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ABSTRACT: The kinetics of the photopolymerization of
epoxy acrylate/TiO, nanocomposites, with 2'2-dimethoxy-
1,2-diphenylethan-1-one (Irgacure 651) or benzophenone/
N-methyl diethanolamine as photoinitiators, were studied
by FTIR spectroscopy. It was found that nanocomposites
had a decreasing photopolymerization rates in comparison
with pure epoxy acrylate. The photopolymerization rate of

the nanocomposite could also be influenced by initiator
types, oxygen, film thickness, irradiation intensity, dispers-
ing media of TiO, slurry, and so forth. © 2006 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 99: 3281-3287, 2006

Key words: TiO,; nanocomposite coatings; photopolymer-
ization kinetics; UV curing

INTRODUCTION

Nanocomposite was a new kind of composite material
with an ultrafine phase dispersed in 1-100 nm size,
and showed very interesting properties dramatically
different from the conventional ones.!™ Among them,
nanocomposite with nanoscaled TiO, embedded has
gained great interests of scientists and researchers
around the world in the last decades because of its
unique properties and good performance.>
Various polymer/TiO, nanocomposites were pre-
pared by sol-gel process for different purposes and
various applications, specifically, optical and electric
functional nanocomposites had been the focus of re-
cent study. For example, Yang'''* and coworkers and
Zhang'® et al. had successfully prepared PPV/TiO,
nanocomposites with improved zero-phonon vibronic
transition and increased vibronic splitting energy.
Nussbaumer et al.’ prepared a series of nanocompos-
ites with high refractive index, incorporating the TiO,
colloids into poly(vinyl alcohol), partially hydrolyzed
poly(vinyl acetate), poly(vinyl pyssrrolidone), and
poly(4-vinyl pyridine). Besides, nanocomposites of
polypyrrole/TiO,,** polyaniline/TiO,," poly(thioure-
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thane)/TiO,,'® poly(styrene maleic anhydride)/
Ti02,17 and polyether/ TiOZ,18 with improved optical
properties or electrical properties, were reported as
well. Solar cells, based on the nanocomposites of
poly(3-hexylthiophene)/TiO," and polythiophene/
TiO,,* showed some excellent photovoltaic cell effi-
ciency. Furthermore, the nanocomposites with TiO,
embedded also showed some improved electrochem-
ical property,®' light-driven oxygen scavenging prop-
erty,”® gas-separation property,”>* photocatalytic
property,” 2 and electrorheological property.”” Even
when the TiO, was simply used as the filler for the
coatings, plastics, and rubbers, the resultant nanocom-
posites showed improved performance in mechanic,*
thermal,>"** UV-shielding,*® dynamic fracture tough-
ness,”* ethanol permselectivity,>* flame retardancy,®
optical transparency,®® scratch resistance,” chemical
resistance,*® and so forth.

Up to now, however, no report was focused on the
kinetics of photopolymerization of UV-curable nano-
composites, containing nanoscaled TiO,. Since
nanoscaled TiO, could absorb UV rays by increasing
the weatherability of polymers, we would believe that
the nanoscaled TiO, should have some impact on the
photopolymerization behavior of the UV-curable
nanocomposite coatings with nanoscaled TiO,.

EXPERIMENTAL
Materials

Rutile TiO, (50 nm) was supplied by the Kemira
Chemical Company (Pori, Finland). N-butyl acetate
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TABLE 1
The Formulations for Preparation of EA/TiO, Nanocomposite Coatings

Sample code EA HDDA TSB TST TMPTA Irgacure 651 BP MDEA
Pure-13 16 1.2

TST1-13 4 12 1.2

TST2-13 8 8 1.2

TST3-13 12 4 1.2

TST4-13 16 1.2

TSB1-13 4 15.6 1.2

TSB2-13 16 8 8 15.2 1.2

TSB3-13 12 14.8 1.2

TSB4-13 16 14.4 1.2

PURE-BM3 16 0.72 0.48
TSB1-BM3 4 15.6 0.72 0.48
TSB4-BM3 16 14.4 0.72 0.48
TST1-BM3 4 12 0.72 0.48
TST4-BM3 16 0.72 0.48

(AP) was purchased from the Shanghai Chemistry
Reagent Co. Ltd (China). 2,2-dimethoxy-1,2-diphe-
nylethan-1-one (Irgacure 651) was a gift of Ciba Spe-
cialty Chemicals. N-methyl diethanolamine (MDEA)
and benzophenone (BP) were provided by Changzhou
Wujin No. 5 Chemical Factory (Changzhou, China).
Trimethylolpropane triacrylate (TMPTA) and 1,6-hex-
anediol diacrylate(HDDA)were purchased from Eter-
nal Chemical company (Taiwan, China). Epoxy acry-
late (EA oligomers, M,, 1000) was the product of
Sanmu Corp. (Yixing, China). All these materials were
used as received.

Preparation TiO, slurry and EA/TiO,
nanocomposites

Preparation TiO, slurry

TiO, with TMPTA or butyl acetate as the media was
milled by minizeta milling machine (Netzsch machin-
ery and instruments Co. Ltd.,, Germany), with the
grinding speed of 2600 rpm and 0.6-0.8 mm ZrO,
beads, for 2 h to obtain 10 wt % TiO, slurry for further
use. The TiO, slurry with TMPTA or butyl acetate as
the media was designated as TST or TSB, respectively.

The preparation of EA/TiO, nanocomposites

The TST or TSB was added into TMPTA and HDDA,
and treated with ultrasonication for 30 min, and then
added into EA oligomeric resin and ultrasonicated for
another 30 min, followed by addition of photoinitia-
tor. Table I listed the formulations. The sample codes
TSTa-Bi or TSBa-Bi indicated the nanocomposites em-
bedded with TST or TSB, respectively, a represent
nanoscaled TiO, solid percent, based on the weight of
the total system, but initiator B denoted by I or BM for
photoinitiators Irgacure 651 or BP/MDEA, respec-

tively, and I indicated the weight percent, based on the
weight of the total system.

UV-curing kinetics of nanocomposites

The FTIR spectra of samples before curing and after
different UV-curing time were scanned by a Magna-
IR™ 550 spectrometer (Nicolet Instruments, Madison,
WI). In this study, the sandwich-like NaCl plates were
used for the FTIR scanning, to minimize the influence
of oxygen in the atmosphere. Unless otherwise noted,
all the samples were investigated in the laminate state
(sandwich-like), and the thickness of nanocomposites
was about 20 um.

RESULTS AND DISCUSSION

Preparation of TiO, slurry and corresponding
nanocomposites

The TiO, particles, with an average diameter of 50 nm,
were used to prepare the TiO, slurry, with butyl ace-
tate or TMPTA as the media. After 2-h milling, the
TiO, particles were successfully dispersed into both
butyl acetate and TMPTA, at the mean diameter of
50-60 nm, as indicated in Figure 1. Both TiO, slurries
had a very good stability, and no phase separation
was observed after 4-week’s storage.

After introducing the prepared TiO, slurry into the
EA resin, a series of nanocomposites were prepared.
Figure 2 showed the viscosity of nanocomposite coat-
ings as a function of TiO, content. It could be seen that
the viscosity of the nanocomposite coating increased
with increasing TST, but decreased with increasing
TSB, indicating that TMPTA increased the viscosity of
UV-curable nanocomposite, while butyl acetate could
decrease the viscosity.
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(a) (b)

Figure 1 TEM photos for the TiO, slurry with (a) TMPTA
and (b) butyl acetate as the media.

Typical photopolymerization kinetics of
nanocomposites

The typical FTIR spectra of UV-curable nanocompos-
ite coatings, with different irradiation time, were
shown in Figure 3. It was found that the intensity of
the peak at 1635 cm ™! for C=C stretching absorbance
decreased with increasing exposure time under UV
irradiation, since the peak at 1635 cm ' was well
separated from other peaks. It was usually used to
quantify the conversion of C=C bond in UV-curable
coatings, with the peak at 1725 cm™' due to C=0
stretching absorbance as the reference, for its invari-
ability during UV curing.**** Thus, the conversion
percent (C) of C=C bond could be calculated, accord-
ing to the following equation:

C(%) = 100 (1 A'SO) 1
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Figure 2 The viscosity curve of nanocomposites containing
TST and TSB.
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Figure 3 The FTIR spectra of UV-nanocomposite coatings,
at different irradiation times (2.1 mW/cm?, 3 wt % Irgacure
651).

where A, and A, were the areas of the peak at 1635
cm ™' and S, and S, the areas of the peak at 1725cm ™"
at time t and t = 0, respectively.

Based on the data calculated by eq. (1), the conver-
sion curve for the UV-curable nanocomposite coat-
ings, containing 4 wt % nanoscaled TiO, as a function
of curing time, was plotted in Figure 4. The curve for
the pure EA photopolymerization was also presented
for the sake of comparison. The induction time for
nanocomposites at the beginning of photopolymeriza-
tion was negligible. Then, an acceleration of the poly-
merization rate was observed because of the gel effect.
After that, the polymerization rate slowed down be-
cause of the vitrification of the resin. This was consis-
tent with the typical kinetic curve of the UV-curable
coatings with three functionality reactive dilutes.*!
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Figure 4 The plot of photopolymerization kinetics of nano-
composites (3 wt % Irgacure 651, 2.1 mW /cm? at 365 nm).
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Figure 5 UV-vis spectra for Irgacure 651 and nanoscaled
TiO,.

The nanocomposites had a decreasing photopoly-
merization rate compared with pure EA, which was
different from the kinetics of the nanocomposites em-
bedded with nanoscaled SiO,.** This should be attrib-
uted to the strong adsorption of nanoscaled TiO, in
the same UV-sensitive range as the photoinitiator, Ir-
gacure 651, as shown in Figure 5, decreasing the ini-
tiating efficiency of Irgacure 651.

Effect of the photoinitiator type

The effects of the photoinitiator types on the photopoly-
merization kinetics of the nanocomposite coatings were
displayed in Figure 6. The nanocomposite coatings with
Irgacure 651 as the photoinitiator had faster photopoly-
merization and shorter induction time, than those initi-

100
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Figure 6 Influence of photoinitiator type on photopoly-
merization kinetics (3 wt % photoinitiators, 2.1 mW/ cm? at
365 nm).
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Figure 7 Photolysis of Irgacure 651 and BP/MDEA.

ated by BP/MDEA. This can be easily understood, based
on their distinctive initiating mechanisms: the Irgacure
651 is Norrish type I photoinitiator, which undergoes a
direct photofragmentation process (a- or less common
B—cleavage).43 Under the UV radiation, 2 moles of pri-
mary radicals can be obtained from 1 mole of Irgacure
651(see Fig. 7). Those 2 moles of primary radicals can
react with the monomers and dissolve in oxygen. So, the
oxygen dissolved in the formulation can be consumed
instantly. But for the BP/MDEA initiating system, it is
not so efficient as Irgacure 651, since it belongs to the
Norrish type II photoinitiator, involving a primary pro-
cess of hydrogen atom abstraction from the MDEA (ter-
tiary amine).*> Only 1 mole of primary radical can react
with the monomer, though there were 2 moles of pri-
mary radicals formed (see Fig. 7). As a result, an observ-
able induction time was observed for the BP/MDEA
initiating system, especially for sample TST4-BM3.

Effect of the TiO, content

Figure 8 showed the effect of nanoscaled TiO, content
on the double bond conversion of nanocomposites
with curing time. As the nanoscaled TiO, content in-
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Figure 8 Influence of nanoscaled TiO, content on photopo-
lymerization kinetics (3 wt % Irgacure 651, 2.1 mW/cm~ at
365 nm).
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Figure 9 The oxygen inhibition in a radical-type photoini-
tiated polymerization.

creased, the curing rate and final double bond conver-
sion decelerated monotonously. This was theoretically
reasonable, since nanoscaled TiO, absorbed UV rays
strongly in the range of 200—400 nm, decreasing the
initiation efficiency of photoinitiator, just discussed
earlier.

Effect of oxygen

The triplet states of photoinitiators and radicals
formed from photoinitiators were strongly attacked
by oxygen, leading to quenching and formation of
peroxy radicals, respectively. The detrimental effect of
oxygen on radical photopolymerization reactions was
well known from the curing process performed with
photoinitiators.***> Specifically, the oxygen inhibition
effect was realized mainly by quenching the triplet
state photoinitiator, primary radicals, and polymer
radicals,** as indicated in Figure 9.

A simple means to investigate the influence of mo-
lecular oxygen on photopolymerization of nanocom-
posites was to compare the kinetics in aerated and
laminated systems. Figure 10 demonstrated the pho-
topolymerization kinetics of pristine EA and nano-
composites containing 4 wt % nanoscaled TiO, in the
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Figure 10 Photopolymerization kinetics in air state and
laminate state (3 wt % Irgacure 651, 2.1 mW /cm? at 365 nm).
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Figure 11 Effect of film thickness on photopolymerization
kinetics in the presence of oxygen (3 wt % Irgacure 651, 2.1
mW /cm? at 365 nm).

air and laminate state. It could be seen that the nano-
composites had a lower curing rate both in air state
and laminate state than pristine EA, and the existence
of oxygen decelerated the photopolymerization of
both pure EA and nanocomposite greatly. The de-
creasing difference in curing rate between the nano-
composite and pure EA resin in air state, in compari-
son with that in laminated state, suggests that the
oxygen has lower inhibition effect on the photopoly-
merization of nanocomposite than that of pure EA
resin. The possible reason was that the higher viscos-
ity for nanocomposites made it less sensitive to the
oxygen compared with the pure EA system.

Effect of film thickness

Another critical factor influencing the inhibition effect
of oxygen was film thickness. Figure 11 presented the
influence of film thickness on the photopolymeriza-
tion kinetics. The double bond conversion of nano-
composites decreased with decreasing film thickness.
The double bond conversion of 20-mm thick pure EA
after 750 s UV irradiation was twofold of that in
10-mm thick pure EA, while 20-mm thick nanocom-
posite had around 1.4 times of 10-mm thick nanocom-
posite, further confirming that the oxygen had a de-
creasing inhibition effect on photopolymerization of
nanocomposites in comparison with pure EA resin.

Effect of light intensity

Figure 12 illustrated the plots of photopolymerization
for pure EA and nanocomposites under different irra-
diation intensity in laminate state and air state. Both
photopolymerization rate and final double bond con-
version increased as light intensity increased, for both
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Figure 12 Effect of UV-radiation intensity on photopoly-
merization kinetics of nanocomposites in laminate state and
in air state (3 wt % Irgacure 651, at 365 nm).

pristine EA and nanocomposites in air and laminated
states. This increase can be explained by the following
photopolymerization theory**

d[R-] LA

T 4.6(13108[M]7 (2)
where R’ is the initiating radical; ¢ the time; I, the
number of Einsteins per cm” incident on the system
per second; @ the fraction f of the light quanta ab-
sorbed that resulted in the formation of a pair of
radicals; e the extinction coefficient; [M] the monomer
concentration in mol/L; and the geometric factor
(LA/V) is unity, or nearly so, for most photolytic
systems employed.

From eq. (2), R'- should be proportional to I,. How-
ever, only the increasing tendency of R+ can be guar-
anteed with the increase of irradiation intensity be-
cause of the inhibition of oxygen in this case. There-
fore, the double bond conversion was improved with
the increasing irradiation intensity to various degrees.

The greater the light intensity the smaller the differ-
ence in photopolymerization rate between the nano-
composite and pure EA, no matter whether the oxy-
gen was there or not. This suggested that increasing
irradiation intensity can diminish or even eliminate
the negative influence of nanoscaled TiO, on photopo-
lymerization rates of nanocomposites.

Effect of different TiO, slurry

Heretofore, all the aforementioned studies on the pho-
topolymerization kinetics of the nanocomposites was

LI ET AL.

based on introducing the TST slurry into UV-curable
systems; herein, we further investigated the effect of
the TiO, slurry using butyl acetate (TSB) on the pho-
topolymerization behavior of nanocomposites, since
TiO, slurry was usually available, in some volatile
solvent, as the dispersion media.

Figure 13 showed the photopolymerization kinetic
curves of nanocomposites with different TSB content.
It was very interesting that TSB obviously increased
the photopolymerization rates of nanocomposites, and
the photopolymerization rate increased with increas-
ing TSB content, which was different from the effect of
TST. Recall that introducing TST decreased the pho-
topolymerization rate, since nanoscaled TiO, strongly
absorbed UV rays and impaired the initiating effi-
ciency of photoinitiator. The intuitionistic comparison
shown in Figure 14, further confirmed that TSB had a
rightabout impact on photopolymerization rate in
comparison with TST. The reason why TSB could
increase the photopolymerization rate was possibly
because butyl acetate could enhance the mobility of
the UV-curable system greatly, which preponderate
over the negative effect of nanoscaled TiO, absorbing
UV rays.

CONCLUSIONS

Nanoscaled TiO, could be used as UV absorber in
plastics, coatings, inks, cosmetics, and other organic
compounds, increasing the weatherability of these or-
ganic materials. But it was found that nanoscaled TiO,
obviously decreased the photopolymerization rates of
UV-curable systems, since nanoscaled TiO, could
strongly absorb UV rays, decreasing the initiating ef-
ficiency of photoinitiator, based on this study. There-
fore, in nanoTiO, contained UV-curable coatings, e.g.,
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Figure 13 The influence of butyl acetate on the photopoly-
merization kinetics (3 wt % Irgacure 651, 2.1 mW/ cm? at
365 nm).
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Figure 14 The influence of butyl acetate on the photopoly-
merization kinetics under 1 and 4% nanoscaled TiO, loading
(3 wt % Irgacure 651, 2.1 mW/ cm? at 365 nm).

one could tune the photopolymerization rates of the
nanocomposites by adjusting initiator types, aerated
or laminated state, film thickness, irradiation intensity,
dispersing media of TiO, slurry, and so forth.
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