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Electric Charge Scavenger Effects in PMMA
Photopolymerization Initiated by TiO,
Semiconductor Nanoparticles

JIN YE, XIUYUAN NI, AND CENG DONG

Department of Macromolecular Science, The Key Laboratory of Molecular
Engineering of Polymer, State Educational Minister, Fudan University,
Shanghai, P.R. China

The photopolymerization of methyl methacrylate through changing the initiating
species from TiO, semiconductor nanoparticles was studied in this paper. By using
the hole or electron scavenger added into the polymerization systems, we found that
there were two initiation pathways depending on the reaction modes. Methods such
as GPC, TGA, DSC, H-NMR were performed to characterize the polymer and compo-
sites. We found that by different reaction modes the polymer obtained had the obvious
distinguishing molecular weights, molecular structure of polymer, thermal degradation
temperature and glass transition temperature (Tg). The effects of the electric charge
scavengers on the photopolymerization were discussed.

Keywords photopolymerization, semiconductors, photocatalysis, TiO,, charge
scavenger, polymer characterization

Introduction

Photocatalysis of semiconductors has found important applications in the fields like photo-
catalytic degradation of pollutants (1), high performance solar-cells (2) and photoinduced
hydrophilic surfaces (3). There also have been some reports on semiconductor initiated
photopolymerizations since it was introduced in 1961 (4-8). Recently, we have
developed a new polymerization technique of photo-assisted polymerizations initiated
by nano-TiO, semiconductors (9). The heterogeneous polymerizations were carried out
by dispersing the TiO, particles into MMA aqueous solutions. UV light at 365 nm was
employed to stimulate photocatalysis of the semiconductors. Self-polymerization of
vinyl monomers cannot work under this irradiation condition. The polymerization was
found to occur on the semiconductor surfaces, leading to nanocomposites composed of
nano-TiO, particles enwrapped by polymers. The analysis with various instrumental
tools implied a double-species initiation in the polymerization. It has been proposed
that both the valence-band hole (4;},) and OH-radical can work as initiators (9).
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The polymerization technique from our laboratory offers not only a novel way to gain
the situ-growing nanocomposites, but also a good joint to many promising applications,
especially semiconductors interfacing polymers for light emission and electrical conduc-
tive materials (10). We currently concentrate on controlling the polymerization progress
and thus the structures of the resulted polymers.

The present study is, taking PMMA as a model polymer, to investigate controlling
the polymerization through changing the initiation pathways of nano-TiO,. The change
of the initiation pathways is explored by adding the hole and electron scavengers, respec-
tively. The reason for choosing PMMA as a model polymer is that the physicochemical
nature of PMMA has been comprehensively understood. It may enable one to conclude
precisely how the polymer structures depend on the initiation pathways.

Due to the fact that the presence of methanol initiates efficient hole transfer from the
oxygen lattice to the methanol, methanol has been widely used as the hole scavenger of
TiO, photocatalysis (11-13). Effects of Cu(Il) ions on TiO, photocatalysis have been
studied by many authors (14, 15). They all believed a mechanism of electron capturing
at the semiconductor surface by the Cu(Il) irons. This paper uses methanol and cupric
nitrate as the hole scavenger and the electron scavenger, respectively.

Experimental

Materials

The nano-TiO, semiconductors used was Degussa P25 (80% anatase and 20% rutile) with
an average diameter of 21 nm. All the chemicals used were of analytical reagent grade.
MMA, methanol and tetrachlorofluorescein (THF) were distilled before use. Deionized
water was used in the experiments.

Photopolymerization

The experiments were conducted in the procedures described in details in our previous
work (9). In this study, the feed concentration of the monomer was 10.35g/L, the
content of nano-TiO, was 1g/L. The polymerizations were carried out in three
different modes: without charge scavenger; adding methanol as the hole scavenger at a
concentration of 1% v/v; adding cupric nitrate as the electron scavenger at a content of
0.1 mol/L. The resulting sample corresponding to each mode was named as Sample A,
B and C, respectively. The reaction mixture was stirred throughout the course of the
5hours’ reaction to prevent precipitation of the reactants.

The composite products were separated from the reacted system by ultra centri-
fugation, washed by water and dried under vacuum. THF was then used to dissolve
PMMA from the TiO, particles, followed by ultra centrifugation to remove TiO, from
the solution. The process was repeated three times. Then the pure polymer solution was
dried under vacuum to eliminate the solvent.

Characterization

Molecular weights of the polymer obtained were measured by GPC (HP Aligent 1100) and
calibrated by standard polystyrenes. TGA was performed on a Perkin—Elmer Pyris 1 TGA
instrument at a heating rate of 10°C/min under nitrogen atmosphere. Tg of the polymers
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were determined using a Perkin—Elmer Pyris 1 DSC analyzer. 'H-NMR spectra were
recorded on a Bruke DMX500 spectrometer at 300 K using CDClj; as solvent.

Results and Discussion

GPC

Figure 1 shows typical GPC drawings of Samples A, B and C. As described earlier, they
are prepared without charge scavenger, adding methanol as the hole scavenger and cupric
nitrate as the electron scavenger, respectively. It is interesting to find that the GPC trace of
Sample A displays a clear bimodal-distribution, whereas that of both Sample B and C
shows a mono-peak distribution. The results clearly indicate the effects of the added
charge scavengers on the molecular weights and molecular weight distributions of the
resulting polymer. It is observed that Sample B is at the high M, region, while
Sample C at the low M,, region. If we overlap, add the GPC traces of the two samples,
a bimodal distribution can be obtained similar to that of Sample A. Several studies on
the semiconductor initiated photopolymerizations have reported that the polymers
synthesized have such a bimodality of molecular weights (4—6). However, profound
explanations were not made without comparable experimental results. Considering the
GPC features of Sample B and C in this paper and the opinions in the literature, we can
provide a more sound explanation: the polymerization in the presence of the hole
scavenge, progresses in a different reaction mechanism from that with the electron
scavenge; the polymerization without any charge scavenger has both of them. It can be
also observed from Figure 1 that each peak of Sample A shifts to a lower molecular
weight compared to the corresponding peaks of Sample B and C. These details indicate
that the mechanisms coexistent in the polymerization may be not simply separate, but
competitive. Meanwhile, these nanocomposite materials with different molecular
weight distributions of polymer can lead to some various useful ways for applications.

W(logM)

Molar mass D

Figure 1. GPC traces of three reaction modes: (A) without charge scavenger; (B) adding hole
scavenger; (C) adding electron scavenger.
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Table 1
Molecular weights of PMMA prepared by different synthesis methods
Monomer
Synthesis methods M, x 10* M, x 10* PD conversion
Without charge scavenger (A) 0.66 3.83 5.84 55.47%
Adding hole scavenger (B) 5.22 17.14 3.28 35.05%
Adding electron scavenger (C) 0.60 1.20 1.99 69.41%

The concentration of the monomer was 10.35 g/L and the nano-TiO, was 1 g/L. The incident light
intensity was 12.7 mw/cm?.

Table 1 shows that Sample B prepared by adding the hole scavenger has the highest
molecular weight of the three samples, whereas Sample C prepared by adding the electron
scavenge has the opposition. The molecular weight of Sample B is nearly decuple as more
as that of Sample C. The high polydispersity for Sample A is of course due to the different
mechanisms coexistent in the polymerization. It is also found that the polymerization in
presence of the electron scavenger performs the highest monomer conversion and that
with the hole scavenger has the opposition. The changes in the polymerization efficiency
are related to effects of the charge scavenges on the photocatalysis of the TiO,
semiconductors.

TGA

Previous studies have shown that the monomer is the chief product of the thermal
decomposition of PMMA (16, 17). It was well accepted that TGA method can provide
information concerning the reaction mechanism of MMA polymerization. The thermal
degradation of normal free-radical polymerized PMMA is found to take place in three
distinctive stages (7). These are approximately at 180, 230, and 390°C, respectively.
The first is due to the scission of head-to-head linkages. The second is due to initial
[B-scission at vinylidene chain ends followed by unzipping. The last is due to the
depolymerization initiated by random scission of main-chain C—C. It can immediately
be seen from Figure 2, that mass loss occurring at various temperatures are significantly
different from each other. The sample D is made by the normal free radical polymerization
using H,0, as the initiator for the comparison.

The differences become even more obvious when the derivative thermogravimetic
(DTG) curves are examined (Figure 3). It can be found that each sample has the various
stages of mass-loss degradation. The mass loss at 180°C for sample B is the most
abundant of the four samples, however, that of Sample C has the least. Since the more
(or less) head-to-head linkages can lead to a high (or low) tacticity, this result can
confirm the conclusion of NMR described later.

We can also find a new peak at about 300°C compared with the sample D. The peak
was identified to result from scission of the bond BCH,—CH, to the terminal double
formed during valence-band hole initiation (7, 9). The decomposition at this temperature
represents the special structure of polymer by hole initiation mechanism. Sample C has a
more abundant mass loss at this temperature compared with sample A and sample B. It is
clear that the hole initiation rules the dominant status when the electron scavenger is added
into the reaction system.
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Figure 2. TGA curves of different sample: (a) without charge scavenger, (b) adding hole scavenger
methanol, (c) adding electron scavenger cupric nitrate, (d) free radically using H,O, as the initiator.

DSC

Figure 4 shows the DSC curves of the three samples. Sample A behaves as two glass tran-
sitions at nearly 80°C and 120°C, respectively. Both Sample B and C have signal glass
transition around 120°C and 90°C, respectively. In view of the Fox-Flory relationship

Derivative weight % (%/min)

100 200 300 400 500
Temperature(°C)

Figure 3. DTG curves of different samples: (a) without charge scavenger, (b) adding hole scavenger
methanol, (c) adding electron scavenger cupric nitrate, (d) free radically using H,O, as the initiator.
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Figure 4. DSC traces of the three reaction modes at a heating rate of 20°C/min. (A) without charge
scavenger, (B) adding hole scavenger and (C) adding electron scavenger.

between molecular weight and Tg (18, 19), the appearance of two glass transitions in
Sample A results from two kinds of polymers, having different molecular weights,
coexisting in the sample. It is in good agreement with the GPC results.

'H-NMR

The 'H-NMR spectra of Sample A and C are shown in Figures 5 and 6. The spectrum of
Sample B is not shown for its similarity to Sample A. The signals assigned to a-methyl
hydrogen (—CH3) are in the 0.7—1.3 ppm range. The positions of the mm (isotactic), mr
(heterotactic) and rr (syndiotactic) triads (20) are marked on the spectrum. Table 2
gives the abundance of the individual triads. The features of the samples stereoregularity
indicate the nature of radical mechanism. Nevertheless, Sample C shows a more regular
tacticity and Sample B shows a less one. It is associated with different initiation
pathways occurring.

The main peaks corresponding to the methylene hydrogen (—CH,—) and the methoxy
hydrogen in bulk (—~OCHj3) have been identified at § = 1.3-22ppm and 6= 3.5—
4.0 ppm, respectively (21-23). In the spectrum of Sample C, there is a pair of two
small peaks at 6 = 4.3—4.4 ppm range. Other authors have already identified the signals
in the 4.3-5.0 ppm range as unsaturated chain end of the polymer (24-26). Hence, we
consider the two peaks as corresponding to the different configuration of double bond
endgroup. It is also important to find that each of the samples shows a peak at about
0 = 8.4 ppm. The peak is considered of the hydroxyl endgroup (—OH) because the peak
disappears in the case of heavy water (D,0O) exchanging. The chemical shift of the
hydrogen is somewhat higher than the normal ones, probably due to the effect of
hydrogen bonds. The above information drawn is important evidence for the initiation
mechanism that we will describe later.
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Figure 5. "H-NMR spectrum of Sample A.

Discussions on the Effects of Charge Scavengers

It is known that h;, and simultaneously eg, will be produced on the surface of TiO,
semiconductors upon the UV illumination.

TiO, + hv —> e, + hi}, (1)

-OH endgroup

v./“ \Wm/
double bond Tss 84 82
endgroup
O-CH,
endgroup

I

/L
T T T T T T T T
44 42 40 38 36 2220181.61.41.21.00.80.6
ppm

Figure 6. "H-NMR spectrum of Sample C.
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Table 2
The abundance of the triads assigned to the a-methyl hydrogen

Configurational sequences (%)

Synthesis methods mm mr Rr
Without charge scavenger 17.1 39.6 43.3
Adding hole scavenger 12.8 36.4 50.8
Adding electron scavenger 22.6 333 44.1

The concentration of the monomer was 10.35 g/L and the nano-TiO, was
1 g/L. The incident light intensity was 12.7 mw/cm?.

The valence-band hole A}, of an excited TiO, particle can abstract a hydrogen atom
from the MMA and produce a MMA radical (7, 9). The monomer radical can react with
another MMA molecule to give a propagating radical. The process is described as follows:

THs CH,
hyoo+ ‘|3=CH2 —_— U o+ C——CH, (2)
C. C,
o/ \OCH3 o/ \OCH3
.
CHy CH; CHs
MMA
b, 2y e |
| | (3)
C
/ \ C C
0/ OCH; o/ \DCH3 H3CO/ \o

As a result, the polymer has a terminal double bond and the 8 bond is a CH,—CH, (9).
When the electron scavenger is added, e, is captured at the semiconductor surface by
the Cu(Il) irons (12, 13).

Cu? + e, —> Cut 4)

In this case (Sample C), the initiation usually processes in this way. That is why we can
find the unsaturated chain end signals in the 4.3—4.4 ppm range in the sample spectrum.

However, the initiation directly by the hole, is not the sole pathway, because the
hydroxyl endgroup signals indicate there exists another initiation mechanism.
According to the mechanism developed by Hoffmann and others (1, 9), hydroxyl
radical can be produced through trapping the hole by water. The reaction is described
as following equation:

hf, + H,O0 — H' + "OH Q)
CHz CH:
#OH + HL——C —_— 11()—22—<|:- (6)
c.
O/\DCHg 0/// \DCHa
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When the hole scavenger is added into the reacting system, methanol initiates efficient
hole transfer from the oxygen lattice to the methanol. Then the methanol radical induces
electron injection into TiO, with formation of surface-trapped electrons and formaldehyde
(11-13).

CH;OH + 4}, — H"+ *CH,OH (7
*CH,OH + Ti"V-0-Ti"V-OH — Ti"V—0-Ti! + CH,0 + H,0 (8)

Therefore, e, is chiefly responsible for the polymerization when the hole scavenger is
added. It has been proven that the hydroxyl radical can be generated from valence-band
electron e, in gaseous solution. The electron is trapped by the primary hydrated
surface of nano-TiO, (Ti"VOH), thereafter an {=>Ti'"OH} (as electron donor) is formed
by interfacial charge transfer. The subsequent reduction of the electron donor with O,
produces a charge carrier of O; . Commencing with O3, OH-radical is generated
through the following sequences (1,9):

e, +>TiYOH — (>Ti"OH} )
{>1i"oH}+0, — 05 (10)
H"+0;~ — HOO* (11)
2HOO®* — H;0,+0, (12)
0;” +H,0, —> 0, +OH +°OH (13)

It appears that the hydroxyl radical is responsible for the initiation of polymerization
in the presence of the hole scavenger. The addition reaction of the hydroxyl radical and
MMA produces a monomer radical, as described by Reaction 6. Thus, the different
phenomenon of three reaction modes can be reasonably explained. In the reaction
mode A as blank experiment, either the valence-band hole or conduction-band electron
can evolve into the initiation radicals. When adding a hole scavenger in the reaction
mode B, the conduction-band electron can mostly possess the initiation of polymerization
(Reactions 9—13). When adding electron scavenger in the reaction mode C, the initiation
step from the valence-band hole rule the dominant status (Reactions 2—5). In this case, the
polymer products have both the unsaturated double bond and hydroxyl group as the
endgroups.

Conclusions

The additions of charge scavengers into the photopolymerization can synthesize the
polymer with different polymer structures. It is approved that the products made by
different charge scavengers have various properties such as molecular weight, macro-
molecular structure, molecular weight distribution, stereoregularity of chains, glass
transition temperature and thermal degradation temperature. Our results suggest that
there are two different mechanisms in the photopolymerization system. In the reaction
without adding scavenger, either the valence-band hole or conduction-band electron can
evolve into the initiation radicals. When adding hole scavenger, the conduction-
band electron can mostly possess the initiation of polymerization. When adding
electron scavenger, the initiation step from the valence-band hole rules the dominant
status. To our knowledge, it is the first time separating the two different initiation
mechanisms successfully by using the hole and electron scavengers, respectively.
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The photopolymerization initiated by nano-TiO, semiconductor particles provides a novel
method to prepare semiconductor/polymer nanocomposites via the initiation of the
semiconductor itself. The results of this work will assist in the development of the
nanocomposites with proper polymer structures.
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