPBP.

.2. UV–vis spectra

UV absorption spectra of MAATPBP, P(MAATPBP),
(MAATPBP-co-DMAEMA), CMAATPBP, P(CMAATPBP)
nd P(CMAATPBP-co-DMAEMA) were measured in chloro-
orm using BP as the reference. Their maximal absorption (λmax)
nd the logarithmic values of molar extinction coefficient at
max (log ε) are summarized in Table 2. The longest wavelength
bsorption maximal for the compounds is important to their pho-
oefficiency.

Transitions of BPs in the region of 250–300 nm are well
nown to belong to the main benzenoid �–�* type transitions
25]. The n–�* type transitions are usually found between 300
nd 350 nm because of the spin forbidden transition [26]. The
mportant consequence is that the molar extinction coefficient
f n–�* transitions are considerately weaker than that of �–�*

ype transitions. Compared with BP, these polymerizable and
olymeric sulfur-containing photoinitiators exhibit significantly
ed-shifted �–�* maximal absorption. The introduction of thio-

henyl groups markedly red shifts their main absorption maxi-
um to above 300 nm due to increased electron donation via the

ulfur atom [19]. This would certainly account for their increased
hotochemical activity during the photopolymerization.
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Table 2
Absorption properties of BP, MAATPBP, P(MAATPBP), P(MAATPBP-co-
DMAEMA), CMAATPBP, P(CMAATPBP), P(CMAATPBP-co-DMAEMA) in
chloroform solution

Photoinitiatora λmax (nm) log � (mol−1 cm−1 L)

BP 254 4.286

MAATPBP 251 4.369
317 4.322

P(MAATPBP) 251 4.411
319 4.279

P(MAATPBP-co-DMAEMA) 251 4.382
317 4.307

CMAATPBP 256 4.371
321 4.333

P(CMAATPBP) 257 4.319
323 4.241

P(CMAATPBP-co-DMAEMA) 258 4.340
323 4.301

a The photoinitiator concentration is 5 × 10−5 M in terms of benzophenone
moieties.

Fig. 3. UV–vis absorption spectra in chloroform solution with the concen-
tration of 5 × 10−5 M (a) BP, MAATPBP, P(MAATPBP) and P(MAATPBP-
co-DMAEMA); (b) BP, CMAATPBP, P(CMAATPBP) and P(CMAATPBP-co-
DMAEMA).
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From Fig. 3, polymeric photoinitiators exhibit the usual
haracteristic absorption in comparison with their monomers,
hich shows that the macromolecular structure and coinitiator

mine have no significant influence on the UV–vis maximal
bsorption of BP moieties. However, with the disappearance
f the carbon–carbon double bonds in P(MAATPBP) and
(CMAATPBP), their log ε value seems to decrease. Accord-

ngly, the copolymers of P(MAATPBP-co-DMAEMA) and
(CMAATPBP-co-DMAEMA) exhibited an intermediate log ε

alue in comparison with their homopolymers and monomers.
hese may be due to the disappearance of the carbon–carbon
ouble bonds in polymers, which lessens the conjugation of the
olymers [27].

.3. Photopolymerization of HDDA
Figs. 4 and 5 exhibit the photo-DSC profiles of HDDA initi-
ted by these polymeric photoinitiators and their corresponding
onomers (with the same molar ratio of BP/DMAEMA units).
he results verify polymeric photoinitiators can efficiently initi-

ig. 4. (a) Heat flow vs. time; (b) conversion vs. time for polymerization of
DDA initiated by BP/DMAEMA, MAATPBP/DMAEMA, P(MAATPBP),
(MAATPBP)/DMAEMA, P(MAATPBP)/P(DMAEMA) and P(MAATPBP-
o-DMAEMA), cured at 25 ◦C by UV light with an intensity of 55 mW/cm2

the photoinitiator concentration is 0.04 M in terms of benzophenone moieties
ith the same concentration of DMAEMA moieties).
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Fig. 5. (a) Heat flow vs. time; (b) conversion vs. time for polymerization
of HDDA initiated by BP/DMAEMA, CMAATPBP/DMAEMA, P(CMAA-
TPBP), P(CMAATPBP)/DMAEMA, P(CMAATPBP)/P(DMAEMA) and
P(CMAATPBP-co-DMAEMA), cured at 25 ◦C by UV light with an intensity
o
b

a
t
l
i
T
a
t

t
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m
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c
a
w
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Table 3
Photopolymerization of HDDA initiated by BP/DMAEMA, MAATPBP/
DMAEMA, P(MAATPBP), P(MAATPBP)/DMAEMA, P(MAATPBP)/
P(DMAEMA) and P(MAATPBP-co-DMAEMA), cured at 25 ◦C by UV light
with an intensity of 55 mW/cm2

Photoinitiatora Rp max × 102

(s−1)
Final conversion
(%)

Tmax (s)

BP/DMAEMA 2.045 61.96 10.4
MAATPBP/DMAEMA 5.437 87.66 11.2
P(MAATPBP) 3.745 83.59 16.6
P(MAATPBP)/DMAEMA 8.517 98.06 7.8
P(MAATPBP)/P(DMAEMA) 6.588 93.83 9.2
P

e

P
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c
i
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t
t
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m
h
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b
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h
t
c
o
co-DMAEMA). As can be seen from Tables 3 and 4, the maximal
f 55 mW/cm2 (the photoinitiator concentration is 0.04 M in terms of
enzophenone moieties with the same concentration of DMAEMA moieties).

te the photopolymerization and their behavior appears similar
o other multifunctional monomers [15,26,28,29]. The cross-
inking of HDDA studied by photo-DSC is a very rapid process,
n which gelation often occurs at an early stage of the reaction.
he formation of such gel structure may restrict the diffusion
nd mobility of radicals [30], thus resulting in a very short time
o reach the maximal polymerization rate (Rp max).

The photolysis of BP, in the presence of DMAEMA, leads to
he formation of a radical produced from a carbonyl compound
ketyl-type radical) and another radical derived from coinitiators
31,32]. The ketyl radicals are usually not reactive toward vinyl
onomers because of the steric hindrance and the delocalization

f unpaired electron [3]. Meanwhile, aside from the bimolecular
-abstraction reaction between sulfur-containing BP derivatives

nd DMAEMA, the photolysis reaction at the C–S bond would
ertainly account for their photoefficiency [6,16–20]. The over-
ll photoinitiation mechanism is presented in Scheme 2, from
hich we can know that the activity and the quantity of radicals

1)–(6) will mainly determine the photopolymerization rate. As
or BP itself, the inactive radical from carbonyl compound will

ot participate in the photopolymerization. Therefore, the intro-
uction of C–S bond and BP chromophore into polymers may
reatly reduce the migration of species.

i
m
n

(MAATPBP-co-DMAEMA) 5.376 92.20 11.8

a The photoinitiator concentration is 0.04 M in terms of benzophenone moi-
ties with the same concentration of DMAEMA moieties.

From Tables 2 and 3, several conclusions can be drawn: firstly,
(MAATPBP) and P(CMAATPBP) can initiate the photopoly-
erization without coinitiator, because of the photolysis reaction

t the C–S bond. Secondly, P(MAATPBP) is more efficient than
P/DMAEMA system different from that of P(CMAATPBP),

hus indicating that higher active radicals generated at C–S bond
n P(MAATPBP) than in P(CMAATPBP). Meanwhile, the effi-
iency of P(MAATPBP) and P(CMAATPBP) is much higher
han that of their monomer counterparts in our previous work
23]. In case of the two homopolymers, polymer-bound radi-
als (1) and (3) may be protected from coupling reactions by
he macromolecular coiling [33], thus increasing the initiation
fficiency as compared with their low molecular counterparts.
his result will greatly affect the photoefficiency of their poly-
eric combination with P(DMAEMA) or DMAEMA. Thirdly,

opolymeric photoinitiators P(MAATPBP-co-DMAEMA) and
(CMAATPBP-co-DMAEMA) exhibit similar efficiency in
omparison with their monomer combinations. Due to the steric
indrance of the macromolecular coil, macroradicals (1), (3),
5) and (6) generated from the copolymeric photoinitiators
ould unfavor recombination reactions between the propagat-
ng radicals, thus strongly limiting the extent of terminations
nd hence preventing a reduction of concentration of the active
pecies [7]. Therefore, the efficiency of the copolymeric sys-
ems should be higher than that of the monomer combina-
ions. However, the mobility of the polymeric amine com-
onent in copolymeric systems may be reduced, leading the
imilar photoefficiency of the copolymers compared with their
onomer combinations. Another one is that, to our surprise,

omopolymer combination of P(MAATPBP)/P(DMAEMA) is
ore efficient than P(MAATPBP-co-DMAEMA) different from

hat of P(CMAATPBP-co-DMAEMA) series. This result may
e related to the photolysis reaction at C–S bond. The photol-
sis reaction at C–S bond might be easier to take place in their
omopolymers than that of their copolymeric counterparts due to
he bimolecular H-abstraction reaction in the same copolymeric
hain. Thus, the photoefficiency of homopolymer combination
f P(MAATPBP)/P(DMAEMA) is higher than P(MAATPBP-
nitiation rate (Rp max) of P(MAATPBP) is almost three times as
uch as that of P(CMAATPBP), thus the effect of the compo-

ent of CMAATPBP on P(CMAATPBP-co-DMAEMA) may be
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Scheme 2. Proposed initiation me

maller than that of MAATPBP. Meanwhile, P(MAATPBP) or
(CMAATPBP) using DMAEMA as the coinitiator is more effi-
ient than that of P(DMAEMA) as can be seen from Figs. 4 and 5.
his result may be addressed to the reduced mobility of

(DMAEMA), leading to its poor diffusion ability and resulting

n the decreased reactivity.
Notably, copolymeric sulfur-containing photoinitiators as

ell as their homopolymer combinations are highly efficient

able 4
hotopolymerization of HDDA initiated by BP/DMAEMA, CMAATPBP/
MAEMA, P(CMAATPBP), P(CMAATPBP)/DMAEMA, P(CMAATPBP)/
(DMAEMA) and P(CMAATPBP-co-DMAEMA), cured at 25 ◦C by UV light
ith an intensity of 55 mW/cm2

hotoinitiatora Rp max × 102

(s−1)
Final conversion
(%)

Tmax (s)

P/DMAEMA 1.563 53.99 11.0
MAATPBP/DMAEMA 4.973 82.45 11.4
(CMAATPBP) 1.371 71.23 34.4
(CMAATPBP)/DMAEMA 6.573 88.95 8.8
(CMAATPBP)/P(DMAEMA) 4.218 86.67 12.2
(CMAATPBP-co-DMAEMA) 4.993 85.86 10.8

a The photoinitiator concentration is 0.04 M in terms of benzophenone moi-
ties with the same concentration of DMAEMA moieties.
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b
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d
t
c
p
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p
c
F
k
t
c
a
d

ms for polymeric photoinitiators.

n which their Rp max is almost three times as high as that
P/DMAEMA system. It is a facile way to achieve polymeric
hotoinitiators while keeping high efficiency. This results may
e addressed to two reasons: firstly, their red-shifted maximal
bsorption to BP; secondly, the photolysis reaction at C–S
ond, thus leading to more active radicals generated from
he photolysis at C–S bond. Figs. 4 and 5 further exhibit BP
erivatives without coinitiator show lower photoefficiency
han those in the presence of amine, which indicates that the
oinitiator amine has obvious effect on the photoefficiency of
olymeric photoinitiators.

.4. Photopolymerization of TMPTA

In order to further reveal the effect of monomer viscosity on
hotopolymerization, a trifunctional monomer of TMPTA, was
hosen to be initiated by the photoinitiators mentioned above.
igs. 6 and 7 exhibit the photo-DSC profiles of TMPTA. It is well
nown the bimolecular H-abstraction reaction is chemically con-

rolled [31]. When the reaction continues, however, the increased
ross-linking level may eventually limit the monomer mobility,
nd then the propagation and termination reaction may become
iffusion controlled [3,34,35]. Compared with HDDA, both the



H. Wang et al. / Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 106–114 113

Fig. 6. (a) Heat flow vs. time; (b) conversion vs. time for polymerization of
TMPTA initiated by BP/DMAEMA, MAATPBP/DMAEMA, P(MAATPBP),
P(MAATPBP)/DMAEMA, P(MAATPBP)/P(DMAEMA) and P(MAATPBP-
c
(
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w
t
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Fig. 7. (a) Heat flow vs. time; (b) conversion vs. time for polymer-
ization of TMPTA initiated by BP/DMAEMA, CMAATPBP/DMAEMA,
P(CMAATPBP), P(CMAATPBP)/DMAEMA, P(CMAATPBP)/P(DMAEMA)
a
o
n

w

o-DMAEMA), cured at 25 ◦C by UV light with an intensity of 55 mW/cm2

the photoinitiator concentration is 0.04 M in terms of benzophenone moieties
ith the same concentration of DMAEMA moieties).

ouble bond content and the viscosity of TMPTA are much
igher, thus leading to very high cross-linking density in the
hole polymerization process of TMPTA [30]. The increased

obility of the system at lower viscosity delays the stage at
hich propagation becomes diffusion limited. Therefore, the

ime to reach the Rp max (Tmax) in TMPTA is shorter than that in
DDA as shown in Tables 5 and 6.

able 5
hotopolymerization of TMPTA initiated by BP/DMAEMA, MAATPBP/
MAEMA, P(MAATPBP), P(MAATPBP)/DMAEMA, P(MAATPBP)/
(DMAEMA) and P(MAATPBP-co-DMAEMA), cured at 25 ◦C by UV light
ith an intensity of 55 mW/cm2

hotoinitiatora Rp max × 102

(s−1)
Final conversion
(%)

Tmax (s)

P/DMAEMA 3.291 41.40 8.0
AATPBP/DMAEMA 5.137 60.62 7.4

(MAATPBP) 3.543 68.48 8.6
(MAATPBP)/DMAEMA 6.243 76.34 6.4
(MAATPBP)/P(DMAEMA) 5.536 64.55 6.8
(MAATPBP-co-DMAEMA) 5.016 69.04 7.2

a The photoinitiator concentration is 0.04 M in terms of benzophenone moi-
ties with the same concentration of DMAEMA moieties.

t
T
m

T
P
D
P
w

P

B
C
P
P
P
P

e

nd P(CMAATPBP-co-DMAEMA), cured at 25 ◦C by UV light with an intensity
f 55 mW/cm2 (the photoinitiator concentration is 0.04 M in terms of benzophe-
one moieties with the same concentration of DMAEMA moieties).

From Figs. 6 and 7, these copolymeric photoinitiators as
ell as their homopolymer combinations are still more efficient
han BP/DMAEMA system, but some differences exist besides
max: firstly, compared with BP/DMAEMA system, the incre-
ent of their Rp max is smaller than in HDDA system, probably

able 6
hotopolymerization of TMPTA initiated by BP/DMAEMA, CMAATPBP/
MAEMA, P(CMAATPBP), P(CMAATPBP)/DMAEMA, P(CMAATPBP)/
(DMAEMA) and P(CMAATPBP-co-DMAEMA), cured at 25 ◦C by UV light
ith an intensity of 55 mW/cm2

hotoinitiatora Rp max × 102

(s−1)
Final conversion
(%)

Tmax (s)

P/DMAEMA 2.755 40.56 8.4
MAATPBP/DMAEMA 3.983 56.55 7.4
(CMAATPBP) 2.216 45.61 10.6
(CMAATPBP)/DMAEMA 6.348 72.20 6.2
(CMAATPBP)/P(DMAEMA) 4.145 58.52 7.8
(CMAATPBP-co-DMAEMA) 4.382 59.92 7.4

a The photoinitiator concentration is 0.04 M in terms of benzophenone moi-
ties with the same concentration of DMAEMA moieties.
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n consequence of the reduced mobility of the polymeric pho-
oinitiators in the higher viscosity reaction medium. Secondly,
he final conversion is smaller than their counterparts in HDDA,
hus verifying rapid cross-linking in TMPTA may limit their
hotopolymerization process. Thirdly, the differences between
(CMAATPBP-co-DMAEMA) and CMAATPBP/DMAEMA

s enlarged. This result further indicates that the macromolecular
tructure of the BP and DMAEMA moieties may favor the possi-
ility of efficient energy migration and intramolecular reactions.

. Conclusions

In this article, we report the synthesis and some preliminar
haracterizations of a series of polymeric sulfur-containing pho-
oinitiators bearing side-chain BP moiety and/or the coinitiator
MAEMA group. On the basis of the obtained results, the fol-

owing concluding remarks can be drawn:

. Novel copolymeric photoinitiators bearing side-chain BP
and DMAEMA, such as P(MAATPBP-co-DMAEMA)
and P(CMAATPBP-co-DMAEMA), and the correspond-
ing homopolymers, P(DMAEMA), P(MAATPBP) and
P(CMAATPBP), have been synthesized and fully character-
ized.

. P(MAATPBP) and P(CMAATPBP) can efficiently initiate
the photopolymerization without coinitiator because of the
photolysis reaction at C–S bond. Polymer-bound radicals
may be protected from coupling reactions by the macro-
molecular coiling, thus increasing their initiation efficiency
as compared with their low molecular counterparts.

. Copolymeric photoinitiators of P(MAATPBP-co-DMAE-
MA) and P(CMAATPBP-co-DMAEMA), as well as
homopolymeric combinations, are much more efficient than
BP/DMAEMA system.

. The photolysis reaction at C–S bond greatly affects the
bimolecular H-abstraction reaction in the copolymeric
photoinitiators, thus decreasing the effect of interaction
between BP and DMAEMA moiety in the same polymer
chain and leading the higher efficiency of P(MAATPBP)/
P(DMAEMA) in comparison with P(MAATPBP-co-
DMAEMA).

. The reduced mobility of the polymeric photoinitiators in the
higher viscosity reaction medium of TMPTA shortens the
stage at which propagation becomes diffusion limited, lead-
ing to its shorter time to reach Rp max and difficult to reach
high final conversion.
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