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ABSTRACT: The effect of thermal treatment on the phase separa-

tion process of the components of a polymer blend was investi-

gated using electrostatic force microscopy (EFM). EFM

technique is an advance on conventional atomic force micro-

scopy, which enables us to measure locally the dielectric

properties of the samples under investigation providing compo-

sitional information. In this work, we studied the phase separa-

tion process of the polymer blend thin films made of

poly(styrene) and poly(vinyl acetate) (PS/PVAc) (75/25 weight

fraction). The samples were subjected to different thermal treat-

ments. It was found that at low annealing temperature, PVAc

forms many small islands within PS matrix. As the annealing

temperature increases, the number of PVAc islands decreases

with an increase in the size of the islands. These islands take

spherical-like shape when annealed at a temperature well above

the glass transition temperatures of both the component poly-

mers. Despite these morphological/topographical changes, EFM

images evidence that there is no interdiffusion which was fur-

ther confirmed by quantitatively measuring the value of the

dielectric permittivity across the interphase. VC 2011 Wiley Peri-

odicals, Inc. J Polym Sci Part B: Polym Phys 000: 000–000, 2011
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INTRODUCTION Blending of polymers provides an attractive
way to combine properties of blend components and thus
generate new materials with an optimized performance.1,2

Determination of the compatibility in polymer blends is of
considerable importance because manifestation of their
superior properties depends on the compatibility or miscibil-
ity of homopolymers at molecular level.3 In certain cases,
nanostructured materials can be obtained by means of nano-
phase segregation of the components of the blend. Being a
key factor in the tailoring of polymer blends, compatibility
can be determined theoretically as well as experimentally.4–8

Compatibility/phase segregation studies of polymer blends
having significant differences in the properties of the compo-
nent polymers have attracted great attention. Blends made
of polystyrene (PS) and poly(vinyl acetate) (PVAc) are among
such blends in which the thermal and dielectric properties
of both components vary significantly.

Compatibility and phase structure of polymer blends can
be investigated by different techniques. However, most of
them fail to give detailed information about the miscibility

behavior at local scale. Hence, it is desirable to develop sim-
ple and accurate techniques to study the phase structure of
polymer blends at nanoscale. Common techniques such as
confocal microscopy, transmission electron microscopy
(TEM), scanning electron microscopy, and atomic force mi-
croscopy (AFM) are being used to study the complex phase
structure of polymer blends at nanoscale. All of these techni-
ques make use of certain characteristic features of the com-
ponent polymers, such as density, elasticity, conductivity,
mechanical strength, and so forth, to study the phase struc-
ture. For example, TEM works based on the electron density
of states. Polymers having different electron density of states
respond differently with transmitted electrons, and, thus,
TEM can be used to study the phase separation process only
in case where the electron density of the polymers varies
considerably. Moreover, the high-energy electrons in TEM
can damage the polymer films, and the specimen preparation
process is also potentially destructive and complicated. AFM
can also be used to study the phase separation of two poly-
mers on the ground that mechanical properties of polymers
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vary differently with variations in temperature. It mainly
uses topographic features to study the process of phase
separation, but, in some cases, it would not be adequate to
distinguish the component features. Moreover, it might be
deceptive to consider the topography alone. Recently, a new
AFM-based approach to measure the local dielectric proper-
ties of polymer thin films has been developed.9,10 This, elec-
trostatic force microscopy (EFM), allows measuring the
dielectric properties with a lateral resolution of typically a
few tens of nanometers with good sensitivity. Thus, EFM to-
gether with conventional AFM could be used to study
the polymer blend structure more effectively. In addition, the
dielectric contrast can be improved by properly tuning the
temperature and/or frequency of the applied voltage.11

The compatibility of PS with PVAc has been a long debate
issue. Previous works12–14 performed on PS/PVAc blends
suggest all three possibilities. Some researchers, Elashmawi
et al.,12 propose that these two polymers are fully miscible.
In this case, the samples were prepared using acetone as
the common solvent. The blends were subjected to a ther-
mal treatment of 50 �C for 3 days, before been analyzed
using FTIR, DSC, and UV/IR spectroscopy techniques. A sec-
ond group of researchers, Rawal et al.,13 states that the mis-
cibility is only partial. They mixed the polymers in methyl
ethyl ketone (MEK) and then subjected the blends to a ther-
mal treatment of 70 �C for a day. In this case, viscometry
and FTIR spectroscopy were used to characterize the misci-
bility. A third group of researchers, Mamza et al.,14 found
that the PS and PVAc are two immiscible polymers. In their
work, they used different solvents namely toluene, MEK,
and tetrahydrofuran (THF) for mixing the two polymers, but
the followed thermal treatment was not indicated. They
used density and viscometry techniques for characterization.
The immiscibility nature of the two polymers was again
confirmed by Riedel et al.10,20 by quantifying locally the
dielectric permittivity of very thin films prepared by spin
coating a 5% toluene solution, annealed at 120 �C under
vacuum for 2 h. All these results evidence the importance of
solvents used and also the annealing conditions on the
obtained conclusions. However, the intrinsic miscibility of
any binary polymer system would require achieving the
more favorable equilibrium state, which implies removing
completely the solvent and using a relatively high annealing
temperature.

The recently developed dielectric characterization technique
based on EFM opens the possibility of investigating the com-
patibility of PS/PVAc system as the annealing temperature of
the sample is modified. Thus, in this work, we study the
degree of compatibility of PS/PVAc polymer blends in the ra-
tio 75/25 (weight fraction) prepared using different thermal
treatments. We mapped the dielectric contrast of the sam-
ples in addition to the more standard topography and AFM
phase images. The quantification of the local dielectric per-
mittivity in selected spots allows us to determine the compo-
sition of the segregated phases confirming that the phase
segregation is improved when higher temperature treat-
ments are used.

EXPERIMENTAL

Sample Preparation
Blends made of PS (Mw ¼ 70,950) and PVAc (Mw ¼ 83,000)
in the ratio 75/25 were prepared. The macroscopic dielectric
behavior of these polymers is well characterized in the liter-
ature.15–18 In particular, PS/PVAc is a polymer blend which
has been investigated for a long time. Moreover, this system
is particularly suitable for using EFM technique because of
the high dielectric contrasts between both components, as
dielectric constant of PVAc at temperatures slightly above
glass transition (ca. 60 �C) is about 8 whereas that of PS is
close to 2.8. The polymers were mixed in toluene at a 4%
solution concentration. This solution was then spin coated
over thin glass plates, previously sputtered with gold, to get
thin films of about 0.2 lm. These were then subjected to dif-
ferent thermal treatments. All the samples were kept in oven
under vacuum for a day, at 40, 80, and 160 �C. They were
coded as A to C, respectively.

EFM Measurements
The EFM work was accomplished using a Veeco di Multi-
mode V AFM from Digital Instruments, with a NanoScope V
Controller. The topography (height) of the sample and the
cantilever phase images were obtained by performing
standard tapping mode AFM and the dielectric contrast
images were obtained by using EFM with double pass
method.19 In double pass method, the topographical fea-
tures are acquired during the first scan, and during the sec-
ond scan, the tip is kept at an average height (‘‘lift height’’)
above the sample surface without touching it. In this scan, a
voltage of typically 5 V is applied to the tip. The change in
the resonant frequency of the cantilever is then recorded
while the cantilever scans across the sample. This change in
resonance frequency is related to the applied voltage
through the capacitance of the system (formed by the sam-
ple and the tip) as

Df0
f0

¼ �1

4kc

@2C

@z2
V2dc (1)

Df0 ¼ �aDf0ðzÞV2dc (2)

where,

aDf0ðzÞ ¼
f0
4kc

@2C

@z2
(3)

is a parabolic coefficient. As capacitance C is a function of e,
the change in it can be mapped keeping all other parameters
constant. For the quantitative analysis of the local dielectric
permittivity, the change in resonance frequency of the canti-
lever was plotted against the applied voltages so as to con-
firm the parabolic profile (eq 2). This was then repeated for
several tip-sample distances. Coefficients of the parabolas,
thus, obtained as a function of tip-sample distance were
compared with those extracted by using the so-called equiva-
lent charge method (ECM)9,10 for different permittivity
values. This is shown in Figure 1. All the measurements
were performed both at room temperature and at 60 �C, the
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latter being above the glass transition temperature of PVAc
(Tg ¼ 38 �C) enhances its dielectric constant.

RESULTS AND DISCUSSIONS

Figure 2 shows a typical topographic image of sample A
(subjected to a thermal treatment of 40 �C) scanned in an
area of 5 � 5 lm2. In this figure, we can observe many
island-like structures. This suggests that the polymers are
phase separated to form domains as reported in previous
works.20,21 In this case, the domain diameter is typically of
the order of a micrometer, which is in close agreement with
that obtained for Magonov et al.21 for the same blend.

Standard AFM gives the detailed information about the topo-
graphical features and the mechanical phase shift imaging of
the sample under investigation (as shown in Fig. 3). In
phase-mode imaging, the phase shift of the oscillating canti-
lever relative to the driving signal is measured. This phase
shift can be correlated with specific mechanical properties
which affect the tip/sample interaction.23 Phase imaging has
been useful to differentiate between component phases of
composite materials if the mechanical properties of the com-
ponents vary considerably.24 Figure 3(b) represents phase-
mode imaging while the cantilever sweeps across the sam-
ple. Here, the two phases (phases corresponding to the ma-
trix and the islands) have almost the same shift. This is
expected as both components are below their respective
glass transition temperatures and thus have almost similar
mechanical properties at room temperature (25 �C).

Figure 4 shows the mechanical phase image and a profile
drawn across an island at 60 �C. This graph also shows a
poor mechanical phase contrasts, showing that the mechani-
cal properties of both phases are not sufficiently distinct at
60 �C. This suggests that the mechanical phase imaging is
most likely to be affected by topography.

If the polymer components of a blend differ in their dielec-
tric properties, then dielectric contrast mapping of the sam-
ple can provide compositional information even if their me-
chanical properties are similar. Moreover, the dielectric
contrast mapping is not only determined by the very surface
of the sample but also it probes a substantial region below
the surface. Dielectric contrast mapping of the sample (sam-
ple A) was thus made both at room temperature and at 60
�C and is shown in Figure 5 along with profiles across
islands. The profile drawn at room temperature is more
noisy and the seperation between the two phases is less
clear than that of 60 �C. This is because at room temperature
the dielectric constant values of both phases are close to
each other, as the permenant dipole orientational contribu-
tions to the permittivity of PVAc is not active (dipoles are
frozen). On the contrary, at 60 �C, the dielectric constant of
PVAc markedly increases (from about 3 at room temperature
to about 8 at 60 �C). Thus, the high contrast of the image
recorded at 60 �C, indicating greatly different values of
dielectric constants, particulartly the dielectric constants of
the islands are significantly larger (higher frequency shift)
than that of the matrix, suggests that the islands are com-
posed mainly of PVAc and the matrix mainly of PS.

To quantify the composition of the phases, we determined
the local dielectric permittivity, first at room temperature
and then at 60 �C. Local dielectric permittivity at three dis-
tinct characteristic points were determined by performing

FIGURE 1 Coefficients of the parabola (aDf0) are plotted as a

function of tip-sample distance. The red points correspond to

the experimentally determined values which are then fitted

using ECM (solid line). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 2 Three-dimensional (3D) topography image of sample

A (subjected to a heat treatment of 40 �C). Measurements to

determine the local dielectric permittivity were done on three

distinct characteristic points viz. at the center of the island

(marked red), at a point in between the center and the border

of the island, and on the matrix (blue dashed line; Color

online). Figures were processed using WSxM.22 [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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EFM measurements viz. at the center of an island, at a point
in between the center and the border of the island (marked
red in Fig. 2) and on the matrix (dashed blue ring in Fig. 2)
of the polymer blend. By using the ECM previously men-
tioned, we extracted the value of the dielectric permittivity
at these characteristic points for all the samples. The values
of the local dielectric permittivity so obtained are given in
Table 1.

Table 1 suggests that the center of the islands in the poly-
mer blend treated at 40 �C (sample A) is composed mainly

of PVAc as they show a steep increase in their dielectric con-
stant value with increasing the measurement temperature
from room (25 �C) to 60 �C. It also shows that the dielectric
constant of the matrix is not increasing considerably, which
is expected for a PS matrix, as the value of the PS dielectric
constant remains essentially unchanged in this temperature
range. In general, the blend structure for this sample is like
PVAc-rich islands distributed over a PS matrix.

In Figure 6 qualitative images of both topography and dielec-
tric contrast mapping of all the three samples taken at 60 �C

FIGURE 3 Topography (a) and mechanical phase (b) images of sample A (subjected to a heat treatment of 40 �C) taken at room

temperature. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4 Image for the mechanical phase shift of sample A (annealed at 40 �C) (a) and a profile drawn across a PVAc island (b)

are shown. The measurement was done at 60 �C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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are shown for a better comparison. A careful analysis of
Figure 6 shows a continous variation in the shape (topogra-
phy) of the PVAc-rich islands with respect to thermal treat-
ments. In sample A, the number of islands is large, and they

are almost circular in shape with an inward depression,
whereas in sample B, which was treated at a temperature
(80 �C) well above the glass transition temperature of PVAc
(whereas PS is still in glassy state), the number of PVAc

FIGURE 5 Dielectric contrast mapping of the sample annealed at 40 �C, and profiles across PVAc islands are shown both at room

temperature (upper row) and at 60 �C (lower row). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE 1 Values of the Local Dielectric Permittivity for Three Distinct Characteristic Points viz. at the Centre of an

Island, at a Point between the Centre and the Border of the Island, and on the Matrix for Samples A and C

Points on the Sample

Sample A Sample C

er 25 �C er 60 �C er 25 �C er 60 �C

Centre of island 3.060.3 663 2.9660.45 6.9363.34

In between centre and border of island 2.360.3 4.2161.40 2.6660.38 562

Matrix 2.3160.16 2.6460.56 2.160.1 2.1260.08
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islands is lower, and with a bigger size, when compared to
those of sample A. However, as soon as we increase the tem-
perature above the glass transition temperatures of both
polymers, the islands formed by the minority component
tends to look more spherical. This evidences the enhanced
diffusion of the polymer chains within the blend.

A continous variation in the topography of the polymer blends
as the annealing temperature is raised from 40 to 160 �C sug-
gests that the miscibility of the two polymer components could
be affected by the thermal treatment. At lower annealing tem-
perature, PVAc chains segregate, but, as these polymer chains
are close to their Tg, they cannot migrate far apart, because
their mobility is severly restricted. This could explain the val-
ues reported in Table 1. The er value at the center of the island
is slightly lower than that of pure PVAc; moreover, it is in
between that of the PS and PVAc for a point between the
center and the border of the island. This suggests that the

segregation is not complete, and there could be some PS
content within the island. As the annealing temperature is
increased above the Tg of the minority component, they achieve
greater mobility which in turn facilitate the segregation. This is
evident from sample B where PVAc islands are less in number
but bigger in size so that it can reduce the interaction with the
matrix. When the annealing temperature is well above the glass
transition temperatures of both the components, they gain
enough mobility to allow eventual full phase separation. This
can be investigated by measuring the value of the dielectric
permittivity at three characteristic points in sample C as in
sample A (Table 1). The increase in the value of dielectric con-
stant at the center and at a point between the center and the
border of a PVAc-rich island, and also a decrease in er for the
matrix, support the above statements. Moreover, at this aneal-
ing temperature PVAc takes a spherical-like shape as a way to
reduce the interaction with the PS matrix.

FIGURE 6 The two-dimensional (2D) and 3D images of the topographies and the 2D images of the dielectric contrasts for all the

samples are shown. The 3D images of the topographies show continues variation from a large number of smaller depressions

(sample A) to a more spherical-like structures (sample C). The scale for the topography reads from 0 to 50 nm, 0 to 55 nm, and 0

to 77 nm for samples A to C, respectively, whereas the scale for the frequency shift is from 0 to 200 Hz for all the three samples.
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Previous studies on the compatibility of PVAc and PS are
consistent with our results. For example, Elashmawi et al.12

propose that PS and PVAc are compatible with each other.
In this case, the samples were prepared by mixing both
polymers in acetone and then annealed at 50 �C, which is
closer to that used in the preparation of sample A,
annealed at 40 �C. On the other hand, Rawal et al.13 pro-
pose that the polymers are partially miscible. Here, they
prepared the samples in MEK and then annealed at 70 �C.
However, Mamza et al.14 propose that PS and PVAc are
completely immiscible. They investigated the PS/PVAc in
the whole composition range, using toluene, MEK, and THF
as solvents. All these results suggest that the miscibility of
PS and PVAc depends on several factors and in particular,
according with our results, immiscibility increases as the
annealing temperature is increased. Thus, our results reveal
that annealing temperature determines the extent of immis-
cibility and not only the choices of solvent itself but also
when the samples are prepared by spin coating, the effects
of the solvents are feeble.

SUMMARY AND CONCLUSIONS

The effect of annealing temperature on the miscibility of
PS and PVAc was studied by using EFM technique. EFM
allows simultaneous mapping of the mechanical properties
(topography þ phase) and the dielectric property (fre-
quency shift) of the samples. The local dielectric constant
was then quantified using ECM. It is found that, in this
way, it is possible to study in detail the different phases
in the polymer blend. With this technique, we found that
PS and PVAc are thermodynamically immiscible polymers.
The previous studies on this system, where conflicting
conclusions were obtained, are most probably due to non-
equilibrated states arising because of the conditions used
for the sample preparation; like different solvents and
annealing conditions. However, as far the blends are
allowed to evolve to the equilibrium state, our quantitative
results show unequivocally that the phase separation
becomes nearly complete.
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