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ABSTRACT: We have investigated the influence of hard spherical hydrophilic nanoparticles (fumed silica) on
the phase behavior of PS/PVME (polystyrene/polyvinyl methyl ether) blend as a compatibilizer. The size of
nanoparticles is comparable to the radius of gyration of the polymers and the particles preferentially segregate
into one of the polymeric components. Phase separation was assessed using rheological analysis (RMS), differential
scanning calorimetry (DSC), and optical microscopy (OM). In order to investigate the kinetics of phase separation
in the presence of nanoparticles, time sweep experiments were employed via rheological analysis and OM. A
certain composition of PS/PVME was highly concerned to shed light on the dynamic of phase separation, in the
presence of nanoparticles, in the unstable region of phase diagram. The phase diagram shifted up nearly 10 °C
in the presence of nanoparticles. Blends compatibilized by spherical nanoparticles could provide an interesting
and economic alternative to the conventional methods of compatibilization by block copolymers.

Introduction

Phase separation of polymer blends is an open-ended scientific
challenge that involves complex combinations of kinetics and
thermodynamics. Inducing proper morphologies for multiphase
polymer alloys via controlling components compatibility has
always seemed to be an important factor in polymer industry.
There are four conventional methods for compatibilization of
two polymers, namely, (1) cross-link formation between two
polymers, (2) forming interpenetrating networks (IPN), (3)
changing the chemical structure of the components, and (4) using
a third component (mostly copolymers) as compatibilizer.

One area, which has come under intense study, is the role of
nanoparticles as potential compatibilizers in blends of im-
miscible polymers, which can provide an interesting alternative
instead of compatibilization by copolymers.

Although there have been several studies on nanocomposite
physical and mechanical properties,' little data is available on
the effect of nanoparticles on the phase diagram and dynamics
of polymer blends.

As nanoparticles are added to a polymeric matrix, phase
behavior may become more complex. In polymer blends, it has
been shown that introducing active filler makes the phase
behavior more complex by means of changing the shape of the
phase diagram,? changing the interaction parameter between two
components,** and increasing or decreasing the phase separation
temperature.”>~

The effect of nanoparticles on the compatibility of polymer
blends and phase separation kinetics has been the subject of
several computer simulations by Laradji and McNevin® and by
Zhu and Ma.” Their studies showed that the phase separation
slows down in the presence of the nanoparticles. Also, Balazs
and co-workers®'? have studied the phase separation of a binary
polymer blend containing hard particles using both kinetics
theory and computer simulations. According to their studies,
in case of large preferential affinity to one of polymer
components, the particles will concentrate in that component
and slow down the growth of the domains in the late stage of
spinodal decomposition.

Wang et al.'' have reported a significant compatibilization
by using nanoclay as a compatibilizer for the PP/PS system.
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Fu et al.'” used nano-SiO, particles with a size of 10-30 nm

treated with a hydrophobic coupling agent (nonselective) in the
PP/PS system. The nanoparticles caused a kinetics-control
compatibilization by reducing the PS phase size at short mixing
times through the enhancement in the bending energy of the
interface due to diffusion of the particles to the interface.
Recently, Ginzburg’ has provided a simple thermodynamics
theory on the influence of the nanoparticles on the phase
behavior of the blend of two polymers in which one of the
components is preferentially absorbed on the nanoparticles
surface. This theory will be discussed in detail later.

When the amount of introduced particles in the blend is small,
the majority of the blend stays in the unperturbed state. As the
wall-to-wall distance between filler becomes comparable to 2R,
(polymer radius of gyration), a network of polydisperse chains
forms which bridges neighboring particles. A large number of
polydisperse loops and dangling ends are attached to each
particle and all the chains are in border layer state.

The effect of introducing fumed silica on the phase behavior
of the chlorinated polyethylene and copolymer of ethylene with
vinyl acetate with selective adsorption of nanoparticles to one
of the components was carried out by Lipatov et al.®> They
showed that at the filler concentrations in which both compo-
nents transit into border layer state, there is an overall increase
in the phase separation temperature.

Krishnamoorti et al.'*'* employed a two-dimensional con-
centration and temperature gradient based combinational method
in order to clarify the influence of a hydrophobically modified
version of the naturally occurring layered silicate montmoril-
lonite on the phase behavior of the PS/PVME. In their studies,
the phase behavior remained unaltered by the addition of
modified montmorillonite which was attributed to the absence
of preferential interaction between layered silicate nanoparticles
and the components.

In this study, the blends of PS/PVME were chosen as a
polymeric matrix blend. There are many studies on PS/PVME
such as the kinetics of phase separation,'” the separated phase
morphology'®'”segmental mobility,'*Flory—Huggins interac-
tion parameter dependence on temperature and blend
composition,'?and effect of molecular weight on the phase
behavior.?°

Rheological measurements have been widely used as a
sensitive tool to study the phase behavior of polymer blends
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for several polymeric systems. In the case of compatibilization
by copolymers, Chopra et al.>* have done several studies on
the well-characterized SMA/PMMA (styrene—maleic anhydride/
poly(methyl methacrylate)) system to rheologically detect the
phase diagram for such systems. They have investigated the
effect of MA (maleic anhydride) concentration on the rheo-
logical and phase behavior of SMA/PMMA blend. They showed
that theSMA copolymer containing 14 wt % of MA yielded
the highest miscibility in SMA/PMMA blends among all
compositions.

Although the literature is rich in flow and shear effect on
mixing-demixing phenomena and shear induced morpholo-
gies,” 7 in the present study, because of small strain and very
low shear rate exerted on the system, it was assumed that flow
does not interfere with thermodynamics and kinetics of the phase

separation.?8—3°

DSC technique has been used to assess the liquid-liquid
(L—L) demixing temperature of atactic polystyrene/decalin and
atactic poly(methyl methacrylate)/1-butanol and cyclohexanol,
respectively.?! Upon cooling, an exothermic heat flow shift was
observed and its onset was attributed to liquid-liquid demixing
temperature. Kinzer et al.*? also used DSC techniques to assess
solid-liquid demixing (crystallization). DSC techniques have
also been employed by Mabrouk et al.** to obtain the segregation
temperature of the PS/PVME blend.

In polymer blends, changing the composition, temperature
and/or pressure can induce phase separation. Nevertheless,
disregarding phase separation causes, it occurs either by
nucleation and growth mechanism or by spinodal decomposition.
When the blend is in its unstable state, a spontaneous process
will happen which involves an evolution from homogeneous
to disperse phase morphology passing through a percolating
cocontinuous structure.

Some research groups have studied the phase separation
kinetics and its morphology.*’~*® Time evolutions of the dynamic
modulus in metastable and unstable region of the phase diagram
have also been extensively investigated in order to correlate
the resultant phase-separated morphology with viscoelastic
properties of polymer blends.** During the phase separation
process, the dynamic modulus can show a monotonic decrease
or increase depending on the resultant morphologies (cocon-
tinuous or droplet-matrix structure).’®-3*-3

Kapnistos** and Polios®® showed that storage modulus
increases with time during the early stage of spinodal decom-
position. In the late stages of phase separation, due to the break-
up of the interconnectivity, the modulus will gradually decrease.

Time sweep experiments on storage modulus (G') and loss
modulus (G") on PS/PVME were carried out by Kim et al.?® in
order to correlate the morphological changes with rheological
behavior of the blend. For both G' and G", there was a short
time increase followed by a decrease in longer time due to the
cocontinuous structure.

The main objective of this work is to investigate the effect
of spherical hydrophilic nanoparticles (selective-particles) ad-
dition on the phase behavior of PS/PVME polymer blend and
morphological and kinetics consequences of such nanoparticles
addition on the phase behavior of the blend.

Experimental Section

Materials and Sample Preparation. A commercial grade of
PS (polystyrene) supplied by Tabriz Petrochemical Co. (GPPS
grade 1160) and PVME (polyvinyl methyl ether), Lutonal M40,
supplied by BASF Co., were used in this study. Fumed silica
nanoparticles (Aerosil 300) with specific surface area of 300
(m?/g) and average particle size of 7 nm and density of free
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Table 1. Characterization of PS and PVME Used in This Study

M, (g/mol) M, (g/mol) T, (°C) supplier
PS 248000 87000 93.5  Tabriz Petrochemical Co.
PVME 110000 64000 —-32 BASF Co.

silanol groups of 2.5 (SiOH/nm?) was used. The basic charac-
teristics of the polymers are listed in Table 1.

The PS/PVME/manoparticle samples, with compositions of 80/
20/0, 60/40/0, 40/60/0, 20/80/0, and 80/20/4, 60/40/4, 40/60/4, and
20/80/4, were prepared by continuous mechanical mixing of the
components in toluene. The first and second numbers stand for PS
and PVME weight fractions respectively, and the last term denotes
the volume fraction of the nanoparticle (fumed silica) in the blend.
In case of filled samples, the appropriate amount of PS and PVME
was codissolved in toluene. Then, enough fumed silica was added
to result in a hybrid with a volume fraction of 0.04.

The solvent was evaporated slowly at room temperature for
1 week. Then the samples were put in a vacuum oven for 4
days at 45 °C. The vacuum was applied slowly to prevent any
possible bubble formation. Finally, the full vacuum was applied
at 70 °C for 24 h in order to remove the residual solvent
remaining in the samples. Weighting the samples and making
the value match asymptotically to the total weight of the
components ensured complete evaporation of the solvent.
Considering the chemical sensivity of PVME, utmost cares were
taken to prevent its oxidation. This can also be ensured by a
simple visual observation of the blend; the sample should look
transparent with a slight yellowish hue.*°

Methods. Rheological Measurements. All the rheological mea-
surements were performed by a stress/strain controlled rheometer,
UDS 200, made by Paar Physica. The experiments were carried
out using disk type parallel plates with 25 mm diameter and 1 mm
gap. All the experiments were carried out under a continuous flow
of nitrogen gas around the sample pan.

The small amplitude oscillatory shear measurements were
performed on the samples as described below:

Isochronal dynamic temperature sweep was carried out by
measurement of storage and loss modulus at a fixed frequency (0.04
Hz) which is low enough to lie in the terminal regime®*>* and a
uniform rate of heating (0.5 °C/min) from the homogeneous to the
phase separated regime at a certain strain in the linear regime (1%),
in order to detect the onset of the phase separation.

In the case of phase separation kinetics, an ~2 h dynamic time
sweep experiment was carried out with a fixed frequency of 0.04
Hz and a given strain of 1% in the phase-separated region for a
specific composition of the samples.

All experiments were carried out in the linear regime, as was
verified by a preliminary amplitude sweep test.

Optical Microscopy (OM) and Scanning Electron Microscopy
(SEM). Optical microscopy samples were also prepared as men-
tioned earlier. However, the sample thickness for OM was ap-
proximately 10 um. Thicker samples could not be used, since they
become so turbid due to a large difference in the refractive index
between PS and PVME.

The optical microscopy (Leica DMRX) was used to determine
turbidity temperature in temperature sweep mode and the morpho-
logical changes at constant temperature. A CCD camera mounted
directly on the microscope allowed the recording of blends structure
evolutions in real time. The sample was placed in a hot stage
(Linkam L'TS350) which was controlled by the hot stage controller
(Linkam CI 94). The cloud points of PS/PVME and PS/PVME/
Nano samples were determined by the optical microscopy observa-
tion coupled with hot stage. The heating rate was set to 0.5 °C/min
for all samples in the cloud point’s temperature measurements. Fresh
nitrogen gas was circulated in the heating chamber of OM to avoid
any possible thermal degradation. Then the morphological changes
in unstable region of the phase diagram at constant temperature
were observed.

SEM (Phillips XL.30) images were used to study the morphologi-
cal changes in PS/PVME blends with and without silica nanopar-
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Figure 1. Isochronal (f = 0.04 Hz) dynamic temperature sweep
performed at 1% strain with a heating rate of 0.5 °C/min. Key: 40/
60/0 (G'), ©: 40/60/0(G"), OI; 40/60/4(G"), 4; 40/60/4(G"), M.

ticles. The samples were cryogenically fractured across the thickness
in liquid Nitrogen and the fracture surfaces were etched by the
methanol for 1 min, which preferentially etched out the PVME
phase. Then the samples were sputter-coated with a thin layer of
gold.

Element mapping on Si was conducted with the same scanning
electron microscope equipped with an energy dispersive X-ray
spectroscopy (EDX) (Oxford 7538). As the scan was performed,
if the EDX detector observed counts for the desired element, a bright
dot would be displayed on the monitor. It is worth to mention that
the dot map is only qualitive, conveying the spatial location of
selected constituents but not the amount present.

Transmission Electron Microscopy (TEM). Transmission electron
microscopy (TEM) images of the samples were obtained with a
Philips EM 208 transmission electron microscope operating at 100
keV. The samples were prepared for cross sectional TEM by cryo-
microtoming (using a diamond knife) epoxy-supported thick films
into ~60 nm slices at —100 °C to prevent any possible morphologi-
cal changes during cutting.

The polymer latent ability to degrade selectively in the electron
beam causes the contrast between the phases in the PS/PVME
system. The PVME is more electronegative (due to its ether bond)
and absorbed electrons more easily. Thus the PVME-rich phase
forms light regions while the dark regions are PS-rich phase. This
image would not change significantly for ~20 min.

Differential Scanning Calorimetry (DSC). The DSC technique
was employed (Dupont 2000) to obtain the binodal temperature in
PS/PVME and PS/PVME/nanoparticles samples. All the experi-
ments were done under a continuous flow of nitrogen gas around
the sample pan to prevent thermal degradation. Prior to measure-
ments, the baseline was established using two empty pans.

The samples were placed in an aluminum pan and heated up to
180 °C at a heating rate of 2 °C/min. there was a sudden heat
capacity shift due to the heat exchange during the phase separation
process, which were attributed to the demixing temperature of PS/
PVME and PS/PVME/Nano samples. The phase separation tem-
perature was determined from the first heating run for all samples.
Samples were prepared with the same thermal history; therefore,
the temperature obtained from first-run heating was not affected
by the difference in thermal history of the samples.

Results and Discussions

Rheology. Rheological measurement is a reliable method for
phase behavior analysis. However, to our best knowledge, this
is the first time that such a method is being employed in order
to detect the effect of nanoparticle addition on the phase
behavior of a binary polymer blends.

A typical curve of elastic modulus (G') and loss modulus
(G") versus temperature is shown in Figure 1 for the 40/60/0
and 40/60/4 (PS/PVME/Nano) blend samples.
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In both cases, at low temperatures the elastic modulus (G")
decreases with temperature rise. This was attributed to the
greater mobility of the polymer chains as the system moves
away from its glass-transition temperature. In the vicinity of
phase separation temperature, there is always a competition
between mobility and thermodynamics. As the temperature
reaches the phase segregation temperature, the thermodynamic
forces become dominant and increase the magnitude of G’
(upturn in G' curve) by formation of dynamic domains, rich in
the hard PS component of the blend.

At low particle loading (4 vol % nanoparticles) the qualitative
features of viscoelastic behavior remains unaffected by addition
of nanoparticles and there is only an overall increase in the
magnitude of storage modulus (G").

In case of filled samples, the PVME-rich phase consists of
PVME chains absorbed on nanoparticles surface. The absorbed
polymer segments show a reduced mobility near the particle
surface. This absorbed layer provides regions with lower
mobility to which different segments are able to reach within
the longest relaxation time of the polymer. This slowing down
of the overall dynamics of the polymer segments leads to an
overall increase in the magnitude of G' in the 40/60/4 blend as
compared to the neat blend of PS/PVME, at low frequencies
(~0.04 Hz)."!

By further increase in temperature, the reappearance of
phenomena controlled by mobility forces were observed and
G' decreased once again. The inflection point of G' versus
temperature curve is referred to as rheological phase separation
temperature (Trpeo). This assignment is empirical and is not
based on a specific physical background.

G", also exhibits similar behavior but with much less
sensitivity and a phase lag. This phenomenon is more obvious
in the presence of nanoparticles i.e. in 40/60/4 blend. The higher
sensitivity of G' is attributed to the elastic origin of the stress
induced to the system by concentration fluctuations. In me-
chanical analogy (Maxwell model), the elastic component
responds faster and more significantly to a given deformation,
as compared to the viscous component.

In the present study, the qualitative features of the storage
modulus remained unaffected at low particle loading (Figure
1). These results are in good accordance with Ganesan’s et al.*'
computer simulations of polymeric composites containing
nanospherical particles.

In the 40/60/4 blend, the inflection point shifts to a higher
temperature. This represents the effect of nanoparticle content
on the interaction parameter and confirms that blends containing
4% volume of nanoparticles are more miscible. The same
behavior was observed in all other compositions.

Figure 2 depicts the G" versus T behavior of PS/PVME/Nano
blends in various compositions. Like the neat PS/PVME blend,
the behaviors of the blends differ significantly in different
compositions. This figure also shows that the temperature range
in which the upturn occurs, and its magnitude are strongly
affected by the blend composition. In fact, changing the
composition, changes the distance of the effective blends T,s
from the individual components 7,, and this will change the
dynamic asymmetry of the blend, which is the main cause of
the observed viscoelastic behavior.*?

For the quantitative studies of phase separation, we turned
to the theoretical approach of Ajii and Choplin** which is the
extension of the earlier theories of Fredrickson and Larson**
for block copolymer melts near the order—disorder transition,
to the case of homopolymer blends.

The mean field theory has been used to derive the critical
contribution to the shear stress for near critical polymer mixtures.
The dynamic storage and loss modulus were obtained after
integration over the whole wave-factor space and also using eq 1
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where @(k) = k2So~ (k)A(k), So(k) is the static structure factor,
A(k) is the Onsager coefficient, and k is the wave factor. The
above equation could be applied using the De Gennes mean
field structure in the case of binary polymer blends:*
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where V; is the number of statistical segments, g;(k) is the Debye
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with & being the monomeric friction coefficient. For the terminal
one-phase region near the critical point, we have:
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In the above equations, y, stands for the interaction parameter
at the spinodal, i.e., when Sy~'(0) = 0, and Rg; is the radius of
gyration for species i defined as Rg,-2 = N;a?/6. Using the above
equation, the ratio can be calculated by substituting the values
of the defined parameters.
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The noticeable point of eq 9 is that both the monomeric
friction coefficient and the frequency dependence are eliminated.
Assuming that the interaction parameter is given by y = A +
BIT, there would be a linear dependence of ((G")? /G'T))*> vs
1/T, for which the interception with the 1/7 axis is denoted as
the reciprocal to the spinodal temperature, 7.

Figure 3 shows the typical representation of data for the 40/
60/0 and 40/60/4 PS/PVME/Nano blends where the linear range
is observed in the phase transitional region, and the correspond-
ing lines give an estimate of spinodal temperature. The selection
of linear region seems to be crucial for determination of 7. In
the present study, the error of measurement is about £3 °C.

Demixing Temperature Determined by DSC Technique.
Figure 4 shows the differential scanning calorimetric (DSC)
thermogram of the 40/60/0 and 40/60/4 blends. As can be seen,
there is a dramatic shift in DSC thermogram, far from the
component’s Tgs, which was taken as the signature of phase
segregation in the presence of the nanoparticles. As long as the
blend remained in the miscible region PS/PVME/Nano blends
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Figure 2. Temperature dependence of storage modulus of 4 vol % filled
samples at various PS/PVME blend compositions: 20/80 (¢); 40/60
(O); 60/40 (A). Measured at f = 0.04 Hz and with 1% strain and a
heating rate of 0.5 °C/min.
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Figure 3. Quantitative evaluation of the viscoelastic behavior of 40/
60/0: (O) and 40/60/4: (#); blends near the phase separation and
determination of the spinodal temperature.
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Figure 4. Typical DSC curves with a heating rate of 2 °C/min indicating
the phase separation temperature of the blends. The blend composition
is mentioned near the corresponding curve.

absorb energy and there is no sudden heat capacity change in
the diagram. When the blend reaches the segregation temper-
ature, there is an energy exchange due to the phase segregation
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Figure 5. Time evolution of the storage modulus at frequency = 0.04
Hz and with 1% strain for 40/60/4 (¢), T = 142 °C; 40/60/0 (O), T =
126 °C.

Figure 6. OM images of 40/60/0, T = 126 °C (a), and 40/60/4, T =
142 °C (b), blends (the white scale bar corresponds to 50 xm).

process.® Here instead of employing conventional T,s analysis
(a single glass-transition temperature or two distinct TS
corresponding to those of respective components), the shift in
the vicinity of phase separation has been attributed to the phase
separation temperature. To our best knowledge, this is the first
time that this technique was used to assess the segregation
temperature of a nanocomposite polymeric blend.

In both cases there is a good agreement between DSC results
and those obtained from other techniques, Figure 8.

Kinetics. Time Sweep. In order to investigate the phase
separation kinetics, time sweep experiments were carried out
with fixed frequency of 0.04 Hz and strain of 1%, for a quench
depth (AT = T — Thinodar) Of 32 °C on the 40/60/0 and 40/60/4
(PS/PVME/Nano) blends at 126 and 142 °C, respectively. The
above temperatures were chosen because they have the same
quench depth into two-phase region. As a result, the thermo-
dynamics forces, which are responsible for phase separation,
are almost the same.

The 40/60/0 and 40/60/4 blends at 126 and 142 °C both locate
in the unstable region of the phase diagram. In this situation, a
sudden growth of concentration fluctuation creates a highly
interconnected structure.

Clearly, in both cases the storage modulus at above-mentioned
temperatures decreases with time but the decreasing magnitude
and the rate of this reduction is strongly affected by the presence
of the nanoparticles (Figure 5). We can compare the rheological
response with OM images of these samples, which will be
presented in next section (Figure 6). It takes less than 1200 s
for the storage modulus of the 40/60/0 blend to reach its
saturated stage while the time needed for such transition for
40/60/4 blend would be more than 2500 s. At this stage, there
would be no obvious decrease in the magnitude of storage
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PVYME

Figure 7. Schematic representation of nanoparticles covered with
PVME chains.

modulus. In the late stage, when the concentration fluctuation
becomes almost saturated and the composition of both phases
remains approximately constant, the interfacial phenomena
become dominant. However the storage modulus continuously
decreases because of the phase domain coarsening or coales-
cence and/or breaking up of the highly interconnected bicon-
tinuous structures.

This could be also more appreciated by a nonphysical network
model.?! For a network structure, the elastic behavior is an
increasing function of number of cross-linkings per unit volume.
By analogy, the interconnected structure of SD could be
assumed as a nonphysical network. As time passes, the number
of interconnections decrease and consequently, the contribution
of the cocontinuous part of the structure to G is decreased. This
explains why loss of the interconnectivity could lead to a
decrease in the storage modulus.?® It should also be noted that
PVME is more polar than PS as indicated by comparing the
dispersive and polar components of PVME*(0¢4 = 15.5 MPa'2
and 6, = 7.1 MPa'?) with that of PS*’ (84 = 18.1 MPa'? and
0p = 1.1 MPa!2). Therefore hydrophilic fumed silica is expected
to be preferentially absorbed into PVME.

In the blends containing 4% of Aerosil, the existence of low
mobility regions absorbed on particles slows down the phase
separation process. It seems that nanoparticles act like retarders
in the SD process and the interconnected network remains in
its initial state for a longer period of time. Aerosil particles,
which do not behave as surfactants, prefer to be in the bulk of
the PVME-rich phase (selective absorption). Actually they
would represent a network of obstacles for the coarsing of the
interfaces and slow down the phase separation process.®™'”
Similar results were also observed with OM analysis, which
will be discussed in the next section.

Optical Microscopy (Turbidity Temperature Measure-
ments). In the case of polymers, considering their high molecular
weights, the chains dynamics is so slow that the interpenetrating
structure in the early and intermediate stages could remain for
even several hours which make structure changes detectable by
classical techniques such as optical microscopy (OM).

We have employed the OM technique coupled with a hot
stage, to have deep insight into the morphology development
during the phase separation at constant temperature. In order
to have good correlation with storage modulus time sweep
experiments, the temperature was kept at the constant value of
126 °C for neat blends and 142 °C for the blend containing 4
vol % Aerosil.

Figure 6 shows the morphological development by time in
the unstable region of the phase diagram for 40/60/0 and 40/
60/4 blends. As depicted in this figure, in the 40/60/4 sample,
the transition from interpenetrated structure to matrix-disperse
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Figure 8. Phase diagram for the PS/PVME/Nano and PS/PVME blends
obtained from various techniques: rheological measurements, DSC and
turbidity measurements. The figure shows the good agreement between
different methods. (Lines are only guides for the eyes.)

is slower than the 40/60/0 sample. After 100 min, as the phase
separation is in its final stage, a drastic reduction of PS phase
size and a homogeneous size distribution were observed by
introducing nanoparticles (Aerosil). This behavior was previ-
ously observed in PS/PVME blend in the presence of nonselec-
tive layered silicate nanoparticles.'® This slow down in the phase
separation process becomes more pronounced because of the
selective interaction of one of the polymer components with
the nanoparticles surface. Interestingly enough these observa-
tions are in good agreement with the storage modulus vs time
results.

The optical microscopy technique was also used to determine
turbidity temperature in the temperature sweep mode. In order
to have good comparison with rheological analysis, heating rate
was adjusted to 0.5 °C/min. In each case, the first sign of phase
separation morphology development was attributed to the
binodal temperature of the blend.

The results obtained by this technique are more reliable
comparing to common turbidity measurement techniques based
on the naked eye observation.

Phase Diagram. Figure 8 shows the phase diagram of PS/
PVME with and without silica nanoparticles. As seen, there is
a good agreement between the phase separation temperatures
determined by different techniques. The LCST phase diagram
shifts toward a higher temperature in the presence of silica
nanoparticles.

Recently Ginzburg® proposed a simple model considering a
binary mixture of two homopolymers A and B and spherical
nanoparticles with prefential absorption into polymer A (covered
with an A-polymer layer) and tried to find out a simple
comprehensive theory for polymer blends/nanoparticles mixture
(Figure 7).

He employed the equation below for free energy (per unit
volume) in order to calculate the influence of the nanoparticles
on the location of the phase diagram.

F=F _+F .tF,

pol part int

_d=ye¢ . 1d=—y)¢1, d—9)(1—¢)
= ln[ - ]+ S In

(10)
F

pol

(=202 41—y - 9) (1)
Fo= iﬁ[ln v+ p( ’)M] (12)
P
_y . (R)3R/ o
Fu= 20 w>p(r0)2N2+xw (1 =)= (13)

The first term in eq 10 is simply the Flory—Huggins free
energy, which has been modified to take the volume occupied
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by nanoparticles into account. The second term in eq 10
describes the entropic contribution of particles themselves in
two different terms: ideal and nonideal “entropic free energy”
of hard spheres. The third term in eq 10 shows the entropic
and enthalpic interactions between the particles and polymer.

Here R, v,, W, N, @, y, and ry are spherical particles radius,
nanoparticle volume, nanoparticle volume fraction, degree of
polymerization, blend composition, Flory—Huggins interaction
parameter and monomer radius respectively. P(R,/ro) is an
“Interpolating factor” that eliminates the hard-sphere correction.
In our work R,/rg > 1; thus, this value is high enough to
consider the hard-sphere correction that is P — 1.

The first term in eq 13 has an entropic contribution. There is
a significant increase in the % trans in the region close to
nanoparticles.*® It is assumed that each polymer chain acquires
stretching free energy every time it encounters a particle. This
energy is called “entropic surface tension” and is given by:

h O3Rp/2Nr,” (14)

The second term in 13 describes the enthalpic contribution that
is proportional to the number of contacts between the particle
surface and B-monomer that becomes smaller as the particle
radius increases.

Introduction of nanoparticles made a large number of
reasonably flexible PVME chains absorb onto their surface. The
preferred localization of these PVME covered nanoparticles is
dictated by the thermodynamic forces.

Block copolymers have been highly considered as templates
to control the location of nanoparticles within the polymer
matrix.** There is a simple and common procedure to control
the location of nanoparticles within the A or B domains of the
block copolymer by variation of a single parameter, the surface
coverage and chemistry of nanoparticles. In general, if the
nanoparticles are compatibilized to just one of the components
(selective particles), their immiscibility with one of the domain
and their miscibility with the other one, provides a strong driving
force for the particles to preferentially segregate at the center
of their preferred phase while particles compatible with both
components (nonselective or neutral) work similar to surfactants
and diffuse to the interface between the two domains.

The nanoparticles distribution and location were studied using
an X-ray mapping technique and TEM images. The X-ray
mapping technique was recently employed by Liu and co-
workers to study the silica nanoparticle distribution in a
chitosan—silica complex membrane.>® Whenever the constituent
is present at low concentration, the recording condition should
be adjusted carefully so that the dot “blooms” and becomes more
readily visible.

Figure 9 shows the EDX mapping spectra of the 40/60/4 (PS/
PVME/Nano) sample at 130 °C for 100 min. Under this
condition, the sample undergoes spinodal decomposition and
shows a cocontinuous structure as it could be seen in Figure
11b. In addition to the unfavorable enthalpy of interactions
between PS and PVME covered silica nanoparticles, an entropic
barrier must be overcome by PS to reach the PVME stretched
chains coated silica nanoparticles. Therefore, particles covered
with PVME chains are expected to be strongly driven into the
bulk of PVME-rich domains away from interface to lower their
enthalpy by segregating into the corresponding portions of the
blend.

In addition to selective localization of silica nanoparticles into
PVME domains (when the PVME was extracted out from the
samples by methanol, there was nearly no trace of Si in EDX
mapping image) the homogeneous distribution of silica nano-
particles in the PVME rich phase was observed. In support to
above arguments come our TEM results (Figure 10). The dark
regions correspond to the PS-rich phase while the bright regions
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Figure 9. X-ray Si-mapping image of 40/60/4 (as explained in the text).
The bright spots are corresponding to Si elements.

Figure 10. TEM micrograph of 40/60/4 (PS/PVME/Nano) sample
annealed at 130 °C for 100 min. Parts a and b correspond to different
sample areas and magnification. The scale bar is 50 nm in the small
window.
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Figure 11. SEM images for 40/60/0 PS/PVME/Nano (a) and 40/60/4
PS/PVME/Nano (b), at 130 °C.

correspond to PVME-rich phase.”' Note that silica nanoparticles
are observed as black dots, within the bright PVME-rich phase.
From Figure 10, it is clear that the particles are distributed
roughly around the central region of PVME-rich phase.
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Turning back to the theory, the high entropy of such small
particles (eq 12) and the replacement of some PVME ho-
mopolymer with PVME covered nanoparticles reduces the
enthalpic portion of free energy by decreasing the number of
unfavorable PS/PVME interaction.

On the other hand, Npymv'? > R, so the role of “entropic
surface tension” (entropic penalty) for particles in the polymer
is not quite as considerable. Thus, the nanoparticles should act
as a compatibilizer for the polymer blend and should shift the
phase separation temperature toward higher temperatures.’

In particular, Ginzburg found that

QN _ 1 _
om0 ST Y (15)

In the above equation, if we assume that y = B/T, then one
can obtain the effective decrease in the spinodal temperature
of a binary blend in the presence of nanoparticles:

IR S

Equation 16 shows that for a binary blend with a critical
temperature of 396 K, addition of 4 vol % of nanoparticles can
reduce the critical temperature up to 16 deg. In our work,
addition of 4 vol % fumed silica caused the spinodal temperature
to shift from 396 to 413 K in the 40/60/4 samples. Therefore,
the model successfully predicts the effects of nanoparticles as
a compatibilizer in this system.

Figure 11 shows SEM images of thick samples (1 mm) of
the 40/60/0 and 40/60/4 (PS/PVME/Nano) at two different phase
separation times at 135 °C. The dark regions in the SEM images
represent PVME-rich phase, which was extracted out by
methanol. As expected, it can be seen that the nanoparticles
significantly change the interdomain spacing in cocontinuous
structures. Nanoparticles shift the phase separation temperature
to higher temperatures as a thermodynamic compatibilizer.
Therefore in the samples containing nanoparticles the quench
depth would be different and clearly the phase separation
morphology would also differ. These images could be another
supporting evidence to clarify the effect of nanoparticles as
compatibilizers, which was discussed in detail before.

Conclusions

In this study, we have shown that even a low percentage of
spherical hydrophilic nanoparticles can significantly affect the
phase behavior and the phase-separated morphology of the PS/
PVME blends.

As expected from the Ginzburg thermodynamic model, it is
found that when PVME chains cover the nanoparticles, the
addition of nanoparticles shifts the phase separation temperature
into higher temperatures. This is due to the reduction of
unfavorable PS/PVME interaction by absorption of some of the
PVME chains on nanoparticles surface. Also the addition of
small particles with such high entropy would assist the free
energy reduction and the stability of the homogeneous phase.
When the Aerosil particles are added into the PS/PVME blends,
they slow down the phase separation dynamics by absorbing
the chains on their surface and retarding the domains growth.
Better understanding of these complicate systems remains a
challenge for further studies.
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