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Blends of polychloroprene and epoxidized polyisoprene are demonstrated to be thermodynamically miscible.
This miscibility, affirmed by spontaneous interdiffusion between the two polymers, results in the customary
single, and composition-dependent, glass transition temperature. Fourier-transform infra-red spectra from
the mixture provide direct evidence of specific interaction between the chlorine and the epoxy group. From
the invariance of the crystalline melting temperature of the polychloroprene (the equilibrium value of which
is determined to be 150°C), a lower limit of 5 x 1072 is estimated for the interaction parameter.
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INTRODUCTION

Mixtures of high polymers that exhibit miscibility are of
both scientific and technological interest. Much recent
work has been directed towards a better understanding
of the thermodynamics'~® as well as the dynamic
behaviour’ !, of miscible blends. In addition to the
possibility for novel combinations of properties, the
potential improvement in mechanical properties arising
from presumed increases in cohesive energy density and
chain concentration'?~!* underlie some of the commer-
cial appeal of miscible polymer blends.

Very few miscible blends happen to be comprised of
only rubbery constituents. Aside from mixtures whose
components have negligible chemical differences (e.g.
isotope mixtures®>!®> or blends of similar copoly-
mers'®'°, the only miscible blends of rubbers re-
ported to date consist of polyisoprene with poly(vinyl
ethylene)?°~23, poly(epichlorohydrin) with certain poly-
acrylates®# and chlorinated polyethylene with epoxidized
polyisoprene?®. While the latter blends are miscible due
to specific interactions, the miscibility of the polyisoprene
and poly(vinyl ethylene) mixture arises from a fortuitous
near-equivalence of the polarizabilities and of the
expansivities of the components???®, This results in
nearly athermal mixing and hence thermodynamic
miscibility in the absence of specific interactions. Misci-
bility in blends of chlorinated polyethylene and epoxid-
ized polyisoprene (a random copolymer of 2-methyl-1,2-
epoxy-1,4-butanediyl and 2-methyl-1-butenylene) re-
portedly is due to specific interactions involving the
oxirane ring with the chlorine?5. Miscibility of epoxidized
natural rubber with poly(vinyl chloride)*” and with
both chlorinated polypropylene and a poly(vinylidene
chloride) copolymer?® has also been reported.

This report describes a study of mixtures of poly-
chloroprene and epoxidized polyisoprene.
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EXPERIMENTAL

The random copolymer of 2,3-epoxy-2-methylbutane and
2-methyl-2-butene was epoxidized natural rubber (ENR)
supplied by Guthrie Latex Inc. through the Malaysian
Rubber Bureau. The weight-average degree of polymer-
ization, N, of the ENR was 3800 and it contained
50 mol% oxirane groups. The polychloroprene (CR) was
Neoprene WM-1 (N =4100) from E.I. du Pont de
Nemours & Co. Some experiments also utilized a
higher-molecular-weight polymer (Neoprene WHV with
N = 5000).

Films were obtained by solvent casting from 5%
carbon tetrachloride solutions, followed by vacuum
drying for 50 h at 55°C. For interdiffusion experiments,
thin sheets of the pure components were prepared by
compression moulding at 100°C for 15 min, followed by
room-temperature annealing for 12 h,

A liquid-nitrogen-cooled Perkin—-Flmer DSC-2, cali-
brated with cyclohexane, was used for differential
scanning calorimetry, conducted at a heating rate of
20°C min~®. The samples were heated to 55°C prior to
the calorimetry to remove any crystallinity in the CR.
For crystallization experiments, samples were annealed
at temperatures between —13 and 25°C for various
durations.

An IMASS Co. ADV985 Rheovibron was employed
for dynamic mechanical measurements. For qualitative
assessment of any interdiffusion, the mechanical spectra
were obtained on sheets of the CR and ENR that had
been plied together and maintained in contact at 80°C
in vacuo. Specimens were periodically taken from this
laminate for testing.

Fourier-transform infra-red (F7i.r.) spectra were ob-
tained using a Perkin—Elmer model 1800 instrument.
The spectra were averaged over 500 scans taken at
2cm ™! resolution. The samples consisted of thin films
cast onto potassium bromide plates, followed by drying
under vacuum at 55°C for 3 days. An absence of any
crystallinity in the CR was ensured by preheating.
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RESULTS
Miscibility

The fact that molecularly dispersed components exper-
ience equivalent free volumes leads to the expectation
that miscible blends will exhibit a single glass transition,
intermediate to that of the pure components. Actually,
the differing free volume requirements for miscibility may
produce distinct glass transitions, even in thermo-
dynamically miscible blends?®-3°. Blends of CR and ENR
were found to exhibit only one glass transition in both
calorimetric and dynamic mechanical measurements. In
the latter data, the single maximum in the loss tangent,
associated with the glass transition, was obtained
independently of the deformation frequency over a two
decade range of frequencies. Such a frequency indepen-
dence argues against a fortuitous single T, since
obtaining only one transition at all frequencies would
require an equivalence in the temperature dependence of
the respective components’ activation energy for relaxa-
tion®!. The glass transition temperature of the blends
exhibited a composition dependence, as displayed in
Figure 1 for calorimetry data. This is consistent with
morphological homogeneity in the ENR/CR mixtures.
Nevertheless, thermodynamic miscibility is not affirmed,
since small domain sizes and an extensive interfacial area
will suppress the appearance of distinct transitions in
calorimetric or dynamic mechanical measurements32-33,
Alternative experiments are necessary to demonstrate
miscibility unambiguously.

The occurrence of spontaneous mixing of initially
separated polymers has been utilized to evidence their
miscibility?!34, Whereas demixing may be retarded by
the slow diffusion of macromolecules, producing appar-
ent homogeneity with immiscible components, spontan-
eous interdiffusion can only be observed between miscible
polymers. To assess the miscibility of the CR and ENR,
dynamic mechanical spectra were obtained on a sample
consisting of films of the two polymers that had been in
contact for varying time periods. It is seen in Figure 2
that distinct glass transitions are observed initially, since
the polymers are macroscopically separated. Continued
contact, however, alters the dynamic mechanical spectra
obtained from the plied film. As the two polymers
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Figure 1 The glass transition temperature obtained from d.s.c. for
polychloroprene and epoxidized polyisoprene mixtures. The composi-
tion dependence of the glass transition temperature was in accord with
equation (3)
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Figure 2 Changes in the mechanical loss tangent of a laminate of CR
and ENR, reflecting the interdiffusion at the interface, after the indicated
contact times (in hours) at 80°C. The intensity of the loss tangent
maximum associated with the glass transition of the CR is suppressed
by the parallel coupling of the two polymers. As spontaneous mixing
proceeds, there is an increase in the content of material exhibiting a
transition between the glass transition temperatures of the pure
components. The data for infinite interdiffusion time were actually
obtained by blending the components in solution, then carrying out
the dynamic mechanical measurements on the dried film

interdiffuse, the intensity of the measured loss tangent at
temperatures intermediate to the T, of the pure compo-
nents increases, with a concomitant reduction in the
distinct peaks associated with the latter. This spontan-
eous interdiffusion unequivocally attests to the miscibility
of the blend.

It is well known that miscibility in polymer mixtures
almost invariably requires specific interaction between
the components. Owing to the size of macromolecules,
there is only a modest increase in combinatorial entropy
upon mixing; hence, even a slightly positive heat of
mixing will effect phase separation. The interaction
parameter, y, which provides a measure of the non-
combinatorial contributions to the free energy, can be
estimated for strictly van der Waals interactions as**:

x=(V/RT)(@, — ,)* (1)

in which V is a reference volume and RT has its usual
significance. The solubility parameter, 6, of ENR is
reported to be 8.1 (cal cm ™ 3)'/? (ref. 28). Literature values
for CR span a broad range, with an average equal to 8.7
(cal cm™3)!/2 (ref. 36). Taking V = 100 cm?, from equa-
tion (1) y is estimated to be 4 x 1072, Miscibility can
occur over the entire composition range only with
molecular weights for which the critical value of the
interaction parameter, given by3":

X =3(NT2+ Ny V22 @
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exceeds 4 x 1072, For the present molecular weights,
equation (2) gives y* = 5 x 10~*. This is significantly less
than the y arising from the van der Waals contact
energies, indicating that the endothermic mixing enthalpy
is sufficient to preclude miscibility in the absence of
specific interactions. The miscibility observed herein for
the ENR and CR mixtures clearly must be a consequence
of such interaction.

Specific interaction

Previously, ENR has been found to be miscible with
several chlorinated polymers, with the suggestion made
that the oxirane group serves as a proton acceptor.or
can be involved in polar interactions®>?7. Any chemical
interaction (e.g. hydrogen bonding, complex formation,
charge transfer) occurring between unlike chains in a
miscible blend can perturb the vibrational motions of the
interacting moieties; thus, infra-red spectroscopy pro-
vides a means to identify the existence of specific
interactions. A number of reports have described distor-
tions in the infra-red spectra obtained from miscible
blends due to specific interactions®®—*3.

FTir. spectra were measured for the CR, the ENR
and a 50% by weight blend. A difference spectrum was
calculated by subtracting from the blend spectrum the
sum of the spectra of the pure components. This difference
spectrum would be a weak and featureless background
if no specific interactions transpired in the blend, since
the blend spectrum would in that case be the linear
combination of the pure components’ response. In the
2800-3100 cm ! region a difference spectrum devoid of
significant structure was in fact obtained; these frequen-
cies correspond to aliphatic C—H vibrational transitions.

Contrasted to this result, bands in the FTi.r. spectrum
for the blends known to be associated with vibrations
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Figure 3 The FTi.r. band associated with the C—Cl stretch measured
in pure CR ( ) and in a 50/50 blend with ENR (——-). Diflerences
in the bandshape persisted despite removal of any contribution from
the ENR by subtraction of its spectrum using an iterative procedure.
This distortion of the band suggests perturbation of the C-ClI
vibrational motion due to specific interaction with the ENR
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Figure 4 A vibrational band associated with the oxirane group in
pure ENR ( ) and in ENR blended with 50% CR (~--). The
distortion of the spectrum occasioned by blending reflects specific
interaction involving the oxirane moiety

involving either the chlorine atom in the CR** or the
epoxy moiety of the ENR*® were altered in shape and
linewidth from the corresponding bands in the pure
components’ spectra (see Figures 3 and 4). This suggests
the existence of specific interaction in the blend involving
these groups. An obvious possibility for the interaction
is a simple dipolar—dipolar attraction between the
electron-rich etheric oxygen of the ENR and the
chlorine-containing, polarizable vinyl carbons of the CR.
However, it has been shown that the specific interaction
of ether moieties with chlorine-substituted aliphatic
compounds directly involves the chlorine atom*®. The
exact nature of this interaction remains unclear; however,
the FTi.r. spectrum from the blend was only perturbed
in the region of vibrational transitions associated with
motions involving the chlorine atom (Figures 3 and 4),
while the vinylic carbon bands were undistorted (Figure
5). Of course the lack of stoichiometry, as well as the
configurational constraints imposed by the polymer
chain structure, prohibit interaction among all such
groups in the blend. Insofar as the measured F7i.r. bands
represent the contribution of both interacting and
non-interacting species, the extent of the spectral distor-
tions seen in Figures 3 and 4 does not directly parallel the
strength of the interaction.

Specific interactions contribute exothermically to the
heat of mixing; nevertheless, a net endothermic enthalpy
change can result if the van der Waals contact energies,
as reflected in the y calculated from equation (1), are
sufficiently unfavourable. When the interaction para-
meter for a mixture is positive, phase separation can be
induced by increases in molecular weight?2:2®, In an
attempt to achieve this, ENR was mixed with higher-
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Figure 5 The C=C infra-red band measured in pure CR ( )
and the band from the difference spectrum the 50/50 blend (——-). There
is no evidence for distortion of the motion of these carbons due to
blending, consistent with an interaction that directly involves the
chlorine atom. The small band at 1725 cm ™! is from the oxirane group
of the ENR. It was not removed through calculation of the difference
spectrum

molecular-weight CR (Neoprene WHY). Since specific
interactions are responsible for the miscibility, a lower
critical solution temperature is expected for the
blend!2:4748 A 50% by weight mixture of ENR with the
high-molecular-weight CR was annealed for 40 min at
various temperatures up to 120°C, followed by quenching
in the calorimeter to below the glass transition. The
ensuing calorimetry scans provided no indication of
phase heterogeneity. This inability to induce phase
separation by increases in molecular weight is consistent
with a negative interaction parameter, although one not
necessarily appreciable in absolute magnitude.

The composition dependence of the glass transition
temperature of the ENR/CR blends conformed closely
to the Fox equation*®:%°:

1T, =w,/ Ty, +wy/T, , (3)

where w represents the weight fraction. Previously,
negative deviations from this expression have been
measured for ENR miscible blends, and interpreted as
resulting from strong intermolecular forces®>'?®, The
conformity of the data in the present case may reflect the
weakness or paucity of the specific interactions in
ENR/CR blends.

A direct measure of the interaction parameter for a
blend in which one component is crystallizable can be
realized from determination of the depression in the
equilibrium melting point®®. The relative stability of the
crystalline phase is dependent on the free energy of the
amorphous state. Mixing alters this free energy, and thus
a connection exists between the melting temperature and
the interaction parameter. Specifically, in the approxima-
tion of infinite molecular weight:

/T = 1/Ty = —R/AHy(1 — ¢)? (4)

where T, and T, are the respective equilibrium melting
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points in the blend and in the pure material, AHY
(=8.37 kJ mol ™! for polychloropropene®?) is the perfect
crystal excess heat of fusion, and ¢ refers to the volume
fraction of the crystallizing component. Equilibrium
melting points can be determined by extrapolation of
experimental melting point data obtained at various
temperatures of crystallization to a temperature at which
T,, equals the temperature of crystallization®®. Numerous
examples of this approach for the determination of y can
be found in the literature>*—>%,

This procedure was carried out for the polychloroprerie
and two blends containing 25% and 50% by weight of
the ENR. The experimental melting points of the pure
CR and both blends were equivalent at each crystalliza-
tion temperature within the limit of error. Extrapolation
of all the melting point data gives an equilibrium melting
temperature for CR equal to 150°C (Figure 6). This is
higher than an earlier reported value for a polychloro-
prene of somewhat different microstructure®®. Using
T = 150°C and assuming the precision in the measured
melting points to be 2°C, a lower limit for the absolute
value of the interaction parameter is found from equation
(4)to be —5 x 1072, The low (albeit negative) magnitude
suggests a weakness or low incidence of the interaction
between the epoxy group and the vinyl chlorine.

The melting point data were obtained from samples
with low levels of crystallinity. It was noted that,
notwithstanding the absence of a melting point depres-
sion, blending slowed down the rate of crystallization.
This is expected for miscible blends, at least at constant
T — T,, since crystal growth requires local segregation of
the components via diffusion. The alteration of the
crystallization rate is expected to be unaccompanied by
any suppression of the ultimate degree of crystallinity®?.
Since immiscible blends crystallize without concomitant
further segregation, the observation of retarded crystal-
lization can in fact be taken as evidence of a homogeneous
morphology.

SUMMARY

While a substantial number of polymer pairs have been
shown to form miscible mixtures, relatively few rubber—
rubber miscible blends are known. Specific interaction,
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Figure 6 Melting points measured for various crystallization
temperatures. There was no significant difference between the data
obtained from neat and blended CR, and data from both are included
in the figure. The Hoffman-Weeks extrapolation gives T§, = 150°C
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apparently involving the oxirane moiety on the ENR
with the chlorine of the CR, confers miscibility to
mixtures of polychloroprene and epoxidized natural
rubber. The preliminary results described herein concern-
ing the glass transition and crystallization behaviour are
consistent with expectations for a miscible blend. Cur-
rently the influence of this phase homogeneity on
the mechanical and rheological properties is being

investigated.
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