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Abstract. In this article, by ultrasonic-assisted dispersion of poly(ethylene glycol) (PEG) and
multiwalled carbon nanotubes (MWCNTS), methyl methacrylate (MMA) and acrylic acid (AA)
are copolymerized and crosslinked through in situ radical bulk polymerization, namely
fabricating P(MMA-co-AA)/PEG/MWCNTs composites. The influences of MWCNTSs
contents in morphology, thermal and mechanical properties of the composites are investigated.
After treated by mixed acid, MWCNTSs can be uniformly dispersed in P(MMA-co-AA)/PEG
due to the hydrogen bonding. Compared with P(MMA-co-AA)/PEG, both the glass transition
temperature and the degradation temperature of the composites increase with increasing content,
and increase at least 7 and 13 °C, respectively; their tensile strength and impact strength at least
increase 9 and 65 %, respectively, and the elongation at break is reduced by at least 8 %.
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Introduction
Polymer-based composites exhibit extremely superior performance compared to pure
polymers [1-6]. Among them, polymers composites with carbon nanotubes (CNTs) are the
most widely investigated. Adding CNTSs to polymers, even a very small amount, can clearly
improve polymer properties, for example, strength and heat resistance. So, CNTs are often used
as nanofillers for fabricating polymer-based nanocomposites [7—11], and mainly include single-
wall carbon nanotubes (SWCNTs) and MWCNTSs. The former is widely studied due to its
unique one-dimensional structure with strong mechanical properties and adjustable electric
conductivity. The latter, in contrast with SWCNTSs, is lower unit cost, and relatively easier
dispersion. Although the addition amount of SWCNTs is much lower than that of MWCNTSs
and makes materials' properties enhance even further, MWCNTSs are still diffusely chosen.
PMMA has wide application in many fields, including signal light equipment, denture
base materials, etc. Its high transparency, good biocompatibility, easy processing and low cost
can better reflect its advantages in practical applications. Although PMMA is still widely used
in all walks of life, it still has its own inherent problems, for example, its weak mechanical
properties. Therefore, there are many attempts of modifying PMMA to expand its application.
PMMA's modification methods include blending modification [12,13], chemical modification
[14,15], filling and fiber enhancement modification [16,17], surface modification [18,19], and
composite modification [20-22], and so on. Among them, the compounding of PMMA is
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undoubtedly a commonly used method for improving its performance, especially the
composites of nano-filler and PMMA, such as graphene oxide[20,23,24], TiO2 [21], CNTs
[22,25], ZnO [26], BaTiO3 [27], nanofibers [28], etc. These nanoparticles introduced to PMMA
improve the performance of the composites from all aspects [20-30].

So far, the modification of PMMA has been carried out to meet its growing application
requirements. Most of the work pays attention to the improvement of PMMA's modification
and their mechanical properties. However, there are few researches on the preparation of
PMMA-based composite by MMA co-polymerization and blending polymer.

In this study, in order to combine good adhesion and high mechanical strength, AA is
selected as a copolymer component. Owing to its good biocompatibility coupled with a dual-
role as both plasticizer and dispersant, PEG, which can also adjust the glass transition
temperature of the composite, and MWCNTSs as reinforcing fillers, are incorporated into
P(MMA-co-AA). These composites can be prospective to display widely potential application
in bone cements.

This research is dedicated to preparing PMMA blend composites through in situ
polymerization, simplifying the preparation process, and obtaining its composites with
improved performance.

Experiment

MWCNTSs were bought from Shenzhen Nanotech Port (China). AIBN, MMA and AA were
from Chengdu Kelong Chemical Co., Ltd (China). AIBN was an initiator and purified by
recrystallization. Prior to polymerization, MMA and AA were separately vacuum-distilled so
as to refine monomer. Cross-linker EGDMA (Aldrich) and PEG (Aldrich, Mn=4000) were used
as received.

Firstly, 150 ml of 1:3 (v/v) HNO3z/H>SO4 mixtures soaked 2 g MWCNTSs and refluxed for
8 hours. Then, the acid-treated MWCNTSs (a-MWCNTS) were washed with deionized water till
neutral and dried by vacuum at 85 °C. During the polymerization reaction, the contents of MMA
and AA remained 1:1 (v/v) with changes in those of a-MWCNTSs. Firstly, the same volume
content of MMA and AA, PEG (21 wt.% relatively to the mass of the entire monomers (MM)),
AIBN (0.5 wt.% of MM), EGDMA (5 wt.% of MM) and a-MWCNTSs (Its addition was 0.5, 1.0,
1.5 and 2.0 wt.% of MM, respectively) were added into a three-necked flask (100 ml); they
were sonicated for 30 minutes, bubbled with N2 to remove O, rapidly warmed to 70 °C,
proceeded to sonicate and stir for 30 minutes, afterward lowered temperature from 70 to 55 °C,
and polymerized 24 hours. Finally, P(MMA-co-AA)/PEG/MWCNTs composites were
fabricated and dried under vacuum at 80 °C 24 hours.

Fourier transform infrared spectra (FTIR 8300PCS, Shimadzu) could characterize the
specific functional groups. The fractured surface was examined with scanning electron
microscope (SEM, JSM-5900LV). The dynamic mechanical analysis (DMA) were performed
on the Du Pont 983 instrument. A differential scanning calorimeter (DSC, DuPont 9900) and a
thermogravimetric analysis (TGA, Perkin-Elmer) were used. The notched Izod impact strength
was measured with XJ-40A pendulum apparatus (China).

Result and Discussion

The functional groups of MWCNTSs, a-MWCNTSs, P(MMA-co-AA)/PEG and their composites
are characterized in Fig. 1. After treated by H2SO4/HNO3, the defect of MWCNTS increases,
which helps them oxidation to form a lot of oxygen-containing functionalities, i.e., carboxyl
(-COOH) or hydroxy (-OH) [31,32]. Compared a-MWCNTs with MWCNTs, the -COOH and
-OH groups can be found to be attached on a-MWCNTSs surface. The FTIR of a-MWCNTSs
shows a wide peak at 3435 cm?, in correspondence to -OH; the -COOH and carbonyl (>C=0)
groups correspond to the peak at 1723 cm™. Acid treatments of MWCNTSs not only remove
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impurities in them, but also partially oxidize carbon, which undoubtedly helps to form more
functional groups on MWCNTSs. The C=C and hexagonal carbon, respectively, in the lowering
peak regions of 1534 cm™, and in 500 - 1000 cm™ regions, are oxidized. Declining peak
intensity indicates the existence of a great deal of asymmetric hexagonal carbon. Likewise, after
mixed acid handling, >C=0 of quinoid unit on CNTs has a pointed peak centered 1647 cm™,
whose peak intensity is also weakened. The above results show that there are some -COOH
formed on the surface of MWCNTS.
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Fig. 1. FTIR of MWCNTs, a-MWCNTSs, P(MMA-co-AA)/PEG and the composites

Since the interaction between -OH and >C=0 may form a hydrogen bond, their regions
of stretching vibrations, namely 3157-3752 and 1697-1736 cm%, have to be paid to attention in
Fig.1. In contrast with P(MMA-co-AA)/PEG, the >C=0 peak in P(MMA-co-
AA)/PEG/MWCNTSs is divided into two peaks at 1700 and 1729 cm™, which are hydrogen-
bonded carbonyl and free carbonyl peaks. Similarly, due to the participation of some hydroxyl
groups in the formation of hydrogen bonds, the hydroxyl group of P(MMA-co-
AA)/PEG/MWCNTSs has a broad peak at 3355 cm™, and that of P(MMA-co-AA)/PEG shows
a relatively narrow peak at 3513 cm™. The reason is that the hydrogen bonds exist between
P(MMA-co-AA)/PEG and a-MWCNTSs, i.e., hydroxyl-carbonyl interaction between them, and
undoubtedly promote the dispersion of a-MWCNTSs in P(MMA-co-AA)/PEG.
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Fig. 2. SEM images of P(MMA-co-AA)/PEG/MWCNTSs fracture surfaces:
(a) 0.5 wt.% MWCNTSs, (b) 2.0 wt.% MWCNTSs
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The homogeneous dispersion of MWCNTSs in polymer plays a key role in their
reinforcing effects. The FTIR analysis has shown that there is an interaction between P(MMA-
co-AA)/PEG and a-MWCNTSs, which can increase their miscibility. SEM can be used to
observe the dispersed state of a-MWCNTs in P(MMA-co-AA)/PEG. Figure 2 shows the
fracture surfaces of P(MMA-co-AA)/PEG/MWCNTSs composites. It can be observed that a-
MWCNTSs are uniformly dispersed in the composites.

Some a-MWCNTSs are pulled out with one end still powerfully embedding in P(MMA-
co-AA)/PEG like an 'anchor'; meanwhile, there are some holes left due to a-MWCNTSs pulling
out of P(MMA-co-AA)/PEG. Both a-MWCNTSs and the holes are evenly distributed and no
agglomeration of a-MWCNTSs is found. This means that there is an interaction between a-
MWCNTs and P(MMA-co-AA)/PEG, that is, hydrogen bonds interaction between them, as
shown in FTIR analysis, thereby promoting the dispersion of a-MWCNTSs.

The influences of MWCNTS contents in the glass transition temperature (Tg) is shown in
Fig. 3. Obviously, the Tq of all P(MMA-co-AA)/PEG/MWCNTSs composites is higher than that
of P(MMA-co-AA)/PEG. Tg of P(MMA-c0-AA)/PEG is 67 °C and that of the composites is 74,
77, 80 and 83 °C, separately, increasing with MWCNTSs content; the higher Tg is ascribed to
the homogeneous dispersion of rigid MWCNTSs in polymer matrices and the hydrogen bonds
between MWCNTSs and P(MMA-co-AA)/PEG, which can considerably constrict the motion of
polymeric chain segments and increase the Tq4s of P(MMA-co-AA)/PEG/MWCNTS composites.
Those also confirm the analysis results of FTIR and SEM.
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Fig. 3. DSC of Fig. 4. TGA curves of MWCNTS,

P(MMA-co-AA)/PEG and the composites ~ P(MMA-co-AA)/PEG and their composites

The influences of MWCNTS contents in the thermal stabilities are measured by TGA, as
displayed in Fig. 4. The 5 % weight loss temperature is defined as degradation temperature (Tq).
Apparently, the incorporation MWCNTSs into P(MMA-co-AA)/PEG improves its thermal
stability. Tq of the composites is not less than 13 °C higher than that of P(IMMA-co-AA)/PEG,
which stems from the contribution of MWCNTS. The uniformly dispersed MWCNTS can stop
the releasing of thermally degraded small-molecules gases and slow the composites thermal
degradation, which makes the composites degrade much more slowly than P(MMA-co-
AA)/PEG. At 337 °C, the thermal degradation residues of P(MMA-c0o-AA)/PEG are only 15
wt%, whereas those of the composites remain ca. 25-32 wt.%, as shown in Fig. 4, indicating
their composites thermal stabilities are improved after MWCNTSs are incorporated into
P(MMA-co-AA)/PEG.

Figure 5 is E-temperature curves of P(MMA-co-AA)/PEG and its composites, which
shows MWCNTSs can play a part in reinforcement agents and the higher the contents of
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MWCNTSs, the more significant its reinforcing effect. £’ can represent the viscoelastic materials’
stiffness and proportional to the energy stored. When the temperature decreases, the motion of
the polymer is ‘frozen’ and thus the polymer remains rigid, which restricts the motion of the
macromolecular segments with no shape change, especially when rotating around C-C. With
increasing temperature, the movement of polymeric segments is easier and easier, and easily
responds to the loading. Their slipping and untangling occasionally occur, even though the
strong entanglement is still maintained between the macromolecules.
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At 20 °C, P(MMA-co-AA)/PEG shows a value of E' = 260 MPa in Fig. 5; while in
P(MMA-co-AA)/PEG with 0.5, 1.0, 1.5 and 2.0 wt.% of MWCNTS, the corresponding E's are
427, 518, 664 and 822 MPa, separately; the respective E's are 11.10, 17.63, 24.86, 34.44 and
51.52 MPa at 90 °C. In comparison with P(MMA-co-AA)/PEG, these results show a relevant
E' rise in P(MMA-co-AA)/PEG/MWCNTSs and indicate an increment in E' of at least 64.2 % at
20 °C, and at 90 °C, E' of P(MMA-co-AA)/PEG/MWCNTSs composites is over 3.6 times higher
than that of P(MMA-co-AA)/PEG, which seems that the polymer chains are effectively
immobilized by the MWCNTSs, and therefore, the composite has a higher E'. Obviously, the
initial E' increases with increasing MWCNTSs contents. The MWCNTSs enhancement effects
origin from its inherent stiffness and its ‘anchor' effect on macromolecular chains.

Tanos of P(MMA-co-AA)/PEG and the composites are shown in Fig. 6. Usually, the
temperature corresponding to the maximum peak is deemed as T4. As the content of MWCNTS
increases, the temperature corresponding to zand peak shows an increasing trend, that is, Ty
increases. Compared with Tq of P(MMA-co-AA)/PEG, that of the composites is increased by a
minimum of 6 °C, which shows that MWCNTs are uniformly dispersed in the polymers and
restrict the macromolecular chains motion. On the other hand, the hydrogen bonds between the
polymer and MWCNTSs can act as physical cross-linking, which reduces the polymer chain
mobility and leads to a gradual increase in Tg.

The influence of MWCNTS content in 1zod impact strength is displayed in Fig. 7. The
addition of MWCNTSs has a significant effect on the impact strength. Compared with the impact
strength of P(MMA-co-AA)/PEG, When the addition of MWCNTSs is 0.5 wt.%, that of the
composite increases by 65 %; as MWCNTSs exceeds 1.0 wt.%, the increasing trend of the impact
strength slows down; while MWCNTSs is 2.0 wt.%, there is not much increase. The test results
indirectly reflect the uniform dispersion of MWCNTSs in the polymer, thus improving its impact
strength. The reasons can be summed up as follows: both MWCNTSs and the hydrogen bonds
in the composites play the role of physical cross-linking. Because its formation is reversible,
the physical cross-linking can improve the impact strength of the composites.
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Figure 8 shows the tensile strength of P(MMA-co-AA)/PEG and the composites.
Obviously, introducing MWCNTSs into a polymer can increase its tensile strength. With
increasing MWCNTSs contents, their tensile strength raises 9% as the MWCNTSs content of
0.5 wt.%. When MWCNTSs content reaches 3.0 wt.%, the strength increases by 28 %. This can

be interpreted as the enhancement effects of MWCNTS, like the previous impact strength
analysis.
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Figure 9 shows the elongation at break of P(MMA-co-AA)/PEG and the composites.
Apparently, the introducing of MWCNTSs can increase the stiffness of polymer matrix and
restrict chain segments motion, which makes materials less ductile. In comparison with
P(MMA-co-AA)/PEG, the elongation at break of the composite with 3 wt.% MWCNTS is
reduced by 15 %. The rigidity of MWCNTSs and the hydrogen bonds existing in the composites
analyzed above can inhibit the movement of polymer chains, thus increasing brittleness and
reducing ductility.

All in all, compared with P(MMA-co-AA)/PEG, with the increase of MWCNTSs content,
the mechanical properties of the P(MMA-co-AA)/PEG/MWCNTSs composites have changed
significantly, that is, initial E’, tensile and impact strength of the composites increase, but their

elongation at break decrease, indicating that the P(MMA-co-AA)/PEG/MWCNTSs composites
present hard and strong properties.
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Conclusions
Compared with P(MMA-co-AA)/PEG, modification of the P(MMA-co-AA)/PEG blends with
the a-MWCNTs (up to 2 wt.%) can improve their performance. Owing to a-MWCNTSs
uniformly dispersed in P(MMA-co-AA)/PEG, Tg, Tq and initial E” of the composites increase
with a-MWCNTSs content increasing; their tensile and impact strength are also improved to a
certain extent; however, the elongation at break of the composite shows a decreasing trend.
Investigation of a-MWCNTSs shows that there are some -COOH formed on the surface of
MWCNTSs after mixed acid treatment, there are some hydrogen bonds exist between P(MMA-
co-AA)/PEG and a-MWCNTSs.
The polymer modification method is simple and economical. In the process of synthesis
of polymers, nanocomposite materials can be made according to the actual requirements.
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