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This year marks the 50th anniversary of the landmark
statistical theories of Flory! and Huggins? for polymer—
polymer thermodynamics. Their derivations for the binary
free energy of mixing, which are usually referred to by the
single expression

AF _ ¢1 (1- ¢1)
kgT ~ N, N,
survive today as the starting point for almost any polymer
mixing theory or experimental analysis. In eq 1, ¢; (=1
- ¢2) and N represent the volume fraction and degree of
polymerization of species 1, respectively, kp is the Boltz-
mann constant, and x accounts for segment-segment
interactions. In its original form x was defined such that
¢1 (1 - ¢1)x represented only the enthalpy of mixing while
the remaining terms in eq 1 captured the ideal combi-
natorial entropy of mixing. However, this restricted
definition of x has since been expanded

In¢, + In1-¢)+¢1-d)x (D

X=Xt Xt xgt .. 2

to accommodate a variety of excess free-energy terms (see
below) where

Xo = (kBT)-I[GH - %(fu + e22)] @)

represents the original Flory-Huggins segment—segment
interaction parameter. In eq 3, €5 is detemined by the
strength of the (van der Waals) interactions between
dissimilar segments.

In spite of its remarkable durability and success, eq 1
is a crude theory that neglects various nonideal aspects of
experimental polymer mixtures. For example, the com-
binatorial entropy calculation neglects intrachain segment
contacts and the excluded volume and does not account
for the impossibility of chain crossing. (Nevertheless, the
basic scaling prediction for the critical segment-segment
interaction parameter, x. ~ N-., is supported experi-
mentally as recently shown.?) Furthermore, eq 3 rarely
accounts for the entire excess free energy of mixing.

The first corrections to Flory-Huggins theory were
motivated by the discovery of lower critical solution
temperature (LCST) behavior in certain polymer-solvent
systems.? Flory,5 and later Sanchez and Lacombe,?’
modified the original lattice theory to account for equation-
of-state effects such as finite compressibilities and thermal
expansivities. More recently, Dudowicz and Freed® have
made corrections to the lattice theory for differences in
segmental shape and compressibility, while Schweizer and
Curro®10 have adapted an off-lattice liquid state theory,
developed for small molecules, to polymer mixtures. To
varying degrees these modifications add terms to eq 2,
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thereby introducing additional temperature, composition,
and in some cases molecular weight®10 dependencies to x.

Separating and identifying these excess free-energy
contributions experimentally is not trivial. For example,
the well-studied system polystyrene—poly(vinyl methyl
ether), which exhibits a LCST, has been treated phe-
nomenologically!! (i.e.,, x = A(¢) T"! — B(¢)), using a
modified Flory equation-of-state theory!? and with a
modified lattice theory.!® Yet none of these treatments
directly accounts for the specific interactions that are
known to strongly affect the phase behavior of this
system.!4

We have been developing a different approach to
studying polymer-polymer phase behavior that began with
the elimination of all but the simplest contributions to x.
Isotopic polymer mixtures represent the closest approx-
imation to Flory—-Huggins theory that can be achieved
experimentally.1516 Such systems have provided fresh
insights into the applicability? and shortcomings®17 of
the original Flory-Huggins theory. In this paper we
present our initial findings for the next level of molecular
complexity in polymer mixtures.

Saturated hydrocarbon polymers, often referred to as
polyolefins, are governed by relatively simple van der
Waalsinteractions. Hence we might anticipate that poly-
olefin mixtures would be closely approximated by regular
solution theory. However, the absence of a single dominant
thermodynamic factor, as is found in the PVME-PS
system,!! renders these mixtures susceptible to subtle
variations in molecular architecture. Inaseries of ongoing
projects we have been investigating the phase behavior
and rheological properties of a variety of polyolefin block
copolymers and homopolymer mixtures. Recently, we
realized that a common factor, the difference (i.e., asym-
metry) in the statistical segment lengths, is responsible
for a number of unusual properties associateed with these
materials, including multiple-ordered phases!® and selec-
tive surface segregation® in the block copolymers. We
presently extend this analysis to x and demonstrate a
strong correlation between this parameter and phase
behavior. In the paper that immediately follows, Liu and
Fredrickson® provide a theoretical evaluation of this result.
To the best of our knowledge, the importance of this effect
has not been previously recognized.

Four model polyolefins are considered in this report:
polyethylene (PE), poly(ethylenepropylene) (PEP), poly-
(ethylene/ethylethylene) (PE/PEE, a random copolymer),
and poly(ethylethylene) (PEE). The exact microstruc-
tures and pertinent physical parameters characterizing
these polymers are listed in Table . These materials were
prepared by catalytically hydrogenating anionically po-
lymerized polydienes (isoprene and butadiene) on a
calcium carbonate supported palladium catalyst as de-
scribed elsewhere.?! Use of appropriate modifiers during
the polymerization stage provides control over the product
microstructures,?? which have been verified by 'H and 13C
NMR analysis. Diblock copolymers were prepared through
the sequential addition of monomers and modifiers to the
reaction medium.?

PEP, PE/PEE, and PEE homopolymer densities were
determined at 23 °C using the density gradient column
technique. The density of polyethylene has been reported
based on extrapolation from above the melting temper-
ature;>* the PE melting point occurs at 108 °C. The
thermal expansivities for all but the PE/PEE polymer are
reported in the literature;2425 for PE/PEE we estimate ¢
In ppE/PEE/AT = 0.43(8 In ppgg/dT) + 0.57( In ppr/dT).
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Table I
Polyolefin Molecular Characteristics
p(23 °C)e -10%9 In p/8T 10%3 In a/6T
polyolefin microstructure (g/cm®) (K a(25°C) (A) K™
PE (polyethylene) —+CH,CH,CHCH =t CH zil:H + 0.855% 7.5¢ 8.8 -0.58"
CH,
&y
PEP [poly(ethylenepropylene)} CIHa 0.854 7.04 7.2¢ —0.58%
—{CHZCH.‘,CHZCHZ-}QT{-CHZ?H-}-G—
CH
c{g\cua
PE/PEE [poly(ethylene/ethylethylene)] ~4-CH,CH,CH,CH, t—,—{-CHz(l:H-}E 0.862 (6.9)° 6.9¢ ~0
CH,
by
PEE [poly(ethylethylene)] —{FCHzC'H‘)‘—OO 0.869 6.0¢ 5.0¢ 0.2
CH,
&y

¢ Density gradient column measurements. ® Reference 24; extrapolated from above the melt temperature. ¢ Reference 24. ¢ Reference 25.
¢ 0.43(3 In pprg/dT) + 0.57(8 In ppr/8T). f Reference 26; extrapolated from above the melt temperature. £ Reference 27. # Reference 28. | Ref-

erence 29.
Table II Table II1
Polyolefin Homopolymer Mixtures Polyolefin Diblock Copolymers

mixture 10%Nw,; 10°Nwz ¢ T.(°C) ref diblock copolymer 10-3Nn f Topr (°C) ref
PE + PEP 0.42 0.42 050 148+ 1 this work PE-PEE 0.41 0.50 1201 43
PEP + PE/PEE 1.63 1.76 049 86+2 th@s work PE-PEE 0.47 0.47 182+ 2 43
PEP + PE/PEE 042 0.42 0.50 242 thiswork PEP - PEE 0.79 0.55 16 %2 19
o _ PEP-PEE 089 056 9%6+1 31
The statistical segment length a is of central importance PEP-PEE 0.96 0.55 125+ 1 31
to this paper. It is defined by the unperturbed Gaussian PEP-PEE 1.45 0.53 2912 81
coil radius of gyration PEP-PE 1.43 0.50 1201 44
PEP-PE 1.79 0.50 139+ 1 44
R, =a( N/6)Y/? 4) PEP-PE 2,14 0.50 159+ 1 44

where N is the number of statistical segments per polymer
chain. This parameter has been determined for PEE, PE,
and PEP in the bulk state by small-angle neutron
scattering!62627 and for PE/PEE by intrinsic viscosity
measurements at the 8 condition.2> We must emphasize
that the magnitude of a depends on the definition of the
statistical segment. The most common definitionis based
on the monomer repeat unit so that N corresponds to the
degree of polymerization. However, we could also choose
the Kuhn length, or a single backbone bond, in which case
N and a would be scaled up or down such that R, remains
invariant. When dealing with polymer—polymer mixtures,
a convenient approach is to choose a single statistical
segment volume for both species and then define N and
a accordingly. This is equivalent to using a single lattice
size in the Flory-Huggins treatment. We have chosen the
segment volume

V =1.084 X 1022 exp[6.85 X 10°4(T-296)] (5

based on the average of the densities and thermal ex-
pansivities listed in Table I. All references to N and a in
this paper are based on this definition. Gaussian coil
thermal expansivities, d In a/37T, have been reported for
all four polyolefing?’0 as indicated in Table L.

The weight- and number-average degrees of polymer-
ization, Nw and Ny, for the homopolymers and diblock
copolymers used in this study are listed in Tables I and
IT1, respectively; in all cases Nw/Nn < 1.07. Also given
are the homopolymer mixture compositions, ¢ = ¢., where
e = N11/2/(N1V/2+ N,!/%) ig the critical composition based
on eq 1, and the block copolymer composition /. In all

cases the systems discussed here are close to the symmetric
conditions, ¢, = /3 and f = 1/s.

Twotypes of phase transitions are reported in this work,
phase separation of single phase binary mixtures and
ordering of disordered diblock copolymers. Identification
of the phase-separation temperature in the binary mixtures
was simplified by using critical compositions. Simple
cloud-point measurements led to the critical temperatures,
T., given in Table II. Order-disorder transition temper-
atures, Topr, were determined by low-frequency dynamic
mechanical spectroscopy as described elsewhere®! and are
listed in Table ITI. These phase transition temperatures
can be related to x by making use of the mean-field theories
for symmetric binary homopolymer mixtures (eq 1)

X, = 2/N ®
and symmetric diblock copolymers?

where Nw and Ny should be used in eqs 6 and 7,
respectively. Theresults are presented in the conventional
form of x versus T-! in Figure 1. Here we note that the
PEP-PE homopolymer mixture and diblock copolymers
yield segment-segment interaction parameters that agree
within experimental error. From this we can conclude
that neglecting fluctuation effects3?3 (i.e., use of eqs 6
and 7) does not significantly affect our analysis.

As indicated in the introduction, polyolefin mixtures
are governed by simple van der Waals interactions.
Therefore, we might expect that Flory-Huggins theory,
in its original form, would be applicable to such systems.
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Figure 1. Critical points (filled symbols) and order—disorder
transition temperatures (open symbols) for polyolefin binary
mixtures and diblock copolymers, respectively, versus x based
on mean-field theories (eqs 6 and 7). Polyolefin molecular
structures are given in Table 1.

Table IV
Segment-Segment Interaction Parameters at 100 °C
10%x
caled

system Small Hoy VanKrevelen exptl Aag/a
PE-PEE 8.4 13 0.20 28.3 0.50
PEP-PEE 0.05 0.008 0.06 11.6 0.31
PEP-PE 9.8 13 0.01 8.6 0.20
PEP-PE/PEE 58 5.8 0.5 0.58 =0

As a crude test of this possibility we have calculated x
using the solubility parameter approach

X = by - 8* ®

based on three group contribution schemes for estimating
6.3 The results for T = 100 °C are listed in Table IV,
along with the experimental values taken from Figure 1
(dashed line). None of these methods properly predicts
the correct sequence of x values, the magnitude for PE-
PEE, or the temperature dependence for PEP-PE and
PEP-PE/PEE; these estimates of x include the temper-
ature dependence of p (Table I) and assume no excess
volume of mixing. This suggests that factors other than
enthalpy of mixing alone are responsible for the phase
behavior of polyolefin mixtures.

In separate reports we have demonstrated that the
difference in statistical segment lengths in polyolefin block
copolymers produces preferential surface segregation!® and
multiple-ordered phases at certain compositions.’® We
now believe that this parameter also plays a significant
role in determining the overall phase diagram. Figure 2
illustrates the temperature dependence of a for the four
polymers listed in Table I; recall that a is defined using
the reference segment volume given by eq 5. Comparison
of Figures 1 and 2 reveals a striking correlation. The largest
and smallest values of x correspond to the systems with
the largest and smallest difference in statistical segment
lengths Ag, and for the PEP-PE/PEE system x — 0
approximately where|Aa|— 0. The two intermediate cases,
PEP-PEE and PEP-PE, display intermediate values of
x, although the temperature dependence varies consid-
erably. A comparison of Aa/d with the experimental x
values at 100 °C is given in Table IV, where @ = ¢1a; +
(1 - ¢p)as. To the best of our knowledge, only Schweizer
and Curro!® have considered this parameter in the context
of polymer—polymer thermodynamics. However, they
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Figure 2. Temperature dependence of the statistical segment
length for the polyolefins listed in Table I

predict an increasingly negative x with increasing Aa based
on the RISM theory, opposite to what we find.

Why should x increase with increasing Aa? We offer
a qualitative explanation here and refer the reader to the
paper that immediately follows? for a more quantitative
derivation. As a conceptual starting point we consider
two equal density homopolymer melts consisting of
identical molecular weight polymer coils. For simplicity
we will assume athermal mixing (xg = 0) and no excess
volume of mixing, which is approximated by the poly-
olefins. However, the two species will have asymmetric
statistical segment lengths, a; > a;. Asindicated in Figure
2 in practice this difference can be quite large, e.g., apg =
8.3 A and apgg = 5.1 A at 125 °C. The mixing process will
be initiated by removing one molecule from each melt and
exchanging them. This creates a condition sometimes
referred to as frustration. Although the conformational
voids created are of equal volume, they are decidedly not
of equal size, i.e., R;. In order for species 1 to occupy the
space left by species 2, either it must reduce its size or the
conformational void must be rearranged to accommodate
it. Similarly, either species 2 must dilate or the void space
left by removing species 1 must rearrange in order to effect
mixing. To varying degrees this process will be repeated
until complete mixing is achieved. These additional
conformational adjustments cost entropy, which is not
included in Flory-Huggins theory.

Naturally polyolefins will not mix in a strictly athermal
(xo = 0), random, or isochoric (Ap = 0) fashion, and
accordingly Aa will not be the only factor contributing to
Xx- When the free energy of mixing is expressed in the
Flory-Huggins form, all these effects will Iead to the various
correction terms appearing in eq 2 and described in part
by various theories.5® Presumably this contributes to
the variable temperature dependence of x found in Figure
2. However, as we have demonstrated, when xo becomes
small the contribution due to Aa can play a dominant role
in determining phase behavior.

There is some additional evidence supporting our Aa
hypothesis in certain other nonpolar hydrocarbon polymer
mixtures. Balsaraand co-workers3 have recently reported
that mixed microstructure polyolefins containing PE and
PEE repeat units form binary blends characterized by a
x parameter that appears to scale with the square of the
difference in PEE (or PE) content. This resultis consistent
with our Aa correlation and appears to be qualitatively
anticipated by the derivation of Liu and Fredrickson.?

Polydienes are somewhat more complex than polyole-
fins due to the presence of more highly polarizable double
bonds. Nevertheless, xo is similar in magnitude to that
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found in polyolefin mixtures. 1,4-Polyisoprene (1,4-PI;
0% cis-1,4, 20-23% trans-1,4, and 5-7% 3,4) and 1,2-
polybutadiene (or high vinyl) (1,2-PB; >99% 1,2) are well-
known to form single-phase mixtures over a range of
temperatures,?337 although we are unaware of a convincing
explanation of why this occurs. Using a segment volume
of V =1.00 X 10°22 cm?, a; 4pr = 5.94% and a;5.p = 6.0
A% and we calculate Aa/a@ = 0.017 for this system.
Therefore, miscibility in 1,4-PI-1,2-PB mixtures is con-
sistent with the statistical segment length correlation. On
the basis of a series of block copolymers and homopoly-
mer mixtures, Cohen and Ramos®® demonstrated that x
~ 1.7 X 1073 (where V = 1.00 X 10722 cm?) for 1,4-PI and
1,4-polybutadiene (1,4-PB; 36% cis-1,4, 53% trans-1,4,
and 11% 1,2). Since a;4.pp = 6.9 A, Aa/a = 0.16, placing
this result in qualitative agreement with the polyolefin
mixtures (Table IV). However, recently Hasegawa et al.*!
have shown that x = —0.9017! + 4.17 X 10~ for a 1,4
PI-1,4-DPB mixture containing 47.5% by volume 1,4-
DPB (DPB represents deuterated polybutadiene) leading
to LCST behavior. This is not anticipated by our
correlation with Aa since 9 In a; 4.p1/T = 0.5 X 103 K!
while d In a, 4.pp/3T = 0 K-1.42 Thus, increasing the tem-
perature should decrease Aa which would mitigate against
aLCST. Asalready stated, the statistical segment length
asymmetry is only one of several factors that can influence
x, and we expect polydiene mixtures to be more compli-
cated than polyolefins. Presumably specific van der Waals
interactions, nonrandom packing, or excess volume of
mixing contributes to this interesting effect. Once xo is
sufficiently large, such as with polystyrene-polydiene
mixtures, the impact of Aa (and other excess terms in eq
2) will be largely masked and more traditional estimates
of x should be applicable.

Insummary, we report the segment—segment interaction
parameter x as a function of temperature for four pairs
of polyolefins. These results are not anticipated by the
traditional Flory-Huggins heat of mixing.. However, a
correlation between the magnitude of x and the statistical
segment length asymmetry has been established. We
attribute this contribution to x to the mismatch in polymer
conformational size that must be accommodated in order
to achieve a homogeneous mixture.
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