
ORI GIN AL PA PER

Polymethacrylic acid/Na-montmorillonite/SiO2

nanoparticle composites structures and thermal
properties

Yan Bao • Jian-zhong Ma

Received: 18 May 2010 / Revised: 15 June 2010 / Accepted: 28 June 2010 /

Published online: 4 July 2010

� Springer-Verlag 2010

Abstract In this article, polymethacrylic acid/Na-montmorillonite/SiO2 nanopar-

ticle (PMAA/Na-MMT/SiO2) composites were prepared via in situ polymerization.

Fourier transform infrared spectroscopy (FTIR) indicated that the polymerization of

SiO2 nanoparticle and MAA have been taken place. X-ray diffraction (XRD) results

suggest that Na-MMT layers are exfoliated during the polymerization process. As

evidenced by the transmission electron microscopy (TEM), the Na-MMT layers and

SiO2 nanoparticles exhibit good dispersion in the polymer matrix. It was found that

the PMAA/Na-MMT/SiO2 composite exhibit considerably enhanced thermal

properties compared with the PMAA/Na-MMT.

Keywords Nanocomposite � Inorganic nanomaterial � Polymethacrylic acid

Introduction

Nanocomposites are a promising new class of technologically advanced materials,

consisting of two or more phases in which at least one of its phases has one or more

dimensions (length, width or thickness) in the nanometer size range, usually defined

as 1–100 nm [1]. Nanocomposites show conspicuously enhanced mechanical,
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thermal, optical, and electro chemical properties compared to their neat or

conventional composites [2–5].

Among various nanocomposites, much attention has been paid to polymer/Na-

montmorillonite (Na-MMT) nanocomposites, in which nanometer-thick layers of

clay are dispersed in polymers [6]. Calcagno et al. [7] prepared PET nanocompos-

ites using montmorillonite with different organic modifiers. Nanocomposites of

intercalated and exfoliated morphologies were obtained, and an average maximum

distance between the platelets was observed in the intercalated morphology.

Another importantly used nanomaterial for the enhancement is SiO2 nanoparticle

[8, 9]. For instance, dramatical improvement of the strength, stiffness and thermal

properties are reported for PA66-based nanocomposites containing surface-modified

SiO2 nanoparticle prepared by melt compounding [10].

Whether the nanocomposites still have high thermal stability and enhanced

mechanical property, when two kinds of nanomaterials with different forms, layered

and particle are incorporated into the polymer matrix? Peeterbroeck et al. [11]

prepared EVA-based nanocomposites filled with both organoclays and purified

multi-walled carbon nanotubes via direct melt blending. This new family of

composites exhibits enhanced properties even at very low filler level.

In this work, the acrylic polymer-based nanocomposites filled with both clay and

SiO2 nanoparticles were prepared via in situ polymerization. The polymer matrix

used in the present studies is polymethacrylic acid (PMAA). The structures and

thermal properties of the obtained nanocomposites were examined by FT-IR, XRD,

TEM, DSC and TGA.

Experimental

Materials

Na?-montmorillonite (Na-MMT) was provided by Qing-he Chemical Factory,

Zhangjiakou. Methacrylic acid (MAA), isopropyl alcohol and ammonium persulfate

(APS) were all purchased from Tian-jin Chemical Reagent Factory. SiO2 nanopar-

ticle (RNS-D) was made by He-nan nanomaterial engineering center. Hexadecyl

trimethyl ammonium bromide (CTAB) was purchased from San-pu Chemical

Factory, Shanghai.

Preparation of PMAA/Na-MMT/SiO2 composite

Na-MMT and dionized water were charged into a 250-mL three-necked round

bottom flask equipped with a reflux condenser, a thermometer, and a magnetic

stirring bar and stirred vigorously for 30 min. After MAA, 1631 and RNS-D fed into

the flask for 30 min, the mixture was treated with ultrasound for 20 min and stirred

for 5 h at 60 �C. Subsequently, the mixture was ultrasonically processed for 20 min.

The aqueous solution of APS and isopropyl alcohol were fed into the flask at 70 �C.

The reaction was kept at 80 �C for 2.5 h.
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Characterization

The X-ray diffraction (XRD) patterns were obtained from a Japan Science 2200PC

X-ray Diffractometer. The diffractograms were measured at 2h, in the range 2�–10�,

using a Cu-Ka incident beam (k = 0.1543 nm), monochromated by a nickel filter.

The scanning speed was 1�/min, and the voltage and current of the X-ray tubes were

40 kV and 20 mA, respectively. The morphology of the nanocomposite was

observed by H-600 transmission electron microscopy (TEM). The Fourier transform

infrared spectroscopy (FTIR) spectra were recorded on a 5DX FTIR using KBr

pellets. The thermogravimetric analysis (TGA) was performed on a thermogravi-

metry differential thermal analysis 6300 apparatus. The differential scanning

calorimetry (DSC) analysis was performed on an Exstar 6000 apparatus. The

temperature program started in the range from 100 �C up to 150 �C at a heating rate

of 10 �C/min under nitrogen atmosphere.

Results and discussions

FT-IR analysis

Figure 1 displays the differences among the structures of Na-MMT, SiO2 nano-

particle and PMAA/Na-MMT/SiO2 composite.

In the FT-IR spectrum (see Fig. 1A) of pristine MMT the broad band centered

near 3400 cm-1 is due to the –OH stretching mode of the interlayer water. The

overlaid absorption peak in the region of 1640 cm-1 is assigned to the –OH bending

mode of adsorbed water. The characteristic peak at 1115 cm-1 is due to the Si–O–Si

stretching and out of plane Si–O–Si stretching mode for montmorillonite. The band

at 1035 cm-1 is assigned to the Si–O–Si stretching (inplane) vibration for layered
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Fig. 1 FT-IR spectra (A Na-MMT, B SiO2 nanoparticle, C PMAA/Na-MMT/SiO2 composite)
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silicates. The band in the region of 796 cm-1 is due to the Si–O–Al stretching mode

for montmorillonite. The FTIR peaks at 522 cm-1 and 468 cm-1 are assigned to the

Si–O–Al and Si–O–Si bending vibration, respectively [12, 13].

In FTIR spectrum of SiO2 nanoparticle, the absorption peak 3442 cm-1 is

affected by stretching vibration of Si–OH. The absorption peak 1638 cm-1 is

stretching vibration of C=C. This is because the SiO2 nanoparticle used in our

research was modified by r-methacryloxy propyltrimethoxysilane as coupling agent.

The vinyl groups were introduced onto surfaces of SiO2. The weak absorption peak

1100 cm-1 belongs to stretching vibration of Si–O–Si.

The FTIR spectrum of PMAA/Na-MMT/SiO2 composite shows that the intensity

of the 3500–3200 cm-1 band is increased, along with a reduction of intensities due to

Si–O and Al–O. The increase in intensity of the 3500–3200 cm-1 band reflects the

increased hydrogen bonding between the lattice hydroxyls and polymer [14]. When

the protons in the polymer were hydrogen bonded to the oxygen species of the Si–O

and Al–O segments, Si–O and Al–O bonds were weakened and the tetrahedral

symmetry of these moieties became distorted. At the same time, the –OH stretching

frequencies were broadened and displaced to lower frequencies. These shifts also

were attributed to the formation of hydrogen bonds. On the other hand, the peaks at

2940 and 2850 cm-1 were ascribed to the asymmetric and symmetric vibration of

methylene groups [12]. The peaks at 1490–1410 cm-1 were bending vibration of

methylene groups. The peaks at 1700 cm-1 were due to the C=O stretching mode of

carboxyl. These results show that methacrylic acid was polymerized in the MMT

inter-lamellar. The absorption peak 1638 cm-1 of C=C stretching vibration

disappears, which explains that the polymerization of SiO2 nanoparticle proceed

expectedly.

XRD analysis

Shown in Fig. 2 are XRD diffraction patterns of Na-MMT, PMAA nanocomposites

containing Na-MMT and Na-MMT/SiO2 nanoparticle. A strong 001 characteristic

diffraction peak of pristine MMT appeared at the 2h value 7.02�, which corresponded

to an interlayer d-spacing of 1.258 nm based on Bragg’s equation (curve A).

Curve B is the result obtained for PMAA/Na-MMT. A diffraction peak at

2h = 2.61� is visible in this nanocomposite, corresponding to a d-spacing of

3.388 nm. This is because adequate amount of CTAB that enough to exchange all

the Na? ions from the MMT interlammellar was introduced into the system before

polymerization. Quaternary ammonium cations were intercalated into montmoril-

lonite by ion exchange reaction under shearing. The interlayer d-spacing of MMT

was enlarged. Then, the initiator was added into the solution. Methacrylic acids took

place in situ polymerization in the interlayers of montmorillonite. Polymer chains

were growing longer along with the proceeding of polymerization. Hence, the

interlayer d-spacing of MMT was further enlarged.

Curve C gives typical XRD pattern of PMAA/Na-MMT/SiO2 nanocomposite.

The XRD results suggest that the Na-MMT layers are exfoliated as indicated by the

disappearance of the Na-MMT diffraction peak in curve C [15–17]. Comparison of

the XRD patterns of PMAA/Na-MMT/SiO2 and PMAA/Na-MMT shows that the
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introduction of SiO2 nanoparticle has considerable influence on the interlayer

d-spacing of montmorillonite. This is because SiO2 nanoparticle used in this study is

a kind of SiO2 nanoparticle dealt by the silane coupling agent with vinyl groups.

Radical copolymerization can be taken place between double bonds on the surface

of SiO2 nanoparticle and methacrylic acid. Therefore, the network crosslinked

structure was formed between SiO2 nanoparticle and polymethacrylic acid.

The interlayer d-spacing of montmorillonite became larger until exfoliated as the

molecular was bigger.

TEM analysis

In order to confirm the morphology of PMAA/Na-MMT/SiO2 nanocomposite, TEM

measurements were carried out (see Fig. 3). The dark slices stand for Na-MMT

layers while the spherical dark particles are SiO2 nanoparticle. The PMAA matrix

appears as light region. The Na-MMT layers together with the SiO2 nanoparticles

show a good dispersion in the PMAA matrix.

Thermal properties

Figure 4 displays the DSC thermographs obtained for PMAA/Na-MMT and PMAA/

Na-MMT/SiO2 composites. The glass transition temperature (Tg) of the PMAA/Na-

MMT/SiO2 composite (Tg = 194.4 �C) is higher than that of PMAA/Na-MMT

composite (Tg = 176.2 �C). According to the literature [18], the Tg of PMAA is

130 �C. The Tg relates to molecular mass of the polymer. The Tg is raised with the

molecular mass of polymer increasing [19]. The molecular mass can be affected by

the presence of filler in the in situ polymerization process. The lower molecular

mass of polymer is obtained in the presence of filler [20, 21]. So the Tg should be

decreased. But our experimental results contradict with it. Therefore, the increased
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Fig. 2 XRD patterns (A Na-MMT, B PMAA/Na-MMT, C PMAA/Na-MMT/SiO2)
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Tg resulted from the restricted segmental motions of the polymer chains at the

organic–inorganic interface, due to the confinement of the polymer chains between

the silicate layers, as well as the silicate surface–polymer interaction in the

nanostructured hybrids [22–24]. On the other hand, the incorporation of SiO2

nanoparticle interacts with polymer molecules to restrain the vertical molecule

movement of PMAA.

Thermal stability of PMAA/Na-MMT/SiO2 composite was evaluated using TGA

in nitrogen atmosphere. For comparison, PMAA and PMAA/Na-MMT were also

tested by TGA under the same conditions. The TGA data of weight change are

shown in Fig. 5. Thermal degradation of pure acrylic polymers proceeds in three

steps. The first step is initiated by scissions of head-to-head linkages (H–H),

Fig. 3 TEM pictures of PMAA/Na-MMT/SiO2 composite
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Fig. 4 DSC thermograms (A PMAA/Na-MMT, B PMAA/Na-MMT/SiO2)
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the range between 160 and 240 �C. The second step (200–300) is initiated by

scission at the vinylidene chain end units and the third step (above 300) by random

scission within the polymer chain [25, 26]. This is because the first step and the

second step are very close in temperature and are linked together in our research.

Therefore, two steps of degradation process are observed.

The degradation curves for PMAA/Na-MMT/SiO2 and PMAA/Na-MMT show a

similar two-step degradation process as seen for PMAA, except that the first step

exhibits poor thermal stability indicated by larger extent of weight loss associated

with the first-step degradation in the temperature range of 160–300 �C. This

difference may be due to the incorporation of SiO2 nanoparticle and MMT. The free

radical polymerization is hindered in the presence of filler. The number of

vinylidene chain end units in the material is increased.

In the second step, PMAA/Na-MMT/SiO2 composite exhibits an onset of thermal

degradation of polymer main chains almost 30 �C higher than that of PMAA/Na-

MMT and about 40 �C higher than PMAA. The noticeable increase in the

decomposition temperature mainly results from the dispersed nanoscale silicate

layers in matrix, which lead to the difficulty in heat conduction and acts as a mass

transport barrier to the volatile products that generate during decomposition out of

the material [27, 28]. Moreover, the clay has good thermal insulation effect and the

incorporation of SiO2 nanoparticle interacts with polymer molecules to restrain the

vertical molecule movement of PMAA.

Conclusions

PMAA/Na-MMT/SiO2 composites were prepared via in situ polymerization. FTIR

indicated that the polymerization of SiO2 nanoparticle and MAA has been taken

place. X-ray diffraction (XRD) results suggest that Na-MMT layers are exfoliated
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Fig. 5 TG curves (A PMAA, B PMAA/Na-MMT, C PMAA/Na-MMT/SiO2)
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during the polymerization process. As evidenced by the transmission electron

microscopy (TEM), the Na-MMT layers and SiO2 nanoparticles exhibit good

dispersion in the polymer matrix. It was found that the PMAA/Na-MMT/SiO2

composite exhibit considerably enhanced thermal properties compared with the

PMAA/Na-MMT.
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