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Phase Separation in Nearly Symmetric Polymer Mixtures
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Through computer simulations we demonstrate that even small structural or energetic asymmetries
can cause polymer blends characterized by bare Howmalues of 0 to phase separate. We show that

this result is a consequence of the coupling between packing effects and attractive interactions, an aspect
that is ignored by most popular theories of polymer thermodynamics. [S0031-9007(96)00957-X]

PACS numbers: 61.41.+e, 64.75.+¢g

Polymeric mixtures are predicted to be much lesgarate pure component Lennard-Jones interactions (i.e.,
miscible than their small molecule analogs since thee;; # €5). However, we have selecteZk;, = €;; +
entropy of mixing is much smaller in the case of thesee;;, so that the barey = 0 in this case as well. Since
catenated systems. This essential idea in describinthese free space mixtures are compressible, the model
the limited miscibility of macromolecular systems is developed by Sanchez [2] predicts the blends to be mis-
embodied in the Flory-Huggins model [1], which predictscible over much of the parameter space, except possi-
that the free energy of mixing per lattice sit&5.,;x fora  bly at temperatures higher than the boiling point of the

binary mixture of polymers is more volatile component [2] where they could phase
) (1 — ¢) separate due to mismatches in equation of state behav-
BAGmix = Ne Ing + In(1 — ¢) ior. Instead we find, through the aid of computer simu-
! lation, that both of these systems undergo liquid-liquid
+ xo(l = ¢), (1)  phase separation with well defined upper critical so-
where ¢ is the volume fraction of one of the polymers, lution temperatures. These results serve to stress that
and N, is the chain length of component y « 2¢;, —  the coupling between packing (or entropic) effects and

€11 — € is the interchange energy parameter, wheye energetics, which are ignored in many common the-
is the energy of interaction between two nearest neighbaeries describing the thermodynamics of polymer systems
segments of typeé and j. Note that this lattice model, [1,2], play an important role in determining their misci-
which has assumed that the systems are incompressibdity. We conclude by verifying the utility of a rela-
and randomly mixed, reduces to regular solution theoryively straightforward extension of Flory-Huggins theory
in the limit N = 1. In the framework of this model, [4,5] which provides reliable estimates of phase diagrams
systems comprising equal chain length polymers whichn these cases.
satisfy the criterionyN < 2 will be phase mixed under  The two polymeric species in each system were
all conditions, thus suggesting that phase demixing camodeled as strings of beads of equal length and had
be caused only by mismatches in energetic interactiongnonomers of identical size. Interactions between any
Sanchez [2] has relaxed the incompressibility constrainpair of nonbonded beads were modeled through standard
in the Flory model by including holes. In addition to 6-12 Lennard-Jones potentials [8] which were truncated at
phase separation behavior that can be caused by a positi?éo. Long range corrections were utilized to correct for
X, this model shows that demixing can be triggered bythe truncation [8]. In the system termed the “energetic”
differences in equation of state properties [2,3]. Howeverplend the polymer chains were modeled as beads con-
this will occur only above the boiling point of the nected by stiff springs as in Ref. [9]. The Lennard-Jones
more volatile component and will be associated withenergetic parameters characterizing 11 and 22 interactions
a lower critical solution temperature, in contrast to thefollowed the relationshipes,/€;; = 0.8, while the 12
energetically driven upper critical solution behavior. interaction parameter was an arithmetic mean of the pure
In this work we have considered two free space binargcomponent values. In the “stiffness” blend all nonbonded
polymer mixtures which would be expected to be enerinteractions are described by the same Lennard-Jenes
getically athermal, i.e..,y = 0, if they followed the parameter and the polymers were modeled as a series of
Flory assumptions of incompressibility and randomlytangent spheres [10]. The stiffness was controlled through
mixed chain segments. One system, which has beea bond bending potential [10BU, = %k@(l + cosf)?,
proposed as a descriptor for commercially importantwhered is the included angle between any two adjacent
hydrocarbon polymer mixtures [4—7], comprises chaindonds. The adjustable parametgrwas set to 3.0 and
of different stiffness where all monomers interact with0.0 for the stiff and flexible components, respectively.
identical Lennard-Jones potentials. The second systedll simulations were conducted at constant temperature
contains chains of identical architecture but with dis-and pressure {* = Po?/e;; = 0) so as to mimic
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typical experimental conditions. Phase equilibria in thesesitions of the two phases are relatively large, we cannot
systems were monitored through the semigrand ensembtietermine the critical composition accurately. Therefore,
method [11,12]: Since the location of the phase boundaryve assigneds. = 0.5 to reduce the number of fitting pa-
was unknown we treated u, the exchange chemical rameters. The stiffness blend phase diagram, Fig. 1(b),
potential between the two species, as a parameter amebs determined at a chain length = N, = 150. Note
located the phase boundary at each temperature througfmat this phase diagram is not symmetric abgut 0.5

trial and error methods as outlined in Ref. [11]. Typicaland that the critical composition obtained from the fitting
cells contained 20-40 chains (i.e., between 2000 angrocedure is¢. = 0.45, i.e., richer in the more flexible
6000 monomers), and periodic boundary conditions wereomponent. This conclusion is in near quantitative agree-
utilized in all three directions. ment with the predictions of Schweizer [5]. Clearly the

Figures 1(a) and 1(b) represent the phase diagrams okegion of immiscibility in the case of the stiffness blend
tained for the two systems from our simulations. Weis much narrower than in the energetic blend. This dif-
begin by discussing the energetic blend. The result§erence in behavior is an interesting unresolved question,
shown in Fig. 1(a) for this blend correspond to a chainwhich we are currently examining in more detalil.
length Ny = N, = 100. We have also considered sys- The important common conclusion we obtain from
tems whereV, = N, = 25 but found that they were mis- these results is that blends characterized by avalues
cible to very low temperatures (i.eT* = k3T /e;; =  of 0 in an incompressible lattice sense need not be misci-
0.8) [13]. Consequently, the phase separation behavidole at low temperatures, and in fact can undergo liquid-
reported in Fig. 1(a) represents truly polymeric behaviorliquid phase separation with an upper critical solution
The line drawn through the points is a best fit to the Isingiemperature. This fact cannot be captured by the stan-
model prediction:(¢p — ¢.) « (T — T.)B, whereT. is  dard Flory lattice model [1,2]. Since this model ignores
the critical temperaturep. is the critical composition, and the compressibility of the blend and assumes that chain
B = 1/3 [14,15]. Since the uncertainties in the compo-segments mix randomly, the immiscibility of these sys-

tems reflects the failure of one or both of these approxi-

a5 . : : : mations. We can rule out compressibility effects alone
(@) as being the cause since the model of Sanchez [2] in-
corporates this aspect but cannot reproduce the simula-
tion results. Further support for this idea comes from our
simulations, which suggest that in the single phase region
the specific volume of each blend is essentially an arith-
metic average of the molar volumes of the pure compo-
nents, i.e., that the excess volume changes on mixing are
effectively equal to zero within simulation uncertainties.
Consequently, these blends may be treated as being in-
compressible. We also note that chain dimensions for the
two species in each system do not change on blending
- [10]. Hence, conformational changes on mixing cannot
be the cause for the observed demixing.

We therefore propose that the phase separation for these
(b) nearly symmetric systems arise primarily from packing
b0l | disparity inherent at the level of the pure components. To
illustrate this point in Fig. 2(a) we plot thatermolecular
pair distribution function for the two pure materials which
comprise the energetic blend. Consistent with Fig. 1(a)
T we setN = 100 and T* = 2. Clearly the segments of

s L l type 1 pack much better than the segments of type 2, a
result which can be rationalized by the more favorable
intermolecular interactions in pure component 1. This
packing disparity in the pure components manifests itself
as nonrandom mixing of chain segments in the blends,

ro b — L — — as shown in Fig. 2(b) for the cas¢, = 0.15. 1t is
Doy clear that the energetically stronger 11 interactions are
FIG. 1. Computed phase diagrams plotted’asas a function favored over 22 and 12 pair In_terf’slctlo_ns in the blend as
of compositions. (a) Energetic Blend fonv, = N, = 100. WeII._ Note that there are quantitative dlfferences between
(b) Stiffness Blend fotv, = N, = 150. Points are simulation the intermolecular 11 and 2g(r)'s obtained from the
data, while the line is the scaling prediction. blends and pure melts, suggesting that this connection is
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Here V,, is the molar volume of the liquid and; is the
1 Hildebrand solubility parameter of pure compongfit7].

e 8; is defined as [18]
f‘\ ;5:\-"“""7 8% o ] u(r)ginter (r)r? dr 3)
?‘ﬂ\\_ /’ where u(r) is the pair potential. The rationale for uti-
;, Y lizing this approach is that the solubility parameter de-

fined in EqQ. (3) couples packing and energetic interactions

e} inler( I')

; B g,,(n when estimating the cohesive energy of the system. Con-
| === 9,1 sequently, pure systems with stronger intermolecular in-
| teractions which pack better [see Fig. 2(a), for example]
i have larger solubility parameters than would be expected
| from models such as Flory’s, which ignore this packing
} ‘ ‘ (a) effect. Consequently [4,5], the parameter derived from
. 4.0 so  this approach will provide a more reasonable estimate for
/o the enthalpy change of mixing of this system. When
utilized in conjunction with the Flory model, this ap-
proach should yield relatively accurate phase diagrams in
these cases.

We consider first the energetic system and derive the
pure component solubility parameters from our simu-
lations [18]. Following Eq. (2) yields ay = 0.036
at T* = 2, which suggests that chain mixtures longer
than N = 55 would be immiscible at this temperature.
This result is in reasonable agreement with our simu-

ginler(r)

05
®,=0.15
— 9,,(0 lations. Similar agreement has been found at the two
e Gl other temperatures considered, which suggests that the
T 90 modification of Flory theory proposed by Graessley [4]
yields relatively accurate estimates of the phase dia-
(b) gram. An identical procedure can be applied to the
0.0 = 5 - .o Stiffness blends. The positivq parameter estimated
1 from Eq. (2), when utilized in the Flory model & =

FIG. 2. Intermolecular radial distribution functions for the 1-8, Ppredicts that chains longer thak ~ 190 should

energetic blend comprising chains of length = N, = 100, be immiscible. This is in reasonable accord with the

atT* = 2. (a) Results are for the two pure components. (b)simulations.

Results from a blend with compositiafy = 0.15. These results emphasize that although the Lennard-
Jones energetic parameters in these systems are matched

only semiquantitative. Similar results were found nearS° @S 10 yield a barg = 0, nevertheless, the most impor-

the first peak ofg(r) under all conditions in the one tant disparity in these systems is caused by dlﬁerences
g intermolecular packing in the pure states. This as-

phase region for this system. These results are in accol N »
with predictions of the PRISM model [5]. In the case PECL Which is anticipated by PRISM theory [5], serves to

emphasize that the limited miscibility of polymer blends

of the stiffness blend the intermolecular stiff-stgr) is X ’ )
relative to their small molecule counterparts is not only

always significantly higher than the flexible-flexible pair - L
distribution function [10], in both the pure materials anddu€ to the reduced entropy of mixing embodied in the

in all blends, demonstrating that this system also haglnogggi%‘lel’ but also to packing effects which couple to

packing asymmetry. ) o )

In an attempt to understand the role of disparity in the OUr results on the energetic blends are qualitatively in

packing of the pure components on the miscibility of thesg@dreement with the behavior of classical, immiscible blend
systems such as polystyrefpelymethylmethacrylate

blends we consider a recent proposal by Krishnamoor

and Graessley [4] who found that the phase behaviofhich are characterized by large parameters£0.03).
The simulations presented here are consistent with the

of hydrocarbon systems could be predicted by Flory-'""~ X
Huggins theory if they parameter was estimated from notion that such blends can phase separate simply because
of differences in packing behavior without having to

the relationship [16] o . .
evoke any specific unfavorable interactions.

_ ﬁ(g — 5, 2 Further, the results obtained from the stiffness blend

X T R 2 are consistent with the observed immiscibility of mixtures
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of hydrocarbon polymers. Previous work [4—7] has sug- Macromolecules27, 2503 (1994); G.H. Fredrickson and
gested that these commercially important blends could be  A.J. Liu, J. Polym. Sci. B33, 1203 (1995).

modeled as mixtures of chains with different stiffness. We [8] M.P. Allan and D. J. TildesleyComputer Simulations of
find this mapping to be reliable as long as one introduces _ Liquids (Oxford University Press, New York, 1987).
attractive interactions between the monomers. Without!®] 2'85' 'Eé'trt"gg Iz'gsgzsle(lgé f)”d A.Z. Panagiotopoulos, Phys.
thesfe attr_af:tlons, the consequences O.f pa_lcklng asymmeg%] J.D. Weinh,old, S.K. Kumar, C. Singh, and K.S.
are insufficient to cause phase separation in blends with pa-

- Schweizer, J. Chem. Phy403 9460 (1995); C. Singh
rameters relevant to the experiments [10]. However, the andv;,<.|;. Schweizer. J. Cﬁenf’_ Phy@:i(5814)(1995)|. g

addition of uniform attractions does result in phase separ1] p. A. Kofke and E. D. Glandt, Mol. Phy&4, 1105 (1988).

ration, stressing the importance of this coupling [S]. [12] H.-P. Deutsch, J. Chem. Phy@9, 4825 (1993); A. Sariban
In conclusion, we have demonstrated that small ener-  and K. Binder, J. Chem. Phy86, 5859 (1986).

getic or structural asymmetries can cause polymer blends3] We have not attempted simulations at lower temperatures
to phase separate even when the blends are characterized since we expect the system to undergo a freezing
by barey values of 0. We suggest that this behavior is  transition under these conditions.
a consequence of two polymeric phenomena. The firdil4] We have z_ittempted to fit these coexisten_ce curves to
factor is the reduced entropy of mixing for polymers, as  the mean-field exponent g8 =1/2 and obtain equally
embodied in the fifty year oid Flory-Huggins model [1]. g.oo.d f|t§. Consequently, this data cannot be utilized to
The second contribution arises from the coupling betwee distinguish between the two models.

- . A . ﬁS] S.K. Kumar, H. Tang, and |. Szleifer, Mol. Phy&l, 867
packing (or entropic) effects and attractive interactions, (1994).

which serves to destabilize these blends and cause phasg; an important approximation in this approach is that the

separation. These findings prove that attaining miscibil- ~ enthalpy of mixing should be describable by regular solu-
ity in polymers is even more difficult than thought before tion theory, i.e., tha\H i, /e = AUpnix/e = xT (1 —
and that strongly favorable interactions are generally nec-  ¢). For the energetic bleng =~ 0.04 at 7* = 2, which

essary to achieve this goal. suggests that the maximum excess enthalpy change on
Financial support from the National Science Foun- ~ mixing would be ~0.02 at ¢ = 0.5. This result is in
dation (Grant No. CTS-931195) is gratefully acknowl- reasonable agreement with our simulations in the phase

edged. We thank Professor K. S. Schweizer for valuable ~ Mixed state which show that the excess internal energy
discussions changes on mixing are effectively equal to zero within

uncertainties £0.02). Similar results were found for the
stiffness blend, reiterating that these systems also follow
the assumptions of regular solution theory.
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