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We report a series of poly(methyl methacrylate) (PMMA) copolymers containing small amounts of
methacrylamide (MAAM) and pendant polyhedral oligomeric silsesquioxane (POSS) methyl acrylate
(MAPOSS) segments. The hydrogen bonding interactions of the MAAM monomer units and the
inorganic POSS nanoparticle units improved the thermal and mechanical properties of the PMMA
copolymers. For example, PMMA copolymerization with 5 wt% PMAAM and 5 wt% PMAPOSS
monomers could enhance the glass transition temperature to 142 °C, with higher modulus, higher
water contact angle, and reasonably high transparency. Such copolymers have potential to replace

PMMA homopolymers in optical applications.
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1. INTRODUCTION

Polymers have extensive applications not only in
the biomaterial industry but also in optoelectronics,’
organic light-emitting diodes,?> and display backlighting.?
These optoelectronic polymers—including poly(methyl
methacrylate) (PMMA), polystyrene (PS), and polycarbon-
ate homopolymers—usually have attractive transparency,
thermal processability, and the ability to be mass pro-
duced inexpensively. Among these thermoplastics, PMMA
homopolymers have excellent optical properties for use
as organic glass, including resistance against weathering
corrosion, ready mass production at low cost, and high
insulating properties. Nevertheless, PMMA homopolymers
have low glass transition temperatures and high degree of
moisture absorption, limiting their potential applications in
the optoelectronics industry.*!6

The glass transition temperatures (7,) of polymers
are strongly dependent on their chemical structures and
physical interactions. In previous studies,'” ! we found
that the copolymerization of strong hydrogen bond-
ing donor or acceptor monomers can improve values
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of 7, as a result of the compositional heterogene-
ity effect.?? Incorporating such monomers into PMMA
copolymers for optoelectronic applications requires that
they possess three characteristics: the hydrogen bond-
ing donor units to increase the glass transition temper-
atures of the PMMA copolymers; hydrophobic units to
decrease the moisture absorption of the PMMA copoly-
mers; and non-aromatic ring structure to avoid poor
transmittance in the near-UV region. Most importantly,
the contents of these monomers should be very low
to avoid changing the properties of the PMMA. For
instance, we found that polymerizing 15 wt% methacry-
lamide (MAAM) and methyl methacrylate (MMA) to form
PMMA-co-PMAAM could increase the value of 7, at
144 °C," but the moisture absorption increased as well
to 4.5 wt%. In contrast, the incorporation of styrene
monomer (12 wt%) decreased the moisture absorption
to approximately 1.0 wt% because of the hydrophobic
nature of the PS segments.'® Nevertheless, incorporat-
ing PS segments (12 wt%) into the PMMA-co-PMAAM
copolymer decreased the value of 7, to 118 °C and led
to poor transmittance in the near-UV region, limiting
optoelectronic applications.'® Accordingly, tricyclodecyl
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methacrylate and isobornyl methacrylate monomers have
been incorporated into PMMA-co-PMAAM copolymers
to ensure excellent transmittance in the near-UV region.?
Because all of the monomers used in those studies were
organic compounds, they were needed in relatively high
amounts to enhance the thermal properties of the PMMA
copolymers while maintaining the optical properties.'’!

Another approach toward improving the thermal prop-
erties of PMMA is to form organic/inorganic composites
by incorporating nanoparticles to form nanoarchitec-
tonic materials.?**> For example, Wanke et al. reported
the bulk copolymerization of the pendant polyhe-
dral oligomeric silsesquioxane (POSS) methyl acry-
late (MA-POSS) monomers and MMA and investigated
the effects of different vertex groups on the thermal
properties.?® The incorporation of inorganic POSS deriva-
tives into organic polymers has received much attention
recently because the nanoscale dimensions (diameters:
1-3 nm) of these nanoparticles can impart excellent ther-
mal and mechanical properties.?’?

In this study, we used bulk polymerization to syn-
thesize a series of random copolymers of poly(methyl
methacrylate-co-methacrylamide-co-methacrylate isobutyl-
POSS) (PMMA-co-PMAAM-co-PMAPOSS) containing
small amounts of the MAAM and MAPOSS monomer
units. The incorporation of the bulk POSS monomer main-
tained the excellent transmittance in the near-UV region
and low moisture absorption, whereas the hydrogen bond-
ing interactions of the MAAM monomer units hindered
the free rotation and, therefore, enhanced the thermal
properties of the PMMA copolymers. The thermal, optical,
and surface properties and specific interactions of these
copolymers were analyzed using differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA),
dynamic mechanical analysis (DMA), contact angle
measurements, and Fourier transform infrared (FTIR)
spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Materials
MMA was purchased from Showa Chemical Industry.
Benzoyl peroxide (BPO) was obtained from Evonik.
MAAM was purchased from Sigma—Aldrich. Methacrylate
Isobutyl-POSS was obtained from Hybrid Plastics.

The Synthesis of Poly(methyl methacrylate-co-

methacrylate isobutyl POSS) (PMMA-co-PMAPOSS)
and  Poly(methyl methacrylate-co-methacrylamide-co-
methacrylate  isobutyl-POSS) (PMMA-co-PMAAM-co-

PAMPOSS) Copolymers

The bulk copolymerization of MMA and MAPOSS
monomers was in a beaker. The initiator BPO was added
(ca. 1.5 wt% of monomers) were mixed at low tem-
perature. After the mixture had dispersed, it was placed
over a water bath at 60 °C for 12 h. The plates
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of the PMMA-co-PMAPOSS and PMMA-co-PMAAM-
co-PMAPOSS copolymers were polymerized through a
two-stage process. First, the polymerization stage was
performed at 80 °C for 30 min; the second stage was bulk
polymerization 60 °C for 24 hr. All experiments were con-
ducted under atmospheric conditions. The resultant poly-
mers were heated in an oven at 120 °C for 3 h to remove
any unreacted monomers and initiator and maintain the
stability of the copolymers.

2.2. Characterization

The thermal properties, including glass transition temper-
atures (7,), of the copolymers were measured using a
DSC Q100 instrument (TA Instruments) operated at a scan
rate of 20 °C/min from 30 to 200 °C. Copolymers were
weighed (ca. 5-7 mg) and sealed in an aluminum pan
under an atmosphere of dry N,. The decomposition tem-
peratures (5% weight loss) of the copolymers were mea-
sured through TGA using a TA Q500 instrument. The
copolymers (ca. 5-7 mg) were placed in a Pt cell. All
TGA curves were measured at a scan rate of 20 °C/min
from 30 to 800 °C under a N, atmosphere (60 mL/min).
The dynamic mechanical property of PMMA copolymers
were investigated by the Q800 dynamic mechanical ana-
lyzer. The PMMA copolymers were polished to ca. 2.0 x
20.0 x 10.0 mm and then mounted on a single cantilever
clamp. The mechanical properties were determined under
the N, in step mode every 2 °C from 25 to 200 °C at
1 Hz frequency. Moisture absorption tests were conducted
using the ASTM D570 standard method. The transmittance
and yellow index were characterized using an NDH 2000
spectrophotometer (Nippon Denshoku Industries); the test
film thickness was determined to be 5 mm. FTIR spectro-
scopic analyses of the copolymer compositions and spe-
cific interactions were performed using a Thermo Nicolet
380 ATR-FTIR spectrometer; the copolymers were pre-
pared using the KBr disk method at room temperature;
32 scans were recorded at 4 cm™! resolution. Molecular
weights and molecular weight distributions (M,,/M,) were
measured through gel permeation chromatography (GPC).
The system was equipped with three Ultrastyragel columns
(100, 500, and 1000 A) connected in series; dimethylfor-
mamide (DMF) was used as the eluent at a flow rate of
0.8 mL/min at 40 °C. Molecular weights were calibrated
using PS standards and measured using light scattering and
refractive index detectors. The water contact angles of the
copolymers were measured at room temperature using an
OPTIMA XE instrument (AST Products, Billerica, MA).
Images of the film surfaces were recorded using a CCD
camera; at least five measurements were averaged for each
copolymer.

3. RESULTS AND DISCUSSION
To determine the effect of incorporating the bulky
MAPOSS monomer into PMMA copolymers, we first
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Scheme 1. Preparation of PMMA-co-PMAPOSS copolymers.

synthesized a series of PMMA-co-PMAPOSS random
copolymers through free radical bulk copolymeriza-
tion (Scheme 1). The copolymer compositions of these
PMMA-co-PMAPOSS random copolymers were con-
firmed using FTIR spectroscopy (Fig. 1). Peaks appeared
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Figure 1. FTIR spectra of various PMMA-co-PMAPOSS copolymers
recorded at room temperature: (a) pure PMMA, (b) PMMA-PMAPOSSI,
(¢c) PMMA-PMAPOSS3, (d) PMMA-PMAPOSS5, (e) PMMA-
MAPOSS10, (f) PMMA-PMAPOSS20, (g) PMMA-PMAPOSS25, and
(h) PMMA-PMAPOSS30.
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at 1724 and 1109 cm™! for the carbonyl (C=O0) and
Si—O-Si stretching vibrations of the pure PMMA and
PMAPOSS segments. The ratio of the signals at 1109
cm~! (from the Si—O-Si units of PMAPOSS) to the sig-
nal at 1724 cm™! (from the C=O units of both PMMA
and PMAPOSS) increased upon increasing the PMAPOSS
content in the PMMA-co-PMAPOSS random copolymers.

Figure 2 presents the second heating scans of DSC
thermograms of pure PMMA and various PMMA-co-
PMAPOSS random copolymers over the temperature
range from 50 to 200 °C to avoid the thermal his-
tory problem. Pure PMMA displayed a value of T,
of 105 °C; it increased to 123 °C at a low PMA-
POSS content of 5 wt%, but decreased thereafter upon
increasing the PMAPOSS content further in the PMMA-
co-PMAPQOSS random copolymers. The presence of pen-
dant POSS nanoparticles in C—=0 copolymers usually has
two effects: the inorganic POSS nanoparticles influence
the thermal properties because of physical aggregation of

(9)
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Figure 2. DSC thermograms of various PMMA-co-PMAPOSS

copolymers: (a) pure PMMA, (b) PMMA-PMAPOSSI, (c) PMMA-

PMAPOSS3, (d) PMMA-PMAPOSSS, (¢) PMMA-MAPOSSIO,
(f) PMMA-PMAPOSS20, and (g) PMMA-PMAPOSS25.
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Figure 3. Scale-expanded (1780-1680 cm™') room-temperature FTIR
spectra of (a) pure PMMA, (b) PMMA-PMAPOSSI, (c) PMMA-
PMAPOSS3, (d) PMMA-PMAPOSSS, (e) PMMA-MAPOSSIO,
(f) PMMA-PMAPOSS20, (g) PMMA-PMAPOSS25, and (h) PMMA-
PMAPOSS30.

the nanosized POSS; and a diluent segment effect that
weakens the dipole—dipole interactions among the PMMA
segments.?® Therefore, we believe that the values of T,
of the PMMA-co-PMAPOSS copolymer increased initially
(to 123 °C) upon increasing the PMAPOSS content to
5 wt% because of physical aggregation of the nanosized
POSS units. At higher PMAPOSS contents (>5 wt%), the
values of 7, decreased upon increasing the PMAPOSS
content in the PMMA-co-PMAPOSS random copolymers
(e.g., T, =114 °C at 30 wt% PMAPOSS), due to the
diluent segment effect of the POSS units weakening the
dipole—dipole interactions of the PMMA segments.

To confirm weakening of the dipole—dipole interactions
among the PMMA segments after the incorporation of
PMAPOSS units, we used FTIR spectroscopy to investi-
gate the specific interactions in these random copolymers.
Figure 3 presents scale-expanded FTIR spectra (from 1780
to 1680 cm™!) of the pure PMMA and various PMMA-
co-PMAPOSS random copolymers, each recorded at room
temperature. The absorption at 1724 cm™! is assigned to
the C=0O groups of pure PMMA. The position of the
signal for the C=O groups of PMMA shifted to higher
wavenumber upon the incorporation of PMAPOSS units
into the PMMA segments. This result is often observed
for polymers containing C—=0O groups; for example, self-
association arising from dipole—dipole interactions occurs
for polyacetoxystyrene (PAS), polyvinylpyrrolidone, and
poly(vinyl acetate) as a function of the concentration and
strength of the dipoles.’®3! Generally, the density of polar
C—=O0 functional groups decreases after random copoly-
merization with inert diluent segments—for example, from
copolymerization with styrene to form PS-co-PAS ran-
dom copolymers or ethylene to form poly(ethylene-co-
vinyl acetate) random copolymers.3!:3? In this study, we
observed that the signal of the C=O groups of PMMA

J. Nanosci. Nanotechnol. 18, 188-194, 2018

100

80

60

Weight (%)

40 -

20

0 . — :
100 200 300 400 500

Temperature (°C)

Figure 4. TGA curves of various PMMA-co-PMAPOSS copolymers:
(a) pure PMMA, (b) PMMA-PMAPOSSI, (c) PMMA-PMAPOSS3,
(d) PMMA-PMAPOSS5, (e) PMMA-PMAPOSS10, (f) PMMA-
PMAPOSS20, and (g) PMMA-PMAPOSS25.

shifted to higher wavenumber, indicating weaker self-
association through dipole—dipole interactions, after the
incorporation of the PMAPOSS segments; relatively high
PMAPOSS contents led to lower glass transition temper-
atures of the PMMA-co-PMAPOSS random copolymers.
The weaker dipole—dipole interactions after incorporating
the PMAPOSS units into the PMMA copolymers affected
not only the values of 7, (based on DSC analyses) but also
the decomposition temperatures (7}, based on TGA anal-
yses), as revealed in Figure 4. The 5 wt% decomposition
temperature for pure PMMA was approximately 310 °C;
it increased to 346 °C at relatively low PMAPOSS con-
tents (<5 wt%), but decreased thereafter upon increasing
the PMAPOSS content in the PMMA-co-PMAPOSS ran-
dom copolymers. This behavior is similar to that in the
DSC analyses. Table I summarizes the feed ratios, ther-
mal properties, and molecular weights of the PMMA-co-
PMAPOSS random copolymers used in this study. Based
on the DSC results, we suggest that the 5 wt% PMA-
POSS content provided the highest value of 7, because
of a balance between the effects of physical aggregation
of the POSS nanoparticles and the weaker dipole—dipole

Table I. Physical characteristics of the PMMA-co-PMAPOSS copoly-
mers used in this study.

Weight fraction

— 1, T, M,
Polymer MMA MA-POSS (°C) (°C) (x10%) PDI
Pure PMMA 100 0 105 310 182 125
PMMA-PMAPOSS! 99 1 116 320 157 163
PMMA-PMAPOSS3 97 3 121 341 139 171
PMMA-PMAPOSS5 95 5 123 346 196 177
PMMA-PMAPOSSI0 90 10 120 338 200 178
PMMA-PMAPOSS20 80 20 118 319 230 1.6
PMMA-PMAPOSS25 75 25 116 312 154 157
PMMA-PMAPOSS30 70 30 114 311 132 159
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Scheme 2. Preparation of PMMA-co-PMAAM-co-PMAPOSS copolymers.

interactions. To further increase the glass transition tem-
perature, we incorporated the strongly hydrogen bonding
MAAM monomer units into the PMMA-co-PMAPOSS
copolymers (Scheme 2, Table II).

Figure 5 displays scale-expanded (1800-1600 cm™!)
room-temperature FTIR spectra of pure PMMA, PMMA-
co-PMAPOSS, and various PMMA-co-PMAAM-co-
PMAPOSS random copolymers containing 5 wt%
PMAPOSS. The signals at 1724 and 1680 cm™! repre-
sent stretching of the C—=O groups of the PMMA and
PMAPOSS segments and the amide (CONH) groups of
the PMAAM segments, respectively. The ratio of the
signal at 1680 cm~! (amide 1 absorption from PMAAM
segments) increased upon increasing the PMAAM con-
tent in the PMMA-co-PMAAM-co-PMAPOSS random
copolymers. Correspondingly, the signal of the C=O
groups of PMMA shifted to slightly lower wavenumber,
from 1724 to 1722 cm™!, indicative of hydrogen bonding
between the PMMA and PMAAM segments.

Figure 6 presents the corresponding second heating scans
(from 50 to 200 °C) of DSC thermograms of various
PMMA-co-PMAAM-co-PMAPOSS random copolymers

Table II. Physical characteristics of PMMA-co-PMAAM-co-

PMAPOSS copolymers used in this study.

Weight fraction

. M,
Polymer MMA MAAM MA-POSS (°C) (x10) PDI
Pure PMMA 100 0 0 105 182 125
PMMA-PMAPOSS5 95 0 95 123 196 1.77
PMMA-PMAAMI 94 1 5 125 302 1.74
-PMAPOSS5

PMMA-PMAAM3 92 3 5 132 345 1.82
-PMAPOSS5

PMMA-PMAAM4 91 4 5 139 605 1.58
-PMAPOSS5

PMMA-PMAAMS 90 5 5 142 450 1.67
-PMAPOSS5

PMMA-PMAAM6 89 6 5 139 431 175
-PMAPOSS5

PMMA-PMAAM7 88 7 5 133 386 1.64
-PMAPOSS5
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Figure 5. Scale-expanded (1800-1600 ¢cm™') room-temperature FTIR
spectra of (a) pure PMMA, (b) PMMA-PMAPOSSS, (¢) PMMA-
PMAAMI1-PMAPOSSS5, (d) PMMA-PMAAM2-MAPOSSS5, (¢) PMMA-
PMAAM3-MAPOSSS5, (f) PMMA-PMAAM4-PMAPOSSS5, (g) PMMA-
PMAAMS5-PMAPOSS5, (h) PMMA-PMAAMG6-PMAPOSSS5,  and
(i) PMMA-PMAAM7-PMAPOSSS.
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Figure 6. DSC thermograms of (a) pure PMMA, (b) PMMA-
PMAPOSSS5, (c) PMMA-PMAAMI1-PMAPOSSS3, (d) PMMA-PMAAM3-
PMAPOSSS5, () PMMA-PMAAM4-PMAPOSSS, (f) PMMA-PMAAMS-
MAPOSSS, (g) PMMA-PMAAM6-PMAPOSS5, and (h) PMMA-
PMAAM7-PMAPOSSS.
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Figure 7. DMA analyses of the (a, b) storage modulus and (c, d) tan &
for (a, c) PMMA-PMAAMS-MAPOSSS and (b, d) PMMA-PMAAM4-
MAPOSSS.

containing 5 wt% PMAPOSS. Pure PMMA had a value of
T, of approximately 105 °C; it increased to 123 °C for the
PMMA-co-PMAPOSS copolymer containing 5 wt% PMA-
POSS. Incorporation of MAAM segments formed PMMA-
co-PMAAM-co-PMAPOSS copolymers; the values of T,
increased initially to 142 °C at a 5 wt% PMAAM con-
tent and then decreased to 133 °C at 7 wt% PMAAM.
We found that when the MAAM monomer content was
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Figure 8. Optical transparency, water contact angle, and moisture
absorption of (1) pure PMMA, (2, 3) PMMA-co-PMAAM random
copolymers containing (2) 4 and (3) 5 wt% PMAAM, and (4, 5) PMMA-
co-PMAAM-co-PMAPOSS random copolymers containing 5 wt% PMA-
POSS and (4) 4 and (5) 5 wt% PMAAM.
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greater than 6 wt%, it could not dissolve in the MMA
monomer. This behavior may have been responsible for the
poorer thermal properties of the PMMA-co-PMAAM-co-
PMAPOS copolymers at higher PMAAM contents. As a
result, the following discussion of the physical properties
refers only to the effects of lower PMAAM contents in the
PMMA-co-PMAAM-co-PMAPOS copolymers.

Figure 7 presents DMA thermograms of various
PMMA-co-PMAAM-co-PMAPOSS random copolymers
containing 5 wt% PMAPOSS. Contents of 5 wt% of both
PMAAM and PMAPOSS units provided a value of 7, of
approximately 141 °C, consistent with the behavior in the
DSC analyses.** Both the values of T, and the storage mod-
ulus were higher than those of the copolymer containing
4 wt% PMAAM and 5 wt% PMAPOSS units (7, =138 °C),
consistent with more hydrogen bonding units enhancing
both the thermal and mechanical properties.

Figure 8 and Table II summarize the optical trans-
parencies, water contact angles, and moisture absorption
behavior of pure PMMA, PMMA-co-PMAAM random
copolymers containing 4 and 5 wt% PMAAM, and
PMMA-co-PMAAM-co-PMAPOSS random copolymers

(a)

" LY
VY SMBm
70

Figure 9. The photography of (a) mold and (b) the bulk PMMA-
co-PMAAMS5-co-PMAPOSS random copolymer displayed high
transparency.
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containing 4 and 5 wt% PMAAM and 5 wt% PMA-
POSS. The pure PMMA and the two PMMA-co-PMAAM
random copolymers displayed relatively higher trans-
parency (>90%). Although the transparency decreased
after incorporating PMAPOSS units into the PMMA-co-
PMAAM random copolymer, it remained at approximately
85-88%. The bulk PMMA-co-PMAAMS-co-PMAPOSS
random copolymer displayed high transparency (Fig. 9).
The water contact angles decreased and the degrees
of moisture absorption increased after copolymerizing
MMA with MAAM, suggesting that PMMA-co-PMAAM
became hydrophilic because of hydrogen bonding in
PMMA/PMAAM segments. Nevertheless, further copoly-
merization with MAPOSS caused the water contact angle
to increase and the degree of moisture absorption to
decrease, suggesting that the PMMA-co-PMAAM-co-
PMAPOSS copolymers became more hydrophobic.

4. CONCLUSIONS

A series of PMMA-co-PMAAM-co-PMAPOSS random
copolymers containing low amounts of MAAM and
MAPOSS monomer units have been prepared through
bulk polymerization. The incorporation of the bulky POSS
monomer maintained PMMA’s excellent transmittance in
the near-UV region and lower moisture absorption, while
the hydrogen bonding of the MAAM monomer units hin-
dered the free rotation of the PMMA copolymers and,
thereby, enhanced the thermal properties. The PMMA
copolymer incorporating 5 wt% PMAAM and 5 wt%
PMAPOSS displayed an enhanced value of 7, (to 142 °C),
a higher modulus, a higher water contact angle, and rea-
sonable high transparency. Accordingly, such copolymers
have potential uses in optical applications as replacements
for PMMA homopolymers.
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