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Characteristics of novel transparent poly(methyl
methacrylate)/silica nanoparticle hybrid film prepared
based on entanglement-agglomeration transition
mechanism

Tsuyoshi Tadano1, Rui Zhu2,4, Yoshio Muroga3, Toru Hoshi3, Daisuke Sasaki3, Toshiki Hagiwara3

and Takashi Sawaguchi3

Using polydisperse poly(methyl methacrylate) (PMMA) and SiO2 nanoparticles with an average particle diameter of ~ 15 nm,

transparent PMMA/SiO2 hybrid films could be fabricated based on the agglomeration mechanism of nanoparticles in the

suspension. The calculated distance between the particles in the transparent films was ~30 nm, corresponding to the actual

measured value of 31 nm obtained from the small-angle X-ray scattering intensity. Upon heating the transparent hybrid films to

140 °C, above the glass-transition temperature of PMMA, the transmittance of UV light decreased significantly with the heating

time for hybrid films with Mw=9.6×104 and a critical molecular weight (Mc) of 3 ×104 or greater, at which PMMA chains show

effective entanglement. However, for hybrid films with Mw=0.3×104 and with the Mc or a lower molecular weight, the initial

high transmittance was sustained over the entire wavelength range even after a long period of heating, and no agglomeration of

the SiO2 nanoparticles was observed. Such molecular weight dependence was also observed for monodisperse PMMA/SiO2 hybrid

films, leading to an examination of the difference in the rates of polymer chain entanglement and disentanglement.
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INTRODUCTION

Because nanoparticles, such as metals and metal oxides with dimen-
sions on the nanoscale, have significantly larger specific surface areas
than micrometer-sized particles, the development of new functions is
anticipated. However, the Derjaguin and Landau, Verwey, and Over-
beek theory suggests that irreversible aggregation occurs because of the
attractive forces generated between particles when the distances
between them are on the subnanometer scale.1–5 Although nanopar-
ticles such as those of silica (SiO2), titania and zirconia are generally
synthesized by the sol-gel reaction of their respective precursors,
aggregation resulting from the formation of a hydrogen bond between
particles tends to occur because nanoparticles possess OH (hydroxyl
groups) in such instances. Composites of these nanoparticles evenly
dispersed stable in a polymer matrix without agglomeration, namely,
polymer nanohybrids, have been widely studied in recent years.6–8

Polymer hybrids can be prepared using a simple industrial method of
direct blending of both ingredients in the molten state. However, it is
extremely difficult to disaggregate the secondary agglomeration of
nanoparticles and then disperse them evenly as primary particles in the
polymer owing to the reasons described above.

Many efforts have been made to prevent the agglomeration of
nanoparticles in the preparation of polymer nanohybrids. As a result,
it has been revealed that modifying the surface of nanoparticles by
considering the affinity to the matrix polymer is an effective method.
As a successful example, Sugimoto et al.9 synthesized polymerizable
SiO2 nanoparticles by chemical modification of the SiO2 surface
containing –OH and then prepared transparent polydisperse poly
(methyl methacrylate) (PMMA)/SiO2 nanohybrids by in situ bulk
copolymerization using a radical initiator with methyl methacrylate.
Polymerizable SiO2 nanoparticles, prepared by a urethanization
reaction between silanol groups on the surface of SiO2 particles
measuring 12 nm in diameter dispersed in ethyl acetate and
2-(methacryloyloxy)ethyl isocyanate, were incorporated into the
PMMA main chain by copolymerization with the methyl methacrylate
monomer. PMMA nanohybrids with a maximum SiO2 nanoparticle
content of 50 wt% showed high transmittance without agglomeration.
The preurethanized SiO2 nanoparticles used in this study had their
surface –OH slightly converted to methyl groups in advance and then
dispersed and stabilized in the polar organic solvent ethyl acetate.
Meth et al.10 reported the successful synthesis of an organic solvent
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blend by skillfully using organic solvents. To evenly disperse and
stabilize the SiO2 nanoparticles spread in the organic solvent
dimethylformamide in polystyrene or PMMA, the surface was capped
with phenyl groups via the sol-gel reaction between the phenyltri-
methyl methoxysilane and the silanol groups on the surface of the
SiO2 nanoparticles, which had an average particle diameter of
28.6± 0.3 nm. These phenyl-modified SiO2 nanoparticles could be
dispersed evenly at a relatively high concentration in dimethylforma-
mide containing a trace amount of water. After stirring and blending
the organo-SiO2 nanoparticles and either the two types of high-
molecular-weight PMMA or the two types of high-molecular-weight
polystyrene with a roller mill, the suspension was cast onto a glass
plate or a polyimide (Kapton) sheet; the solvent was then removed
under vacuum conditions at a surface temperature of 110 °C. Few
changes in the glass-transition temperature (Tg) owing to the
dispersion and stabilization of the SiO2 nanoparticle content up to
50 vol% were observed because the thickness of these composite films
was 5–20 μm and the specimens containing SiO2 nanoparticles had a
high molecular weight.
Organic solvent blending is an effective method for preparing

transparent polymer nanohybrids in which the nanoparticles used are
evenly dispersed and stable in a matrix polymer. The surface
modification of the SiO2 nanoparticles is believed to enhance the
affinity with the polymer used and leads to dispersion stability in an
organic solvent. The depletion effect has been discussed for many
years and applied to explain the agglomeration of colloidal particles in
suspensions using polymers that generate no strong interactions such
as hydrogen bonds with the colloidal particles dispersed in an organic
solvent, and are rarely adsorbed onto the particles.11,12 This theory is
based on a simple model in which the polymer chains (random coil)
between colloidal particles or plates undergo elastic deformation and
are expelled from between the colloids when a certain driving force
moves them closer, causing the colloids to come into contact with one
another. Therefore, this theory has been widely applied because the
agglomeration of colloidal particles is predicted to be related to the size
of the dissolved polymers, that is, the diameter (radius of gyration× 2)
of the polymers. In particular, Vrij et al.13,14 evaluated the critical
polymer concentration (C*) at which the agglomeration of SiO2

nanoparticles occurred owing to the depletion effect and the molecular
weight dependence using a cyclohexane suspension of spherical SiO2

nanoparticles and monodisperse polystyrene with different molecular
weights.15,16 The results revealed that the critical concentration
occurred more frequently at low concentrations as the molecular
mass, or the radius of gyration, becomes greater. The authors also
showed that the depletion effect becomes apparent when increasing
the size of the SiO2 nanoparticles and the initial concentration, thus
causing the agglomeration to be more evident. However, there have
been no clear experimental results or discussions on the polymer
solution theory concerning the critical polymer concentration (C*)
that induces the depletion effects and the limitations of the depletion
effect.

We evaluated the agglomeration behavior of SiO2 nanoparticles in a
hybrid suspension of PMMA/SiO2 randomly dispersed in tetrahydro-
furan (THF) to comprehend the effects of polymer properties on the
nanoparticle dispersion-agglomeration transition in polymer/nanopar-
ticle hybrids. This study resulted in the discovery of the unique
molecular weight dependence of C* at which the SiO2 nanoparticles
rapidly agglomerate despite the fact that the specimens used were
polydisperse PMMA.17 We also analyzed the molecular weight
dependence of C* in the unique dispersion-agglomeration transition
with monodisperse PMMA based on polymer solution theory.
Furthermore, we investigated the limitations of the depletion aggrega-
tion theory and developed a new agglomeration theory called
‘Entanglement-Agglomeration Transition Mechanism of Polymer
Chains’.17,18

This research presents a new method for preparing a transparent
PMMA/SiO2 nanoparticle hybrid film based on the entanglement-
agglomeration transition mechanism previously proposed by our
group.17 Moreover, it is revealed that the molecular weight depen-
dence of PMMA relating to the agglomerating behavior of evenly
dispersed SiO2 nanoparticles in the acquired transparent hybrid film
when heated at the Tg of PMMA or higher corresponds to that of SiO2

nanoparticles observed in suspension.17,18

EXPERIMENTAL PROCEDURE

Materials
SiO2 nanoparticles. Fuso Chemical Company’s high-purity colloidal SiO2

(surface: unmodified, average diameter φ: 15 nm, shape: spherical/cocoon-
shaped/aggregated) prepared by the sol-gel method was selected for study, and
a suspension with 12 wt% of SiO2 dispersed in isopropyl alcohol was utilized.
Data concerning the shapes, diameters and surface modification conditions of
these SiO2 nanoparticles, provided by Fuso Chemical Co. Ltd (Osaka, Japan)
have been detailed in our previous report.17 The abbreviation ‘-non’ indicates
that the silanol groups that exist on the surface of the SiO2 nanoparticles are
unmodified, whereas ‘spherical’, ‘cocoon-shaped’ and ‘aggregated’ are described
as ‘PL-2SL-’, ‘PL-1SL-’ and ‘PL-1-’, respectively.

Poly(methyl methacrylate). As mentioned in our previous report,17 the
polydisperse PMMA specimens were prepared by radical polymerization in
principle. Because the critical molecular weight (Mc), at which the entangle-
ment effect of the PMMA chain occurs has been reported to be ~ 3×104 based
on the molecular weight dependence of the zero shear melt viscosity,19 we used
the two following PMMA samples: PMMA with a weight-average molecular
weight (Mw) of 9.6 × 104 (MWmax= 120× 104) containing polymer chains with
a molecular weight greater than Mc and a polydispersity (Mw/Mn) of 1.9 and
PMMA with Mw= 0.3× 104 (MWmax= 1.3 × 104) comprising polymer chains
with a molecular weight less than Mc, and Mw/Mn= 1.3. MWmax indicates the
maximum molecular weight of the polymer chain contained in the specimens
acquired from gel permeation chromatography. Commercially available mono-
disperse PMMA (Scientific Polymer Products, INC., New York, NY, USA)
specimens were used.

Preparation of hybrid suspension and film: blending method
Figure 1 shows the preparation method for the hybrid suspension and hybrid
film (blending method). The weights of PMMA and SiO2 nanoparticles were
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Figure 1 Preparation of hybrid suspension and hybrid film. A full color version of this figure is available at Polymer Journal online.
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measured to obtain a weight ratio of 100/5. THF was added to achieve the

prescribed polymer concentration, and the mixture was then stirred to prepare

the intended hybrid suspension. The concentrations of both the polymer and

SiO2 nanoparticles changed simultaneously through this method. UV-vis

spectra (transmittance) were measured using this hybrid suspension.

Subsequently, the hybrid suspension was added in small amounts to n-hexane

to reprecipitate PMMA. The reprecipitate was filtered and thoroughly dried at

room temperature and under reduced pressure to remove the remaining

organic solvent and to obtain a hybrid powder. The weight ratio of PMMA

and SiO2 nanoparticles in the hybrid film was confirmed to remain constant

from the time that the hybrid suspension was prepared, based on the residual

weight ratio at 800 °C on the thermogravimetry curve. This powder was then

heated to 190 °C for 5–10min with a heat press machine. After visually

confirming that the polymer had been melted, it was pressurized and

depressurized at 40–50MPa ~10 times for deaeration. Finally, the polymer

was heated for 1min at 25MPa and then slowly cooled down to the intended

temperature to prepare the hybrid film. The thickness of the films was

~ 250 μm in all cases.
The physical properties of these (PMMA/SiO2) hybrid films were evaluated

through thermogravimetry, UV-vis spectroscopy, transmission electron micro-

scopy (TEM) and small-angle X-ray scattering measurements.

Measurement
TEM micrographs were provided by Kuraray Co. Ltd (Tokyo, Japan) using a

JEOL JEM-100CX transmission electron microscope at an accelerating voltage

of 100 kV. RuO4 was used to stain the composite specimens, which were cut

into ultra-thin sections at room temperature using an ultramicrotome.
Transmittance of the hybrid suspension and hybrid film was measured with

a light path length of 10mm in quartz cells at room temperature using an

ultraviolet-visible spectrophotometer (UV-vis, model V630 manufactured by

JASCO Corporation).
Small-angle X-ray scattering was performed using beamline BL-10C at the

Photon Factory of the High Energy Accelerator Research Organization in

Tsukuba City, Japan. The wavelength of the X-rays used was 0.1488 nm, and

the scattering intensity was detected using a one-dimensional position-sensitive

proportional counter with 512 channels. The measurements were carried out

using the same method described in our previous paper.20

RESULTS AND DISCUSSION

SiO2 nanoparticle dispersion-agglomeration transition of hybrid
films with polydisperse PMMA: transmittance and TEM images
Figure 2 shows a plot of the changes in transmittance at 400 nm for
the hybrid suspension and hybrid film obtained by blending PMMA
(Mw= 9.6 × 104, Mw/Mn= 1.9) and spherical unmodified organosilica
sol (PL-2SL-non, average particle diameter: 15 nm) at a weight ratio of
100/5 and by adjusting the polymer concentration with THF in
relation to the polymer concentration in the suspension. The hybrid
suspension showed high transmittance up to a polymer concentration
of ~ 5 wt%, indicating that PMMA/SiO2 nanoparticles were evenly
dispersed. However, the transmittance rapidly declined once the
polymer concentration exceeded 5 wt%. This phenomenon corre-
sponded to the dispersion-agglomeration transition behavior observed
in our previous study (the polymer addition method).17 The critical
polymer concentration (C* value) was also 5 wt% (SiO2 concentration:
0.25 wt%) in the case of the blending method in which the initial
concentration of SiO2 changed, as shown in Figure 2.
For all polymer concentrations, the transmittance of the hybrid film

showed lower values than those for the original PMMA film and
hybrid suspension. Hsu et al.21 proved that a smoother surface can
preserve the transmittance; thus, the decrease in transmittance may be
due to surface roughness. A secondary agglomeration of PMMA/SiO2

may have occurred to some extent during the reprecipitation, but the
C* value for the hybrid film was observed to be the same as that for
the hybrid suspension. Figure 3 shows TEM images of the hybrid film,
which were acquired from the suspension prepared with polymer
concentrations of 2 and 8 wt%. As the figure clearly shows, SiO2

nanoparticles in the film obtained with 2 wt% (below C*) were
generally primary particles 15 nm in diameter and were evenly
dispersed. At a content of 8 wt%, on the other hand, the TEM images
clearly indicate that the secondary agglomeration of SiO2 nanoparticles
had progressed and agglomerates in the micrometer size range were
being generated. These findings show that it is feasible to maintain
nearly the same dispersion-agglomeration condition of the hybrid
suspension by selecting appropriate polymer precipitants (nonsol-
vents). Figure 4 shows the polymer concentration dependence of the
suspension used in the measurement of transmittance (400 nm) in the
UV-vis spectra for hybrid films prepared using SiO2 nanoparticles with
varied shapes. As the figure clearly shows, C* appeared at ~ 5 wt% for
all shapes. This observation was made because the C* value (Figure 2)
for the suspension prepared by the blending method adopted in this
study was ~ 5 wt% regardless of shape, similar to the polymer addition
method reported previously.17

These findings show that it is possible to prepare transparent hybrid
films by collecting hybrid powders from the transparent hybrid
suspension prepared with a polymer concentration of C* or below
and submitting the powders to the heat press process. Because the
PMMA chains in the transparent hybrid film existed as isolated chains
(random coils) without forming any entanglements in the suspension
with a polymer concentration of C* or below, PMMA chains in the
film could be considered to consist of aggregated single-molecular
chains with almost no entanglements (single-molecular chain aggre-
gate). Accordingly, SiO2 nanoparticles were assumed to be evenly
dispersed in the PMMA single-molecular chain particle aggregates.

SiO2 nanoparticle dispersion-agglomeration transition of hybrid
films: distance between particles and small-angle X-ray scattering
analysis
SiO2 nanoparticles used for the preparation of the hybrid film detailed
in Figure 2 were spherical in shape with an average particle diameter of

Figure 2 Changes in transmittance of PMMA/PL-2SL-non SiO2 (100/5)
hybrid suspension in THF and hybrid film as a function of polymer
concentration at the time the hybrid suspension was prepared. (Wavelength:
400 nm; Mw=9.6×104, Mw/Mn=1.9).
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15 nm. Because SiO2 nanoparticles in the hybrid film prepared at or
below C* were evenly dispersed as described above, the distance
between the SiO2 nanoparticles can be calculated if the volume
fraction in the matrix polymer PMMA is known. For instance, when
assuming a system in which spherical nanoparticles of radius r with a
specific gravity of 1 are dispersed evenly in a matrix with a volume
fraction V and at a distance d between each particle, then d is given by
[(4π21/2/3V)1/3−2]r and the total surface area A of all the particles in
the system is given by 3V/100r.22 If the values r= 40 000 nm (40 μm),
400 nm and 4 nm are used for spherical particles with V= 0.02,
for instance, the total relative surface areas (r.a.) of the particles are
1, 100 and 10 000, respectively, whereas the distances between the
particles are d= 160 000 nm (160 μm), 1,600 nm (1.6 μm) and 16 nm,
respectively.

When the commonly known respective specific gravities of 1.2 and
2.2 for PMMA and SiO2 nanoparticles are applied, PMMA/SiO2

nanoparticles with a weight ratio of 100/5 yield a volume ratio of
83.33:2.27. Accordingly, the volume fraction of the SiO2 nanoparticles
in the matrix polymer PMMA can be estimated to be 0.027
(2.7 vol%). In this case, therefore, the distance between SiO2

nanoparticles is estimated to be ~30 nm. Figure 5 shows the plot
for the Lorentz-corrected small-angle X-ray scattering intensity I(q)q2

of the hybrid film shown in Figure 2 with respect to the scattering
vector q. PMMA is amorphous and the scattering intensity decreases
monotonically with respect to q, but a clear peak (qmax= 0.2 nm− 1)
appears on the smaller angle side with a q-value of 1 nm− 1 or less for
hybrid films. Although the peak does not change until the PMMA
concentration reaches C* (5 wt%), it gradually shifts toward the wider

Figure 3 TEM images of PMMA/PL-2SL-non SiO2 (100/5) hybrid films with polymer concentrations of 2 and 8wt%. ((a): 2 wt%; (b): 8 wt%).
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angle side once it exceeds C*, and the concentration increases as well.
The relationship between q and the lattice interplanar spacing d
(Bragg’s law) is expressed by equation (1).

d ¼ 2pðnÞ
q

n ¼ 1; 2; 3::: ð1Þ

When d is calculated using the value of qmax by setting n= 1, d
becomes 31 nm for qmax= 0.2 nm− 1 at C* and below, where the SiO2

nanoparticles are dispersed and stabilized in the matrix polymer. This
result corresponds to a distance of 30 nm between the SiO2 nano-
particles obtained from the spherical model mentioned above. More-
over, the distance becomes 19 nm when exceeding C* and reaching
8.0 wt% (qmax= 0.38 nm− 1). The spacing is believed to have become
narrower on average owing to the agglomeration of SiO2 nanoparti-
cles. When the concentration of PMMA exceeded 5 wt% in the
suspension, the domain in which SiO2 nanoparticles were agglomer-
ated increased. This result is believed to have caused the value of qmax

to gradually shift toward the wider angle side.

SiO2 nanoparticle agglomeration in polydisperse PMMA/SiO2

nanoparticle transparent hybrid films
Isopropyl alcohol-dispersed SiO2 nanoparticles are dispersed and
stabilized in the hybrid suspension as they are solvated by isopropyl
alcohol. As the degree of solvation changes owing to THF dilution, no
agglomeration occurs. As mentioned in our previous report,17 how-
ever, when PMMA is added, solvent molecules are consumed in
dissolving PMMA, and the solvation of SiO2 nanoparticles collapses
with increasing PMMA concentration. Then, a rapid agglomeration
occurs owing to the formation of entanglements of PMMA chains at
the critical polymer concentration C*. To clarify the dispersion-
agglomeration transition behavior caused by the formation of entan-
glements with the two components (SiO2 nanoparticles—PMMA)
without using a solvent, a continuous heating experiment of the
transparent hybrid films was conducted. As previously described,
because Mc is ~ 3× 104 19 when effective entanglement effects appear
for PMMA, a hybrid suspension was prepared with a polymer
concentration of C* or below the concentration at which no

entanglements are formed with a PMMA/SiO2 weight ratio of
100/5 (volume fraction ratio: 97.3:/2.7) by using PMMA and SiO2

nanoparticles (PL-1-non, average particle diameter: 15 nm) with
Mw= 9.6× 104, which is greater than or equal to Mc, or
Mw= 0.3× 104, which is less than or equal to Mc. A transparent
hybrid film with almost no development of entanglements was
prepared by applying the heat press process to the hybrid powder
acquired from the reprecipitation of the suspension. The agglomera-
tion behavior of the SiO2 nanoparticles caused by the formation of
entanglements in the molten polymer was evaluated based on the time
dependence of UV-vis spectra (transmittance) by consecutive heating
at 140 °C, which is at or above the Tg (generally 120 °C) of PMMA.
Figure 6 shows the effects of heating time on the UV-vis spectra

(transmittance) of the hybrid film. Figure 6a illustrates a PMMA
specimen with a molecular weight (Mw= 9.6 × 104) aboveMc, whereas
Figure 6b shows a PMMA specimen with a molecular weight
(Mw= 0.3 × 104) below Mc. As Figure 6a clearly shows, the transmit-
tance of hybrid films prior to heating at 400 nm was 85% for the
PMMA specimen with a molecular weight greater than or equal toMc.
However, the overall transmittance started to decrease after 45min of
heating at 140 °C and it (400 nm) decreased to 50% and 40% after 24
and 48 h, respectively, causing the entire film to become cloudy, such
that the characters ‘9.6× 104’ under the film were not visible. Because
the transparent hybrid film was prepared with the hybrid powder
obtained at a concentration of C* or below, which existed in a random
coil (isolated) conformation with no polymer chain entanglements at
the time the suspension was prepared, the PMMA chains in the
transparent hybrid films are believed to have been in a state in which
single-molecular chains, where PMMA chains had hardly started to
form, were aggregated. When this film was heated to a temperature of
Tg or above, the molecular chains began to intrude upon each other
because the thermal motion of the PMMA chain and entanglements
started to progress with an increase in the heating time. The formation
of the entanglements acted as a strong driving force to expel SiO2

nanoparticles from the PMMA chain domain where the SiO2

nanoparticles were evenly dispersed in the matrix PMMA at a volume
fraction ratio of ~ 0.027. As a result, it can be assumed that the local

Figure 4 Transmittance in UV-vis spectra of PMMA/PL-2SL-non SiO2
(100/5), PMMA/PL-1SL-non SiO2 (100/5) and PMMA/PL-1-non SiO2
(100/5) hybrid films as a function of polymer concentration at the time the
hybrid suspension was prepared. (Wavelength: 400 nm; Mw=9.6×104,
Mw/Mn=1.9).

Figure 5 Plots of I(q)q2 versus q for PMMA/PL-2SL-non SiO2 hybrid films
with different polymer concentrations and PMMA.
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concentration of the SiO2 nanoparticles increased and they rapidly
came into close contact and collided with one another, inducing
secondary agglomeration and causing the hybrid film to become
cloudy. For transparent hybrid films that use PMMA (Mw= 0.3× 104)
with a molecular weight below Mc (as shown in Figure 6b), the figure
clearly shows that the transmittance of the hybrid film did not decline
over the entire wavelength range after 56 h and remained at nearly the
same level as that measured prior to the heating process. Similar to
PMMA with a large molecular weight of Mc or above, polymer chains
in the hybrid films comprising PMMA chains with a molecular weight
of Mc or below, prepared at polymer concentrations of C* or below,
are also believed to be in a state in which no effective entanglements
are formed even though they come into contact with one another as
an aggregation of single-molecular chain particles. When the trans-
parent hybrid film is heated to 140 °C, the low-molecular-weight
PMMA chains (97.3 vol%) with lower Tg and the SiO2 nanoparticles
(2.7 wt%) display Brownian motion mutually and randomly.
However, agglomeration does not occur as SiO2 nanoparticles do
not come into contact with one another because PMMA chains with a
low molecular weight of Mc or below do not form any effective
entanglements and have an overwhelmingly greater number of
molecules compared with that contained in the PMMA chains with
a large molecular weight.
Thus, it became evident that no agglomeration of SiO2 nanopar-

ticles occurred in the transparent hybrid films prepared using the
PMMA specimens, comprising polymer chains with a low molecular
weight of Mc or below even when heated to Tg or above while
maintaining the dispersed condition. SiO2 nanoparticles are believed
to exist in an evenly dispersed condition in the single-molecular chain
aggregates in which isolated (random coil) chains with a low
molecular weight in the transparent hybrid film agglomerate.

SiO2 nanoparticle agglomeration in monodisperse PMMA/SiO2

nanoparticle transparent hybrid films
A similar experiment was conducted using monodisperse PMMA with
a narrow molecular weight distribution to examine the details of the
molecular weight dependence for the dispersion-agglomeration
transition behavior of SiO2 nanoparticles owing to the heating of
transparent hybrid films, comprising polydisperse PMMA (with a high
molecular weight of Mc or above and a low molecular weight of Mc

or below) and SiO2 nanoparticles mentioned in the previous section.
The SiO2 nanoparticles were cocoon-shaped, with an average particle
diameter of 15 nm, and PL-1SL-non with an unmodified surface and a
12 wt% dispersion in isopropyl alcohol was used. The weight ratio of

the monodisperse PMMA specimen and SiO2 nanoparticles was set
to 100/5.
Figures 7a–c show the effects of heating time on the film

transmittance when heating transparent hybrid films prepared using
monodisperse PMMA specimens with different molecular weights
to 140 °C, above the Tg of PMMA. For PMMA specimens
(Mw= 2.1× 104, Mw/Mn= 1.1) with a molecular weight below Mc,

the film sustained high transmittance over the entire wavelength range
without any decline, even after heating to 140 °C for 48 h, as shown in
Figure 7a, despite some fluctuations. This tendency corresponded to
the time dependence (Figure 6b) for the case in which polydisperse
PMMA was used.
On the other hand, for hybrid films featuring a PMMA specimen,

comprising polymer chains with a molecular weight of Mc or above
shown in Figure 7b (Mw= 29.8× 104, Mw/Mn= 1.1) and Figure 7c
(Mw= 6.8× 104, Mw/Mn= 1.1), the transmittance decreased over the
entire range when heated to 140 °C for many hours. In particular,
cloudiness was observed in the former film after heating to 140 °C for
120 h (Figure 7b), similar to the hybrid films formed using poly-
disperse PMMA (Mw= 9.6 × 104) shown in Figure 6a. Figure 8 shows
a TEM image of the hybrid film after heating to 140 °C for 120 h.
As the figure clearly shows, the secondary agglomeration of SiO2

nanoparticles progressed by heating. Figure 9 shows the heating time
dependence of transmittance for 400 nm shown in Figures 7a–c. As
the figure shows, the transmittance hardly changed even after heating
to 140 °C for many hours, and the agglomeration of SiO2 nanopar-
ticles did not occur for the monodisperse PMMA transparent hybrid
film with a molecular weight ofMc or below (Figure 7a). On the other
hand, when monodisperse PMMA specimens with a molecular weight
of Mc or above were used, the rate at which the transmittance
decreased accelerated with an increase in the molecular weight, and
the time required for the decline in the reduction rate to stabilize
became longer. These results are believed to indicate the molecular
weight dependence of the process in which entanglements are formed
owing to mutual intrusions caused by heating the PMMA chains,
which hardly have any entanglements, to temperatures above Tg. The
molecular weight between entanglement points is 1.5 × 104 based on
the definition Mc/2

19, where Mc= 3× 104. The number of entangle-
ment points in each specimen decreases with a decline in molecular
weight by factors of 20 (Mw= 29.8× 104) and 4.5 (Mw= 6.8× 104). An
entanglement equilibrium state (thermal equilibrium state) should be
attained at an infinite heating time as the process of forming and
disentangling entanglements is repeated. When the number of
entanglement points (molecular weight) increases, the rate of self-
diffusion significantly decreases.23 On the other hand, because the
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equilibrium of entanglement formation and disentanglement is skewed
toward the formation side, the increase in the rate at which the
transmittance decreases and the extension of time required to achieve
entanglement equilibrium are assumed to depend on the number of
entanglement points. The study of the formation and disentanglement
of polymer chain entanglements in the molten state is a topic of future
research.

0

20

40

60

80

100

300 400 500 600 700 800 900 1000 1100

0 min

15 min

45 min

105 min

190 min

1440 min

2880 min

4320 min

5760 min

7200 min

T
ra

ns
m

it
ta

nc
e 

(%
)

Wave length (nm)

0

20

40

60

80

100

300 400 500 600 700 800 900 1000 1100

0 h
0.25 h
0.75 h
1.75 h
3 h
24 h
48 h

T
ra

ns
m

it
ta

nc
e 

(%
)

Wave length (nm)

0

20

40

60

80

100

300 400 500 600 700 800 900 1000 1100

0 h

0.25 h

0.75 h

1.75 h

3 h

24 h

48 h

T
ra

ns
m

it
ta

nc
e 

(%
)

Wave length (nm)

Figure 7 Effect of heating time on the UV-vis spectra (transmittance) of the
monodisperse PMMA/PL-1SL-non SiO2 hybrid films. ((a): Mw=2.1×104;
(b): Mw=29.8×104; (c): Mw=6.8×104).

Figure 8 TEM image of the monodisperse PMMA/PL-1SL-non SiO2 hybrid
film (Mw=29.8×104) after heating to 140 °C for 120 h in Figure 7b.
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Transparent hybrid films containing a PMMA specimen with a
molecular weight ofMc or higher have SiO2 nanoparticles dispersed in
single-molecular PMMA chain aggregates. However, SiO2 nanoparti-
cles rapidly aggregate once PMMA chain entanglements are formed
upon heating the PMMA specimen to Tg or above. It is suggested that
the rate at which the transmittance decreases due to such entangle-
ment agglomerations and the time required to stabilize the rate of
decrease depend on the number of entanglement points, which
increases with the molecular weight. On the other hand, it became
clear that SiO2 nanoparticles do not agglomerate and continue to
remain in a dispersed state even when heated to a temperature of Tg or
above for a PMMA specimen with a molecular weight of Mc or below
because no effective entanglements of PMMA chains occur.

New dispersion-agglomeration transition mechanism
Figure 10 shows a schematic diagram of the dispersion-agglomeration
transition phenomenon in the hybrid suspension17,18 and hybrid film.
First, when the PMMA molecular weight in the hybrid suspension is
such that McoMw, the molecular random coil chains come into
contact and interpenetrate as the PMMA concentration increases and
eventually form entanglements. Such formation of molecular chain
entanglements is believed to act as a driving force for the agglomeration

of SiO2 particles and induce the rapid clouding of the suspension. On
the other hand, in cases in which the PMMA molecular weight in the
hybrid suspension is such that MwoMc, the molecular chains come
into contact with one another as the PMMA concentration increases.
However, because no effective entanglements are formed, there is no
driving force for the agglomeration of the SiO2 nanoparticles. As a
result, the hybrid suspension remained transparent.
The PMMA molecular chains in the transparent hybrid films

obtained from heat pressing the hybrid powders generated by
reprecipitation in the suspension prepared at a concentration of C*
or below come into contact with one another as aggregates of single-
molecular chain particles without any entanglements, as indicated in
the schematic diagram. When the PMMA molecular weight is such
that McoMw, heating PMMA to temperatures above Tg leads to
gradual mutual intrusions, particularly among molecular chains, the
formation of entanglements and an increase in the domain of the
entangled PMMA chains. This process acts as a strong driving force
for eliminating SiO2 nanoparticles and causing the agglomeration of
SiO2 particles. In turn, the hybrid films become cloudy with an
increase in the heating time. On the other hand, as PMMA chains
come into contact and interpenetrate in hybrid films with MwoMc

when no clouding occurs, disentanglement of entanglements also
occurs simultaneously and no effective entanglement effects appear. As
a result, no agglomeration of SiO2 nanoparticles emerges, which is
assumed to be the reason why the hybrid films remained transparent.

CONCLUSION

We developed a method for preparing hybrid films that maintain the
dispersion-agglomeration condition intact in the suspension by
reprecipitating a PMMA/SiO2 nanoparticle hybrid suspension to
collect a hybrid powder, comprising SiO2 nanoparticles in the
disperse-agglomeration condition and using a heat press to process
the powder. Furthermore, we discovered that SiO2 nanoparticles in the
hybrid films were agglomerated and the entire film became cloudy
when the transparent hybrid films with SiO2 nanoparticles (2.7 vol%)
evenly dispersed in the PMMA matrix with a molecular weight equal
to Mc (Mw= 3× 104) or above were heated at 140 °C for many hours.
The clouding of the transparent hybrid films is believed to occur when
the molecular PMMA chains gradually interpenetrated and formed
entanglements owing to the thermal motion caused by heating to
temperatures above Tg. It appears that rapid agglomeration occurred
when the density of the entanglements of the molecular chains
increased, which acted as a driving force for the formation of
entanglements in the PMMA chain domain, eventually expelling

Figure 9 Heating time dependence of transmittance at 400 nm for the
monodisperse PMMA/PL-1SL-non SiO2 hybrid films.
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Mc < M M < Mc

< C* <

PMMA SiO2
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Figure 10 Schematic diagram of the dispersion-agglomeration transition phenomenon in the hybrid suspension and hybrid film.

Characteristics of novel transparent PMMA/SiO2 hybrid films
T Tadano et al

318

Polymer Journal



SiO2 nanoparticles from the domain. Moreover, this agglomeration of
SiO2 nanoparticles depended on the molecular weight of PMMA. The
transmittance decline (agglomeration) rate increased as the molecular
weight increased while the time required for stabilizing the transmit-
tance decline also increased. This effect was likely due to the decline in
the self-diffusion rate that occurred as the number of entanglement
points increased with increasing molecular weight. On the other hand,
we confirmed that no cloudiness (agglomeration of SiO2 nanoparti-
cles) appeared in the transparent hybrid films prepared using a PMMA
specimen with a molecular weight equal to Mc or below even when
heated to 140 °C. This effect can be attributed to the fact that no
effective entanglement effects of PMMA chains emerged.
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