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Abstract

Kinetics of the photopolymerization of methyl methacrylate (MMA) initiated by TiO2 nanoparticles in aqueous suspensions was studied. The
kinetics equation was established on basis of free radical chain mechanism. The observed dependences of polymerization rate on the variables of the
concentration of TiO2 and the incident light intensity complied with the predictions from the kinetics equation. It was found that the polymerization
rate as well as the number-average molecular weight of the synthetic polymers increased rapidly with increasing concentration of monomer. This
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henomenon was explained by introducing a model of surface chain propagation. The effect of mass transfer was incorporated through addition of
diffusion flux term to the mass equilibrium of monomer. The initiation quantum efficiency was found to decrease with increasing incident light

ntensity. pH effects on the photopolymerization were investigated exclusively in this study. It was found that the rate of polymerization was pH
ependent, while the configuration of polymer remains unchanged. The results from ESR spin-trapping analysis at various pH conditions suggested
hat trapping holes by OH− act as a competitive way towards OH radicals. With aids of these results, pH dependence of the initiation quantum
fficiency was correlated to the influences of pH on the initiating species. Assuming that the photogenerated holes have higher initiation efficiency
han OH radicals, the observed pH dependence of polymerization rate can be reasonably interpreted.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Work in the field of photopolymerizations has acquired
mportant progresses in the aspects such as visible-light excita-
ions, cationic polymerization and kinetics simulations of great
alue [1–3]. Polymerizations of vinyl monomers can also be
nitiated with semiconductors excited by ultraviolet irradiations
4–6]. Pioneering contributions have been made by the authors
ddressing the photopolymerizations using colloidal semicon-
uctors as initiators [7–10]. Initiators such as quantum-sized
dS, ZnO and TiO2 colloids were applied to polymerizations
f vinyl monomers in non-aqueous solvents or monomer bulk.
rocesses of these polymerizations have been shown to asso-
iate with the chemical nature of semiconductors, particle sizes
nd organic photo-sensitizers added.

∗ Corresponding author. Fax: +86 21 65640293.
E-mail address: xyni@fudan.edu.cn (X. Ni).

Using semiconductor nanoparticles to initiate polymeriza-
tion provides a new pathway to polymer/inorganic nanocom-
posite, while the in situ polymerization can produce a com-
posite composed of polymers and highly dispersed nanoparti-
cles [10,11]. In a previous work, we have observed the mor-
phology of TiO2 nanoparticles encircled by photogenerated
polymers [11]. Recently, semiconductor nanoparticles as fillers
have been proved to improve electrical properties of polymer
materials [12]. It appears that this photopolymerization have
a good future in preparing polymer based conductive mate-
rials. The interface effects of interests are strongly expected
from the direct participation of the particles into the poly-
merization. The visible-light photocatalysis of TiO2 materials
has been reported [13], from which follows that solar curing
water-borne coatings are possible. As known, the building coat-
ings and other water-borne coatings suffer from a low rate
of solidification. Conventional photo-cured coatings employ
organic sensitizers, and are always cured by powerful irradi-
ations. Photopolymerizations by nanosized semiconductors, as
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a young and promising technology, are worthy of being studied
thoroughly.

This paper represents the results of kinetics studies of the
photopolymerization of methyl methacrylate initiated by TiO2
semiconductor nanoparticles dispersed in aqueous suspensions
TiO2. Commercial Degussa P25 TiO2 was employed. Due to
an advantage by utilization of particle semiconductors in the
aspect of polymer purifications [7], properties of the synthetic
polymers can be determined without interventions of remained
semiconductors in the measurements. These can provide insight
into the photocatalytic dependent polymer structures of inter-
est. Experiments of this study were carried out with respects of
effects of monomer concentration, light intensity, initiator con-
centration and pH of the system, with the goal of obtaining a
better understanding of this polymerization, and thus acquiring
a knowledge of controlling the polymerization and structures of
the polymers.

It has been demonstrated in the literature that changing pH of
photocatalytic systems varies electrostatic properties of the sur-
face of semiconductor nanoparticles and also shifts the potential
of some redox reaction [14]. Effects of pH on the photopoly-
merizations with semiconductors are a subject of great interest
because they can provide insight into the pH dependence of
semiconductor photocatalysis in terms of polymerization. In
this work, pH effects on the photopolymerization were exclu-
sively investigated. With aids of ESR spin-trapping experiments,
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exclusive of 365 nm, due to the cutting off of CuSO4 solution
[11].

The light intensity was controlled by changing the distance
between the lamp and the reactor, and was measured by radiom-
etry (UV-A, BJNU photoelectrical Co.). The light pathlength
from the lamp to the center of the reactor is adjusted between
13 and 25 cm. It was determined that while the intensity at the
reactor position was 13 mW/cm2 for 365 nm, the light intensity
at 254 nm was only 0.085 mW/cm2. The reaction temperature
is at 40 ◦C. We adjust pH of the reaction system by adding a
sodium hydroxide solution.

The raw products were obtained by centrifugation of the
reacted mixture, washed by water and then dried under vacuum
to remove monomer traces. Acetone was employed to dissolve
PMMA contained in the powders, followed by centrifugation
to remove TiO2 particles from the solution. PMMA dissolved
in acetone were precipitated into methanol to get pure polymer.
TGA tool was used to check the complete purification of the
polymer.

2.3. Characterization

The progress of polymerization was monitored by extraction-
gas chromatograph (GC) method that has been described in a
previous paper [11]. HP Aligent 6890 GC equipped with FID
was used for composition measurements of the extract layer.
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H dependence of polymerization rate was correlated to pH
nfluences on initiating species, and pathways to producing OH
adicals in this system were also discussed.

. Experimental

.1. Materials

The nano-TiO2 semiconductors used was Degussa P25 (80%
natase and 20% rutile) with an average diameter of 21 nm and
BET surface area of 50 m2/g. The structural information was

upplied by Degussa Company. All the chemicals used were
f analytical reagent grade. Methyl methacrylate (MMA) was
istilled before use. Acetone, methanol, hexane and toluene were
sed as received without further purification. Deionized water
as employed in experiments.

.2. Polymerization

TiO2 powders were dispersed into aqueous solutions of MMA
sing the ultrasonic dispersion technique. The feed concentra-
ions of monomer were lower than its solubility in water at the
eaction temperature. pH value of the mixture without adjust-
ng was measured to be 4.5. The mixture of 120 ml was moved
nto a quartz reactor which was equipped with a magnetic stir-
er and a water jacket (the thickness is 0.5 cm) connected to a
irculator of CuSO4 solution. The internal dimensions of the
eactor in column are φ 6 cm × 8 cm. UV irradiation towards
he reactor was carried out using a mercury vapor lamp, char-
cterized by two chief peaks at 254 and 365 nm in its emission
pectrum. The mixture can avoid being irradiated by the rays
his method has been proved to be an accurate tool for determin-
ng MMA concentration in the mixture [11]. The polymerization
ate Rp is determined by measuring the change of MMA con-
entration during the reaction time of 10 min.

Polymer molecular weights (MW) were determined by GPC
HP Aligent 1100) with THF as solvent and calibrated by
tandard polystyrene. NMR spectra were recorded on a Bruke
MX500 spectrometer at 300 K with CDCl3 as solvent. ESR

nalysis was carried out with a bruker ER-200 EPR spectrome-
er using DMPO as a spin trap. The reaction of DMPO and OH
adical is as shown by Reaction (1) [15].

In order to determine the polymer yield, TGA were recorded
n a Perkin-Elmer Pyris 1 DSC Instrument. The samples tested
re of the raw products without further purification (TiO2 par-
icles were not removed). The reacting system after certain
eaction time is subjected to an ultracentrifugation, and a trans-
arent upper layer was obtained. The chemical composition of
he layer was determined using a gas chromatograph combined
ith mass spectrum (GC/MS, Finnigan Voyager).

. Results and discussion

.1. Kinetics model of polymerization

.1.1. Proof of polymerization
Fig. 1 shows the TGA curve of the raw product prepared under

he conditions as described in the figure caption. As mentioned
n Section 2.3, the sample tested was separated from the reacted
ixture by centrifugation and thus consists of TiO2 particles and
MMA. The constant weight-loss depicted in Fig. 1 allows the
atio of the polymer and TiO2 to be determined. The total amount
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Fig. 1. TGA curve of the raw product consisting of PMMA and Degussa P25
TiO2 at a heating rate of 10 ◦C/min under air atmosphere. The polymerization
was conducted at the feed concentration of MMA of 11.82 g/l and at TiO2

concentration of 1 g/l. The sample was obtained after a reaction of 300 min, and
the residual concentration of MMA was 2.25 g/l at this time.

of the polymer resulted can be calculate from the data and the
amount of TiO2 added. The polymer yield is defined as the ratio
of the amount of polymer and the consumption of monomer.
On calculations, it was found that the polymer yield was 85.4%.
Similar results can also be obtained in the polymerizations under
different conditions [11]. If we take into account the unprecipi-
tated oligomers and an inevitable evaporation of monomer, this
polymerization can have very high polymer yield. Therefore,
it is clear that the polymerization dominates the photocatalytic
reactions of this work.

Fig. 2 gives the GC/MS curve of the upper layer of the suspen-
sion mixture. Any traces of the compounds in the bulk solution
can be detected. The peak at the retention time of 2.5 min with
molecular weight (MW) of 100 g/mol is of course identified as
MMA. A new peak with MW of around 110 g/mol appears at
the retention time of 8.5 min after this photopolymerization, but
it is very weak as observed. This compound may arise from the
oxidation of MMA molecules leading to an increase in MW. It
is apparent from Fig. 2 that pathway of MMA decomposition is
actually limited in our system. Studies on the mechanisms are
in progress.

3.1.2. Proof of free radical mechanism
Previously, the studies concerned with the photopolymeriza-

tions initiated by semiconductors applied the free radical theory

Fig. 3. 1H NMR spectrum of PMMA photopolymerized using by Degussa P25
TiO2 as initiator at pH 4.5.

Table 1
Stereoregularity of PMMA synthesized

pH mm% mr% rr%

4.6 6.4 37.3 56.3
9.2 6.6 37.7 55.7

for interpretations [5–10], also suggested a probability of ionic
chain propagations [5,8]. These polymerizations were carried
out in non-aqueous solvents. In the aqueous suspension system
of this study, water solvent must inhibit any ionic polymeriza-
tion because H2O serves as a highly active transfer-agent to
chain propagated ions [16]. Nevertheless, it is impossible for
MMA molecules to directly accept the conduction band elec-
trons, deduced from that the reduction potential of band electrons
of TiO2 is about −0.5 V versus NHE [17] while the reduction
potential of MMA is about −1.1 V versus NHE [14].

Fig. 3 shows the 1H NMR spectrum of PMMA polymers
synthesized this study. Implications of the spectrum include
information on the configurational sequences that is governed by
the polymerization mechanism. The chemical shift of mm (iso-
tactic), mr (heterotactic) and rr (syndiotactic) sequence is at 0.8,
1.0 and 1.2 ppm, respectively [18]. The polymers obtained are
typically of predominant sydiotacty (see Table 1). The sequence
ratios depicted in this table are in general characterized by the

vapo
Fig. 2. GC/MS curves of the upper layer of the reacting mixture at a
 rization temperature of 250 ◦C under a helium stream of 1 ml/min.
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free radically prepared PMMA [19]. Accordingly, we conclude
that the polymerization of this study indeed follows the free
radical mechanism rather than an ionic chain mechanism. The
latter was proved to give a considerable higher degree of isotac-
tic structure [20]. The analysis results allow us to apply reliably
the free radical kinetics to this photopolymerization.

(1)

It was proved that the attack of the photogenerated hole to a
MMA molecule produces a monomer radical through abstract-
ing hydrogen from �-methyl [5]. The chain propagation com-
mencing with this primary radical leads to a special terminal �
CH2–CH2 that distinguishes from other bonds in respect of the
thermal cleavage temperature [5,11]. We have detected the pro-
duction of OH radicals in the P25 TiO2 suspensions by means
of ESR analysis using DMPO as a spin trap. Reaction (1) shows
how OH radical to be captured by DMPO molecules. The OH
radical rapidly add to nitrone, giving rise to a •DMPO–OH rad-
ical that can be detected by the ESR tool [15]. The production
of OH radicals under various pH conditions will be involved in
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of the TiO2 surface can react with OH radicals. Thus, we simply
assume the following reaction sequences:

TiO2 + MMA → TiO2–MMA (surface adsorption) (3)

TiO2–MMA + hν → TiO2–MMA∗(surface initiation) (4)

TiO2–MMA∗ + MMA → PMMA (surface chain propagation)

(5)

The rate of photoinitiation Ri is expressed by [16]:

Ri = 2φIa (6)

where Ia is the adsorbed light intensity, φ is the initiation quan-
tum efficiency. The initiation process is the only photochemical
step involved in this polymerization. Once the monomer radi-
cal is formed, subsequent chain propagations will comply with
the known free radical chain mechanism. The rate of polymer-
ization under the steady state approximation is expressed as
[16]:

d[M]

dt
= kp[M]

(
Ri

2kt

)1/2

(7)

where kp is the rate constant of chain propagation, kt is the rate
constant of termination. [M] is defined as the concentration of
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ection 3.5.
The active OH radical can also initiate the polymerization of

MA. Likewise, the polymerizations initiated by OH radicals,
enerated from the photocleavage [21], thermocleavage [22] or
edox reaction [16] of H2O2, have been extensively reported.
he addition of OH radical to MMA gives the monomer radical
eaction (2).

(2)

.1.3. Surface initiation model
A surface initiation is supposed to take place this study based

n the properties of the two initiating species. The hole locates on
he surface of semiconductor particles, and it is always unmov-
ble. Since the hole initiation can work via direct hole transfer
o MMA in no need of mediations, this reaction necessarily
akes place on the surface. OH radical is generated from trap-
ing the primary charge carriers (hole and electron) by the
dsorbed reactive species [14]. In literatures, there were numer-
us contributions suggesting that the reaction of OH radicals
ith substrates takes place on the TiO2 surface or in the near

olution [15,23,24], though OH radicals are able to escape from
he particle. The lifetime of OH radical accounts for this conflict.
n view of point that OH radicals can diffuse from the surface
f TiO2 about 100 Å or less into the solution bulk [25], here
nly the monomer located in the vicinity of a few monolayers
onomer participating into the polymerization. By substituting
q. (6) into Eq. (7), we obtain:

d[M]

dt
= kpk

−1/2
t

(
Ia

I0

)1/2

[M](I0φ)1/2 (8)

here I0 is the incident light intensity. The value of kp/k
1/2
t

s about 0.07 provides that no primary radical-polymer radical
ermination takes place [26].

.2. Effect of semiconductor concentration

This polymerization of MMA initiated by Degussa P25 TiO2
ndergoes high conversions (Fig. 4), whereas the monomer con-
ersion measured in absence of TiO2 is negligible, indicating
hat the polymerization indeed arises from the photocatalysis of
iO2. It was observed that this monomer does not absorb the

ight at 365 nm [11]. This explains why the monomer is avoided
rom self-polymerization. Taking TiO2 as the sole absorbent
o the irradiation, the absorption ratio, Ia/I0, of this system is
escribed by the following expression based on Beer–Lambert
aw [16]:

a/I0 = (1 − 10−ε[TiO2]b) (9)

here ε is the molar absorption efficiency at a given wavelength
f the light. b is associated with the dimensions of the reactor.
TiO2] is the concentration of TiO2, which is the independent
xperimental variable in this study. In Eq. (8), Ia/I0 is the term
hat actually represents the effect of this variable on the rate of
olymerization.

Table 2 shows that Ia/I0 increases as the concentration of
iO2 was increased. However, the light absorption changes more
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Fig. 4. Profile of MMA concentration during the polymerization initiated by
P25 TiO2 at pH value of 4.5. TiO2 concentration: (a) 0 (blank experiment); (b)
0.04 g/l; (c) 0.1 g/l; (d) 0.25 g/l; (e) 1 g/l. Light intensity was13.5 mW/cm2.

Table 2
Light absorption (Ia/I0) at various concentrations of TiO2

a

[TiO2] (g/l) 0.04 0.1 0.25 1.0 5.0

Ia/I0 0.649 0.915 0.945 0.954 0.954
(Ia/I0)0.5 0.805 0.957 0.972 0.977 0.977

a The wavelength of the light applied was at 365 nm.

slightly as the concentration is increased over 0.1 g/l. From Eq.
(9) of Beer–Lambert law, the light absorption is expected to
change slowly at high TiO2 concentrations but must not be sat-
urated theoretically. However, we find experimentally that the
absorption is unchanged as TiO2 concentration exceeds 1.0 g/l.
The reason for this phenomenon is not clearly at present, the
obstacle of the instrument at the accuracy of 10−3 should be
taken into account. In the kinetics equation, Eq. (8) rewrote in
this work, the effects of the TiO2 concentration is indirectly
inflected by the terms of (Ia/I0)1/2. As Rp is plotted against
(Ia/I0)1/2, a straight line is approximately obtained, as shown in
Fig. 5. This result basically agrees with the prediction as stated
by the kinetics equation.

3.3. Effect of monomer concentration

3.3.1. Diffusion controlled propagation
Provided the polymerization takes place homogeneously,

a first-order dependence of the polymerization rate on the
monomer concentration will be predicted from Eq. (8). How-
ever, the first-order prediction was proved unavailable this study.
Taken into consideration that terminations of chain radicals
practically make the reaction order slightly deviate from the the-
oretical prediction, further efforts were paid using the expression
of [M]n, where n serves as the adjustable parameter. This func-
tion was found also unworkable, indicating a departure from the
h

m
m

Fig. 5. Dependence of polymerization rate (Rp) on the square root of light
absorption ratio (Ia/I0). MMA concentration was 11 × 10−2 mol/l.

mixed prior to the irradiation. A saturation adsorption at the sur-
face of the nanoparticles can establish before the illumination
was switched on. In response to plenty of initiating species at
the finite surface of nanoparticles, polymers of high molecular
weight can be rapidly built up. Note that the polymeric radicals
are less mobile. For MMA polymerizations in aqueous system,
the chain transfer to monomer or to solvent was ignored on basis
of low chain-transfer coefficients [16,26]. Thus, the chain prop-
agation is unlikely to occur in the solution bulk. In our previous
work [11], the morphology of TiO2 nanoparticles encircled by
the photogenerated PMMA was observed. With these in mind,
we suppose that the chain propagation continues at the surface
Reaction (5) after the surface initiation. The polymerization can
proceed with MMA diffusing continuously onto the nanopar-
ticles. The driving force is the concentration gradient because
the propagation makes the concentration of the free monomer
around the surface lower than the bulk of solution.

At the steady state, mass equilibrium is supposed to establish
between the monomer diffusion and the consumption, i.e. the
rate of chain propagation equals the diffusion flux. Fick’s first
law defines the diffusion flux as [27]:

J = DS
d[M]

dx
(10)

where d[M]/dx is the concentration gradient on each side of the
d
c
e

D

[
e
T

R

W
u

omogeneous assumption.
Diffusion of small species such as initiator, monomer and pri-

ary radical were considered an important aspect of photopoly-
erizations [3]. In our experiments, the system was adequately
iffusion surface S. The diffusion coefficient D is known to be
oncentration dependent [28], which is often expressed by an
xponential function as follows:

= D0 exp(ξ[M]b) (11)

M]b is the concentration of monomer in the solution bulk, which
quals the feed concentration if the adsorbed amount is ignored.
hus, we obtain:

p = D0S exp(ξ[M]b)
�M

�x
(12)

e connect the data of Rp to the feed concentration of monomer
sing Eq. (12). The results depicted in Fig. 6 indicate that the
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Fig. 6. Comparisons of the experimentally measured polymerization rate (♦)
with the predictions (—) calculated on Eq. (13) at various MMA feed concen-
trations. TiO2 concentration was 1 g/l. The light intensity was13.5 mW/cm2.

experimental Rp well agree with the following simulated expres-
sion:

Rp = 0.24 exp(0.37 × 102[M]b) (13)

This result not only indicates the exclusive match of the expo-
nential function, but also support that mass diffusion is really
involved in the polymerization of this study. The diffusion
towards surface is always forced by the concentration gradi-
ent to compensate for the monomer consumption, no matter the
chain radicals can instantly capture the diffused monomer or not.
The rate of propagation only depends on MMA concentration
around the surface and thus the diffusivity of the monomer.

3.3.2. Influence on molecular weight
It was found that the number-averaged molecular weight

(M̄n) of the polymer increase rapidly with increasing the
monomer feed concentration (Table 3). As the concentration
was increased from 3.4 to 11.4 g/l, M̄n was increased by almost
50 times. This trend differs from the ideally linear increase pre-
dicted from the first-order kinetics as follows. It is known that
the kinetic chain length, which is in proportional to the number-
average degree of polymerization (X̄n), equals Rp/Ri under the
steady state approximation [16]. At given light intensity and
content of semiconductor, Ri is taken as constant. In the case
of the first-order reaction, M̄n should increase linearly with the
c
o
o
v

T
M

[

M

D

T

3.4. Effect of incident light intensity

The initiation quantum efficiency (φ), which is of great value
in photoinitiated polymerizations, can be calculated through the
following expression [29]:

φ = φp

X̄n

(14)

where φp is defined as the ratio of the number of monomer
molecules initiated to the number of photons absorbed. X̄n is
the average degree of polymerization.

φ = (Ci − Ce) × V

M̄n × Nabs
(15)

where Ci is the initial concentration of monomer (g/l), Ce is
the concentration of monomer remained after reaction (g/l), V
is the volume of the reacting system, Nabs is number of the pho-
tons absorbed by TiO2. It was calculated out that the quantum
efficiency ranges 10 × 10−4 to 25 × 10−4, as shown in Fig. 7.
The quantum efficiency was found to decrease with increasing
the incident light intensity, which is involved in the association
of the light intensity versus the recombination of electron–hole
pairs.

We would like to discuss the theoretical effects of chain-
transfer reactions on the value of φ calculated in Eq. (14),
a
v
t
e
φ

t
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t
t
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w

F
i
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oncentration of monomer at the ideal steady-state. With the aid
f above relations, the observed exponential dependence of Rp
n the feed concentration explains the trend of M̄n this study,
erifying the critical effects of diffusion controlled propagation.

able 3
¯

n and dispersity of the polymer obtained at various concentrations of monomer

MMA] (g/l) 3.4 5.7 7.7 11.4

¯
n × 10−4 (g/mol) 0.17 0.59 4.62 8.58
ispersity 5.40 3.70 2.02 2.73

he reaction was carried out for 300 min. [TiO2] = 1.0 g/l, [I0] = 13.5 mW/cm2.
lthough this equation has been frequently employed in rele-
ant literatures. During radical polymerizations, the radicals can
ransfer to monomer, solvent and polymer. The chain-reaction to
ither monomer or solvent should make the calculated value of
higher than the theoretical value, whereas the chain-reaction

o polymer shows no influence. In the case of MMA polymer-
zations in aqueous system, the chain transfer to monomer or
o water solvent was usually ignored because of the low chain-
ransfer coefficients [16,26]. Thus, the calculated value of φ here
s believed to close to its theoretical value.

Previous predictions of a φ ∝ I
−1/2
a dependence at φ ≤ 1

ere made on basis of the association of second-order kinetics

ig. 7. Initiation quantum efficiency (φ) as a function of the square root of
ncident light intensity. TiO2 concentration was 1 g/l. MMA concentration was
1 × 10−2 mol/l, pH 4.5.
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Fig. 8. Dependence of polymerization rate (Rp) on the square root of I0φ. TiO2

concentration was 1 g/l. TiO2 concentration was 1 g/l. MMA concentration was
11 × 10−2 mol/l, pH 4.5.

with bimolecular single carrier pair recombination [23]. Impli-
cations of the simulated plot of φ versus I

−1/2
a in Fig. 5 show

that such a scenario approximately applies to our polymeriza-
tion. Ollis [30] stated that the dependence power of −1/2 applies
to the cases where intermediate I0 was employed in photomin-
eralizations of organics.

Rp is found to decreases with increasing the light intensity,
while the values of I0φ show a similar trend. In Fig. 8 showing
Rp against (I0φ)1/2 at a fixed concentration of TiO2, a straight
line is observed. Considering that the value of Ia/I0 keeps con-
stant at a given concentration of TiO2, this result agrees with the
theoretical prediction as stated by Eq. (8). If Rp is independently

connected with I0, a Rp ∝ I
1/2
0 dependence is infeasible unlike

the polymerizations with organic photo-sensitizers, in which φ

only depends on the chemical nature of the initiators at given
wavelength of UV light. Here, φ is a function of the light inten-
sity that rather serves as an independent experimental variable.
The proven match of Eq. (8) suggests that the association of
Rp versus I0φ is a sound alternative to investigating the effects
of light intensity. The physical meaning of I0φ is understood
as the effective light intensity applied to the polymerization
system.

Table 4 shows that M̄n increase as the incident light intensity
was increased. This trend is actually governed by the polymer-
ization kinetics, and can be interpreted in terms of the kinetic
c
∝
g

T
M

[

M

D

T
[

Fig. 9. Influences of pH on MMA polymerization initiated by Degussa p25
TiO2. TiO2 concentration was 1 g/l. The light intensity was 13.5 mW/cm2.

(I0φ)1/2 at given concentration of semiconductors. This depen-
dence explains the observed decrease in M̄n.

3.5. Effects of pH condition

3.5.1. Influence on the rate of polymerization
In the case of Degussa P25 TiO2, the pH of zero point of

charge, pHzpc 6.25 [14]. Fig. 9 shows the polymerization curves
under pH conditions on each side of pHzpc. It is important to find
that, from slopes of the plots, the rate of polymerization at low
degree of conversion varies depending on the pH values. The rate
of polymerization at the condition of pH < pHzpc is twice as high
as that at pH > pHzpc. It is noteworthy that obvious aggregations
of TiO2 were not observed under the pH conditions of this work.

As depicted in Table 1, the stereoregularity of the polymers
remains unchanged irrespective of pH. Therefore, this polymer-
ization consistently follows the free radical chain mechanism no
matter whether the pH is above or below pHzpc. These experi-
ments were conducted under the same conditions of the incident
light intensity, monomer concentration and dosage of TiO2.
Also, the absorbed light intensity was determined to be almost
uninfluenced with the pH variations. From Eq. (8), it follows
that the initiation quantum efficiency of this polymerization is
pH dependent.

Changing pH of this system can vary the surface electrostatic
p
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hain length described earlier. Considering the relation of Rp
(I0φ)1/2, Rp dividing by the rate of initiation (Ri = 2φIa)

ives that the kinetic chain length is in inverse proportional to

able 4
¯

n and dispersity of PMMA obtained at various incident light intensities

I0] (mW/cm2) 1.3 2.0 3.7 7.3 10.0 14.5

¯
n × 10−4 (g/mol) 13.2 13.9 11.1 10.3 8.1 6.1
ispersity 2.86 3.14 3.23 2.63 2.72 2.85

he reaction was carried out for 300 min. [TiO2] = 1.0 (g/l);
MMA] = 12 × 10−2 mol/l.
roperty of P25 TiO2 [31]. However, we consider that MMA
dsorption onto TiO2 would not be a function of the surface
tate, owing to the electroneutrality of MMA. Initiating MMA
irect via the holes is most likely to be uninfluenced with pH
alues. On contrary, the properties of OH radicals should be
aken into account.

Fig. 10 gives the ESR spectrum of OH radicals trapped
y DMPO molecules under the pH conditions on each side
f pHzpc of TiO2. The spectrum is typical quadruple peaks
f OH-DMPO Reaction (1) [15]. Its high symmetry implies
hat the yields of other radicals are negligible. As observed in
ig. 10, the production of OH radicals is strongly pH depen-
ent. The yield measured at the condition of pH > pHzpc is
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Fig. 10. pH dependent yields of DMPO–OH radicals determined by ESR analy-
sis. The ESR spin-trapping experiments were conducted with the TiO2 aqueous
suspension containing 0.04 g/l TiO2 and 100 mmol/l DMPO. The intensity of
UV light at 365 nm was 0.56 mW/cm2.

about twice more than that at pH < pHzpc. This result implies
that the pH dependent production of OH radicals is critical
to the observed pH dependence of polymerization rate. Thus,
it is necessary to discuss the pathways to OH radicals in our
experiments.

3.5.2. Discussions on pH influences on the initiating
species

The system of this study was not degassed purposely. With a
JPB-607 Oxygen-meter, the saturation concentration of oxygen
dissolved in the system was measured to be 8.2 mg/l, as the
same as the data elsewhere. Adsorptive oxygen at the surface
of particle is electron trapper. The formation of HO2

• radicals
from O2

− and H+, giving rise to H2O2 was proposed as one way
of producing OH radical [14]:

O2 (ads) + e− → O2
•− (16)

O2
•− + H+ → HO2

• (17)

2HO2
• → H2O2 + O2 (18)

H2O2 + O2
− → OH• + OH− + O2 (19)

This reaction can proceed in the reverse direction once the pH
is higher than pKa (4.88) for HO2

• radical [32]. Also, another
contributor [33] suggested that this pathway to OH radical would
b
a
w
i

i

H

O

T
t

OH− at the semiconductor surface to OH radicals Reaction (21).
In our experiments, the pH value of the system was adjusted
by adding a sodium hydroxide solution, which actually sup-
plies lots of OH− ions. It, therefore, is sound to ascribe the
observed increases in OH yields at the increased pH to a sharp
increase in the number of OH− ions. Similarly, several inves-
tigators [33,35,36] have explained their pH-relevant findings in
terms of the dependence of OH radical on the number of OH−
ions at the surface of TiO2. The results of this study, with aids
of the results from ESR analysis, suggest further that trapping
photogenerated holes by OH− is a very competitive pathway
towards OH radical in aqueous systems.

The yield of OH radical is expected to be larger in case of pH
8.7 than pH 6.8 because more OH− can be supplied. However,
only the •DMPO–OH radical, resulting from the addition reac-
tion of OH radical and DMPO, was detected by the ESR tool. In
the analysis, the addition reaction is in competition with the ter-
mination reaction between OH radical radicals. The termination
reaction makes OH radical disappear, and its rate may also be
intensified with an increase in the concentration of OH radical.
The termination of OH radical radicals would account for why
there is no obvious difference between pH 6.8 and 8.7 cases in
Fig. 10.

By using picosecond and nanosecond laser photolysis to
excite colloidal TiO2 particles of 6 nm radius in aqueous,
Rothenberger [37] monitored the dynamics of charge carrier
t
t
o
t
g
2
h
i
p
p
O

i
t
a
t
n
i
i
A
t
t
c

o
b
r
p
c
T
t

e depressed on increasing the pH. Here, the opposite trend is
ctually observed. This phenomenon strongly indicates another
ay predominating over the production of OH radical at the

ncreased pH this study.
Producing OH radical via trapping the hole should be taken

nto accounts [34]:

2O (ads) + h+
vb → OH• + H+ (20)

H− + hvb
+ → OH• (21)

he reaction of trapping holes by H2O is pH independent. Impor-
antly, the photoproduced holes can directly oxidize absorbed
rapping in this semiconductor material. They found that the
rapping of conduction band electrons was a very rapid process
ccurring with the leading edge of the 30-ps laser flash. The
rapping of the valence band hole, presumable by surface OH−
roups, was much slower process requiring an average time of
50 ns. The dynamics results would explain why the trapping of
ole by OH− groups become dominant once a sodium hydrox-
de solution is added in this study, assuming that the trapping
rocesses are controlled by mass diffusion of the absorptive trap-
ers. The long-lived holes seem ready to react with the diffused
H− groups.
Back to the pH dependent initiation quantum efficiency of

nterest, both hvb
+ and OH radical can work as initiators of

he polymerization, and the two initiators should compete one
nother. At the increased pH over pHzpc, the initiation reac-
ion by the photogenerated hole would be weakened because a
umber of holes participate into the parallel reaction of oxidiz-
ng OH− and perhaps H2O, while the initiation of OH radicals
s intensified because the number of OH radicals is increased.
ssuming that the hole is more ready to react with the monomer

han OH radicals, the higher initiation quantum efficiency, and
hus the observed higher polymerization rate at the higher pH
an be explained.

On the other hand, a notable difference in the termination
f radicals between the hole and OH radical initiations should
e taken into account. In the case of OH radical, the monomer
adicals or the chain radicals are necessarily terminated by the
rimary radicals (OH radical), in addition to other kinds of radi-
als. Differently, the hole cannot directly terminate these radical.
hus, this also devotes a higher initiation quantum efficiency to

he hole initiation.
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4. Conclusions

The kinetics of the photopolymerization of methyl methacry-
late initiated by TiO2 nanoparticles are studied with the aim
of obtaining a better understanding of this polymerization, and
thus acquiring a knowledge of controlling the polymerization
and the structures of the synthesized polymers. This polymer-
ization follows the free radical chain mechanism, along with the
dependences of polymerization rate on the TiO2 concentration
and the incident light intensity complying with the predictions
stated by the kinetics equation. The rapid increase in polymeriza-
tion rate with increasing concentration of methyl methacrylate
is explained by introducing a surface chain propagation model.
The effect of mass transfer is incorporated through addition of a
diffusion flux term to the mass equilibrium of monomer. The ini-
tiation quantum efficiency is found to decrease with increasing
incident light intensity.

The rate of polymerization is pH dependent, while the poly-
mer configuration remains unchanged. Our results from ESR
spin-trapping experiments at various pH conditions suggest that
trapping holes by OH− act as a competitive way towards OH
radical. With aids of these results, pH dependence of the initia-
tion quantum efficiency is correlated to the influences of pH on
the initiating species.
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