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Nanocomposites made from inorganic nanoparticles and polymers have many applications in optics,
electronics and biomaterials. However, the glass transition temperature (Tg) of a nanocomposite is
very difficult to measure accurately by conventional thermal analysis such as DSC or TMA when
the concentration of the nanoparticle reaches a threshold of the percolation network. At this threshold
stage, the phase transition in the nano domains of the matrix is too small to be detected by macro-
scale thermal analysis. We have developed a methodology basis on thermal atomic force microscope
(AFM) to monitor the nanophase transition of the nanocomposite in situ upon heating. This method
has demonstrated the capability in determining the Tg of a nanocomposite made by spherical SiO2

nanoparticles dispersed in polyacrylate. The threshold of the percolation network of this nanocompos-
ite is at 40 wt% of SiO2 nanoparticles according to the results of refractive index, AFM, nanoindenta-
tion, DSC, TMA and TGA.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

While polymers are light weighted, conformable, flexible, and
easy to process, they remain relatively poor in thermal, mechani-
cal, optical and electronic performance. On the other hand, inor-
ganic materials usually exhibit good physical properties but are
heavy, rigid and difficult to process. By nanosizing an inorganic
material and dispersing it into a polymer to make nanocomposite
[1–3], it is possible to utilize the merits of both materials. Thus,
nanocomposites can be used in wide applications such as thin film
[4], optics [5], waveguide [6], light emitting diode [7], solar cell
[8,9], biomimic material [10–12] and so on.

The spatial distribution and the interface characteristics of indi-
vidual constituents within the composite affect its physical nature
including optical [4,5], electronic [7,8], thermal [13–17] and
mechanical properties [18–24]. There are various studies targeted
at establishing the connection among macroscopic behaviors, mi-
cro-structures and nano-structures from both theoretical and
experimental approaches [25,26]. The encapsulated nanoparticles
within polymers would eventually form a percolated network
within the composite. The rigid backbone formed by the nanopar-
ticles in polymer phase reinforces the nanocomposite and causes
an increase in both mechanical strength [2,12,26] and thermal
ll rights reserved.
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properties [4,5,10,11,28]. Buxton and Balazs [26] simulation results
show that the nanoparticles are confined within a close proximity
of each other and that long range order has been suppressed due to
the winding polymer domains. With higher nanoparticle volume
fractions, there is an increased effect of distribution on the relative
strain within the nanocomposites. The elastic modulus is predicted
to be increased nonlinearly as the nanoparticle composition in-
creases. We have carried out a systematic study for a SiO2–polyac-
rylate nanocomposite system with the concentration of SiO2

ranging from 10 wt% to 60 wt%. The nonlinear relationship be-
tween properties and composition of the nanocomposite was ob-
served for optical property, mechanical strength and thermal
behaviors.

AFM is a tool commonly used to image the surface topography
and surface morphology of materials. However, most of the exper-
iments probing the surface morphology with AFM instrument are
conducted at room temperature. McMaster et al. [29] observed
the growth of lamellae structure with AFM at room temperatures
but most polymers have phase transitions above room tempera-
ture. Others have [30,31] tried to use AFM to observe composites
at room temperature after heating them for variable times in ad-
vance. Hobbs [32] has carried out in situ AFM of polymer crystalli-
zation which differs from nanocomposite systems. Therefore, we
have used the AFM equipped with thermal accessory (thermal
AFM) in situ to probe nanophase transition in the nanocomposites
which can not be observed using conventional thermal analysis
equipment such as DSC and TMA.
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Table 1
Compositions of SiO2–polyacrylate nanocomposites in wt%.a

Samples SiO2 MPS TEGDA EOBDA

FS-0 0 0 70.00 30.00
FS-10 9.43 2.36 61.75 26.46
FS-20 18.87 4.72 53.49 22.92
FS-40 37.74 9.43 36.98 15.85
FS-50 47.17 11.79 28.73 12.31
FS-60 56.60 14.15 20.47 8.77

a 4wt% of photo-initiator is used on the basis of the organic part of samples.
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2. Experimental

2.1. Materials

MA-ST-M (20–25 nm, 40 wt% silica content, Nissan Chemistry),
3-(trimethoxysilyl) propyl methacrylate (MPS, 98%, ACROS), tetra-
ethylene glycol diacrylate (TEGDA, TCI), ethoxylated bisphenol A
diacrylate (EOBDA, SARTOMER), 2,2-dimethoxy-2-phenyl aceto-
phenone (Irgacure 651, CIBA) and methanol (99.98%, TEDIA) were
purchased and used without further purification.

2.2. Preparation of 20–25 nm surface modified SiO2 nanoparticles
solution

Surface modified silica nanoparticles solution was prepared by
mixing 20 mL MA-ST-M colloidal solution with 20 mL methanol
for 10 min first, then adding 2 mL MPS as coupling agent and re-
acted at 50 �C for 24 h.

2.3. Preparation of nanocomposite solutions

The compositions of the nanocomposite solution, labeled as a FS
series, are listed in Table 1. The nanocomposite solution was pre-
pared according to our established method [12]. The general proce-
dure is by mixing the surface modified SiO2 nanocomposite
solution with a mixture of TEGDA and EOBDA and photo-initiator
(Irgacure 651) in an Al-foil covered flask to shield it from light.
The mixing is under constant stirring for 1 h at room temperature.
Then, the solvent in the mixture was removed under vacuum
(�10�3 torr) for about 1 h to make a solventless nanocomposite
solution.

2.4. Preparation of nanocomposite samples

The about 1 lm nanocomposite film sample was prepared by
spin-coating the above solution on silicon wafer at 6000 rpm for
60 s, then the wet film was cured by a UV light (365 nm,
1.86 mW/cm2) for 2 min in a N2 chamber, then post-cured at
Scheme 1. Define the threshold level for co
100 �C for 12 h. The about 100 lm nanocomposite film sample
was prepared by casting the solution in a PET mold, then cured
by a UV light (365 nm, 1.86 mW/cm2) for 2 min in a N2 chamber.
All the films thickness was measured by a surface profiler (Tencor
instrument Alpha-step 500). The disk sample of 5 mm (diame-
ter) � 2 mm (thick) was prepared by casting the solution in a Tef-
lon mold, then cured by a UV light (365 nm, 1.86 mW/cm2) for
5 min on both sides and post-cured at 100 �C for 12 h.

2.5. Characterization

The refractive index of the 100 lm nanocomposite film was
measured using a prism coupler (Metricon 2010) and a laser beam
at 633 nm from a He–Ne laser was used in this measurement.

The Vickers hardness test was performed on the disk samples
with a UMIS II (Ultra-micro indentation system) pyramid-shaped
indenter (CSIRO). The measurements were performed under the
maximum force load of 5 mN.

The macroscale glass transition temperatures of the nanocom-
posite were measured in a nitrogen atmosphere at a heating rate
of 5 �C/min from 0 to 150 �C using a TA instruments DSC-2910.
The glass transition temperature and coefficient of thermal expan-
sion of the nanocomposite were measured in a nitrogen atmo-
sphere at a heating rate of 5 �C/min from 20 to 150 �C using a TA
instruments TMA-2940. The thermal decomposition temperatures
of the nanocomposite were measured in an air atmosphere at a
heating rate of 10 �C/min from 50 to 800 �C using a TA instruments
TGA-2950.

The nanoscale morphology and the glass transition temperature
of spin-coated nanocomposite films were measured with the Mul-
ti-Mode Atomic Force Microscope, 5597 EV (Digital Instruments)
equipped with heating accessory. Our measurements are done in
tapping mode with silicon cantilevers coated with Al on its reflec-
tive side. Its resonant frequency and force constant are 325 kHz
and 40 N/m, respectively. The detailed data analysis of AFM results
is described in the following sections.

2.6. Image processing method for changing three-dimensional
landscape AFM image into a black–white binary image

We have used image processing software [33] to change the
AFM images into a binary image. The procedure is described as fol-
lows. The h-range (height) of the AFM measurement is set at
100 nm (Dh) as sketched in the graph (Scheme 1). In our system,
morphology variation is greater than 15 nm due to the size of the
nanoparticle (about 20 nm), so we use 15 nm to be our base
threshold value to do the further image processing. The actual vol-
ume expansion is three-dimensional. The threshold value dh
should be accountable for the z-variation. However, our methodol-
ogy simplifies the volume growth and dh is a fixed value in our
nverting AFM image into binary image.
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Fig. 3. The measured Young’s modulus linear fit as a function of SiO2 weight
concentration.
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analysis which would be canceled out when the area ratio is calcu-
lated. Then we can obtain the two-dimensional morphological
images of AFM usually shown are the h(x,y) functions. We define
the threshold level at the mid-point of the fixed height range. Data
points with value higher than the threshold level are set to be black
and the points with value lower than the threshold level are set to
be white. Thus, the three-dimensional landscape is converted into
a black–white image. The mass flow through the threshold level is
the volume change of protruded islands. Hence, the volume change
can be expressed as:

dðvolumeÞ ¼ dðareaÞ � dh ð1Þ

The dh is considered as a small but fixed value.

2.7. The determination of glass transition temperature from thermal
AFM images

Furthermore, we can simplify Eqs. (1) and (2) as dh is a fixed va-
lue in our analysis. The volume change is in direct proportion as
the area change can be expressed as:

dðvolumeÞ / dðareaÞ ð2Þ

Relative to the thermal expansion, the polyacrylate is much eas-
ier than silica for the nanocomposites. We can assume the polyac-
rylate area will increase with rising temperature as the thermal
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Fig. 1. Refractive index linear fit as a function of SiO2 weight concentration at
633 nm.
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Fig. 2. The measured hardness linear fit as a function of SiO2 weight concentration.
AFM images are converted to black and white images. In other
words, we can calculate the specific area fraction at the specific
temperature by AFM measurement. By plotting the area fraction
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Fig. 5. Decomposition temperature linear fit as a function of SiO2 weight
concentration.
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Fig. 4. Coefficient of thermal expansion linear fit as a function of SiO2 weight
concentration.



Fig. 6. AFM tapping mode images of samples: (a) FS-0, (b) FS-10, (c) FS-20, (d) FS-40, (e) FS-50, (f) FS-60 and (g) the phase image of FS-20 (scan size 1 lm � 1 lm, surface
roughness scale in nm).
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vs. temperature with linear fitting method, we can observe a dra-
matic change in slope easily. The change of the slope indicates
the phase transition of the nanocomposites. By extrapolating two
linear fitting lines to obtain an intersection, this intersection de-
fines the Tg of the nanocomposites. Fig. 9 shows the results of FS-
60 sample. We have used the same procedure to determine the
Tg of FS-0, FS-20 and FS-40, respectively.

3. Results and discussion

We have synthesized SiO2–polyacrylate nanocomposite for
optical waveguide application. This material is designed to possess
the properties of high optical transparency, tunable refractive in-
dex, high thermal stability and high elastic modulus. The polyacry-
late is obtained by photo-polymerization of a mixture of
tetraethylene glycol diacrylate (TEGDA) and ethoxylated bisphenol
A diacrylate (EOBDA) monomers (70:30 by weight). The TEGDA is
an aliphatic acrylate monomer that provides good optical proper-
ties and low viscosity for ease of processing [34]. The EOBDA con-
tains aromatic moiety that provides good thermal stability [34].
The addition of SiO2 nanoparticles into the nanocomposite is to ad-
just the refractive index of the material and to improve the thermal
and mechanical properties of the material. The surface of SiO2

nanoparticle was modified by 3-(trimethoxysilyl) propyl methac-
rylate (MPS) to be compatible with the acrylate matrix and to form
3D crosslinked interpenetrating network after polymerization. This
is a solventless photo-polymerization system which is environ-
mentally friendly and uses less energy as compared with solvent
based thermal polymerization systems. Table 1 summarizes the
compositions of samples that used in this study.
Fig. 7. The processed AFM images of FS series samples. Black area indicates the nan
percolation occurs after the nanoparticle content achieves a critical value for this netwo
Fig. 1 shows the trend of the refractive indexes of the material
decreasing with increasing SiO2 concentrations with a bend at
40 wt% SiO2. A similar nonlinear relationship is also observed for
the mechanical properties and the thermal properties of the nano-
composite. Figs. 2 and 3 show the hardness and modulus of the
material improves with an increase in SiO2 concentrations. The ex-
tent of the improvement has a certain jump at the 40 wt% SiO2 and
continues to increase for higher concentrations. Similar results are
observed in the studies of thermal expansion coefficient (Fig. 4)
and thermal decomposition temperature (Fig. 5) of the material.
We believe a close-packed arrangement of SiO2 network is being
built at the critical concentration of 40 wt%. This can be viewed
as the percolation threshold of the system [2,26,27]. Upon reaching
this threshold, the molecular movement for the polymer has been
restricted by the nanoparticle network. Hence, an abnormally large
increasing in physical properties is present.

We have used AFM to study the morphology of the nanocom-
posite with different compositions. Figs. 6a and b show the SiO2

nanoparticles distributed randomly when the concentration of
SiO2 is less than 10 wt% in the nanocomposite. When the SiO2 con-
centration increases to 20 wt%, the sample shows some aggrega-
tion (Fig. 6c). As the SiO2 concentration reaches 40 wt%, the
morphology appears to be arranged regularly (Fig. 6d), i.e. the
nanocomposite has achieved percolation threshold at this time.
50 wt% (Fig. 6e) and 60 wt% (Fig. 6f) samples appear as almost
close-packed surfaces. From Fig. 6g, phase image confirms SiO2

nanoparticles are embedded in the polyacrylate matrix to form a
nanocomposite film.

We have used image processing software [33] to change the
AFM images into binary images as shown in Figs. 7a–d. The white
oparticles filling area and white area is assumed as the vacancy region. Possible
rk (scan size 1 lm � 1 lm).



Fig. 8. Surface morphology of FS-60 at various temperatures (scan size 1 lm � 1 lm).
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Fig. 9. Thermal evolution of the area fraction of FS-60. The solid lines are obtained
by linear fit method.

Table 2
Tg comparison of FS series (DSC, TMA and AFM).

Samples DSC, Tg (�C) TMA, Tg (�C) AFM, Tg (�C)

FS-0 42 43 44
FS-20 51 53 51
FS-40 >150 >150 74
FS-60 >150 >150 118
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area is the polyacrylate matrix and the black area is the aggregate
of SiO2 nanoparticles. The black area clearly indicates the forma-
tion of percolation network of SiO2 nanoparticles. The polyacrylate
matrix is dispersed inside the network as nano domains. Further-
more, we have conducted more detailed studies of the threshold
percolation network formation of SiO2–polyacrylate system using
small angle X-ray and TEM; these results will be published
separately.

DSC and TMA cannot detect any glass transition of this nano-
composite when it contains more than 40 wt% SiO2. The nano do-
mains of the polyacrylate are too small to be detected by
conventional macro scale measurement. We used thermal AFM
to sense the phase changes of nano domains at elevated tempera-
ture as shown in Figs. 8a–d. Although the morphologies of the
nanocomposite at different temperatures resemble each other,
we can define a quantitative way to characterize them. Again, this
was done using the image processing software to convert the ther-
mal AFM images to black and white binary images and then calcu-
late the percentage of polyacrylate area from the white area of the
images. We assumed the polyacrylate area would increase with
rising temperature due to the thermal expansion of polyacrylate.
By plotting the percentage of polyacrylate vs. temperature, we
have determined the Tg at the intersection of two linear extrapola-
tions from the data as shown in Fig. 9.

All the glass transition Tg data measured by DSC, TMA and ther-
mal AFM are summarized as in Table 2. We have found an interest-
ing phenomenon in the nanocomposites FS-0 and FS-20 and Tg is
about 42 �C and 51 �C, respectively, measured by thermal AFM,
which is consistent to the results measured by DSC and TMA
instruments. However, as the inorganic content achieves over
40 wt%, there is no distinct glass transition temperature (>150 �C)
found by DSC and TMA while the Tg of such composition was
clearly determined as 74 �C and 118 �C for FS-40 and FS-60, respec-
tively, by thermal AFM. This result suggests that the nano domains
of polymer in the nanocomposites still undergo phase transition
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upon heating. The event is masked by the inorganic SiO2 percola-
tion network at macroscopic scale, but the nanosized probe of
thermal AFM is sensitive enough to detect the nano domain phase
transition in situ.
4. Conclusion

The optical, thermal and mechanical properties of silica–polyac-
rylate nanocomposites display a distinct transition when the silica
content approaches 40 wt%. We have demonstrated experimen-
tally by AFM measurements that there are corresponding struc-
tural transitions. This transition is due to the formation of the
percolation network of silica nanoparticles within the polyacrylate
matrix. Thermal AFM has been proven to be a useful tool in detect-
ing nanophase transition in nanocomposites in situ.
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