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ABSTRACT: In this article, three copolymers used as
denture base resins were prepared via suspension copoly-
merization using butyl acrylate (BA), butyl methacrylate
(BMA), or methyl acrylate (MA) with methyl methacrylate
(MMA), respectively. The homopolymers and copolymers
were characterized by 13C nuclear magnetic resonance (13C
NMR). The influence of the three comonomers on the me-
chanical property was investigated in details and the frac-
ture surfaces of copolymer specimens were examined
using scanning electron microscopy (SEM). Meanwhile,
the Tg values of three copolymers were examined by dif-
ferential scanning calorimetry (DSC). The results indicate
that, poly(methyl methacrylate) (PMMA) copolymers with

BA, BMA, or MA have been successfully prepared via sus-
pension copolymerization. The presence of BA, BMA, or
MA could improve the mechanical property especially the
impact strength, the toughness of the materials was
remarkably improved. The toughening effect of BMA
monomer is most significant. When the content of BA is 2
wt %, the flexural strength improves by 51% and the
impact strength improves by 81.3%. The Tg values of three
copolymers all decrease. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 2406–2413, 2012
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INTRODUCTION

Poly(methyl methacrylate) (PMMA) is the resin of
choice for fabrication of denture bases in clinical
dentistry. Denture base materials require high
strength including tensile strength, flexural strength,
and impact strength to resist the effect of complex
forces in the oral cavity. On the other hand, it is
requested that materials exhibit small deformation
under forces. At present, PMMA has been widely
applied to various prosthetic replacement opera-
tions. For comfortable long lasting wear, the desired
denture base materials should possess a desired bal-
ance of stiffness and toughness. The stiffness of the
commercial denture base materials seems satisfac-
tory. However, the toughness of PMMA cannot suf-
ficiently satisfy the requirements of prosthetic
replacement. Even though PMMA denture base
materials have optimal choice of clinical experience
and indication, the arrangement of false teeth, and
the most reasonable operation process, there are still

some problems on mechanical strength, especially
the low impact strength, which frequently causes the
breakage of denture base materials.1–3

In the past few decades, various attempts have
been taken to improve the mechanical property of
acrylic denture base resin.3–11 Two main methods
have been adopted with the purpose of making the
mechanical property better. One is the chemical
modification of acrylic resin through the incorpora-
tion of rubber, which has been successful in terms of
improving the impact strength. However, the incor-
poration of rubber has not been entirely successful
in that it can contribute to the reduced stiffness,
enhanced creep, and water sorption.8,9 The other is
the reinforcement of acrylic resin by introducing
reinforcements into the PMMA matrix, which is a
commonly used method. The reinforcing effect of
metallic reinforcement is not reliable despite of a
long history. At present, fiber and nanoparticle have
become the most commonly used reinforcements of
the denture base. For instance, Köroglu et al. com-
pared the transverse strength, modulus of elasticity,
and impact strength values of unreinforced heat-
polymerized and microwave-polymerized denture
base resin with those of denture base resin rein-
forced with continuous unidirectional E-glass, wo-
ven E-glass and UHMWPE fibers.10 Lee et al. syn-
thesized the PMMA/SiO2-CaO nanocomposite. This
nanocomposite could potentially be applied as a
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filler material of PMMA bone cement and dental
composite resin because of its good apatite-forming
ability and improved fracture toughness.11 Some
properties especially tensile strength of PMMA ma-
trix could be significantly enhanced via these
approaches. However, it is unsatisfactory in improv-
ing the toughness of matrix, in other words, the flex-
ural strength and impact strength have not been sig-
nificantly improved.

Copolymerization approach is considered as an
attractive method for preparing the ductile materials.
In recent years, copolymerization approach has also
been aware of a potential candidate as a method for
improving the toughness of PMMA denture base
resin. Only PMMA-based materials by suspension
polymerization can be widely applied in dentures12

and surgical bone cements.13 However, to the best of
our knowledge, few studies were reported on the
suspension copolymerization of methyl methacrylate
(MMA). Davy et al. synthesized novel iodinated
methacrylate copolymers via suspension copolymer-
ization to obtain X-ray opaque denture base resins.14

A heat-resistant copolymer using N-cyclohexylmalei-
mide (CHMI) and styrene (St) with MMA has been
synthesized by a solution copolymerization method
and a suspension copolymerization method.15 A
methacrylate copolymer based on isobornyl methac-
rylate (IBMA) and MMA prepared in an aqueous
suspension via free-radical polymerization has been
reported, and the heat resistance was improved.16

Obviously, there was no report about improving the
mechanical property of denture base resin, although
prepared by a suspension copolymerization method.

To improve the mechanical property especially the
toughness of acrylic denture base resin, in this arti-
cle, three copolymers were prepared via suspension
copolymerization using butyl acrylate (BA), butyl
methacrylate (BMA), or methyl acrylate (MA) with
MMA, respectively. Three comonomers mentioned
above rather than other comonomers were chosen
for two reasons. First, double bonds are contained in
acrylic or methyl acrylic monomers so that polymer-
ization and cross-linking are available. Second, both
BA and BMA have flexible side groups, while there
is less obstacle for the movement of MA compared
with MMA. The aim of this article is to improve the
toughness of PMMA matrix without damaging other
properties, especially the tensile strength.

EXPERIMENTAL

Materials

MMA, BA, BMA, and MA were purchased from Da-
Mao Institute of Chemical Agents (Tianjin, China)
and purified by the standard treatment with 5 wt %
aqueous NaOH followed by deionized water. MMA,

BA, and MA were distilled at a normal pressure.
These four monomers then were stored at low tem-
perature before use. Benzoyl peroxide (BPO, analyti-
cal grade, Beijing Chemical Factory, Beijing, China)
was used as an initiator. Hydroxyethyl cellulose
(HEC, analytical grade, Heda Co., Shandong, China)
was used as a dispersant. Sodium dodecyl benzene
sulfonate (SDBS, analytical grade, Tianjin Tianzhi
Fine Chemical Co., Tianjin, China) was used as a
surfactant. Other reagents were all of analytical
grade. Deionized water was used throughout.

Suspension copolymerization of three copolymers

Three copolymers were prepared respectively by
suspension copolymerization in three-necked,
round-bottomed flask equipped with a reflux con-
denser, a nitrogen gas inlet and a stirrer. Mixtures
(60 mL) of varying proportions of MMA and each
comonomer (the content of BA, BMA, or MA varied
from 0 wt % to 5 wt %) were added to the three-
necked flask respectively and followed by adding
deionized water (180 mL) containing 1.8 g HEC and
0.072 g SDBS. The achieved mixtures were stirred at
300 rpm under a nitrogen atmosphere for 30 min to
obtain homogeneous suspension systems. Then, the
suspension copolymerization reactors were heated to
75�C. After BPO (0.6 g) was employed to the system,
the reaction was performed for 6 h under stirring at
700 rpm. The products were repeatedly washed with
deionized water, followed by filtered and then dried
in a vacuum oven overnight at 65�C to obtain pow-
der of three copolymers, which named as P(MMA-
co-BA), P(MMA-co-BMA), and P(MMA-co-MA),
respectively.

Preparation of specimens of mechanical property

Obtained copolymer powders and dental base resin
(liquid) supplied by Shanghai Dental Material Co.
(Shanghai, China) were mixed with the mass ratio of
1.5:1 and introduced into the resin dough. The dough
were put into the mold and pressed under a pressure
of 4MPa in a pressing apparatus. Themold was placed
in water and heated to 70�C, and this temperature was
maintained for 90 min. The temperature of the water
was then increased to 100�C and kept for 60 min. The
specimens were removed from the mold after cooling
to room temperature and the polished specimens were
divided into two groups. A group of specimens were
used for further mechanical tests. The other group of
specimenswere immersed in the artificial saliva at 37�C
for 7 days before carrying out themechanical tests.
The standard of specimens which was in accord-

ance with the standard of making specimens for
denture bases was specified as follows: the standard
of bending specimens was 64 mm � 10 mm � 3.3
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mm, the standard of tensile specimens was 50 mm
� 7 mm � 2 mm, the standard of impact specimens
was 80 mm � 10 mm � 4 mm (thickness of notch:
2 mm) and the standard of specimens for hardness
tests was 50 mm � 50 mm � 6 mm.

Mechanical tests

The three-point bending tests of the specimens were
performed at room temperature by using a Testo-
metric Universal Tester M350–20kN at a crosshead
speed of 5 mm/min. The span between loading
points was 50 mm. At least five specimens were
tested for each samples and mean values are
reported.

The tensile tests of the specimens were carried out
at room temperature by using a Testometric Univer-
sal Tester M350–20kN at a crosshead speed of 2
mm/min. At least five specimens were tested for
each samples and mean values are reported.

The impact tests of the specimens were carried
out at room temperature by using a Charpy Impact
Tester XJJ-50. The span between loading points was
50 mm. At least five specimens were tested for each
samples and mean values are reported.

The Rockwell hardness of the samples were meas-
ured at room temperature by using a Rockwell Ap-
paratus XHRD-150. Three points selected randomly
were tested for each samples and mean values are
reported.

Characterization

The solid-state 13C NMR spectra were obtained on
Varian Infinity plus 300 WB spectrometer operating
at 300 MHz. The chemical shifts were expressed
with respect to the signal of tetramethylsilane.

Examination of the fracture surfaces was per-
formed on a Philips XL-30 scanning electron micro-
scope (SEM). The fracture ends of the tensile speci-
mens were sputter coated with a thin layer of gold
before examination.
Differential scanning calorimetry (DSC) was car-

ried out with a Perkin Elmer Pyris Diamond DSC
instrument range from 25 to 200�C at a heating rate
of 10�C/min under nitrogen atmosphere.

RESULTS AND DISCUSSION

Synthesis of three copolymers

To confirm the success of suspension copolymeriza-
tion, 13C NMR was used. The solid-state 13C NMR
spectra of the homopolymers and copolymers (the
content of comonomer is 2 wt %) are shown from
Figures 1–3.

Figure 1 Solid-state 13C NMR spectra of (a) PMMA, (b)
PBA, and (c) P(MMA-co-BA) (the content of BA is 2 wt %).

Figure 2 Solid-state 13C NMR spectra of (a) PMMA,
(b) PBMA, and (c) P(MMA-co-BMA) (the content of BMA
is 2 wt %).

Figure 3 Solid-state 13C NMR spectra of (a) PMMA, (b)
PMA, and (c) P(MMA-co-MA) (the content of MA is 2 wt %).
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The 13C NMR spectra of all polymers show the
appearance of signal at 174–178 ppm corresponds to
the carbon atom of AC¼¼O. In the 13C NMR spectra
of three copolymers, there are mainly three strong
resonance humps: around 52 ppm (the carbon atom
in AOACH3), around 45 ppm (the quaternary carbon
atom) and around 16 ppm (the carbon atom in
ACH3), which correspond to the structure of PMMA.

In the 13C NMR spectra of P(MMA-co-BA) and
P(MMA-co-BMA), there are also two weak resonance
humps: around 65 ppm (the carbon atom in
AOACH2A) and around 31 ppm (the carbon atom in
ACH2ACH2A), which correspond to the structure of
PBA and PBMA, respectively. The content of BA or
BMA is so slight that the resonance humps corre-
sponding to BA or BMA in the 13C NMR spectra of
copolymers are not obvious. In Figure 3, the signal at
52.2 ppm is weaker than that at 45.3 ppm in the 13C
NMR spectrum of PMMA, however, the signal at 52.1
ppm is stronger than that at 45.9 ppm in the 13C NMR
spectrum of P(MMA-co-MA), which is due to the con-
tribution of MA (there is a strong signal at 52.4 ppm
in the 13C NMR spectrum of PMA). So it can be con-
cluded that all of three copolymers have been success-
fully prepared via suspension copolymerization.

Mechanical property

The mechanical property of PMMA and three
copolymers with different content of comonomers
are shown from Tables I–III. It is obvious that the

tensile properties, flexural properties, and impact
properties of three copolymers all firstly increase
and then decrease with the increase of comonomer
content.
Table I shows that the tensile strength of P(MMA-

co-BA) achieves the maximum of 59.1 MPa which
increases by 27.1% compared with pure PMMA
when the content of BA is 3 wt %. Meanwhile, Both
the Young’s modulus and elongation at break also
achieve the maximum. The flexural strength and
impact strength reach their peaks simultaneously,
which improves by 50.3% and 67.2%, respectively
compared with pure PMMA when the content of BA
is 4 wt %. At the same time, the flexural strain at
break also reaches its peak. Table II shows that the
tensile strength, flexural strength, and impact
strength of P(MMA-co-BMA) reach their peaks
simultaneously when the content of BMA is 2 wt %.
Compared with pure PMMA, the tensile strength
slightly improves by 4.1%, the flexural strength
achieves 197.4 MPa which improves by 51% and the
impact strength achieves 11.6 KJ/m2 which
improves by 81.3% when the content of BMA is 2 wt
%. Meanwhile, the flexural strain at break also
reaches its peak. The toughening effect of BMA
monomer is particularly significant. Table III shows
that the tensile strength of P(MMA-co-MA) achieves
the maximum of 53.8 MPa which increases by 15.7%
compared with pure PMMA when the content of
MA is 3 wt %. Meanwhile, Both the Young’s modu-
lus and elongation at break also achieve the

TABLE I
Mechanical Property of Pure PMMA And P(MMA-co-BA)

Mechanical property

BA content (wt %)

0 1 2 3 4 5

Flexural strength (MPa) 130.7 6 1.2 159.3 6 1.6 190.1 6 1.3 192.2 6 2.3 196.5 6 1.5 176.1 6 2.6
Flexural modulus (GPa) 8.15 6 0.08 9.31 6 0.04 9.97 6 0.12 9.19 6 0.06 8.75 6 0.07 8.72 6 0.05
Flexural strain at break (%) 2.23 6 0.06 2.49 6 0.02 2.71 6 0.07 2.95 6 0.04 3.02 6 0.06 2.65 6 0.05
Tensile strength (MPa) 46.5 6 1.3 47.2 6 0.9 47.5 6 2.1 59.1 6 2.5 53.4 6 1.5 47.2 6 1.8
Young’s modulus (GPa) 4.69 6 0.02 5.05 6 0.05 5.68 6 0.03 5.75 6 0.01 5.44 6 0.02 5.12 6 0.04
Elongation at break (%) 5.83 6 0.12 5.84 6 0.24 5.99 6 0.09 8.72 6 0.08 7.49 6 0.20 7.00 6 0.11
Impact strength (KJ/m2) 6.4 6 0.9 8.1 6 0.6 8.9 6 1.2 9.6 6 1.3 10.7 6 0.5 9.0 6 1.0

TABLE II
Mechanical Property of Pure PMMA And P(MMA-co-BMA)

Mechanical property

BMA content (wt %)

0 1 2 3 4 5

Flexural strength (MPa) 130.7 6 1.2 178.9 6 2.2 197.4 6 2.3 184.6 6 3.2 173.3 6 2.6 154.4 6 3.5
Flexural modulus (GPa) 8.15 6 0.08 10.4 6 0.24 7.36 6 0.30 8.35 6 0.15 9.51 6 0.26 9.36 6 0.22
Flexural strain at break (%) 2.23 6 0.06 3.90 6 0.11 4.65 6 0.09 4.60 6 0.14 3.75 6 0.16 3.44 6 0.06
Tensile strength (MPa) 46.5 6 1.3 46.3 6 0.8 48.4 6 1.2 46.7 6 1.0 45.4 6 0.3 42.2 6 0.6
Young’s modulus (GPa) 4.69 6 0.02 6.46 6 0.15 5.12 6 0.20 4.52 6 0.23 5.08 6 0.16 5.47 6 0.24
Elongation at break (%) 5.83 6 0.12 5.97 6 0.16 6.76 6 0.20 6.92 6 0.22 5.49 6 0.08 4.79 6 0.11
Impact strength (KJ/m2) 6.4 6 0.9 7.6 6 0.4 11.6 6 1.0 10.2 6 0.8 9.8 6 0.2 8.6 6 0.6
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maximum. The flexural strength and impact strength
reach their peaks simultaneously which improves by
43% and 73.4%, respectively compared with pure
PMMA when the content of MA is 4 wt %. At the
same time, the flexural strain at break also reaches
its peak.

The possible reasons for P(MMA-co-BA) and
P(MMA-co-BMA) can be explained similarly as fol-
lows: (1) The weak-polarity groups with a longer
side-chain are introduced into the PMMA molecules
because of the presence of BA or BMA chain seg-
ments, which decreases the interaction force between
PMMA molecules so that the molecular chains
become more flexible. This implies that the flexural
strength is increased and the toughness of PMMA
matrix can be improved. However, the content of re-
sidual BA or BMA monomers in the copolymers
becomes larger when the content of BA or BMA is
relatively excessive (BA content > 4 wt % or BMA
content > 2 wt %). The presence of comonomers in
the copolymers will lead to the decrease of the flex-
ural strength. (2) The free volume can become larger
with the introduction of BA or BMA chain segments,
which makes it easier for the molecular chains to
change their conformations when subjected to
impact so that much more impact energy can be
absorbed. This implies that the impact strength is
increased. However, the presence of BA or BMA
monomers in the copolymer will also lead to the
decrease of the impact strength when the content of
BA is more than 4 wt % or that of BMA is more
than 2 wt %. (3) Similarly, it is easy for the molecu-
lar chains to change their conformations under a
stretching condition for the reason that the presence
of BA or BMA chain segments makes the molecular
chains become more flexible. The tensile strength
can be slightly improved. However, the presence of
comonomers in the copolymers will equally lead to
the decrease of the tensile strength when the content
of BA is more than 3 wt % or that of BMA is more
than 2 wt %.

The possible reasons for P(MMA-co-MA) can be
explained as follows: (1) As a matter of fact, there is

not a long side-chain in MA chain segments to make
the molecular chains become more flexible, but the
molecular chains can actually become more flexible
considering that PMA is a kind of elastomer, hence
the flexural strength is also increased and the tough-
ness of PMMA matrix can be improved as well.
However, the presence of MA monomers in the co-
polymer will lead to the decrease of the flexural
strength when the content of MA is relatively exces-
sive (MA content > 4 wt %). (2) Compared with
MMA chain segment, there is one less methyl side
group in MA chain segment, which contributes to
the enhancement of the abilities for chain segments
to move, and furthermore, makes it easier for the
molecular chains to change their conformations
when subjected to impact so that much more impact
energy can be absorbed. This implies that the impact
strength is increased. However, the presence of MA
monomers in the copolymer will also lead to the
decrease of the impact strength when the content of
MA is more than 4 wt %. (3) For the same reason, it
is easy for the molecular chains to change their con-
formations under a stretching condition. The tensile
strength can be slightly improved. However, the
presence of MA monomers in the copolymer will
lead to the decrease of the tensile strength signifi-
cantly when the content of MA is >3 wt %.
SEM photographs of the fracture surfaces of pure

PMMA and PMMA copolymers with 2 wt % BA,
BMA, or MA are shown in Figure 4. Apparently, the
fracture surfaces of three copolymers seem coarse
compared with that of pure PMMA. It illustrates that
the presence of BA, BMA, or MA can improve the
toughness of PMMA matrix remarkably, which is
similar to some previous work to toughen the PMMA
through copolymerization by methods other than sus-
pension. For instance, the functional acrylic latexes
based on the terpolymer of BA–MMA–glycidyl meth-
acrylate (GMA) were prepared with different
amounts of GMA via semi-batch emulsion polymer-
ization, and for the uncured latex films, the flexibility
was improved using higher GMA in the feed.17 The
2,3,4,5,6-Pentafluoro and 4-trifluoromethyl 2,3,5,6-

TABLE III
Mechanical Property of Pure PMMA And P(MMA-co-MA)

Mechanical property

MA content (wt %)

0 1 2 3 4 5

Flexural strength (MPa) 130.7 6 1.2 146.4 6 1.8 148.5 6 2.0 150.2 6 2.6 186.9 6 3.1 162.2 6 0.7
Flexural modulus (GPa) 8.15 6 0.08 5.84 6 0.16 5.88 6 0.23 6.31 6 0.30 6.47 6 0.19 6.14 6 0.34
Flexural strain at break (%) 2.23 6 0.06 3.36 6 0.03 3.48 6 0.32 4.55 6 0.21 4.78 6 0.18 4.50 6 0.09
Tensile strength (MPa) 46.5 6 1.3 47.0 6 0.2 48.0 6 0.5 53.8 6 0.8 47.5 6 1.5 34.8 6 0.7
Young’s modulus (GPa) 4.69 6 0.02 5.42 6 0.30 5.67 6 0.12 6.01 6 0.08 5.88 6 0.05 4.93 6 0.19
Elongation at break (%) 5.83 6 0.12 5.83 6 0.15 6.09 6 0.04 7.09 6 0.09 5.55 6 0.16 4.37 6 0.02
Impact strength (KJ/m2) 6.4 6 0.9 7.9 6 0.6 9.1 6 0.8 9.6 6 0.9 11.1 6 1.2 10.9 6 0.4
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tetrafluoro styrenes were readily copolymerized with
MMA by a free-radical initiator, and the copolymer
films obtained were transparent and flexible.18

The effect of the comonomers on the hardness of
PMMA matrix is shown in Figure 5. It can be
observed that the hardness of three copolymers all
tends to decrease with the increase of the comono-
mer content. Compared with pure PMMA, the hard-
ness of P(MMA-co-BA), P(MMA-co-BMA) and
P(MMA-co-MA) slightly decreases by 3.7%, 2%, and
2.3%, respectively when the content of comonomers
is 5 wt %. It suggests that the introduction of the
comonomers has little effect on hardness of PMMA
matrix.

It is necessary to investigate the influence of the
saliva environment on the mechanical property of
copolymers since it is unavoidable for the acrylic
denture base resins to contact with saliva. The ten-
sile strength and flexural strength of pure PMMA
and three copolymers examined after immersing 7
days under the artificial saliva environment are
shown in Figure 6. First, both the tensile strength
and flexural strength of pure PMMA and three

copolymers all slightly decrease under the artificial
saliva environment. Furthermore, the decreased
degree of three copolymers is slighter than that of

Figure 4 SEM photographs of the fracture surfaces of (a) pure PMMA, (b) P(MMA-co-BA), (c) P(MMA-co-BMA), and
(d) P(MMA-co-MA) (the content of three comonomers is 2 wt %).

Figure 5 The effect of the comonomers on the hardness
of PMMA matrix.
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pure PMMA in terms of the tensile strength and
flexural strength. The tensile strength of pure
PMMA decreases by 13.8% under the artificial saliva
environment while that of three copolymers decrease
by 1.5%, 2.1%, and 5.8%, respectively. The flexural
strength of pure PMMA decreases by 13.9% under
the artificial saliva environment while that of three
copolymers decrease by 1.4%, 0.8%, and 2.2%,
respectively. It is obvious that this result is very val-
uable and significant for the denture base materials.

Tg values of three copolymers

DSC curves of P(MMA-co-BA) with different BA
contents are shown in Figure 7, and the results are

listed in Table IV. The endothermic peak near 115�C
is related to the glass transition of pure PMMA,
while the P(MMA-co-BA) with different BA contents
exhibit reduced Tg values, and the Tg value slightly
reduces with the increase of BA content. When the
BA content achieves 5 wt %, the Tg value of
P(MMA-co-BA) reduces by nearly 10�C compared
with that of pure PMMA. An explanation is that the
weak-polarity groups with a longer side-chain are
introduced into the PMMA molecules because of the
presence of BA chain segments, which leads to a
decrease of the Tg by improving chain flexibility.
The Tg values of two other copolymers were

examined as well, and DSC results of them are con-
sistent with that of P(MMA-co-BA). The Tg values of
both P(MMA-co-BMA) and P(MMA-co-MA) all
slightly reduce with the increase of BMA or MA
content. The explanation for P(MMA-co-BMA) is that
the weak-polarity groups with a longer side-chain
are introduced into the PMMA molecules because of
the presence of BMA chain segments, which leads to
a decrease of the Tg by improving chain flexibility,
and the explanation for P(MMA-co-MA) is that com-
pared with MMA chain segment, there is one less
methyl side-group in MA chain segments, which
leads to a decrease of the Tg by improving chain
flexibility.

Figure 6 (i) Flexural strength: The influence of the artificial saliva environment on the flexural strength of (a) pure
PMMA, (b) P(MMA-co-BA), (c) P(MMA-co-BMA), and (d) P(MMA-co-MA) (the content of three comonomers is 2 wt %);
(ii) Tensile strength: The influence of the artificial saliva environment on the tensile strength of (a) pure PMMA, (b)
P(MMA-co-BA), (c) P(MMA-co-BMA), and (d) P(MMA-co-MA) (the content of three comonomers is 2 wt %).

Figure 7 DSC curves of P(MMA-co-BA) with different BA
contents (a) 0 wt %, (b) 1 wt %, (c) 2 wt %, (d) 3 wt %, (e)
4 wt %, and (f) 5 wt %.

TABLE IV
DSC Results of P(MMA-co-BA) with Different BA

Contents

BA content
(wt %) 0 1 2 3 4 5

Tg (
�C) 115.0 114.3 113.1 112.0 111.4 105.6
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CONCLUSIONS

The solid-state 13C NMR spectra results indicated
that PMMA copolymers with BA, BMA, or MA were
successfully prepared via suspension copolymeriza-
tion. The results of mechanical tests showed that: (1)
with the increase of BA, BMA, or MA content, the
tensile, flexural, and impact properties were all
improved in some degree and tended to increase fol-
lowed by decrease. The tensile strength was slightly
improved, and the flexural and impact strength
were dramatically improved, especially the impact
strength, which was confirmed by SEM results of
the fracture surfaces. The improved degree of
P(MMA-co-BMA) in terms of the flexural strength
and impact strength was greatest, in other words,
the toughening effect of BMA monomer is most sig-
nificant. (2) The hardness of three copolymers all
tended to decrease with the increase of the comono-
mer content. However, it could be concluded that
the introduction of the comonomers has little effect
on hardness of PMMA matrix. (3) The artificial sa-
liva environment had a certain effect on the mechan-
ical strength of pure PMMA and three copolymers,
however, the mechanical strength of copolymers was
more stable than that of pure PMMA under the arti-
ficial saliva environment. Above all, the decreased
mechanical strength still sufficiently meets the
requirements of the denture base materials. The
reduced Tg values of three copolymers were all
attributed to the improved chain flexibility. This fur-

ther confirmed that the toughness of PMMA matrix
was improved.
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