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ABSTRACT: Segmental dynamics of two phase-separated
reactively prepared polystyrene blends namely unsaturated
polyester resin (UPR) and high impact polystyrene (HIPS)
was investigated by dynamic-mechanical spectroscopy and
calorimetric studies. The results showed a thermorheologi-
cally simple behavior for the HIPS, which could be quanti-
fied based on the KWW function with Bxww of 0.37. The
UPR data, however, could not be evaluated using KWW
function, even though lower Bxww than the HIPS was
expected for it. Furthermore, the a-dispersion of the UPR
was considerably broader while its fragility index was com-
parable with the HIPS. Nonetheless, segmental dynamics
comparison based on normalized AC,(T,) by molecular

weight of the structural units of the studied systems
showed much greater differences. Accordingly, the UPR
was both kinetically and thermodynamically more fragile
than the HIPS. The higher fragility of the UPR could be
attributed to its larger relative cooperativity size and topo-
logical constraints. Finally, enhanced contrast in dynamic
fragilities of two studied systems could be achieved if
similar overall and local compositions could be made
experimentally. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
106: 498-504, 2007
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INTRODUCTION

Tuning of the macroscopic properties of polymers
based on appreciation of their microscopic chain dy-
namics have been the motives for many research
works."® A common theme, explicit or implied, has
been that mechanical stress field may provoke the
same molecular motions as would normally appear as
a result of thermal fluctuation at higher temperatures.
For example, the physical origin of the plastic defor-
mation in polymers is large-scale cooperative motions
similar to those responsible for the glass transition
phenomenon.‘k_6 Accordingly, when a mechanical
force is applied on a chain through its surrounding, its
segments readjust themselves to relieve the stress.
Therefore, the momentarily raised free energy is dissi-
pated by a small amount every time a segment reor-
ients itself to a new state with lower free energy.'

As a generally accepted picture, however, glass
transition engages in complete rotational relaxation,
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which requires cooperativity of the neighboring units
to overcome the intermolecular barriers.*” In other
words, a constrained structural unit can change its
conformational state only if its close neighbors cooper-
ate as if they are in a set of meshed components. A
great deal of attention has been devoted looking for
adequate approaches to highlight the universal fea-
tures of glass-forming systems. For example, many
research works have focused on the temperature-
dependence of the average relaxation time.” " Ac-
cordingly, supercooled liquids can be classified as
“strong’’ and “fragile.”'® Strong systems display an
Arrhenius-type temperature-dependence and rela-
tively small changes in their heat capacity at the glass
transition temperature, Tg. On the other hand, the
fragile systems are characterized by their pronounced
relaxation time-temperature deviations from Arrhe-
nius behavior and large liquid to glass heat capacity
ratios at T,.'”"" Therefore, the steepness of semilogar-
ithmic plots of relaxation time versus T,/T, fragility,
provides a measure of relative temperature sensitivity
and compares materials directly. To cast a universal
view, however, fragility has been related to the chemi-
cal structure of materials.”'*'® Polymers, containing
smooth, compact, and symmetrical chains exhibit
strong relaxation behavior, while fragile polymers are
made of more rigid backbones or sterically hindering
pendant groups.'* These microstructure-based charac-
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teristics reflect the topology, that is, the number of
minima and the barrier height between them, with
certain potential energy landscapes,'® which govern
segmental rearrangement of polymers. Strictly speak-
ing, the height of the energy barriers and the number
of minima imply the kinetic and thermodynamic
aspects of chain dynamics, respectively.”

In case of multicomponent polymer systems, how-
ever, cooperative configurational rearrangements may
involve segments pertaining to similar or different mol-
ecules depending on the compositional scale of hetero-
geneity. In thermodynamically miscible blends, the
components dynamic exhibit different temperature-
dependencies. In other words, at any given tempera-
ture, the relaxation of the high-T, and low-T, compo-
nents becomes faster or slower in comparison with their
pure state, respectively. Accordingly, the system does
not follow the time-temperature superposition princi-
ple. Some workers'*" attributed this to the blend
dynamic heterogeneity originating from existing con-
centration fluctuations. However, others considered the
effect of monomer connectivity on its local enrichment
in mean blend composition (self-concentration model)'®
or used the combined effects of both phenomena.'”
Quite recently, Ediger and coworkers'® showed that in
miscible polymer blends even in dilute regime, the seg-
mental dynamics of isolated chains did not become
slaved to the host matrix. Accordingly, they confirmed
the preference of self-concentration model in rationaliz-
ing miscible polymer blends dynamics.

Nonetheless, many polymeric blend systems are im-
miscible to some extent with many diversified appli-
cations. For example, incorporation of rubbery or
glassy inclusions into the brittle polymers as a bipha-
sic structure modifies the ligament, the matrix
between modifier particles, and leads to enhanced
properties. Historically, high impact polystyrene
(HIPS) and unsaturated polyester resin (UPR) are pre-
pared via polymerizing the styrene solution contain-
ing an unsaturated polymer (polybutadiene or polyes-
ter) leading to phase-separated systems with polysty-
rene as the continuous phase. In HIPS and UPR,
micron size stiff (polybutadiene domains with poly-
styrene inclusions) and rigid particles (contermi-
nously bonded polyester microgels) are distributed in
polystyrene matrix, respectively. However, the impor-
tant question of the molecular basis for observing the
enhanced properties by the inclusion of secondary
phase particles remains for further studies and elabo-
rations.

In this work, the non-Arrhenius behavior of com-
mercial HIPS and UPR were investigated in the glass-
transition region by dynamic mechanical analysis and
differential scanning calorimetry. Furthermore, their
temperature-dependence of the relaxation times and
the length scale of cooperative motions were com-
pared by applying the fragility concept.

EXPERIMENTAL

The UPR was provided by Bushehr resin. The resin is
made of maleic anhydride (MA), phtalic anhydride
(PA), and propylene glycol (PG) (0.5 : 0.5 : 1.1) as
determined by 'H NMR. The styrene monomer was
supplied by an industry and used as received. The
amount of styrene in the resin was determined by its
evaporation in an air-circulating oven at 110°C for 2 h.
Then, a sample with 60% (w/w) styrene was prepared
by diluting the resin with styrene via mixing them for
1 h at ambient temperature. Later, 0.5% (w/w) cobalt
octate (Activator) was dissolved in the mixture.

Plates, 2 mm in thickness, were cast from the resin
mixture. Curing was initiated at room temperature by
adding 1% (w/w) methyl-ethyl-ketone peroxide as a
catalyst to the mixture. The thermal cycle of curing
was consisted of isothermal heating at 25°C for 24 h,
followed by postcuring at 80°C for 8 h and 120°C for
2 h."” Thermogravimetric analysis on final cured res-
ins showed almost complete chemical transforma-
tion (less than 0.5% (w/w) unreacted monomer was
detected).

A bulk polymerized high-impact polystyrene, HIPS
(Tabriz Petrochemical Co. 4240), containing 7% (w/w)
of butadiene rubber was used. The volume fraction of
the dispersed composite rubber particles (with poly-
styrene inclusions) was estimated to be about 20% (v/
v).?’ The weight-average molecular weight of the
polystyrene matrix was 1.9 x 10° g/mol with a poly-
dispersity of 3.2. Sheets, 2 mm in thickness, were com-
pression-molded at 190°C and 4 MPa.

Dynamic-mechanical analysis was performed by a
TA Instrument, DMA-2980, at both isothermal (fre-
quency sweep) and nonisothermal (temperature scan)
conditions for all samples in bending mode. Dual can-
tilever clamp was used on samples with rectangular
geometry of 50 x 13 mm?® The nonisothermal runs
were carried out at 4°C/min from room temperature
up to 200°C at constant frequency of 3 Hz. The fre-
quency sweep experiments, however, were carried
out in the glass transition region (determined by non-
isothermal runs) for each sample at 2—4°C intervals
after temperature equilibration for 20 min. At each
temperature, the frequency was changed from 200 to
0.01 Hz.

Differential scanning calorimetery (TA instrument,
DSC 2010) was used to measure the specific heat
capacities against a sapphire standard. A blank pan
was run immediately prior to characterization of each
polymer sample. The calibration of instrument was
checked based on the melting point of indium after
each six measurements. For each sample, about 10 mg
of material was sealed in an aluminum pan and run in
all DSC experiments. The thermograms were taken on
the second heating (10 K/min) cycle after quenching
from elevated temperature. Samples were annealed
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Figure 1 DMA isothermal curves for the HIPS at different
temperatures in the glass transition region.

for at least 40 min at 200°C before quenching to erase
prior thermal histories. The reported heat capacities
are averages of three runs.

RESULTS AND DISCUSSION

Viscoelastic data of the studied systems in the o-relaxa-
tion region are plotted in Figures 1 and 2. For both sys-
tems, the loss peak shifts to higher temperatures as the
test frequency increases. Approximate superposition of
the loss peaks based on normalization to the maximum
frequency and loss modulus was performed (Fig. 3).
The observed scattering in data is well within the
uncertainty in the loss modulus measurements giving
the opportunity of the relaxation breadth comparison.
As one can observe, the a-relaxation of the UPR is
broader than HIPS. Nonetheless, the superposition of
data points based on shift factor calculations by the
WLF equation led to suitable results for the HIPS while
failed for the UPR. The observed discrepancy in the
UPR was attributed to its thermorheological complex-
ity because of its dynamical heterogeneity at the stud-
ied temperatures. In other words, the glass transition of
the matrix, polystyrene, and rigid gel particles, conter-
minously crosslinked polyester by the polystyrene
bridges, are quite similar. This complication has also
been noted before for several polymers.”’™> Although,
both studied systems were prepared via heterogeneous
polymerization of styrene solution of either polybuta-
diene or polyester, morphologically, the final products
are very different. In other words, HIPS is mainly com-
posed of a polystyrene matrix filled with about 20%
(v/v) stiff rubber particles. Although, the UPR is
mainly formed by a thin polystyrene matrix, ligament,
connecting micron-sized gels filled with contermi-
nously crosslinked polyester chains. Therefore, it could
be said that in HIPS the dynamics of PS matrix is
actually affected by the stiff rubber particles; however,
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Figure 2 DMA isothermal curves for the UPR at different
temperatures in the glass transition region.

in the UPR, the dynamics of glassy thin polystyrene lig-
ament is superimposed on the microgels dynamics. It
is due to the fact that two phases of HIPS differ in dy-
namics very much while the UPR shows very close T,’s
for both components.

The relaxation time can be defined as T = 1/®may
where mm,y is the frequency of the loss modulus maxi-
mum. This characteristic time corresponds to the most
probable relaxation, and does not depend on any fitting
function to the experimental data. The inset of Figure 4
shows the temperature-dependence of relaxation time
for the HIPS and UPR, where curve fitted with the
Vogel-Fulcher-Tammann (VFT) equation:**°
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Figure 3 Normalized segmental loss dispersion peaks for
the HIPS and UPR.
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Figure 4 Fragility curves for the HIPS and UPR. The inset
is temperature-dependence of segmental relaxation times
for the HIPS and UPR. Solid lines are VFT fits to the data.

where B is a material parameter and T, is Vogel tem-
perature, which represents the point in which relaxa-
tion time diverges to infinity. According to Angell,” 1,
is a characteristic time related to the frequency with
which attempts for crossing some barrier opposing the
particles rearrangement involved in relaxation occurs.
In other words, 1 is the time a molecule needs to move
into some free space expected to have ghononlike
scales, usually in the order of 1y = 10~ s.*” The VFT
parameters of two samples were obtained using a non-
linear least squares fitting procedure (Table I).

The relaxation time data can be replotted based on a
dimensionless temperature scale, T,/T, fragility plot
(Fig. 4). The T, was defined as the temperature at
which se§mental relaxation time assumed a value of
100 s.72'% Tt is clear that the variation of segmental
relaxation time with respect to normalized tempera-
ture is steeper for the UPR in comparison with the
HIPS. The evaluated slope of the plots at T = T, are
called fragility, m, the quantity that could be calcu-
lated from VFT parameters too:*®

_ BJT, T\ 2
= in(10) (1 ‘T_g> ®

o dlogt
d(Tg/T)

T=T,

The value m = 16 corresponds to strong material
limit (Arrhenius behavior) while for m > 200, the sys-
tem reaches the fragility limit. The calculated m values
were 122 and 128 for the HIPS and UPR, respectively,
in agreement with the reported literature results for
PS** and a UPR with slightly different structure.*
Rather high fragility indices obtained for these materi-
als categorize them as kinetically fragile systems.

It would be worth mentioning, however, that the
direct comparison of two investigated systems does
not represent the whole story. They were actually
made through styrene polymerization in the presence
of an unsaturated polymer namely polybutadiene or
polyester. Even though, the aforementioned process
led to the distribution of 1-5 um secondary phase par-
ticles in polystyrene matrix, the overall and local com-
positions of the two systems were quite different. In
other words, the HIPS composed of about 20% (v/v)
of distributed stiff rubber particles while the UPR con-
tained about 70% (v/v) of connected rigid particles.
Therefore, the PS ligament in the UPR is much thinner
than HIPS. Accordingly, the UPR is expected to be
more fragile if its PS content enhances to a comparable
composition with the HIPS. It is worth reminding that
the main goal of this research has been to compare the
role of stiff and rigid inclusions on the fragility of the
same matrix, polystyrene, in two commercial prod-
ucts. In practice, however, large differences in PS liga-
ment thickness and T, overlap between the matrix
and inclusions in the UPR led to the complexity of the
comparison. Nonetheless, the thorough analysis of the
extracted results showed still distinguishable differen-
ces between two investigated systems.

Breadth of relaxation function (Fig. 3) and tempera-
ture-dependency of relaxation times (Fig. 4) are gener-
ally correlated.® Greater fragility is usually associated
with a broader dispersion.”’ On the basis of Ngai’s
coupling model,*** the broader a-dispersion of the
UPR is a consequence of the intermolecular coupling
enhancement among the relaxing moieties originated
from the additional constraints imposed by crosslink-
ing. The width of relaxation function is often quanti-
fied by fitting the modulus data using the Kohlrausch-
Williams-Watts (KWW) equation:***

G(t) = Goexp [— (i) BKWW] 3)

where 0 < Bxww < 1, 1 is the KWW relaxation time,
and Gy is the glassy modulus. The PBxww quantifies
the relaxation time distribution and its width. In other
words, Bxww close to 0 implies a broad distribution
while Bxkww = 1 represents narrow relaxation distri-
bution.

To fit dynamic modulus data, they were converted
from the frequency to the time scale using the follow-

TABLE I
The Best Fit Parameters of the VFT Equation on the HIPS
and UPR Relaxation Data
System 70 (K) BK) To(K) T,(K) T,—-T, m
HIPS 1x107% 1737 311 358 47 122
UPR 1x107* 1621 325 369 44 134

Journal of Applied Polymer Science DOI 10.1002/app



502

g
-
L
o
s

s

Relaxation Modulus (MPa)
8
*
L
of

10
0.00001 0.0001 0.0m 0m o1 1 10

Time (s)

Figure 5 Time-temperature superposition for the HIPS.
The solid line represents the KWW function fit to the data.

ing approxima’tion:36
G(t) = G'(w = 1/1) 4)

Figure 5 shows the master curve for storage modu-
lus of the HIPS as a function of log(t) and a reference
temperature Ty = 369 K. The master curve was con-
structed by applying time-temperature superposition
principle. Finally, by fitting the KWW function to the
obtained master curve, a value of Bxww = 0.37 was
determined. The relaxation width of the UPR, how-
ever, could not be quantified by the KWW equation;
nonetheless, a lower value of Bxww was expected. The
thermorheologically complex state of the UPR dynam-
ics at the investigated temperature window was pro-
posed as the molecular mechanism of the observed
heterogeneity.

Different segmental relaxation behavior of the HIPS
and UPR can also be investigated based on the
Angell’s interpretation of fragility. As mentioned ear-
lier, the glassy state of more fragile liquids corre-
sponds to a wide variety of different structural
arrangements, implying larger AC,(To).'"""" Thus,
many attempts have been done to find a correlation
between the fragility and the cooperativity size at T,.
Both quantities, that is, AC,(T,) and the cooperativity
length scale can be estimated from calorimetric experi-
ments.

Here, we address this issue by determining and
comparing the size of a cooperatively rearranging
region (CRR), Vcgr, for both studied systems. Adam
and Gibbs® defined CRR as a subensemble of par-
ticles, which can rearrange independently into a new
configuration. The size of CRR is a measure of the
length scale of cooperativity and closely related to its
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corresponding glass transition temperature and relax-
ation time. Therefore, based on thermal fluctuation
theory, Donth®®* proposed an equation for calculat-
ing CRR at T,, which its required data could be
extracted from DSC experiments.

Verr = Eorg = ksT2A(1/Cy)/ (p3T?) ()
NAV
Ncrr = A TCRR ;CL:RR (6)

where Vgg is the volume of a CRR, &cgp is the charac-
teristic length of cooperativity at T, kg is the Boltzman
constant, C, is the specific heat capacity at constant
volume, 3T is the mean temperature fluctuation, Ncrg
is the number of particles (monomer units) in a CRR,
N, is Avogadro number, p is the polymer density,
and M,, is the molar mass of a particle. Glass transi-
tion was calculated by an equal-area construction
about the heating curve using tangents from far below
and far above T,. In addition, Donth®* used the fol-
lowing approximation for calculating Vrgr from con-
ventional DSC results. Donth®**” approximated A(1/
C,) by A(1/C,), which in turn is taken equivalent to
AC,/C,?, where C, is the specific heat capacity at con-
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Figure 6 Specific heat capacities at constant pressure ver-
sus temperature for (a) the HIPS and (b) the UPR.
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TABLE II
Sample Parameter Values Obtained From DSC for Calculation of Vcgrr
System AC, (/g K) AC, (J/mol K) C,(/gK) ST (K) T, (K) Verg (nm?) Nerg
HIPS 0.1936 20.1 1.4321 2.34 367 35.14 211
UPR 0.1935 177 1.3588 3.72 370 13.86 9.5

stant pressure, a quantity that is measured by DSC.
The mean temperature fluctuation of one average
CRR, 6T, can be estimated by ““a rule of thumb’’#: 8T
= AT/2.5, where AT is the temperature interval where
C,(T) varies between 16 and 84% of the total AC, step
at the glass transition. The DSC results for the investi-
gated systems are provided in Figure 6 and Table II.
The values of AC,(T,) for both studied samples are
practically the same (0.2 J/g K). It was mentioned ear-
lier that the main difference between the studied sys-
tems were the nature and the amount of their inclu-
sions. Therefore, it was expected that the CRR size of
polystyrene matrix in the HIPS sample increases in
comparison with virgin PS because of the effect of
stress field overlap of stiff rubber particles. On the
other hand, the CRR size of polystyrene matrix in the
UPR sample was anticipated much smaller. Therefore,
normalizing AC,(T,) by the molecular weight of the
structural units of the investigated systems proposed
by Wunderlich*' leads to much higher values for the
UPR, 170 in comparison with 20 J/mol K for the HIPS.
This means that the UPR is both kinetically and ther-
modynamically more fragile than the HIPS. In other
words, the mean volume of CRR is much larger for
less fragile system (HIPS). Furthermore, a negative
correlation between the fragility and the length scale
of cooperativity was observed. This is in contrast to
Kahle et al.** and Solunov,* who reported a direct
relation between fragility index and the volume of
CRR and a linear correlation between fragility and the
size of cooperative units for some polymers and inor-
ganic super cooled liquids, respectively. Nonetheless,
a direct correlation between two parameters has been
doubted by Hempel et al.** The observed discrepancy
could be attributed to the structural differences of two
materials. The cured UPR with 60% (w/w) styrene is a
highly crosslinked polymer. The average number of
structural units between two consecutive junctions of
this material was v = 2.7 from rubbery modulus meas-
urements.** This is considerably smaller than the
number of structural units of the UPR in its CRR at the
glass transition. Consequently, the segmental motion
in the UPR is affected with great restrictions imposed
by network junctions. Nonetheless, the network heter-
ogeneity with tight and loose regions led to broad
relaxation times. On the other hand, the cooperative
motions in the HIPS, although with a larger length
scale, do not probably encounter considerable restric-
tions. Accordingly, the range of spatial restrictions or

confinements is of great importance when the correla-
tion of fragility and CRR size are to be examined.

CONCLUSIONS

Segmental dynamics comparison of two reactively
prepared polystyrene-based blends was performed by
DMA and DSC analysis. Although, the HIPS sample
was polystyrene consisted of dispersed 1-5 pm stiff
rubbery particles, matrix of the UPR, polystyrene, con-
tained the same size particles made of rigid highly
crosslinked networks. The results were as follows.
First, the dynamic fragility of the UPR was mildly
higher than the HIPS system. However, the magnifica-
tion in segmental dynamics differences would be
expected if both systems with similar compositions,
overall and locally, could be made. Second, the seg-
mental dynamics data of the HIPS sample could be
curve fitted to the KWW function with a Bgww = 0.37.
But, for the UPR, it could just be expected a lower
value corresponding to experimentally observed
broader dispersion. Finally, the fragility evaluation
based on DSC thermograms showed comparable
results. Nonetheless, normalization of the extracted
data by molecular weight of the structural units of the
two systems magnified their differences. The observed
results could be interpreted based on the comparison
of the cooperativity length scale and the scale of topo-
logical constraints.

The authors thank Dr. M. Karimi for his help on DMA and
DSC experiments.
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