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(=4irsin e/X,where 2 8 is the scattering angle) between 0.008 and
0.08 A-1. The scattering data were corrected for sample transmittance and electronic and background noise. Absolute intensities were determined using dry silica gel as a secondary
standard.
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Results
The SANS intensity from a single-phase polymer blend
is composed of coherent scattering and an incoherent
background:
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Introduction
Thermodynamic miscibility in high polymer mixtures
For an incompressible fluid (no density fluctuations) the
is almost always the result of specific interactions between
random-phase approximation provides an expression for
the components. However, there are a few blends which
the coherent intensity arising from concentration flucexhibit miscibility apparently without any specific
tuati0ns2~325
If the like and unlike contact energies are
nearly equivalent, miscibility can arise simply due to the
combinatorial entropy. Poly(vinylethy1ene) (PVE) and
cis-1,4-polyisoprene(PIP)are thermodynamically miscible
as evidenced by glass transition measurements? proton
and C-13 NMR: and the observation of spontaneous
(3)
mixing of the component^.^^^ Infrared spectroscopy has
demonstrated the absence of specific interactions between
In this expression N is Avogadro’s number and bi is the
these essentially nonpolar h y d r o c a r b ~ n s . ~Although
J~
it
coherent scattering length for the ith component. The
is expected that a van der Waals mixture (i.e., a blend
lattice
cell volume, UO,is defined to be the geometric mean
characterized by only dispersion forces between the nonof
the
components’
repeat unit molar volumes:
polar components) will exhibit phase separation at sufficiently high component molecular weights,ll recently it
u, = (ulu2)”2
was found that even cross-linked PIP forms miscible
The scattering function for a Gaussian coil depends only
mixtures with high molecular weight PVE.12J3 Miscibility
on the radius of gyration
persists despite an almost negligible combinatorial entropy
contribution to the free energy of mixing. If the common
assumption is correct that van der Waals mixtures have
an endothermic heat of mixing,14-17 this implies an
which can be expressed in terms of the statistical segment
astonishing equivalence in the van der Waals energy of
length, ai, of the polymer:
the two polymers and no equation of state e f f e ~ t a . ~ l J ~ J ~
However, substitution of deuterons for the protons of the
Ri =
(5)
PVE,which significantlyalters the polarizability and hence
At small angles for which qRi < 1eq 2 can be rewritten
the van der Waals energy of this p ~ l y m e rdoes
, ~ ~not
~ ~ ~ in the Ornstein-Zernike form24
induce phase separation in blends with PIP.8 This result
suggests the possibility that the interaction parameter, x,
which provides ameasure of all contributions to the mixing
whereby the zero-angle intercept of a plot of S(q)-lvs q 2
free energy other than the noncombinatorial entropy, may
yields x directly
be negative for PIP/PVE mixtures, notwithstanding the
absence of specificinteractions. The SANS measurements
described herein were carried out to examine this possiThe spinodal value of the interaction parameter is given
bility.
by
Experimental Section
The protonated l,4-polyisoprene, composed of 70 % cis units,
was obtained from Polymer Laboratories, Ltd. The perdeuterated poly(vinylethy1ene) was synthesized by C. A. Trask using
tert-butyllithium as the initiator. The presence of 1,2-dipiperidinoethane and anisole during the reaction effected 97 7% 1,2
addition of the butadiene monomer.21322 As determined by gel
permeation chromatography the degree of polymerization, z,
equaled 5097 and 1691 for the PVE and PIP, respectively
(respectivepolydispersitieswere 1.4 and 1.0). A blend containing
a volume fraction 4 = 0.52 of PIP was prepared by dissolvingthe
polymers in hexane, with 0.05% by weight of a styrenated diphenylamine added as an antioxidant. A 2.5 mm thick film was cast
and then dried in vacuum a t 40 OC for 1day. The sample was
sandwiched between two oxygen-free copper disks (0.2 mm thick)
and mounted in a heating block attached to the SANS instrument.
The SANS measurements were carried out a t the National
Institute of Standards and Technology.23 Measurements were
made at a series of temperatures, with the latter controlled to
h0.6 K. The monochromatic neutron beam had a wavelength X
= 9.0 A, and a 3.6-m sample to detector distance was utilized.
Circularly averaged intensities were obtained over a range of q
This article not subject t o U S . Copyright.

although this relation strictly applies only to “regular”
mixtures, whose entropy change due to mixing is only combinatorial; eq 8 also assumes an interaction parameter
independent of composition. The resolution of the present
experiments was insufficient to allow the use of the
Ornstein-Zernike approximation. This is illustrated in
Figure 1,where the linear extrapolation according to eq
6 is seen to overestimate the scattering intensity and hence
would overestimate x.
Setting the quantity k of eq 3 equal to 6.57 X
the
interaction parameter for the PVE/PIP blend was determined by fitting eqs 1and 2 to the SANS data. Nonlinear
regression was carried out by varying x, IinO and an average
statistical segment length defined as
Alternatively, the statistical segment length reported for
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absolute value of x decreases with increasing temperature. This implies a lower critical solution temperature
(lcst) but at temperatures well beyond the limits of the
polymers' chemical stability.
As originally conceived27 x is proportional to the
interaction enthalpy normalized by thermal energy:
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Figure 1. Scattered intensity measured for the blend at 345 K
displayed in the Ornstein-Zernike form along with the best fit
of eq 2 (- - -). The data deviate from linearity (indicated by the
solid line) a t low q.
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Figure 2. Scattered intensity measured for the blend at 323 K
along with the best fit of eq 2.
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Figure 3. Temperature dependence of the interaction parameter
determined from fitting eq 2 to the measured SANS intensities.
The vertical bars reflect the estimated error arising from the
various uncertainties underlying the application of eq 2. The
solid line corresponds to x = 8.3 X 10-3- 3.6/T. The stability
of the polymers a t the highest temperature is problematical.
Omission of the highest temperature datum gives x = 1.1X lo-*
- 4.1/T.

the respective pure components (=6.0 A20 and 6.6 AZ6for
PVE and PIP, respectively) could be employed; this
changes the value obtained for x by less than 10%. The
scattering curves conformed well to eq 2 through 370 K.
Representative results are shown in Figures 1and 2. At
higher temperatures significant deviations a t small angles
were observed, probably due to degradation of the polydienes and bubble formation from the release of dissolved
air.
The values of x determined for the blend at 300 IT I
370 K (eq 2) are displayed in Figure 3. Over all measurement temperatures the interaction parameter is less
than zero, a novel circumstance for a polymer blend whose
Components interact only via dispersive forces. The

x H"/RT
(9)
Over the limited range of experimental measurements, x
values are usually found to exhibit a linear dependence on
inverse temperature, but with a nonzero extrapolated value
at infinite temperature.19,20~28-~~
Indeed, the data in Figure
3 can be described by
x = 8.31 X

- (3.6/T)

(10)

from which it is tempting to infer that the interaction
parameter is composed of a temperature-dependent enthalpic part, along with a temperature-independent entropic c ~ n t r i b u t i o n .To
~ ~the extent such a decomposition
is valid, the negative interaction parameter in the PVE/
PIP blend can be ascribed to the enthalpic component of
x. The local entropic contribution is positive and diminishes the miscibility. From eq 10 it can be estimated that
the heat of mixing will be negated at roughly 440K, which
defines the blend lcst for components of infinite molecular weight.
The appropriateness of the random-phase approximation theory (eq 2) may be questioned. A more sophisticated
treatment of polymer structure and thermodynamics,
which includes off-lattice effects and concentrations
fluctuations, has been d e ~ e l o p e d . ~This
~ 7 ~theory
~
demonstrates the importance of differences in local structure
of the components. Structural asymmetry, due, for
example, to different chain flexibilities, can increase the
noncombinatorial entropy by providing increased "packing
opportunities" for the chain units. This is predicted to
potentially result in a negative interaction parameter even
in athermal mixtures (He= O).39 However, such a mechanism would be associated with the temperature-independent term in eq 10 and hence is probably not the cause
of the negative x in the PVE/PIP mixture.
It is not obvious that scattering from polymeric melts,
which are liquids containing free volume, should be
describable by eq 2, derived using the assumption of
incompre~sibility.~~
I t follows that any molecular interpretation of results arising from the application of eq 2 is
problematical. Nevertheless, we will speculate on the
possible origin of a negative mixing enthalpy in a van der
Waals mixture.
The excessenthalpy of a van der Waals mixture depends
on the energy accompanying the replacement of dispersion
forces between like contacts with ones between unlike
units:

H"

+ e22)/2 - e12

(€11

(11)

The van der Waals bond energy can be described by a
series whose leading term is the London formula41

-

(a1a2/r6)+ ...
(12)
where ai is the polarizability of the ith chain unit separated
by r from the j t h unit. The notion that van der Waals
blends must exhibit endothermic heats of mixing arises
from a disregard of any dependence of r on composition.
Thus, consideration of only the numerator in eq 12 in
e12
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combination with eq 11 gives

This approach underlies the Lorentz-Berthelot combining rule for van der Waals interactions14
(14)
which similarly predicts positive mixing enthalpies. Positive deviations (e12 > l(c1e2)~/~1)from calculations based
on eq 14 have been observed and attributed to equation
of state effe~ts.~2
An origin for a negative excess enthalpy in PVE/PIP
blends is apparent from inspection of eq 12. As has been
discussed in consideration of the solubility of plasticizers
in polymers,43 the strong distance dependence of the
interaction energy can result in stronger dispersion forces
between dissimilar units than for the like contacts. In
fact, the negative mixing enthalpy of many polymer/
solvent solutions has been ascribed to the enhancement
in contact energies caused by closer approach of the solvent
molecules.44 I t is proposed that the negative x apparent
herein for PVE/PIP blends may result from the enhancement of local dispersion forces engendered by subtle
alterations of the short-range structure upon blending.
Note that given the strong distance dependence of the
van der Waals forces (eq 12) a net negative x is not
inconsistent with the absence of measurable densification
upon mixing of PVE and PIP." This circumstance
requires that apm and a p ~ pbe essentially equal, a fact
inferable from these polymers' solubility parameter^.^^
The presence of 1P-butadiene units in the PVE severely
reduces miscibility with PIP, with such blends exhibiting
lower critical solution temperatures at observable temperatures.'OJ1 Recently it was found that in blends of
1,Cpolyisoprene with polybutadiene containing 9 9% 1,2units, while x is always positive (Z10-3),it has an inverse
temperature dependence.u This suggests that a similar
enthalpic effect as seen herein may be operative. Isotopic
blends of medium vinyl polybutadiene (-50% 1,2-units)
have been determined to have negative interaction par a m e t e r ~however,
;~~
the temperature-dependent part of
x was positive, indicating an entropic origin for the negative
interaction parameter.

Summary
PVE and PIP form simple van der Waals mixtures
without any specific interactions. Nevertheless, as shown
herein, their miscibility extends to infinite molecular
weight of the components due to a negative interaction
parameter. From the temperature dependence of x it is
Suggested that the sign of the noncombinatorial mixing
free energy may have an enthalpic origin. A mechanism
for this has been suggested.
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