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ABSTRACT: Measurements of dynamic mechanical spectra in the glass transition region for miscible blends
of 1,4-polyisoprene and poly(vinylethylene) are reported. In accordance with previous measurements of heat
capacity and thermal expansivity, the transition zone is found to be extraordinarily broad when the blend
has a high concentration of poly(vinylethylene). The application of the coupling model to the data suggests
that this breadth is a manifestation of an inhomogeneous distribution of relaxation times and coupling
parameters engendered by concentration fluctuations. Although not experimentally observable herein, a
consequence of this dynamical heterogeneity is deviation from the principle of time—temperature superpo-
sitioning for miscible polymer mixtures in the glass transition region. The latter is consistent with solid-state

13C NMR measurements reported previously.
Introduction

When the morphological heterogeneities in a polymer
mixture are sufficiently small (ca. 100 A),! they are
unobserved by many experiments. Accordingly the dem-
onstration of thermodynamic miscibility in ostensibly
homogeneous blends usually requires more than the
observation of a single glass transition. Conversely, since
the chain units in a miscible blend experience the same
average free volume, such mixtures invariably exhibit only
one glass transition.

Mixtures of 1,4-polyisoprene (PIP) and poly(vinyleth-
ylene) (PVE) are thermodynamically miscible, as has been
established by adhesion,23 small-angle neutron scatter-
ing,%5and proton NMR® experiments. Despite an absence
of specific interactions, miscibility extends to very high
molecular weights due to the respective similarities in the
polarizability and liquid structure of the components.457
In accord with this miscibility, PIP /PVE mixtures exhibit
a single, composition-dependent glass transition. How-
ever, in blends with a high concentration of PVE (provided
the microstructure of the polybutadiene is greater than
90% 1,2), the glass transition, as measured by a marked
increase of either the heat capacity or thermal expansion
coefficient, transpires over an anomalously broad tem-
perature range.? Similarly, in these compositions the
change in dynamic mechanical behavior associated with
the glass transition extends over many decades of fre-
quency.? It is emphasized that a broad glass transition is
exhibited notwithstanding the thermodynamic miscibility
of the mixture. This breadth is not associated with an
incipient phase-separated morphology.

13C NMR experiments have demonstrated that the mo-
lecular motions of the components in PVE/PIP blends
have different temperature dependencies, with these
differences magnified in blends with a high concentration
of PVE that has a high 1,2-microstructure.! The vinyl
carbons of polyisoprene develop high-frequency, isotropic
motions at temperatures below that necessary for the onset
of liquidlike motion of the vinyl carbons of the PVE. The
differences in transition temperature observed by 13C
NMR for the blend components correlate with the
composition dependence of the transition breadth seen in
heat capacity, thermal expansivity, and dynamic mechan-
ical measurements.

The morphological homogeneity of PVE/PIP blends
ensures that the components experience the same average
free volume. Totheextent this quantity controls the tem-
perature or frequency of the glass to liquid transition, a

single glass transition is then a necessary consequence of
miscibility. Nevertheless in the vicinity of the transition
zone the molecular motions and their dependence on tem-
perature are evidently different. The purpose of the
present study was to investigate the origin of the broad
glass transition and its occurrence in blends comprised
predominately of PVE.

Experimental Section

The poly(vinylethylene) was 37% 1,2-polybutadiene obtained
from the Firestone Tire and Rubber Co. The cis-1,4-polyiso-
prene was a high-purity grade of Hevea brasiliensis (SMR-L
from the Ore and Chemical Corp.). Despite their high molecular
weights, these polymers form a miscible mixture.2* Blends are
referred to herein as PVE-0 through PVE-100, where the number
denotes the percentage by weight of the poly(vinylethylene).

Dynamic mechanical testing was conducted in tension with an
Imass Corp. Dynastat Mark II instrument. The measurements
were made over a frequency range of from 0.01 to 100s™! at various
temperatures. Master curves were obtained by empirically time—
temperature superpositioning the data to a reference temper-
ature of 40 °C. For compositions in which the glass transition
was sharp, measurements over 30 or 40 deg sufficed to define the
transition region of the viscoelastic spectrum. For the PVE-75
sample, however, data were obtained from +35 °C down to —60
°C without completely encompassing the rubber to glass tran-
sition.

Results

In Figure 1 is displayed the frequency dependence of
the storage modulus for five compositions. Beyond the
expected shifting of the curves to lower frequency as the
concentration of the lower T, component is reduced, it is
seen that the shape of the transition zone also varies with
concentration. In particular, the transition of PVE-75 to
the glassy state transpires much less abruptly than for the
other compositions. This characteristic is more apparent
in the loss moduli spectra of Figure 2. In comparison to
most pure polymers, PVE has arelatively broad transition,
and, as expected for miscible mixtures, the transitions in
the PVE-25 and PVE-50 are somewhat broadened. The
most striking feature in Figure 2, however, is the remark-
ably broad peak in the loss modulus for PVE-75, the extent
of which encompasses both transitions of the pure poly-
mers. In light of the irrefutable evidence for miscibility
in these blends,?® it is emphasized that this cannot be
attributed to phase separation.

The dynamic mechanical behavior seen in Figures 1 and
2 is consistent with calorimetry and thermal expansivity
results, wherein PIP blends containing a high concentra-
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Figure 1. Frequency dependence of the storage modulus for
PIP blended with the indicated amount of PVE. These results
are master curves obtained by time-temperature superposition-
ing to a reference temperature of —40 °C.
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Figure 2. Loss modulus spectra at a reference temperature of
-40 °C for blends of PIP with the indicated concentration of
PVE. The75% PVE composition peak was extraordinarily broad,
whereby the peak was not completely defined despite data having
been obtained over a 95-deg range of temperatures.

tion of PVE exhibit atypically broad glass transitions.45#
It is also congruous with observations of differing tem-
perature dependencies for the molecular motions of the
mixed polymers.6 The issues in need of clarification are
the origin of the anomalous transition breadth and the
reason for its occurrence only in compositions highin PVE
content.

The application of a model to the results in Figure 2
may offer insight into the phenomenon. Conformance of
the experimental results to theory would provide direct
information, at least commensurate with the model’s
physical basis. Onthe other hand, any inability to account
for the experimental results would suggest that assump-
tions embodied by the model are undermined in the blends,
a happenstance that can also be instructive.

In recognition of the many modes of motions available
to a long-chain molecule, the assumption of a distribution
of relaxation times is a common starting point in the
description of the viscoleastic behavior of polymers.910
However appropriate this approach may be for rubbery
and terminal zone behavior, with respect to the glass
transition region, the origin of such a distribution is not
obvious. Glassy motion involves segments smaller than
the smallest Rouse mode. It might be presumed that a
distribution of relaxations could arise as a consequence of
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the free volume being distributed among variously sized
vacancies.!! In fact, however, the rearranging segment
volume appropriate for the glass transition is substantially
larger than the largest vacancies.!?-1* Consequently only
the average free volume, not its distribution, governs the
glass transition.®16 Beyond physical arguments for re-
jecting relaxation time distributions in the modeling of
glass transition data, it has also been shown that volume
recovery experiments carried out in the vicinity of T are
inconsistent with any assumed distribution of relaxation
times,17.18

An alternative approach toward description of segmental
relaxation and glass transition behavior is the coupling
model, which has been successfully utilized for a variety
of neat polymeric materials.’%20 The essence of the model
is that conformational relaxation of a single chain in bulk
polymers is unobserved because this primitive relaxation
is retarded by interchain interactions and correlations
among the elements comprising the system. In polymeric
materials these environmental interactions arise primarily
from the uncrossability and the excluded volume of the
polymer segments. This slowing down of the primitive
motion results in a time-dependent relaxation rate. At
the times appropriate for mechanical measurements
(longer than some characteristic time w: 1), the relaxation
modulus is given by2°

E(t) = E(0) exp(-[t/m*]'™) (1)

where the quantity n captures the strength of the coupling
between the primitive relaxation and the environment of
other chains. Originally the model was derived from the
assumption that the primitive relaxation was a first-order
reaction. More realistic models for chain dynamics entail
conformational changes that propagate along the chain
by a damped diffusional process.2! It can be shown,
nevertheless, that the form of eq 1 is recovered for ¢ >
we L.22 The effective relaxation time 7* is related to the
primitive relaxation time rg according to%

™ = ([1 - nlw )/ (2)

For relaxation from the glassy state, the values of both
70 and n (and hence 7*) depend on chemical structure.
Given the complexity of undiluted polymers, these model
parameters cannot be calculated directly but must be
deduced from experiment. The coupling model has been
applied to experimental measurements on various poly-
mers in the glass transition zone, including polycarbon-
ate,? polystyrene,?*2 poly(vinyl acetate),!8%5-27 and
others,27-30

From the relation between the loss and relaxation
moduli®

Ew) = w j;“’E(t) cos (wt) dt 3)

eq 1 can be fitted to the data of Figure 2 by variation of
7* and n. There are no a priori restrictions on the values
of these parameters, other than n being a positive number
not exceeding unity. For neat polymers w, was found to
equal 101057120 The dependence of the relaxation rate on
chemical structure, however, means that the couplings of
the respective components are not necessarily equal in a
blend. Consequently for the mixtures we take

E(t) = Epp(0) exp[_(t/T*PlP)l_nPE] +
Epyg(0) expl=(t/m*pyp) "] (4)

where the prefactors, E(0), scale with concentration. The
different time scale of their local motions means that the
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Figure3. Loss modulus peak associated with the glass transition
measured for the pure polymers (O), along with the best-fit curve
calculated by eq 1.

relaxation times need not be equal, notwithstanding the
equivalence of the average free volume for the blend
components. In fact the differing strength of their
respective couplings confers a divergence in the 7*, as seen
from eq 2.

Thus the E(0), n, and 7 are all freely adjustable in
attempting to fit eq 4 to the measured E”(w) via eqs 2 and
3. Loss modulus spectra were numerically calculated by
using different algorithms for low®! and high32 values of
the coupling parameter. The results of this fitting for
neat PVE and PIP are displayed in Figure 3. Itis observed
that the behavior of the pure polymers in the glass
transition region conforms to the coupling model. The
obtained values of n for PIP, 0.50, and for PVE, 0.74, are
inreasonable agreement with a recent determination from
photon correlation spectroscopy applied to these polymers
near 7,.38 Thesuccess of the coupling model in describing
these data on pure polymers and in providing a consistent
determination of the relevant relaxation parameters is un-
surprising in light of many prior results.12,18.23-30

Application of the model to the mixtures, however,
proves less satisfactory (Figure 4). Although areasonable
fit can be obtained for the PVE-25, the frequency
dependence of the loss modulus for blends with higher
PVE concentrations is at odds with the form of eq 4 for
any combination of parameter values. The justification
underlying the use of eq 4 is that associated with each
component is a primitive relaxation, the latter being slowed
down by coupling to the surroundings. This yields two
stretched exponential decays, each contributing to the
observed relaxation. The central assumption is that in
the mixtures all segments of a given component relax
equivalently. Apropos the arguments concerning the
inappropriateness of a distribution of relaxation times in
describing glass transition phenomena, this assumption
is valid for neat polymers. Mixtures evidently present a
different situation.

The local composition within a mixture is known to
fluctuate about its average value. Indeed the scattering
contrast arising from such concentration fluctuations
underlies the characterization of blend thermodynamics
by scattering experiments.® Concentration fluctuations
have previously been identified as a mechanism for
broadening of relaxation spectra in the glass transition

Dynamical Heterogeneity in a Miscible Blend 2263

T T T T

E"/ En,

Log o/

max

Figure4. Peakinthe loss modulus for three blend compositions
as measured (O), calculated by using eq 4, which assumes
uniformity in the relaxation of the respective components (),
and via eqs 5 and 6 by assuming an inhomogeneous distribution
of relaxation times for both components (—). It can be seen that
postulating a distribution in both n and 7* for each component
isnecessary to obtain agreement between theory and experiment
for PVE-50 and PVE-75.

region.?53 Chain segments of a given component will
experience differing local environments and hence their
relaxation will not be equivalently perturbed by neigh-
boring segments. Consequently, in mixtures each com-
ponent will not be associated with a single n and 7*. For
both components these will be distributed about values
appropriate for the average composition. Obviously eq 4
is then inadequate to describe the experimental E”(w)
spectra for blends.

Conceptually, the origin of the broad glass transition
becomes apparent. As seen in the figures and reflected
in the magnitude of its coupling parameter, pure PVE has
a broader transition (more strongly coupled) than PIP,
and indeed than most other polymers.121823-30 The
addition of PIP to form a mixture introduces a variety of
local environments by engendering concentration fluctu-
ations. The broad relaxation spectrum of PVE thus
becomes displaced over a range of central frequencies.
The superpositioning of these relatively broad peaks results
in a very broad loss modulus spectrum. At lower PVE
concentrations, although composition fluctuations still
transpire, the significantly narrower PIP peak now dom-
inates the spectrum. The superpositioning of a fairly
narrow peak about a range of frequencies effects only a
modestly broadened resultant spectrum.

The coupling model can be extended to incorporate these
ideas; however, the absence of detailed information
concerning blend heterogeneities and their influence on
relaxation presents a formidable obstacle. While some
information can be extracted from scattering experiments,
quantitative dataregarding the concentration fluctuations
is lacking, as is knowledge concerning the dependence of
either n or 79 on local composition. Earlier workers
assumed a Gaussian distribution of logarithmic relaxation
times, with no influence of concentration on the shape of
the relaxation function.® Herein the broadening of the
blend spectra is ascribed to the effect of local composition
on the degree of coupling of the segmental motions. The
particular relaxation time distribution exhibited by the
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Table I
Relaxation Parameters for Polyisoprene/
Poly(vinylethylene) Mixtures*

blend component n Tois § E(0) a

PVE-0 PIP 0.50 4.9x10% 1820

PVE-25 PVE 064 34x10%8 1100 4.3x104
PVE-25 PIP 0.55 4.4x10%8 1200 4.3x104
PVE-50 PVE 066 6.9x10°8% 1560 2.0 Xx10?
PVE-50 PIP 060 2.8x108 830 1.7x10%
PVE-75 PVE 073 27x107 1670 1.1 X 102
PVE-75 PIP 063 1.1x107 713 3.0x 102
PVE-100 PVE 074 6.3%x10% 1650

¢ From eq 1 for the pure polymers and eqs 5 and 6 for the blends.
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Figure 5. Value of the coupling parameter determined for the
two polymers as a function of the mixture composition.

mixture is a consequence only of this change in coupling.
Calculations were carried out by assuming concentration
fluctuations produce a normally distributed range of values
of the coupling parameters of each component. Thus, the
relaxation modulus for each component is taken to be

= 1 _ a2 _ t 1-n
E{¢) —E,-(O)j; exp(-a,(n - n)* exp( r*i(n)) dn
(5
where
™,(n)=([1- n]wc"‘rOi)l/(I‘") (6)

in which n; represents the mean value of the coupling
parameter for component { and a; is a measure of the
concentration fluctuations. The effective relaxation time
of a segment is determined from eq 2, where w, is taken
to equal 1010 571, Equations 5 and 6 in conjunction with
eq 3 allow a calculation of E”(w) for the mixtures, and
these results are displayed in Figure 4.

A summary of the best-fit values for all parameters is
given in Table I. The particular values used to generate
the curves in Figure 4 should not be taken too seriously,
given the degree of arbitrariness embodied in, and
necessary to apply, eq 5. The principal point of the exercise
is demonstration of the concept that concentration fluc-
tuations will broaden the glass transition, with the effect
amplified when the major component is inherently broad.

The dependence of the respective coupling parameters
on composition is presented in Figure 5. A PVE-rich
environment is markedly effective in coupling to the
primitive relaxation. This not only gives rise to a
broadened glass transition in pure PVE but also effects
stronger coupling of the relaxations of both PIP and PVE
in their mixtures. Figure 5 illustrates that the value of
the coupling parameter is governed both by the nature of
the relaxing element and by its environment.

A consequence of eq 5 is that the mixtures should no
longer be time-temperature superpositionable, as can also
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be inferred from the different temperature dependencies
for the respective molecular motions.® The shift factor is
related to the segmental friction coefficient, ¢, according
t025

ar = {7/ fTO]I/(H) (M

Obviously, given the differences in n, the shift factors for
the two components will be different and hence the time-
temperature superposition principle should not apply to
the behavior of miscible blends in the glass transition
region. This breakdown of time-temperature superpo-
sitioning will be accentuated in mixtures comprised of
polymers with very different coupling parameters. Even
when this situation prevails, as with the present blends,
the failure to superposition is not obvious in data obtained
over only a few decades of frequency (viz., Figures 1 and
2). Withal blend master curves for the glass transition
region can only approximate the actual frequency depen-
dence at the given reference temperature.

A breakdown in time—temperature superpositioning has
previously been observed for miscible blends of poly-
(ethylene oxide) and poly(methacrylate) in the terminal
region of the viscoelastic spectrum.’” Consistent with
tracer diffusion measurements in polystyrene/poly(2,6-
dimethyl-1,4-phenylene oxide) blends,?® this failure sug-
gests a difference in the friction factor for the components
of the blends. It has been demonstrated, however, that
such a result can arise when the extent of chain entan-
glement (as reflected in the ratio of the molecular weight
tothe entanglement molecular weight) differs significantly
for the components.?® In PIP/PVE blends in which the
average numbers of entanglements per chain were within
a factor of 2 of one another, the rubbery and terminal
regions of the viscoelastic spectrum have been shown to
behave in accordance with the time-temperature super-
position principle.4?

It is seen in Figure 2 that the frequencies of the maxima
in the loss modulus are weighted toward that of the pure
polyisoprene. For PVE/PIP blends wherein the PVE was
comprised of only 85% 1,2-polybutadiene units, mixtures
in which the anomalous broadening of the transition zone
is absent, it has been reported that the composition
dependence of the glass transition temperature follows
thermodynamic formulations based on random arrange-
ment of the chain units.? Such a result is consistent with
the absence of specific interactions in regular mixtures.
The present study, however, demonstrates that the
particular frequency (or temperature) at which the loss
modulus has its maximum magnitude is unrelated to
thermodynamic considerations. The congregation of the
viscoelastic spectra of the blends toward the high-
frequency PVE-0 peak, apparent in Flgure 2, is a man-
ifestation of the contribution of the sharp PIP transition
to the blend behavior. The precise location of the E” (w)
maximum is largely a consequence of the more abrupt
transition behavior of PIP relative to PVE; hence, the
application of thermodynamically based mixing rules#1:42
to the temperature dependence of loss modulus maxima
is problematical.

Summary

The anomalous breadth of the glass transition zone in
blends of PIP with a high concentration of PVE reflects
the disparities in the dynamics of the components.
Thermodynamic miscibility presupposes morphological
homogeneity down to the segmental level and a uniform
average free volume throughout the mixture. Neither of
these, however, necessarily occasions a convergence in the
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relaxation spectrum and its temperature dependence for
the components of a miscible blend; hence, inhomoge-
neous line broadening can eventuate. When one compo-
nent of the mixture has an inherently broad glass tran-
sition, moreover, the exceptional breadths in the transition
zone observed for PIP/PVE mixtures can result.
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