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Abstract Poly(methyl methacrylate) polymer nanocom-
posites were prepared by in situ bulk free radical poly-
merization. To ensure high-quality dispersion of the oxide
nanoparticles, some composites were prepared from
nanoparticles predispersed in propylene glycol methyl
ether acetate (PGMEA). The degree to which this addi-
tional dispersing medium interacted with the aluminum
oxide nanoparticle was studied by attenuated total reflec-
tance (ATR-FTIR), which confirmed secondary bonding
and ionic interaction across the particle/dispersing medium
interface. Additionally, the effect of the dispersing medium
and the nanoparticles on the degree of monomer conver-
sion was determined by Raman spectroscopy. In the pres-
ence of oxide nanoparticles alone, the active surface of the
nanoparticles traps propagating radicals which significantly
reduces monomer conversion. Conversely, the degree of
monomer conversion is enhanced in composites containing
predispersing nanoparticles, apparently by passivation/
functionalization of the oxide surface by the PGMEA.

Introduction

The exceptional synergetic properties of certain polymer
nanocomposites have recently drawn lots of attention both
in academia as well as in industry. Nevertheless, due to
surface energy differences between hydrophilic nanoparti-
cles and hydrophobic polymers, the fabrication of polymer
nanocomposite with optimum properties is a challenging
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task. Surface modification of nanoparticles is an effective
approach to overcome the incompatibility and improve
interactions between polymer and nanoparticles which
consequently enhance nanoparticle dispersion as well as
properties of polymer nanocomposites [1, 2]. In addition, a
variety of processing techniques have been performed to
produce high-quality and uniform properties of the com-
posite materials [1-6]. One of the most economical ways to
commercially produce polymer nanocomposites is by melt
mixing. However, due to the high viscosity of most poly-
mer melts, this dispersion method is not as effective as
predispersing the nanoparticles in a low-viscosity medium,
e.g., the monomer or other functionalizing fluid, followed
by in situ polymerization [7].

Bulk polymerization is well-known as a highly exo-
thermic reaction which leads to rapid polymerization due to
low transport requirements and poor heat dissipation. This
autoacceleration process is also known as the gel, or
Trommsdorf, effect which can have the additional unde-
sirable side effect of trapping unpolymerized monomers
and propagating radicals inside the polymer chain clusters
[8, 9]. The unreacted monomers lead to poor properties and
side effects in the final products which are not acceptable in
many applications, particularly in the medical field. On the
other hand, complete conversion of methyl methacrylate
monomer has been reported in certain polymerization
processes [10]. The percent of monomer conversion can be
determined by many techniques such as chromatography
(HPLC and GPC) [11, 12] and spectroscopy (NMR, FTIR,
and Raman spectroscopy) [13-15]. FTIR and Raman
spectroscopy are widely used in the medical field for the
determination of degree of monomer conversion in dental
composites [15-17] and bone cement [18, 19] due to
convenience and simplicity of the technique that can be
performed on site.
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The main purpose of this work was to use Raman
spectroscopy to quantify the degree of polymerization in
poly(methyl methacrylate)/aluminum oxide nanocompos-
ites. Of particular interest is the role of particle dispersion
facilitated by propylene glycol methyl ether acetate
(PGMEA) used as a functionalizing agent and as a medium
for predispersion of the nanoparticles. Specifically, we
were interested in the role of the glycol molecule on
polymerization, which has the particular capability to bind
onto the nanoparticle surface and consequently affect the
polymerization process.

Experimental procedure

In situ polymerization of PMMA/alumina
nanocomposites

MMA monomer (Acros Organics) was purified by passing
through a column packed with aluminum oxide to remove
the inhibitor by adsorption. Then, a PMMA syrup was
prepared by combining PMMA beads purchased from
Polysciences, Inc. (15 vol%) with purified MMA (85 vol%)
and stirred for 24 h at room temperature. Aluminum oxide
nanoparticles (detail in Table 1) were dispersed in the syrup
by ultra-sonication for 20 min at 35 W for the total energy
of 420 kJ followed by the addition of AIBN (1 wt%) with
magnetic stirrer for 5 min. Subsequently, the mixture was
degassed under mechanical vacuum for 5 min. Sheet molds,
prepared from two glass plates sealed with window spacing
tape was filled with the degassed mixture and placed into an
isothermal water bath at 50 °C for 24 h to polymerize the
composite and to develop initial strength. A final stage of
polymerization was conducted at 95 °C for 1 h. Each type
of nanoparticles was varied with three concentrations.
Detailed quantities of the polymer nanocomposites are lis-
ted in Table 2. The high surface energy of nanoparticles can
lead to the formation of particle agglomerates. The as-
received predispersed nanoparticle slurries were cloudy,
indicating the presence of light-scattering agglomerates.
These agglomerates, which resisted dispersion during sub-
sequent ultrasonication, generated light scattering and
opacity in the fabricated composites.

Table 1 Information of nanoparticles

Table 2 Composition info

Systems Compositions

Particle PMMA PGMEA

(v/o) (v/o) (v/o)
PMMA 0 100 0
PMMA/PGMEA 0 99 1

0 97 3

0 95 5

0 93 7
PMMA/AL,O; (dry powder, 45 nm) 1 99 0
PMMA/FG-AL,O3 (20 nm) 0.49 95.25 4.26

0.94 90.90 8.16

1.36 86.88  11.76
PMMA/FG-AL,O5 (45 nm) 0.50 97.63 1.87

0.99 95.34 3.67

1.46 93.14 5.40

Characterization

Infrared spectra were collected by a diamond crystal ATR-
FTIR from Bruker. Each spectrum was scanned on average
of 100 scans with the scan resolution of 4 cm™'. All
spectra were analyzed with KnowltAll software from
BioRad. For analysis of predispersed nanoparticles, the
excess PGMEA was first eliminated. The predispersed
particles were weighed into an aluminum pan and dried
under isothermal vacuum at 50 °C for at least 19 h.

Raman shift spectra were collected with Renishaw inVia
Raman microscope in the spectrum range of 200—
3200 cm~!. The excitation wavelength was 785 nm, and
magnification was 50x resulting approximately 1 pm of
beam diameter on the sample surface. A grating beam path
of 1200 L/mm was used. Specimens were prepared from
molded composites by cutting small pieces from the sheet
and placing the specimen under the Raman microscope
such that the beam was incident with the smooth-molded
surface. Each spectrum accumulation was replicated 16
times and averaged to enhance accuracy and increase
signal-to-noise ratio. Subsequently, data were analyzed
with Wire2 (SP9), software supplied by Renishaw.

Trade name Oxide v/o in PGMEA d* (nm) Surface area (m2/g) Geometry
NanoTek® Aluminum oxide (dry powder) Al,0O4 - 45 32-40 Sphere
NanoArc® R1130PMA Al,O5 10.35 20 83 Sphere
NanoDur® X1130PMA Al,O5 21.23 45 3240 Sphere

Note: All particles were synthesized by a plasma-based vapor process
* Mean particle size
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Results and discussions
Interfacial interaction of predispersed nanoparticles

Surface of metal oxides are generally covered with
hydroxyl groups (-OH) as a result of the interaction
between the metal oxide and surrounding chemical moie-
ties, which can vary in type but are often of alcohol or OH
character. Regardless of how they originate, the pure O-H
stretching, without any secondary bonding between the
neighboring atoms, produces an absorption band near
3650 cm ™' [20]. Additionally, the hydroxyl group can
interact with the other hydroxyl groups via secondary
bonding, an effect that shifts and broadens the O-H
stretching peak toward lower frequencies. As compared to
the FTIR spectra of PGMEA and aluminum oxide, the
spectrum of absorbed PGMEA indicates that the interac-
tions of between metal oxide and PGMEA exist (Fig. 1). A
typical interaction between surface hydroxyl and polar
substance is acid—base interaction via secondary bonding
[21, 22] which is expected to occur at the high electron
density sites of the PGMEA molecule. Such interaction is
evidenced by the shift of the hydroxyl group absorption
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Fig. 1 ATR-FTIR spectra of PGMEA, bound PGMEA, and alumi-
num oxide

band and its related counter interactions, which are car-
bonyl (from 1734 to 1731 cmfl) and ether (from 1113 to
1103 cm™") vibrations, toward the lower frequency. As
PGMEA molecules approach and bind onto the aluminum
oxide particles, not only are vibrations of the bound section
altered but also the unreacted segments of the molecules.
The C—H stretching peak (2800-3050 cm ™' region) chan-
ges its shape and intensity as PGMEA molecule is bound
onto the particle surface which could be a result of electron
extraction and the change in the molecular environment.
The acid-base interactions between PGMEA and alumi-
num oxide nanoparticles are illustrated in Scheme 1.

Ester compounds can undergo hydrolysis reactions upon
interaction with surface hydroxyl group and form carbox-
ylate (-<COO-) end groups [21]. Three binding configura-
tions between carboxylate group and metal oxide surface
have been proposed—unidentate, bridging bidentate, and
chelating bidentate [23-26]. These ionic binding structures
between carboxylate anion and aluminum oxide surface are
illustrated in Scheme 2. Each structure can be distin-
guished by the wave number differences between sym-
metric and asymmetric stretching of the carboxylate anion.
The vibrational frequency of asymmetric stretching in the
case of unidentate configuration is higher than that of
bidentate one and vice versa for symmetric stretching.
Consequently, the extent of frequency differences (Av,_) is
higher in unidentate configuration than bidentate one.
Bidentate species were reported to behave as either
bridging or chelating structures where the Av,_ is smaller
in the chelating structure.

The broad vibrational frequency response of the complex
bidentate structure is evidenced by the broad peak at 1500—
1600 cm™!, as shown in Fig. 1b and is an indicator of the
hydrolysis reaction of PGMEA molecules. In this work,
only two types of complex structure are detected, the uni-
dentate and the bridging bidentate structures. Although the
COO- asymmetric stretching of unidentate (~ 1720 cm™")
is not visible due to the location of the expected COO-
asymmetric stretching (it could also simply be overpowered
by the large C=0O stretching peak), the small peak at
1295 cm ™' which belongs to the symmetric one is clearly
observed.

Effect of nanoparticles on extent of polymerization

Raman spectroscopy is suitable for analysis of polarized
molecules; therefore, one interesting application of this
feature is to investigate the percent conversion of monomer
in the polymerization process [27-29]. Methyl methacry-
late monomer has an unsaturated double bond (C=C) which
will open upon polymerization to form long polymer
chains, while the carbonyl group (C=0) remains unchan-
ged. The vibrational frequencies of C=C and C=0 are 1640
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Scheme 1 Acid-base
interaction between PGMEA
and aluminum oxide particle
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Scheme 2 Ionic binding structures acetate anion and aluminum
oxide surface

and 1730 cm™ ', respectively. The relative peak intensity of
the unpolymerized and the polymerized PMMA is illus-
trated in Fig. 2. The peak intensity ratio between C=C/C=0
was used as the indicator of extent of polymerization [28].
In addition, the degree of conversion (DC%) can be cal-
culated by comparison of the area (A) ratio prior to and
after polymerization reaction as shown below [16, 17].

(Ac=c /AC:O)polymersized
(AC:C /AC:O)unpolymersized
% 100.

Degreeof conversion (%)= 1—

Since the PGMEA was introduced along with the
nanoparticles, the effect of the glycol molecule on degree
of conversion was first examined. The relative Raman peak

c=0

Polymerized PMMA

Raman Intensity (a.u.)

Unpolymerized PMMA

T T T T T T T T T T T T T T T T T T T
1780 1760 1740 1720 1700 1680 1660 1640 1620 1600

Raman Shift (cm-1)

Fig. 2 Raman spectra of polymerized and unpolymerized PMMA
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intensities between C=0 and C=C and degree of monomer
conversion of difference PGMEA addition are shown in
Figs. 3 and 4, respectively. The degree of monomer con-
version achieved is as great as 91.37% in the neat PMMA
system and is further enhanced with glycol additions.
Virtually complete polymerization is obtained when the
glycol content reaches 5.0 v/o. Diffusivity of species in the
material significantly influences polymerization process
[30]. Free volume is a key parameter related to molecular
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diffusion and the monomer conversion process [31]. In this
sense, PGMEA additions increase the total free volume and
enhance the diffusivity of the reactive species which leads
to greater levels of polymerization. The decrease in glass
transition temperature (7,) with increasing PGMEA [32]
further adds to the increasing overall level of free volume.

Nanoparticles can typically be incorporated into poly-
mer matrices in two ways—to the monomer prior to
polymerization (in situ) and to the polymer by melt
blending or other methods (ex situ). In the case of in situ
polymerization, the added nanoparticles have been reported
to influence the degree of polymerization. For example, the
addition of silver nanoparticles during suspension poly-
merization of PMMA slightly lowered the rate of poly-
merization and degree of polymerization as compared to
the neat system, presumably as a result of radical absorp-
tion by silver nanoparticles [33]. The in situ polymerization
of nanocomposites presented in this work revealed that the
nanoparticles influenced the degree of conversion of
PMMA as shown in Figs. 5 and 6 for 45 and 20 nm alu-
minum oxide, respectively. In the system containing dry-
aluminum oxide (dashed line B), the degree of conversion
was 85% which corresponds to a 6% decrement as com-
pared to the neat PMMA (dotted line A). However, the
percent conversion increases with the addition of predi-
spersed (functionalized) aluminum oxide nanoparticles of
either size, which is explained by the surface-adsorbed
PGMEA. With regard to specific particle size effects, two
competing factors are in play here that we have not fully
resolved. Smaller particles are expected to have a greater
effect than larger particles in reducing the conversion
extent as discussed previously for nanoparticles in general.
However, the smaller (20 nm) particles used in this study
were also associated with higher levels of PGMEA (in part
due to their higher surface-area-to-volume ratio) which has
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Fig. 5 Effect of FG-Al,O; particles (45 nm) on the degree of
conversion (%) at various nanoparticle volume fractions
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Fig. 6 Effect of FG-Al,O3 particles (20 nm) on the degree of
conversion (%) at various nanoparticle volume fractions

been shown to increase the conversion. Overall, the net
effect is that the conversions shown in Fig. 6 are slightly
greater than those in Fig. 5, indicating that the conversion
enhancing effect of higher PGMEA levels is greater than
the conversion inhibiting effects of smaller particle size.

Summary

Nanocomposites of PMMA and aluminum oxide were
examined with respect to the molecular structure of the
interfacial region between polymer and particle. Both acid-
base interaction and complex structures of absorbed spe-
cies (PGMEA and PMMA) were confirmed to form at the
metal oxide surface through secondary bonding. The
hydrogen bonding results in a red shift of the carbonyl
stretching and ether stretching peaks. Both unidentate and
bidentate complex structures were identified in the infrared
spectrum.

Raman spectroscopy was used to investigate the degree
of monomer conversion. The metal oxide surface has the
ability to absorb free radicals during the polymerization
process, which results in 6% reduction of monomer con-
version in the PMMA/dry-aluminum oxide as compared to
the neat PMMA. On the other hand, the percent conversion
is enhanced when the oxide is introduced in the form of
functionalized nanoparticles. In the PMMA/dry-aluminum
oxide system, the particle surface is highly active and
strongly chemisorbs the radical species, whereas in the
PGMEA-aluminum oxide system the majority of particle
surface is covered by the glycol and hence the probability
of radical absorption is reduced.
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