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Abstract The size effect of silica nanoparticles (SiO2) on

thermal decomposition of poly(methylmethacrylate) (PMMA)

was investigated by the controlled rate thermogravimetry.

Thermal degradation temperature of PMMA–SiO2 com-

posites depended on both fraction and size of SiO2, the

thermal degradation temperature of 23 nm (diameter) SiO2–

PMMA (6.1 wt%) was 13.5 �C higher than that of PMMA.

The thermal stabilities of 17 nm SiO2–PMMA (3.2 wt%)

and 13 nm SiO2–PMMA (4.8 wt%) were 21 and 23 �C,

respectively, higher than that of PMMA without SiO2. The

degree of degradation improvement was increased linearly

with the surface area of SiO2. The number of surface

hydroxyl group in unit volume of SiO2 particle increased

with increasing the specific surface area of SiO2, and the

interaction between hydroxide group of SiO2 and carbonyl

group of PMMA had an important role to improve the ther-

mal stability of PMMA.
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Introduction

Polymer nano-composites consisted of polymer and inor-

ganic nano-materials have good advantages both in physical

and thermal properties. Poly(methylmethacrylate) (PMMA)

and silica (SiO2) nano-particle composites prepared by the

sol–gel process [1] and the in situ polymerization [2, 3]

show the improvement of thermal stability. These PMMA–

SiO2 nano-composites have chemical linkages between

PMMA and SiO2. On the other hand, PMMA–SiO2 nano-

composite prepared by physical blend also shows the

improvement of physical and thermal properties [4–7].

However, the improvement of properties depends on the

sample preparation and the character of SiO2 used. Only

1 wt% of 12 nm SiO2 particle improved the thermal sta-

bility of PMMA nanocomposite prepared by solvent-casting

method, and the dimensional stability improved by adding

more than 20 wt% of SiO2 [5].

We have reported the thermal stability of PMMA–SiO2

nano-composites prepared by solvent-casting method was

improved about 14 �C at 6 wt% fraction of 23 nm SiO2 [8].

As the thermal stability improvement by SiO2 was disturbed

the steric hindrance of ester group, the interaction between

carbonyl groups of ester groups in PMMA and hydroxyl

groups of SiO2 surface had an important role to improve the

thermal stability [8]. In this study, the effects of SiO2 par-

ticle size and fraction on the thermal stability improvement

of PMMA–SiO2 nano-composites were investigated by

controlled rate thermogravimetry (CRTG).

Experiments

Materials

PMMA (Mw = 1.2 9 105, Mw/Mn = 2.3), prepared by the

solid-state radical polymerization, were used through this

experiments. Three silica (SiO2) nano-particles (Rhodia Co.,

Ltd., Italy, average particle sizes 13, 17, 23 nm) were used.
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After drying SiO2 at 125 �C for 12 h under vacuum,

SiO2 nano-particles were dispersed in THF under nitrogen

atmosphere. Then polymer sample was added in the SiO2-

dispersed THF, and the mixed solution was stirred over

night. The SiO2 mass fraction /SiO2

� �
in PMMA was

determined by the residue at 600 �C. PMMA–SiO2 com-

posites were obtained by solvent casting and dried under

reduced pressure at 140 �C for 12 h.

Measurements

The surface analysis of SiO2 was investigated by FTIR

method using a JASCO FT/IR-620 with surface-reflection

optics. Accumulation time and wave number resolution of

FTIR measurement were 64 times and 2 cm-1, respectively.

Specific surface area measurement of SiO2 was carried

out using Shimadzu-TriStar 3000 with BET method by N2

absorption. Before the determinations, the samples were

pretreated by heating to 200 �C in vacuum in order to

remove adsorbed species. The pretreatments took 20–24 h

to ensure complete gas desorption.

Thermogravimetric measurement of SiO2 (3–4 mg) was

using TG–DTA (Seiko Instruments, TG-DTA6200) at

10 �C min-1 from room temperature to 800 �C under air

flow (200 mL min-1). The evolved gas analysis was carried

out by the combined TG–FTIR method. Thermogravimetric

measurements of PMMA–SiO2 composites were carried

out using TG–DTA (Seiko Instruments, Tokyo, Japan,

TG-DTA6200) under air flow (200 mL min-1) condition

from room temperature to 600 �C at a constant scanning rate

mode (10 �C min-1) and a constant mass loss rate mode

(CRTG). CRTG measurements of nano-composites

(3–4 mg) were carried out at 5–6 lg min-1 of mass loss rate.

Small-angle X-ray scattering (SAXS) experiments of

PMMA and PMMA–SiO2 composites were performed at

25 �C using the SAXS optics at the beam line 10C, Photon

Factory, High Energy Accelerator Research Organization,

Tsukuba, Japan. The wavelength of X-ray (k) used was

0.15 nm. The accumulation time of SAXS measurement

was 300 s. The scattering vector q ¼ 4p sin hð Þ=kð Þ was

covered from 0.02 to 5 nm-1, 2h was the scattering angle.

Results and discussion

CRTG results of PMMA and PMMA–SiO2 composites

with different particle sizes were shown in Fig. 1. Under

oxidative condition, the mass loss of PMMA completed at

420 �C, the total mass of SiO2 nano-particles dispersed in

PMMA was experimentally determined from the residue at

600 �C. With increasing /SiO2
; the mass loss temperature

shifted to higher temperature side for all PMMA–SiO2

composites. The /SiO2
value which showed the highest

mass loss temperature was depended on the size of SiO2

particle. The mass loss temperature, Td(CRTG), was deter-

mined by the extrapolation of CRTG curve as shown in

Fig. 1a.

The Td(CRTG) values were plotted against /SiO2
in Fig. 2

for PMMA–SiO2 composites with different particle sizes: (a)

23, (b) 17, and (c) 13 nm. The Td(CRTG) of PMMA without

SiO2 was 265.8 �C, the Td(CRTG) increased 13 �C for the

PMMA–SiO2 (23 nm) composite with 2% of /SiO2
: For the

PMMA–SiO2 (23 nm) composite, the maximum Td(CRTG)

value was observed at 6% of /SiO2
;where the Td(CRTG) value

was 13.5 �C higher than that of pure PMMA. The Td(CRTG)

value decreased gradually for PMMA–SiO2 composite over

6% of /SiO2
; however, the Td(CRTG) value of PMMA–SiO2

composite (18%) was 7 �C higher than that of pure PMMA.

The dispersed SiO2 acted as an inhibiter of thermal deg-

radation of PMMA. The similar SiO2 fraction dependency on

the thermal stability improvement was observed for other

PMMA–SiO2 composites with different SiO2 particle sizes.

The maximum Td(CRTG) value for the PMMA–SiO2 (17 nm)

composite was observed at 3.2% of /SiO2
; where the degra-

dation temperature was 21 �C higher than that of pure

PMMA. Similar to PMMA–SiO2 (23 nm) composite, the

Td(CRTG) value decreased gradually for PMMA–SiO2 (17 nm)

composite over 3.2% of /SiO2
; however, the Td(CRTG) value

of PMMA–SiO2 composite (18%) was 15 �C higher than

that of PMMA. The maximum Td(CRTG) value of the PMMA–

SiO2 (13 nm) composite was observed at 4.8% of /SiO2
;

where the degradation temperature was 23 �C higher than

pure PMMA. The thermal stability improvement of PMMA–

SiO2 composites depended on the particle size of SiO2, and

the maximum Td(CRTG) values were observed at the /SiO2
;

ranging from 2 to 8%.

The CRTG curves indicated that the mass loss of

PMMA occurred at two steps, the first step occurred at a

constant mass loss rate in the temperature range from 260

to 270 �C, and the second step continued after the first step

until 420 �C. The second step consisted of several reactions

with various mass loss rates. The first step degradation was

caused by de-polymerization of PMMA, which was con-

firmed by the evolved gas analysis using TG–FTIR method

[8]. The relative mass loss in the first and the second steps

were 70 and 30% of total mass, respectively, for PMMA

without SiO2. The similar two-step mass loss process was

observed for PMMA–SiO2 composites. The first step deg-

radation of PMMA–SiO2 composites shifted to higher

temperature and the relative mass loss in the first step

increased with the increase in /SiO2
: The relative mass loss

occurred in the first step of degradation was plotted against

/SiO2
for all PMMA–SiO2 composites in Fig. 3, which

showed the similar /SiO2
dependency of Td(CRTG) shown in

Fig. 2. The maximum mass loss was observed in the /SiO2
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range, where the maximum Td(CRTG) was observed for each

PMMA–SiO2 composites. With the increase in Td(CRTG),

the first step mass loss increased as functions of SiO2

fraction and size. These facts indicated that the SiO2 par-

ticles acted as an inhibiter of the first step thermal degra-

dation of PMMA.

The thermal degradation temperature of PMMA–SiO2

composites increased with increasing SiO2 fraction, and

then decreased after the maximum, which appeared in the

/SiO2
range at around 2–8 wt%. The SiO2 particle size

influenced the thermal stability improvement of PMMA,

the maximum Td(CRTG) value increased with decreasing the

particle size. With decreasing the size of particles, particles

prefer to form aggregates, and the homogeneous dispersion

of particles becomes difficult with the increase in particle

fraction in polymers.

The normalized SAXS profiles of PMMA and PMMA–

SiO2 composites (17 nm) were shown in Fig. 4. The SAXS

profiles of PMMA–SiO2 composites showed the scattering

peaks at q = 0.2 and 0.9 nm-1. The observed SAXS pro-

file, I(q)obs, was described as follows:

I qð Þobs¼ I qð ÞPMMAþI qð ÞSiO2
ð1Þ

Here, I qð ÞPMMA and I qð ÞSiO2
indicate SAXS profiles from

PMMA and SiO2, respectively. From the X-ray scattering

theory [9], I qð ÞSiO2
is evaluated by the following equation:

I qð ÞSiO2
¼ np

Z 1

0

P q;Rð ÞS q;Reffð Þf Rð ÞdR ð2Þ

Here, np, R, P(q, R), S(q, R), and f(R) are the average

number density of particles, the radius of particle, the form

factor, the structure factor of system, and the distribution of

particles, respectively.

P qð ÞSiO2
¼ qSiO2

� qPMMA

� �
RSiO2
ð Þ3F q;RSiO2

ð Þ
h i2

ð3Þ

F q;RSiO2
ð Þ ¼ 3 sin qRið Þ � qRið Þ cos qRið Þ½ �= qRið Þ3

n o
ð4Þ

Here, qi indicates the scattering electron density of PMMA

and SiO2.

The SAXS profile fitting was carried out using Eq. 2 to

evaluate the dispersion state and the diameter of SiO2
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Fig. 1 Relative mass loss

curves of PMMA and PMMA–

SiO2 (23 nm) composites

(a) (A PMMA, B 0.9%, C 6.1%,

D 18%), PMMA–SiO2 (17 nm)

composites (b) (A PMMA,

B 2.2%, C 3.2%, D 16.3%),

PMMA–SiO2 (13 nm)

composites (c) (A PMMA,

B 0.5%, C 4.8%, D 17.6%) with

various mass fraction of SiO2

obtained by CRTG under air

condition
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particles. The obtained diameter of SiO2 particle was 16 nm

for PMMA–SiO2 composites (17 nm) with 4 and 15 wt% of

/SiO2
under the condition of fixed f Rð Þ ¼ 0:1: These results

indicated that SiO2 particles dispersed homogeneously in

PMMA in the /SiO2
range below 15 wt%. The SAXS profile
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Fig. 4 SAXS profiles of PMMA and PMMA–SiO2 (17 nm) com-

posites with various mass fraction of SiO2. A PMMA, B 1%, C 4%, D
15%

90

80

70

60

50

40

30

M
as

s 
lo

ss
/%

201612840

fSiO2
/wt%

Fig. 3 Relationship between relative mass loss occurred in the first

step of degradation and mass fraction /SiO2
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decomposition temperature
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of PMMA–SiO2 composites with 15 wt% accompanied the

scattering at lower q region, which indicated the existence

of SiO2 aggregation. PMMA–SiO2 composites with /SiO2

below 10 wt% were optically transparent; however, the

composites became opaque with the increase in /SiO2
above

15 wt% as a result of particle aggregation.

From SAXS, measurements indicated the homogeneous

SiO2 dispersion in PMMA for the composites below

15 wt%. The number of PMMA molecules per one SiO2

particle was evaluated for PMMA–SiO2 composites at

/SiO2
; where the maximum Td(CRTG) obtained, using the

density 1.2 g cm-3 for PMMA and 2.2 g cm-3 for SiO2.

The number of PMMA molecules per one SiO2 particle

was 1800 (23 nm, 6 wt%), 750 (17 nm, 3 wt%), and 300

(13 nm, 5 wt%).

The radius of gyration (Rg) of PMMA used in this

experiment was evaluated from the repeating unit length (l)

and the degree of polymerization (n).

Rg ¼
ffiffiffiffiffiffi
nl2
p
ffiffiffi
6
p ¼ 4:2 nmð Þ ð5Þ

Rg obtained by Eq. 5 is the size of one PMMA molecule

without any restrictions. The real PMMA molecules have

various restrictions such as entanglement, intermolecular

interaction, and outer stress. On the other hand, the real

radius of one PMMA molecule estimated from the density

(1.2 g cm-3) was 3.4 nm. The average diameter of one

random PMMA molecule was about 7 nm, which was

smaller than that of SiO2 particles. With decreasing the

SiO2 particle size and closing to the PMMA molecular size,

the curvature of surface increased and the number of

PMMA molecules absorbed on the SiO2 particle surface

became smaller.

The distance between the closed SiO2 particles were 80

(23 nm, 6 wt%), 63 (17 nm, 3 wt%), and 45 (13 nm,

5 wt%) nm by assuming the homogenous distribution of

SiO2 particles like hexagonal packing. These distances

corresponded to 6–12 PMMA molecules with entangle-

ments between the surfaces of closest SiO2 particles. For

the PMMA–SiO2 (17 nm) composites with 15 wt%, the

distance between the closed SiO2 particles became 37 nm,

which corresponded to the size of four PMMA molecules

between the surfaces of SiO2 particles. Further addition of

SiO2 particles, the number of PMMA molecules between

SiO2 particles became smaller to keep the homogeneous

distribution. In other words, SiO2 particles dispersed

accompanied with one layer of PMMA molecules absorbed

on the surface under the condition of homogeneous dis-

tribution. SiO2 particles preferred to aggregate by the

geometrical restriction in the /SiO2
range above 15 wt%.

IR spectra of SiO2 particle surface after heating to

125 �C indicated the co-existence of hydrogen bonded

hydroxyl (OH) groups and isolated OH groups, which

appeared as a broad peak at around 3400 cm-1 and a week

sharp peat at 3750 cm-1, respectively. No direct evidence

of hydrogen bond formation between OH groups in SiO2

surface and carbonyl groups in PMMA was observed by IR

measurement.

The Td(CRTG) values were plotted against the specific

surface area of SiO2 for PMMA–SiO2 composites with

2 wt% of /SiO2
in Fig. 5. Under this /SiO2

condition, the

homogeneous dispersion of SiO2 particles was conformed

by SAXS measurement. Td(CRTG) increased almost linearly

with the specific surface area of SiO2. The highest specific

surface area, which corresponded to the 13 nm SiO2 par-

ticles, showed a slightly smaller Td(CRTG) value from the

linear relationship. The number of PMMA molecules

absorbed on one SiO2 particle of 13 nm was smaller that

those for larger SiO2 particles. The result shown in Fig. 5

indicated that the absorption of PMMA molecules on SiO2

particle by the hydrogen bond formation between hydroxyl

group of SiO2 particles and carbonyl group in PMMA

improved the thermal stability of PMMA.

Thermal stability of PMMA molecules absorbed on

SiO2 particle surface is higher than normal PMMA due to

the reduced molecular mobility. With decreasing the par-

ticle size the number of PMMA molecules absorbed on

SiO2 particle surface decreased due to the increase in

curvature, especially in the case of particle size closed to

PMMA molecular size. From the assumption of closed

packed model and the average diameter of one random

PMMA molecule (7 nm), the number of PMMA molecules

absorbed on SiO2 particle surface were estimated. At the

fixed /SiO2
; the number of particles increased with the

decrease in particle size. The number of PMMA molecules

per one SiO2 particle was also estimated from the densities

of PMMA and SiO2 particle at 2 wt%. Then the number of
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non-absorbed PMMA molecules per one SiO2 particle (N)

was obtained. Td(CRTG) was plotted against the estimated N

in Fig. 6. Td(CRTG) decreased with the increase in PMMA

molecules free from the SiO2 particle surface. As described

above, 6–12 PMMA molecules existed between the closed

SiO2 particles at the /SiO2
; where the maximum Td(CRTG)

was obtained. The absorption of PMMA on SiO2 particle

surface influenced the thermal stability of 3–6 PMMA

molecules which were free from the surface of SiO2 par-

ticles. The structure analysis of multi-layers of amphiphilic

di-block copolymer prepared on Si wafer by Langmuir–

Blodgett method indicated that the effect of Si surface on

the layer structure appeared until eight layers [10, 11]. For

PMMA–SiO2 composites, the PMMA molecule absorbed

on SiO2 surface influenced the thermal stability of few

PMMA molecules trough molecular entanglements.

Conclusions

Regarding the CRTG results for PMMA and PMMA–SiO2

nano-composite with different size SiO2 with various par-

ticle sizes, the dispersed SiO2 inhibited the thermal

degradation of PMMA. The improvement efficiency on

thermal stability depended on the dispersion state of SiO2

nano-particles and the size of SiO2 particles. The degra-

dation improvement increased with increasing the specific

surface area of SiO2 particles due to the decrease in PMMA

molecules free from the trapping on SiO2 particle surface.
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