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Abstract. Polymer-based nanocomposites combine increased mechanical properties and heat
resistance than pure polymer materials. In this article, poly(methyl methacrylate-co-N-vinyl-2-
pyridone)/polyethylene glycol/multi-walled carbon nanotube (P(MMA-co-VP)/PEG/MWCNTS)
nanocomposites were prepared by radical copolymerization. To improve the dispersion of MWCNTSs
in P(MMA-co-VP)/PEG, they were functionalized and characterized with Raman, FTIR
spectroscopy, and SEM. The effect of functionalized MWCNTSs content on the mechanical and
thermal properties of nanocomposites was studied. Although MWCNTSs had the potential to induce
PEG crystallization, no PEG crystals were found in P(MMA-co-VP)/PEG/MWCNTSs. At the same
time, MWCNTs had obvious effects as enhancers, and with the increase of their content, the
mechanical properties, dynamic modulus and thermal stability of nanocomposites were improved
compared with P(MMA-co-VP)/PEG.
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1. INTRODUCTION

The application of poly(methyl methacrylate) (PMMA) in business and industry is self-evident.
PMMA is odorless, non-histologically irritating and toxic, insoluble in body fluids, and widely used in
biomedicine [1-5]. At the same time, although PMMA can withstand loads and act as a load-bearing
component, its own lack of performance limits its wide range of applications. Therefore, in order to expand
its application fields, PMMA is modified to improve its performance, among which, the design of PMMA.-
based composite materials is a commonly used modification method, that is, adding various reinforcing
agents, including glass fiber [6, 7], Kevlar fiber [8], TiO. [9], multi-walled carbon nanotubes (MWCNTS)
[11, 12], SnO; [13, 14], etc.

The design of polymer-based nanocomposites has been a research hotspot in recent decades. In
nanocomposites, even very low reinforcing agent content (< 2% by volume) may cause positive changes in
their properties compared to traditional micron-sized polymer matrix composites, such as radically altering
the mechanical and thermal properties of polymer.Among these nanofillers, CNTs are widely used because
of their excellent properties [15-18]. CNTs are mainly divided into two categories, namely single-walled
carbon nanotubes (SWCNTs) and MWCNTSs. Compared to SWCNT, MWCNTSs are widely used due to their
higher availability, fewer diffusion issues, and lower unit costs.

Poly(N-vinyl-2-pyrrolidone) (PVP) and poly(ethylene glycol) (PEG) are known to be neutral, water-
soluble and biocompatible polymer that can often be employed in biotechnology due to their very low
cytotoxicity and good biocompatibility with living tissues [19, 20], such as food and additives, cosmetics,
coatings as well as in pharmaceutical formulations. Since PVP contains a hydrogen-bonded acceptor-
carbonyl group, and PEG contains hydrogen-bonded donor-terminal hydroxyl, therefore, in this study, N-
vinyl-2-pyrrolidone (VP) was selected to copolymerize with methyl methacrylate, and the copolymer
prepared and PEG can form a stable complex through hydrogen bonding [21].
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In the study of related P(MMA-co-VP)/PEG, its morphological and thermal properties have been
reported [22], and as a potential biomaterial, its relatively poor mechanical properties and heat resistance
limit its application range. In this study, in order to improve the mechanical properties and heat resistance of
P(MMA-co-VP)/PEG, P(MMA-co-VP)/PEG/IMWCNTSs nanocomposites were designed and prepared, that
is, MWCNTs were added to P(MMA-co-VP)/PEG. The effects of functionalized MWCNTSs content on the
morphology, mechanics and thermal properties of nanocomposites were investigated. The process method
for the preparation of P(MMA-co-VP)/PEG/MWCNTs nanocomposites by in-situ copolymerization is
simple, and the prepared nanocomposites are expected to show a wide range of application prospects in bone
cement. So far, there have been no reports on the study of P(MMA-co-VP)/PEG/MWCNTSs nanocomposites.

2. MATERIALS AND METHODS

2.1. Materials

The purity of the purchased MWCNTSs is above 96%. VP and ethylene glycol dimethacrylate
(EGDMA) are supplied by Aldrich Chemical Company and used directly. MMA monomers are purified by
vacuum distillation prior to use, and 2, 2’-azobisisobutyronitrile (AIBN) is refined by recrystallization in a
methanol solution. Before preparing P(MMA-co-VP)/PEG/MWCNTs nanocomposites, PEG (Aldrich) with
an average molecular weight of 1000 is heated and dried under vacuum at 75 °C for 6 hours, and PEG can
also be used as a dispersant for MWCNTS.

2.2. Synthesis of P(MMA-co-VP)/PEG/MWCNTS nanocomposites

At first, MWCNTSs are soaked with mixed acid (H2SO4:HNOs (v/v)=3:1) and refluxed with them for 6
hr to obtain carboxylic acid functionalized MWCNTs (MWCNTs-COOH). Then, MWCNTs-COOH are
washed with deionized water until the pH of the wash water is approximately 7; Subsequently, MWCNTSs-
COOH are dried in a vacuum oven at 80 °C for 48 hr, and then removed, cooled and dried for later use. Mix
MMA (39.1 wt%), VP (26 wt% ), PEG (30 wt%) and a certain amount of MWCNTs-COOH (0.50, 1.50,
2.00 and 2.50 wt%, respectively, relative to the total amount of MMA and VP, the same below) and sonicate
for 1 hr. AIBN (1.00 wt%) and EGDMA (3.90 wt%) are added to the mixture and ultrasonically dispersed
for 40 min while nitrogen gas was bubbled into it. Finally, the mixture is injected into a square mold, and at
50 °C, the polymerization is continued for 24 hr, that is, P(MMA-co-VP)/PEG/MWCNTS nanocomposites
are obtained. The vacuum drying of the nanocomposites lasts for 72 hr at 60 °C to remove unreacted
monomers.

2.3. Characterization

MWCNTSs before and after functionalization and the nanocomposites are characterized by Fourier
transform infrared spectroscopy (FTIR, 8300 PCS, Shimadzu) and microconfocal Raman spectroscopy with
633 nm excitation laser (Renishaw 1000 NR), respectively. The nanocomposites’ fractured surface is
photographed by scanning electron microscope (SEM, JSM-5900LV). Wide-Angle X-Ray Diffraction
(WAXD) measurements were performed by Bruker diffractometer (D8 Advance) with Cu Ka radiation. The
tensile strength, dynamic mechanical analysis (DMA), and thermogravimetric analysis (TGA) of the
nanocomposites were determined on the Instron testing machine (model 4302), DuPont 983 DMA (at 0.1
mm amplitude and N2 atmosphere), and TGA-7 (Perkin-Elmer), respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of MWCNTSs and its nanocomposites

It is believed that, after acid treating MWCNTS, some functional groups could have been covalently
linked to CNTs. Raman spectra can be used for judging whether there are some functional groups existed in
the surface of MWCNTSs. Compared to raw MWCNTSs, CNTs treated with mixed acids show a significant
increase in their disorder band (D-band) intensity in their Raman spectra, as shown in Fig. 1. The strong acid
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treatment of MWCNTS leads to an increase in their structural defects, mainly due to the oxidation fragments
covering their surface after acid handling, which form carboxylic acid groups [23], namely carboxylic acid
functionalized MWCNTs (MWCNTs-COOH).
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Fig. 1 — Raman spectra of raw and acid-treated MWCNTS.

In Fig. 1, the G-band and D-band appear around 1 572 and 1 320 cm™?, respectively, corresponding to
tangential and disordered mode. In fact, in the Raman spectra of CNTSs, the intensity ratio (Io/lg) of the D-
band to the G-band can often be used to characterize the degree of surface defects, and the larger the Ip/lg
value, the more structural defects there are. The Ip/ls of raw MWCNTS is 0.80, however, that of MWCNTSs-
COOH is 1.18, which is due to the oxidation of the uniform surface of raw MWCNTSs after acid treatment,
damaging the wall of CNTs to a certain extent and forming carboxylic acid groups. Meanwhile, a shoulder
peak called the D’-band appears at 1 593 cm™ in the G-band of MWCNTs-COOH, while no shoulder peak in
the D’-band is observed in the G-band of raw MWCNTSs. The D'-band, like the D-band, is caused by disorder
and defects, again indicating that the number of defects on MWCNTS increases after mixed acid treatment.
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Fig. 2 - FTIR spectra of raw MWCNTS (a), MWCNTs-COOH (b), P(MMA-co-VP)/PEG (c) and P(MMA-co-VP)/PEG/2.5
wt% MWCNTS (d).

In their FTIR, the changes in the absorption wavelengths of the corresponding functional groups of
MWCNTs, MWCNTs-COOH, P(MMA-co-VP)/PEG and their composite materials can be used to
characterize their interactions. Figure 2 shows FTIR of the raw MWCNTs, MWCNTs-COOH, P(MMA-co-
VP)/PEG and their nanocomposites. Firstly, comparing the FTIR of the original MWCNTs and MWCNTSs-
COOH (Fig. 2a and b), MWCNTs-COOH shows obvious absorption peaks at 1 734 cm?, corresponding to
the carbonyl (-C=0) tensile vibration generated by its mixed acid treatment; about 3 425 cm™, there is a
stronger absorption peak caused by hydroxyl (-OH) tensile vibration; therefore, it can be concluded that
MWCNTSs are oxidized by mixed acids to produce -COOH on their surface.



142 Morphology, mechanical properties and thermal behaviour of P(MMA-co-VP)/PEG/MWCNTS nanocomposites 4

It has been reported that there is a hydrogen bond between the carbonyl group of PVVP and the hydroxyl
group of PEG [22]. In P(MMA-co-VP)/PEG/MWCNTS, due to the presence of -COOH on the surface of
MWCNTSs treated with mixed acid, hydrogen bonds may form between MWCNTs-COOH and P(MMA-co-
VP)/PEG. Therefore, in this study, the infrared absorption peaks of -OH and -COOH are focused on.

In FTIR of P(MMA-co-VP)/PEG and MWCNTs-COOH, the broadband centered on 3463 and
3422 cm™ is their -OH vibration absorption peak, respectively, as shown in Fig. 2b and c; the vibrations of -
OH in P(MMA-co-VP)/PEG/MWCNTSs appear as a broadband centered at 3 444 cm™, as shown in Fig. 2d,
which could be attributed to the interaction between -OH and different functional groups. Another point of
interest is the -C=0 vibration region of P(MMA-co-VP)/PEG. There are two -C=0 vibration peaks observed
at around 1 670 and 1 727cm™, corresponding to -C=0 of PVP and PMMA. In FTIR of P(MMA-co-
VP)/PEG/MWCNTSs, the -C=0 peak of PVP at 1 666 cm™ corresponds to the free -C=0. Additionally, a
shoulder peak at 1 649 cm™, which is redshifted due to hydrogen bond formation, can be observed near it.
On the other hand, the wavenumber of -C=0 of PMMA shows almost no change, indicating that the -C=0 of
PMMA does not participate in the formation of hydrogen bonds. It may be deduced that hydrogen bonds are
exclusively formed between the -OH of MWCNTs-COOH and the -C=0 of PVP, but not between
MWCNTs-COOH and PMMA.

Fig. 3 — SEM images of P(MMA-co-VP)/PEG/MWCNTSs nanocomposites with 0.5 wt% (a)) and 2.5 wt% MWCNTSs (b)).

The key to the successful preparation of P(MMA-co-VP)/PEG/MWCNTSs nanocomposites is to solve
the problem of uniform dispersion of nanoparticles in the polymer matrix, so that MWCNTS can play a reinforcing
role. Figure 3 are SEM images of the fracture surface of P(MMA-co-VP)/PEG/MWCNTSs composites
containing 0.5 and 2.5 wt% MWCNTS, respectively. It can be seen MWCNTSs are evenly distributed in the
P(MMA-co-VP)/PEG networks and do not form their aggregates.

These can be attributed to the hydrogen bonding between acid treated MWCNTs and P(MMA-co-
VP)/PEG networks, as shown in previous infrared spectroscopy analysis, which promotes the dispersion of
MWCNTs in the polymer and avoids the formation of MWCNTs’ aggregates. At the same time, the
hydrogen bonds present at the interface between the polymer and MWCNTSs can play a physical cross-
linking role, which is also beneficial for improving the mechanical properties of the polymer.

b 1 pMmA-covPEPEG a
2: P(MMA-co-VP)/PEG/2.5 wt% MWCNTs
3: P(MMA-co-VP)/PEGI0.5 wt% MWCNTs
4: MWCNTs-COOH

PEG

1 ‘.'WJ“’WW“W 1‘5 258(‘,. 35 4
gl LT RN

Tntensity/a.u.

| L
35 45

252() (u )
Fig. 4 — WAXD of PEG (a), P(MMA-co-VP)/PEG, the nanocomposites and MWCNTs-COOH (b).
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It has been reported that, although PEG has a crystalline structure, due to the hydrogen bonding
between PEG and the P(MMA-co-VP) networks, their blends are completely amorphous [22]. On the other
hand, there are reports that MWCNTSs can induce crystallization [24, 25]. It is worth paying attention to
whether MWCNTs can induce PEG crystallization in P(MMA-co-VP)/PEG/MWCNTSs, because the
crystallization phase has a certain effect on the properties of the material.

Figure 4 is WAXD of PEG, MWCNTs, P(MMA-co-VP)/PEG and their nanocomposites. For pure
PEG, in Fig. 4a, at 20 angles of 19.2° and 23.4°, there are diffraction peaks corresponding to the (120) and
(132) crystal planes of the PEG monoclinic system, respectively [26]. In Fig. 4b, P(MMA-co-VP)/PEG
shows a wider diffraction peak compared to pure PEG, while the two characteristic diffraction peaks of pure
PEG are not shown in it, indicating that it is amorphous and the crystal structure of PEG is significantly
destroyed due to the hydrogen bonding interaction between P(MMA-co-VP) and PEG. At the same time,
MWCNTs-COOH have diffraction peaks at 26 of 26.4° and 43.2°, corresponding to the (002) and (100)
crystal planes of the hexagonal graphite structure, respectively [27]. Although MWCNTS have the effect of
inducing crystal crystallization, in P(MMA-co-VP)/PEG/MWCNTs nanocomposites, the characteristic
diffraction peaks associated with PEG crystals disappear, and only the diffraction peak of MWCNTS is
observed at 26 of 26.4°. In other words, the incorporation of MWCNTSs into P(MMA-co-VP)/PEG to form
nanocomposites does not induce the crystallization of PEG crystals.

3.2. Mechanical properties

To improve the mechanical properties of polymers by incorporating MWCNTS, it is necessary to solve
the effective transfer of load between them and MWCNTSs. If there is weak or no interfacial adhesion
between the two phases, MWCNTSs exhibit hole or nanostructure defects, leading to local stress
concentration and loss of MWCNTS' ability to enhance the polymer. In order to investigate the effect of
MWCNTSs incorporation on the mechanical properties of polymers, the mechanical properties of P (MMA-
co-VP)/PEG/MWCNTSs nanocomposites are tested.
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Fig. 5 — Stress—strain curves of P(MMA-co-VP)/PEG and the hanocomposites.

The stress (6) — strain (g) curves of P(MMA-co-VP)/PEG and its nanocomposites with different
MWCNTSs weight fractions are shown in Fig. 5. Firstly, by comparing their maximum tensile strength (cmax),
the changes in its strength are studied. The omax 0f P(MMA-co-VP)/PEG is about 35.6 MPa, while that of the
nanocomposites with 0.5, 1.5, 2.0 and 2.5 wt % of MWCNTSs are 39.2, 45.1, 49.3 and 52.2 MPa separately,
which increase by 10, 27, 38 and 47% in comparison of P(MMA-co-VP)/PEG, respectively.

At same time, in Fig. 6, the Young’s modulus of P(IMMA-co-VP)/PEG is around 0.71 GPa, while that
of the nanocomposites with 0.5, 1.5, 2.0 and 2.5 wt % of MWCNTSs are 0.79, 0.87, 0.93 and 1.0 GPa
separately, which increase by 11, 23, 31 and 41% in comparison of P(MMA-co-VP)/PEG, respectively.

In conclusion, in P (MMA-co-VP)/PEG/MWCNTSs nanocomposites, their tensile strength and Young's
modulus increase with the increase of MWCNTS loading, indicating that MWCNTS effectively enhance the
mechanical properties of the polymers. This also indirectly proves that MWCNTSs are effectively dispersed in
P(MMA-co-VP)/PEG, and their interfacial hydrogen bonding can effectively transfer the load between them.



144 Morphology, mechanical properties and thermal behaviour of P(MMA-co-VP)/PEG/MWCNTS nanocomposites 6

11

S -
0 o
T T
——

——

Young's modulus (GPa)

o
©
T
=

%

0.0 0.5 2.0 2.5

o
q
T

1.0 1.5
MWCNTs content (wt %)
Fig. 6 — Young’s modulus of P(MMA-co-VP)/PEG and the nanocomposites.

3.3. Thermal analysis

The incorporation of MWCNTSs into polymer should enhance thermal properties, such as dynamic
mechanical properties and thermal stability. Polymer is a kind of viscoelastic material that combines the
properties of a viscous liquid and an elastic solid. Figure 7a and b shows the curves of the storage modulus
(E") and loss tangent (tand) of P(MMA-co-VP)/PEG and its nanocomposites vs. temperature, respectively. E'
denotes the stiffness of the viscoelastic material, tand reflects the energy lost in heat due to intramolecular
friction, and the temperature of the maximum tand is generally defined as the glass transition temperature (T).
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Fig. 7 — E’ (a) and tand (b) of P(MMA-co-VP)/PEG and its nanocomposites.

In Fig. 7a, it can be seen that due to the excellent mechanical properties of CNTs, compared with P
(MMA-co-VP)/PEG, the incorporation of MWCNTSs significantly improves the E' of the nanocomposite and
the initial modulus increases with the increase of MWCNTS loading. In Fig. 7b, P(MMA-co-VP)/PEG and
its nanocomposites only show a single tans peak, indicating they are completely homogeneous glass phase
without phase separation, which is consistent with WAXD analysis. In addition, with the increase of
MWCNTSs loading, the tand peak of the nanocomposites shifted to high temperature. Generally, tand is
related to the strain energy of viscous friction loss, and a higher tand value indicates polymers tend to have
viscosity rather than elasticity. On the other hand, since the temperature corresponding to the peak of the
tand curve is considered Tg, the Ty of the nanocomposites increases by at least 9 °C compared to that of
P(MMA-co-VP)/PEG.

In summary, the incorporation of MWCNTSs into P(MMA-co-VP)/PEG shows an increase in E', and
tand of their nanocomposites, which can be attributed to the decrease in the free space for polymer molecular
vibration due to the influence of nanoscale MWCNTSs. Well-dispersed MWCNTSs generate large interfacial
regions that can limit the behavior of the surrounding polymeric matrix, resulting in a co-continuous network
of significantly changed polymeric chain motion. At the same time, MWCNTSs can be used as physical
crosslinkers to partially limit the molecular motion of polymers and improve the stiffness of the
nanocomposites.
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By adding CNTs, the thermal stability of polymeric nanocomposites can be significantly improved,
which can be attributed to the high thermal conductivity and heat flow blocking effect of CNTs. TGA
thermograms of MWCNTSs, P(MMA-co-VP)/PEG and their nanocomposites are shown in Fig. 8.
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Fig. 8 — TGA curves of P(MMA-co-VP)/PEG and its nanocomposites.

In Fig. 8, here, the temperature corresponding to 5% weight loss is identified as the thermal degradation
temperature (Tq). Comparing the Tq of the nanocomposite material with that of P(MMA-co-VP)/PEG, it can
be found that the Td of the nanocomposite material is at least 12 °C higher; it can be observed that at 358 °C,
the weight loss rate of nanocomposites is between 60 and 79%, while that of P(MMA-co-VP)/PEG is about
85%. These results suggest that the incorporation of MWCNTs can improve the thermal stability of
polymers, which may be caused by the following factors: a) the high thermal conductivity of CNTs promotes
heat consumption [28]; b) CNTs, as electron acceptors, can capture high-energy free radicals during thermal
degradation [29]. c) The interaction between CNTs and polymers plays a role in physical cross-linking.

4. CONCLUSIONS

Due to the hydrogen bonding between the acid-treated MWCNTSs and PVP, the MWCNTs were
uniformly dispersed in P(MMA-co-VP)/PEG without their any aggregates. Although MWCNTSs have the
effect of inducing crystallization, the crystallization of PEG in nanocomposites is not observed. Compared
with P(MMA-co-VP)/PEG, the tensile strength and Young’s modulus of the nanocomposites increased with
the increase of MWCNTSs content, and their tensile strength and Young's modulus increased by up to 47 %
and 41 %, respectively. At the same time, the glass state modulus of nanocomposites increases with the
increase of MWCNTSs loading. The incorporation of MWCNTSs into P(MMA-co-VP) significantly increased
the Ty of nanocomposites by more than 9 °C, and improved the thermal stability of P(MMA-co-VP)/PEG.
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