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ABSTRACT: Blends of poly(methyl methacrylate), PMMA, and Poly(α-methyl styrene-co-acrylonitrile), PαMSAN,
random copolymer have been studied by broadband dielectric relaxation spectroscopy and differential scanning calorime-
ter (DSC). The dielectric measurements were carried out over a wide range of frequency (10−1 to 106 Hz) and temperature
(30–155◦C). The molecular dynamics of the glass relaxation process, α-process, was investigated as functions of com-
position, frequency and temperature. It has been found that, only one common α-relaxation process has been observed
for all measured samples, its dynamics and broadness were found to be composition dependent. The existence of only
one common α-relaxation process located at a temperature range between those of the pure polymer components was
taking as a strong evidence for the miscibility of the blend over the entire range of composition. The miscibility was
also confirmed by measuring the glass transition temperatures of the blends, Tgs, calorimetrically using DSC and di-
electrically from the activation curves of the α-relaxation processes of the blends. The Tgs of the blends were found to
follow Fox-equation. The composition dependence of the dielectric relaxation strength, ∆ε has been also examined for
α and β-relaxation processes. In addition, the blending was found to have no effect on the kinetics and broadness of the
β-relaxation processes of the PMMA, indicating that blending does not change the local environment of each component
in the blend. This also led to in turn that the mixing of the two polymer components should take place on a structure level
bigger than the segmental level to keep the local environment unchanged and small enough to have the same volume as
the cooperative dipoles, which are related to the single Tg of the miscible blend.

KEY WORDS Poly(methyl methacrylate)/Poly(α-methyl styrene-co-acrylonitrile) (PMMA/
PαMSAN) / Miscibility / Molecular Dynamics /

Physical or chemical combination of two structurally
different polymers can be used to obtain materials with
properties which differ from those of the constituent
components and which can be optimized to meet spe-
cific needs, like chemical resistance, impact strength,
flexibility or weatherability. The final properties of
the blend depend on the properties of the pure poly-
mer components, miscibility and adhesion between the
phases as well as the size and uniformity of the phase
texture or morphology. Many techniques have been ex-
tensively used to investigate the miscibility and molec-
ular dynamics of polymer blends, such as, differen-
tial scanning calorimetry (DSC),1, 2 NMR,3–6 dielectric
spectroscopy,7–12 and mechanical measurements.13–17

The dielectric relaxation spectroscopy is a powerful
tool cable of providing information about the molecular
dynamics and the nature of the interactions in blends
by monitoring the motion of dipolar groups attached
to molecular chains. The dielectric spectroscopy has
been widely used in polymer relaxation analysis and
has the advantage over the dynamic mechanical meth-
ods in that it covers a much wider frequency range. Al-
though dielectric spectroscopy requires that at least one
of the species possesses a permanent dipole moment,
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this can be also advantageous in blends in which one
of the blend component is non-polar and thus invisible
to the dielectric technique, allowing specific monitor-
ing of the motion of the polar component. This is not
the case in the current work, where both components
of the blends are polar. In this case the dielectric be-
havior is therefore more complex because both of the
blend component should contribute in the dielectric re-
laxation of the blend. However, on the other hand, only
poly(methyl methacrylate) (PMMA) has strong local
process (β-relaxation process), therefore poly(α-methyl
styrene-co-acrylonitrile) (PαMSAN) will be inactive to
the electromagnetic field at a temperature range lower
than the Tg (the range of β-relaxation process). Thus
it is advantage for the current blend to investigate the
effect of blending on the local dynamics of PMMA re-
gardless of the PαMSAN component. This seems to be
industrial important, since the local relaxation process
is greatly related to the mechanical properties of poly-
mers.

In this paper, the broadband dielectric spectroscopy
for PMMA/PαMSAN blends will be investigated over
a wide range of frequency (10−1–106 Hz) and temper-
ature (30–155◦C). These temperatures and frequency
ranges are good enough to allow the observation of the
α and β-relaxation processes in the blends and pure
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components. The miscibility was examined dielectri-
cally by consider the change in the molecular dynamics
of the α-relaxation process (which is related to the Tg

of the blend) as functions of blend composition, fre-
quency and temperature. The Tgs of the blends were
also measured calorimetrically using DSC and dielec-
trically from the activation curves of the α-relaxation
process. In addition, the relaxation strengths (∆ε) of the
α and β-relaxation processes were also calculated as a
function of composition from the analysis of dielectric
relaxation spectra. The variation of the dynamical con-
straints or the change in the distribution of relaxation
times caused by blending for the α and β-relaxation
processes was also studied.

EXPERIMENTAL

Materials and Samples Preparation
The PMMA was obtained from Sumitomo Chemi-

cal Co., Japan. The Mw and Mw/Mn of PMMA were
14000 and 2.1, respectively. The PαMSAN was kindly
obtained from Prof. Cakmak, University of Akron. The
Mw and Mw/Mn of PαMSAN were 96500 and 2.26,
respectively. The PαMSAN sample contained 31 wt%
acrylonitrile as detected by elemental analysis.

The blends were prepared by dissolving the corre-
sponding weights of the two polymer components in
tetrahydrofuran. The blend solutions were then cast
onto a petri-dish and left to dry at room temperature
for about three days, after that, complete drying of the
blends until a constant weight was accomplished under
vacuum for another three days at 90◦C. About 0.1 g of
the blend was taken and pressed between two cooper
electrodes at a temperature higher than the Tg of the
corresponding blend composition by 30◦C. The pure
samples pressed directly without dissolution. The ca-
pacitance of the condensers used in the dielectric mea-
surements was about 30 pF.

Measurements
The dielectric set-up contains an impedance/gain an-

alyzer SI1260 (schlumberger), an electrometer ampli-
fier and a measuring cell, which was very similar to
that used in literature.18 The effective diameter of the
sample was 24 mm, and the blend thickness was about
0.1 mm. The measurements were carried out over a
wide range of frequency (10−1–106 Hz) and tempera-
ture (30–155◦C).

The calorimetric glass temperatures of the blends
(Tgs) were determined using modulated DSC, Seiko In-
struments EXSTAR6000. The measurements were car-
ried out at 10◦C min−1 heating rate. The Tg was defined
as the temperature of the half of the step height in spe-

cific heat curves.

RESULTS AND DISCUSSION

We start the discussion by investigating the various
types of relaxation in the pure components and then
proceed with the blends of different composition.

Pure PMMA
The dielectric behavior of pure PMMA has been re-

ceived much attention recently 19–24 and the studied
published before 1967 have been reviewed.25 The aim
here is not a comprehensive study of the dielectric re-
sponse of PMMA but merely the identification of major
relaxations in the sample that would help us understand
its behavior in the blend. Figure 1 represents the di-
electric measurements for pure PMMA as the values of
dielectric loss (ε′′) vs. frequency at different tempera-
tures in a double logarithmic scale. This figure shows
the dielectric spectra of PMMA at a temperature range
lower than the Tg, therefore, only the local relaxation
process (β-relaxation process) can be observed. Obvi-
ously, the PMMA has strong local process, the origin
of this process is the partial rotation of the –COOCH3

side groups around the C–C bonds linking these side
groups to the main chain. With increasing the temper-
ature from 30 to 80◦C, the loss peak maximum shifts
to a higher frequency, the peak intensity increases and
the distribution sharpens. The shift of the peak maxi-
mum to higher frequency is a consequence of the high
mobility with increasing temperature. The increase in
the peak intensity is associated with an increased in the
numbers of the relaxed dipoles with increasing temper-
ature.

Figure 2 shows the dielectric spectra of PMMA at a
higher temperature range above the Tg. One can see
that the α-relaxation process appears at a lower fre-
quency than the β-relaxation process. The α-relaxation
is a cooperative process related to the micro-Brownian

Figure 1. Dielectric loss (ε′′) of the local process of PMMA as
a function of frequency at different temperatures.
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Figure 2. Dielectric loss (ε′′) of PMMA as a function of fre-
quency at different temperatures.

motions of the main chain backbone. At high temper-
ature, the α-process merges with β-process into a com-
plex αβ-process, in which the side group rotation is co-
operative with the main chain motion. An abrupt in-
crease in the dielectric loss values is clearly observed
at high temperatures and low frequency range in Fig-
ure 2. This indicates the existence of space charge
polarization and free charge motion within the mate-
rials and also related to the so-called conductivity cur-
rent relaxation process. The behavior of pure PMMA
(Figures 1, 2) is in good agreement with the literature
studies, however, most of the published data for the di-
electric behavior of pure PMMA observed αβ-process
merged together.19–24 The ability to resolve these two
relaxation process is strong function of the frequency
and temperature. In the current case, the measurements
in Figures 2 were carried out over 10−1–106 Hz and
5◦C increment in the temperature, therefore, for ex-
ample, at 96◦C one can clearly observe two resolved
α and β-relaxation processes at low and high frequen-
cies, respectively. However, on the other hand, only
one merged αβ-process detected at temperatures higher
than 115◦C. Most of literature data reported the dielec-
tric behavior of PMMA either over a narrow frequency
range or at a high temperature increment, therefore,
only a single αβ-process detected. Based on the above
it is recommended for such kind of materials which
have two consecutive relaxation processes to study over
a wide range of frequency with small temperature in-
crement.

Pure PαMSAN
In order to investigate the molecular dynamics of the
β-relaxation process of PαMSAN, the dielectric mea-
surements were started at temperatures lower than the
Tg. It has been found that the PαMSAN has a very
week β-relaxation process its loss maximum peak is too
low to preciously detect dielectrically. Figure 3 illus-
trates the dielectric spectra of pure PαMSAN, the figure

Figure 3. Dielectric loss (ε′′) of PαMSAN as a function of fre-
quency at different temperatures.

shows the α-relaxation process with a very week tail of
the β-relaxation process observed at high frequencies.
The α-relaxation process of the PαMSAN is located at
a temperature range higher than that of PMMA due to
the Tg of PαMSAN is higher than PMMA. As usual in
the molecular dynamics of the α-relaxation process, the
loss maximum peak shifts to higher frequency with in-
creasing temperature. In addition, the dielectric spectra
of PαMSAN showed a contribution to the ionic con-
ductivity process at low frequencies and high tempera-
tures, indicating the presence of space charge polariza-
tion and free charge motion. Furthermore, the height of
the α-relaxation process of PαMSAN is slightly higher
than that of PMMA due to the higher polarity of the
segments in PαMSAN than that in PMMA.

PMMA/PαMSAN Blends
All the prepared samples of PMMA/PαMSAN

blends were optically clear at room temperature after
evaporation of the solvent until constant weight. In
addition, the sample sheets were also still optically
clear at the end of the dielectric measurements (about
30◦C above the Tgs of each blend). This may indicate
that, the two components make a miscible blend within
the temperature range of the measurements. Repre-
sentative dielectric spectra for different compositions
of PMMA/PαMSAN blends are shown in Figures 4–
6. One can detect in each blend composition a single
α-relaxation process at a temperature range located be-
tween the Tgs of the two pure components. This find-
ing implies that, the two components are miscible and
the molecular dynamics depends on the blend com-
position. At higher frequency range of the dielectric
spectra in the Figures 4–6 (higher than those of the α-
processes of the miscible blends), one can also detect
the β-relaxation processes (see for example Figure 4 at
115◦C). The change in permittivity of the β-process is
directly proportional to the amount of PMMA in the
blend, since PαMSAN does not undergo a β-relaxation
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Figure 4. Dielectric loss (ε′′) of PMMA/PαMSAN = 75/25
blend as a function of frequency at different temperatures.

Figure 5. Dielectric loss (ε′′) of PMMA/PαMSAN = 50/50
blend as a function of frequency at different temperatures.

in the same temperature range as mentioned above. The
height of the β-relaxation process is strongly decreased
with decreasing the PMMA content due to the dilution
effect of PαMSAN component in the blend. However,
on the other hand, the position and broadness of the β-
relaxation process in the blend is almost the same as in
the pure PMMA (will be discussed in the next section).
At low frequency range, one can clearly detect the ionic
conductivity process in all measured blends.

The frequencies of the maximum loss fmax as a func-
tion of the reciprocal temperature, 1/T , for the α-
processes of all measured samples are shown in Fig-
ure 7. These curves can help for judging the miscibility
of the blends. Obviously the activation curves system-
atically shifted to lower temperature with increasing
the PMMA contents. This systematic variation of the
molecular dynamics with composition can be taken as
strong evidence for the miscibility of the blend over the
entire range of composition. The Tgs can be detected
from the activation curves of Figure 7 by reading the
temperatures corresponding to the dielectric relaxation
frequencies.26–29 The dielectric relaxation frequencies
corresponding to the calorimetric Tgs were found to be
0.006 Hz and 0.5 Hz for PMMA and PαMSAN, respec-
tively. One can draw straight line between these two
frequencies of the pure components which can inter-

Figure 6. Dielectric loss (ε′′) of PMMA/PαMSAN = 25/75
blend as a function of frequency at different temperatures.

α 

Figure 7. Frequency at maximum loss as a function of recipro-
cal temperature for PMMA/PαMSAN blends of different composi-
tion.

sect the other activation curves of the different compo-
sition at different frequencies. The dielectric Tgs pre-
dict by extrapolating the different intersects to the x-
axis to read the correspond temperatures. The accuracy
of the extrapolation is quite good as shown in Figure 8
(good agreement with DSC as will be discussed). This
method has been derived by considering that the dis-
tance along the logarithmic frequency (or time) scale in
the activation diagram is nearly constant between the
curves which were determined by different experimen-
tal methods.26–29 The current method has been success-
fully used for detecting the dielectric Tgs for some of
plasticized polymers.26 Extrapolation of the activation
curves (to make the solid lines in Figure 7) can be done
either by WLF-equation or more precisely by fitting f0,
Qγ, Qs and 3r/d in the Meander model equation 27–29

fm =
f0
π

exp(−Qγ/RT )

×{1 − (1 − exp(−Qs/RT )3r/d}3(d/s)(3r/d)2
, (1)

where f0 is the local vibration frequency of a segment,
Qγ is the local activation energy of a segment, Qs is the
dislocation energy, s is the segmental length, r is the
bundle diameter and d is the inter chain distance. This
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Table I. Fitting parameters obtained from the analysis of activation curves (α-relaxation processes) of PMMA/PαMSAN blends to the
Meander model (eq 1)

PMMA, wt% f0 × 1013 (Hz) Qγ (kJ mol−1) Qs (kJ mol−1) 3r/d

100 5 65 5.4 45
75 4 60 5.25 40
50 4 55 5.15 37
25 4 55 5.05 35
0 5 50 4.99 34

Figure 8. Composition dependence of glass transition temper-
atures detected by dielectric and DSC measurements. The line pass-
ing through the symbols is a fitting line using Fox-equation.

model was derived by considering the dislocation con-
cept and described elsewhere.27–29 One can fit this Me-
ander model to the experimental activation curves using
the non-linear regression technique. Table I represents
the fitting parameters obtained from the regression. An
excellent description of the data was obtained as shown
in Figure 7. Here the lines are computed from eq 1 us-
ing the parameters listed in Table I, while the symbols
are experimental.

The calorimetric Tgs of the blends detected by DSC
were in good agreement with that measured dielectri-
cally. For each blend, only one common Tg was de-
tected its value located between the Tgs of the pure
components. Figure 8 depicts the composition depen-
dence of the Tgs detected dielectrically and calorime-
terically. The experimental values of the Tgs detected
by the two different methods can be well described by
Fox-equation, which was derived originally for copoly-
mers and widely used for polymer blends.30

1
Tg
=

w1

Tg1
+

w2

Tg2
(2)

Where w1,2 and Tg1,2 are the weight fractions and the
glass transition temperatures of polymer 1 and 2, re-
spectively.

The fact that, the Tgs of the blends follow Fox-low
(negative deviated from the simple mixing rule) might
be attributed to the difference in the molecular archi-
tecture of the PMMA and PαMSAN. Therefore, large
numbers of structure defects (quasi-dislocations) would

Q

Figure 9. Dislocation energy, Qs, as a function of composition.

be created in the blends. The values of dislocation en-
ergy, Qs obtained from fitting the activation curves of
the α-relaxation process to Meander model (see Fig-
ure 7 and Table I) might support this suggestion. Fig-
ure 9 demonstrates the composition dependence of the
Qs. Obviously, the behavior of Qs with composition
is similar to that detected for the Tg with composition.
It must be stated here that, this negative deviation in
the behavior of Qs was not observed for other blends,
such as, TMPC/PC, since both polymer components
have similar molecular architecture and a linear relation
of Tg versus composition was detected.31 The similar
molecular architecture of TMPC and PC leads to better
packing of the polymer chains without creation addi-
tional structure defects over those existing in the pure
polymers.31 The total number of quasi-dislocations per
segment is given by

N =
∑

i

wiNi (3)

where
Ni = exp(−Qs/kT ) (4)

wi is the weight fraction and Ni is the number of quasi-
dislocation per segment in the pure state.

The variation of the dipole interaction of the poly-
meric segments with blending can be evaluated from
the analysis of the dielectric relaxation process. The di-
electric relaxation spectra of PMMA/PαMSAN blend
can be resolved into three processes, α, β-relaxation
processes and ionic conductivity. The α, β-relaxation
processes can be simulated using Havrillak–Negami
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Figure 10. Analysis for the dielectric spectrum of PMMA/
PαMSAN = 50/50 blend at 125◦C.

equation:32

ε∗ = ε∞ +
ε0 − ε∞

[1 + (iωτ)b]c
(5)

Where ω is the angular frequency (ω = 2π f ), b and
c are parameters which describe the shape of the re-
laxation time distribution function, τ is the relaxation
time, ε∗ is the complex dielectric permittivity, ε0 and
ε∞ are the limited low-and high-frequency permittivi-
ties, respectively. In our case the best fit of the experi-
mental results was obtained at c = 1, i.e., eq 5 reduces
to Cole–Cole relashionship 33 (symmetrical curves). At
low frequencies, the contribution of ionic conductiv-
ity to the measured dielectric loss describes by ε′′ =
σdc/ε0ω

c where σdc is the d.c. conductivity and c
is the parameter describing the broadening of the re-
laxation time distribution for the d.c. conductivity.
The dielectric relaxation parameters, i.e., relaxation
strength, ∆ε, maximum relaxation frequency, fm and
distribution parameters of each process can be obtained
from this analysis. Figure 10 illustrates the analysis
of PMMA/PαMSAN = 50/50 blend at 125◦C. The cir-
cular symbols in this figure represent the experimental
data, while the dotted lines represent the contribution of
each relaxation process according to the Cole–Cole and
ionic conductivity relationships. The solid line passes
through the experimental points is the total sum of the
three processes. Obviously, a good description of the
data was obtained as shown in the figure.

The composition dependence of ∆ε for both α and β-
relaxation processes are shown in Figure 11. One can
see that, the ∆ε varies linearly with composition for the
two relaxation processes within the accuracy range of
the measurements and the analysis (< 10% for ∆ε). The
∆ε at a given temperature can be obtained according to
Kirkwood–Fröhlich 34

∆ε = ε0 − ε∞ ∝ n
T

g(T )µ2(T ) (6)

where n is the number density of dipole moments and
µ is the dipole moment. This approximation gives ∆ε

∆

Figure 11. Relaxation strength, ∆ε, of α and β-relaxation pro-
cesses as a function of composition.

which at a given temperature is proportional to the
number of dipole moments. To a first order approxi-
mation (neglecting the dipolar interaction), the total re-
laxation strength of the miscible blend, ∆ε, equal to the
sum of dipolar contributions of each component:

∆εB =
∑

i

φi∆εi (7)

In the case of α-relaxation process, the composition
dependence of ∆ε at 125◦C is a linear behavior and the
experimental data can be fitted nicely with the above
equation as shown in Figure 11 (the solid line). How-
ever, on the other hand, the values of ∆ε in the case of
β-relaxation process is directly related to the concen-
tration of PMMA in the blend because PαMSAN has
no β-relaxation process as mentioned above. Thus the
decreasing of ∆εwith composition for β-relaxation pro-
cess is mainly due to the dilution effects caused by the
presence of unrelaxed segments of PαMSAN at 30◦C.

The linearity in the variation of ∆ε with composition
for α-relaxation process means that the orientation cor-
relation factor, g, in the Fröhlich–Onsager equation 35

remains unchanged upon blending, i.e., there is no vari-
ation in the dipole–dipole interaction. This finding is
surprising since it was expected that the blending of two
polar segments would cause a change in the dipolar in-
teraction. Therefore, it is necessary to investigate the
variation in the dynamical constraints caused by blend-
ing. It is well established that the dynamical constraints
could be monitored by following the change in the dis-
tribution of relaxation times (peak width) of the process
under consideration. The greater the variation in the dy-
namical constraints the broader the relaxation process
will be. Figure 12 demonstrates the normalized curves
for the α-relaxation process of different blend compo-
sition. It is apparent that blending led to a great change
in the width of the relaxation spectrum. This behavior
is well known and was detected previously for several
polymer blends.36, 37 This broadening can be attributed
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max

Figure 12. Normalized frequency dependence of ε′′ for the α-
relaxation process as a function of composition.

to a concentration fluctuations, which would lead to a
variation in the consistency of the cooperative regions
and in turn produce a greater variation in the dynamical
constraints of segments as a result of blending. How-
ever, on the other hand, this behavior was not observed
in the case of the ideal blend of TMPC/PC31 due to the
similar molecular architecture of the two components
of the blend.

Molecular Dynamics of β-Relaxation Process
The β-relaxation process is believed to be correlated

with the mechanical properties of the blends such as
ductility, impact strength and toughening. Studies of
the blend dynamics of the β-relaxation process are of
considerable practical interest and have received much
attention recently.38–41 Figure 13 shows the normalize
curves of the local process of PMMA in the blends
at 50◦C. One can see that this local process is much
broader than the α-relaxation process (Figure 12). This
is believed to be due to the disorder structure of amor-
phous materials, in the glassy state, there exists a range
of different environments surrounding the chemical
units that undergo molecular motion. This heterogene-
ity generates a distribution of potential energy barriers
hindering the reorientation motion, which is reflected
experimentally in the broad distribution of relaxation
frequencies. One can see that there is no any difference
in the broadness of the β-relaxation process with blend-
ing, i.e., the distribution of relaxation time of the local
process of PMMA in the blend seems to be identical as
in pure component.

Figure 14 represents the activation curves for the β-
relaxation processes in the blends of different compo-
sition. It is apparent that the β-relaxation process of
PMMA has almost same activation curve regardless of
the blend composition. However, it has been found
in the previous section that the dynamics of the α-
relaxation process of the blend strongly influenced by
blending. Based on the above it is clear that the ab-
sence of any blending effect on the local dynamics of

Figure 13. Normalized frequency dependence of ε′′ for the β-
relaxation process as a function of composition.

Figure 14. Activation plot for the β-relaxation process of vari-
ous PMMA/PαMSAN blend composition.

PMMA implies that the local environments of the two
components of the blend are unchanged by blending
and consequently miscibility at the segmental level is
not achieved. The miscibility should take place on a
level somewhat between the segmental and molecular
level, this level must be big enough to maintain the lo-
cal environment unchanged and in the same time small
enough to give only one glass relaxation process for
the miscible blend. This behavior is in good agreement
with the previous data for TMPC/PC31 and TMPC/PS42

blends, where the dynamics of the β-relaxation process
of TMPC was unchanged by blending.

CONCLUSION

The molecular dynamics of PMMA/PαMSAN
blends have been investigated by broadband dielectric
spectroscopy over a wide range of frequency (10−1 to
106 Hz) and temperature (30–155◦C). All the bends ex-
hibited mainly two relaxation processes, one for α-
relaxation process of the miscible blend and the other
for the β-relaxation process of PMMA. The kinetics
of the molecular dynamics of the α-relaxation process
was found to be composition dependent and well de-
scribed by Meander model. The Tgs of the blends
calculated from the activation curves of the dielectric
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spectra are in good agreement with the calorimetric Tgs
determined by DSC. This experimental fact indicates
that the PMMA/PαMSAN blend is miscible over the
entire range of composition. Although the molecular
dynamics of the glass relaxation process (α-relaxation
process) was changed strongly by blending there was
no any change observed in the kinetics of the local pro-
cesses (β-relaxation processes) of PMMA. Based on the
last finding it is concluded that the local environment
of each component does not change by blending and
the miscibility of the blend on a segmental level is not
achieved. The miscibility should take place on a struc-
tural level bigger than the segmental level to maintain
the local environment unchanged and should be small
enough to give only one common Tg for the miscible
blend. This fact is consistent with the previous mea-
surements for TMPC/PC31 and TMPC/PS42 blends.
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