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ABSTRACT: A model is developed which explains a recently-observed asymmetry in the phase-equilibrium
behavior of mixtures of statistical ethylene (E)/ethylethylene (EE) copolymers E,EE, ., with differing
microstructure and isotopic substitution levels. A coupling between the isotope and the microstructure
contributions to the overall effective segmental interaction parameter x is predicted, which could enhance
orreduce x depending on the ethylene content of the protonated component relative to that of the deuterated
one. From the overall x, the theory permits the extraction of the bare isotope interaction parameter xu/4
between hydrogenated and deuterated species and of the parameter xg/ee for the E/EE interaction. This
is done for the recent data set on coexistence in E/EE mixtures obtained by Eiser et al. The parameters
thus estimated are compared with available experimental data on similar polyolefinic mixtures.

1. Introduction

In recent years there have been several studies of the
thermodynamic properties of mixtures of statistical co-
polymers of the type A,B;.;, where monomers of A and B
are randomly distributed in the ratio x:(1 - x) along the
chain.!'® In particular, A;B1_x/A; B ; mixtures, where
x; # xj, provide interesting model systems where the
components are adjustable between pure A and pure B
and have been studied in a number of cases, most notably
by Crist and co-workers”8for copolymers of ethylene (C4Hj,
henceforth, E) and 1-butene (CoH3(C:Hs), henceforth,
ethylethylene, or EE). Veryrecently Balsara et al. carried
out an extensive small-angle neutron scattering (SANS)
study® on mixing thermodynamics between such random
copolymers, where A and B were again E and EE
monomers. In related work,® following the approach of
Budkowski et al.,!! nuclear reaction analysis (NRA) was
used!?14 to determine phase coexistence diagrams in
mixtures of E/EE copolymer samples from the same
batches as in the Balsara et al. study. Deuterium labeling
has been used to provide contrast in both the SANS and
NRA work: as noted by Sakurai et al.? and by Rhee and
Crist,2the isotope and the chemical microstructure effects
can combine in a complicated manner to yield the overall
measured interaction parameter for the copolymer mixing.

In this connection, an interesting experimental obser-
vation has been made in all three studies of E./EE;., blends.
The SANS studies of Balsara et al.? showed that the overall
measured interaction parameter for a mixture of a
protonated polyolefin with x; ethylene content (we shall
use the abbreviation hx; = hE hEE;.,, for such a fully
protonated copolymer) and its partially deuterated coun-
terpart with x; composition (dx; = dE, dEE;.,), x(hx;/dx;)
is different from the interaction parameter for the same
couple but with reversed isotope labeling, x (dxi/hx;). They
found the difference to be in the sense that x(hx;/dx;) <
x(dx;/hx;) whenever x; > x;; i.e., x is larger when the
component with less ethylene content carries the deute-
rium label; their light scattering measurements also
revealed significantly different phase-separation temper-
atures for these blends, consistent with the SANS-
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determined x values. Similar effects were also observed
by Crist,!® where the difference in the interaction param-
eters was again in the sense noted above; and the NRA
phase-coexistence study by Eiser et al.19 revealed striking
differences in the critical temperature T, once again in
the same sense as noted, when the deuterium labels were
exchanged. This is seen in Figure 1 which shows the
coexistence curves for the couples (hxi/dxs) and (dx;/hxs)
from the NRA study,!0 where x; = 0.12 and x; = 0.22. The
degrees of polymerization of the x; and x; copolymers were
N;=1290 and N, = 1610, while the deuteration fractions
in the labeled chains—the fraction of protons replaced by
deuterium atoms—were e; = 0.296 and e, = 0.37, respec-
tively, A difference in the T, values of some 65 °C is
immediately apparent. A fit of the experimental binodal
curves to the ones calculated using the Flory-Huggins
functional for the mixing free energy,

AF = @/N)) In 6 +((1-6)/Np In(1-6) + x6(1-6) (D
B

with the appropriate values of x yields!%!! the solid curves
appearing in Figure 1, with the following effective inter-
action parameters

x(hx,/dx,e, = 0.296) = (0.483T ' - 9.6 X 107)(1 - 0.6¢)

(2a)
x(dx;/hxee, = 0.37) =
(0.664T1 - 1.08 X 107*)(1 - 0.244¢) (2b)

where ¢ (=¢,,) is the volume fraction of the x, component
(i.e., of the copolymer with 0.22 ethylene content).

These observations of the large changes induced in the
effective mean segment-segment interactions by exchange
of isotopic labeling are puzzling and not accounted for by
existing theories.’® They provide the motivation for the
present work in which a very simple model is proposed to
account for these effects.

2. Theory

In our treatment we adopt the simplest nontrivial
microscopic model for the x parameter. In this the
effective segment—segment interactions in the blend are
related to the slight difference in segmental volume
between its two components (this makes the reasonable
assumption of the absence of dipole or specific interac-
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Figure 1. Coexistence curves for ethyl (E)-ethylethylene (EE)
copolymer blends (hx;/dxz) and (dx/hx,), determined directly
by nuclear reaction analysis, taken from ref 10. hx; (dx;) is
shorthand for a protonated (deuterated) copolymer E,EE,...
Exchange of the deuterium labels shifts the critical temperature
by ca. 85 °C. The solid lines are binodals generated from the
Flory-Huggins mixing energy (eq 1) using the effective interaction
parameters x given by eq 2.

tions). This idea was proposed by Buckingham and
Hentschel,!” and extended by Bates and co-workers,® for
the case of a mixture of a protonated polymer (segmental
volume V}) with its deuterated analogue (Vg). Two
volume-related contributions to the effective x were
considered. The first, xv, corresponds to the energy
associated with adjustment of the segmental volumes of
both components V; (i = h) and V; (j = d) to the mean
segmental volume V of the mixture:

_ 1 V-V
XVERT oV 3

where « is the compressibility of the mixture.

The increase in segmental volume going from deuterated
to protonated polymer (from component i to component
J) leads to a higher total segment polarizability o; for the
protonated (ith) molecule (¢; > o). This gives the second,
dispersive contribution x4 to the interaction parameter.18

1 21r2I(ai - otj)2
= — 4
X kT 3V2 @

where I is the ionization potential.

Assuming a linear relation between the segment po-
larizability and the segmental volume,!® we may express
these two contributions by a single expression for the
effective interaction parameter x;/; i = h, j = d):

Xi/; = Xa + xy = C(V;= V)? )

where Cis a constant (strictly, C may vary with the relative
mixture composition through V, but—as long as V; and
V;are not too different—this will be a small perturbation).

At the other extreme, of isotopically identical but
chemically different segments, we may take the application
of these ideas to remain approximately valid as long as
one is dealing with purely dispersive interactions and as
long as the segmental volumes of the interacting species
remain similar. In particular, we apply this in the present
case, where the relative difference in segmental volumes
for the ethylene (Vg) and ethylethylene ( Vgg) components
is small:? (Vg - Vgg)/V = 1.5% <« 1. Thus we apply the
set of eqs 3-5 not only to the evaluation of xn/4 but also
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to xg/ee and more generally to x(dx/hx;), for an E/EE
blend with components differing both in chemical mi-
crostructure and in isotope composition.

Next, we make the approximation that, in an isotopically
homogeneous, random copolymer E.EE;.,, the mean
segment volume V(E,EE,.,) varies linearly with ethylene
content x:

V(EEE,,) = xVg + (1-x) Vg (6a)

We extend this linear approximation to the relation
between the mean segment volume V(dF.hF;.) and
deuteration fraction e for microstructurally identical but
isotopically different polyolefins dF,hF;.,, where F =
E.EE,..:

V(F hF,,) = eV(dF) + (1-¢) V(hF) (6b)

Using eq 6 we are in a position to evaluate the average
segmental volume of a partly deuterated random copol-
ymer [hE;hEE;..]1.[dE.dEE;.].:

V([hE,hEE, 1, [dE,dEE, 1) = V(hEE) + x[V(hE) -
V(hEE)] - e[ V(hF) - V(dF)] ()

where volume changes responsible for both microstructural
(V(hE)-V(hEE)) and isotope (V(hF)-V(dF)) effects are
positive. Implicit in eq 7 is the further simplifying
approximation that the isotope-induced differences V(dE)-
V(hE) and V(dEE)-V(hEE) are equal.

Finally we calculate the effective segmental interaction
parameter x(hx;/dx;e;) in a mixture of a protonated
random copolymer hE,hEE;.) (=hx;) and a partly
deuterated copolymer [hE;hEE;.,]:..[dE.dEE;., ],
(=dx;,e;). For this purpose we apply eq 5 to the relations
between x and segmental volumes of both components
(eqs 6a and 7):

x(hxi/dxj,ej) = C[V(hxi) - V(dxj,ej)]2
= Cl(x; - xj)[V(hE) - V(hEE)] +
e,[V(F) - V(dF)]]?
= (x;~ ) *xg/mp + € Xnja +
2(x,- - xj)ej[XE/EEXh/d]1/2 @®

Equation 8 is the central result of our treatment.2’ The
first two terms on the right-hand side may be considered
to represent the straightforward additivity of the inter-
actions, symmetric in the composition and extent of
isotopic labeling of the components as would be expected
(see below) from existing theories of random copolymer
mixing., It is the third term, containing the geometrical
average of xg/ge and xn/q, that represents the “interfer-
ence” between isotopic and microstructural effects; this
term can enhance or diminish the effective interaction
parameter x(hx;/dx;e;) depending on the sign of the
difference in compositions (x; — x;). The effective inter-
action parameters x(hx;/dx;e;) and x(dxi/hx;e;) of two
blends with microstructurally identical components but
reversed (and equal, say) deuteration e; = e; = e differ,
according to eq 8, by 4|x;-xjle(xg/EExn/d)/2 The larger
interaction parameter is predicted to occur for a blend
where the deuterium labeling is on the component with
lower ethylene content (x; > x;), in line with the exper-
imental observations®!%15 in the E/EE system.

It is appropriate to remark that, in principle, eq 8 could
also be obtained by extending random copolymer theory.?t
Thus, this theory would describe the effective interaction
parameter x between protonated hx; and deuterated (to
an extent e) dx; (say) as a function of six segment-segment
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interaction parameters x; m, with [,m = hE, dE, hEE, dEE
(I # m). Inorder toreduce the number of free parameters
further, approximations may be made’ such that xng/de
= XhEE/dEE = Xh/d) XhE/hEE = XdE/dEE = XE/EE, 8nd XhE/dEE
= XdE/hEE = Xb/d + XE/EE. This approach leads to the first
two terms on the right-hand side of eq 8. We should bear
in mind, however, the sequence of inequalities®!® in the
segmental volumes: V(hE)> V(dE) > V(hEE) > V(dEE).
From these we see at once that V(hE) - V(dEE) > V(dE)
- V(hEE). Analogous inequalities could be written for
the corresponding segmental polarizabilities, from which
we conclude that xng/dee # xqe/mee- The necessary
inclusion of an additional parameter describing this
difference results in the interference term in the formula
expressing the overall effective x. Finally, the assumption
we made about the linear relationship between segment
volumes and segmental polarizabilities reduces the number
of independent parameters to two and leads to the result
of eq 8.28

3. Discussion

The effective interaction parameter x(hx;/dx;,e;) in eq
8is a function of two unknown parameters, xn/4 and xg/Eg,
so that these can be extracted from experimentally
determined values of the overall interaction parameter
for two different E/EE mixtures. Since the right-hand
side of eq 8 is a square, we may write the two relationships
as

[x(hx/dx,e)]"? = |(x; - x)) (xg/pp) " +
el Gi=12i%)) ©)

where positive signs of the roots are implicit. These two
equations are then readily solved for xg/ee and xu/q.

We apply this procedure to the pair of polyolefin blends
with reversed isotope labeling (hx;/dxs, e5) and (dx,/hxs,
ey), whose interaction parameters, obtained from the
binodal curves!® (Figure 1), are given in eq 2. Because
these best-fit effective x values are both T- and ¢y,
dependent,?? the corresponding expressions for xu/q and
xg/EE derived by inverting eq 9 also have such a c{epen-
dence. The calculated values of these interaction param-
eters as a function of temperature are shown in Figure 2
for two values of the x2 volume fraction (¢, = ¢ = 0.5,0.9).

The “bare” isotope interaction xpn/q in Figure 2a increases
with ¢ and has a linear T-! dependence. Its values (over
the relevant temperature region) are in the range (1-4) X
104; this may be compared with values obtained more
directly from experiments performed in isotopic mixtures
with chemically identical components. The SANS mea-
surements carried out by Balsara et al.? for matched E/EE
pairs (i.e., (hx;/dx;) couples in our notation), which would
be the most appropriate for purposes of comparison, reveal
mean values of x whose absolute magnitudes are in the
range 10~4-10-3, with experimental scatter of order #10-3,
Thus, while the calculated values of the bare isotope
interaction in Figure 2a (solid lines) are certainly within
that range, more detailed comparison is precluded.?
SANS measurements by Bates et al.?¢ on equimolar
mixtures of EE with (perdeuterated) dEE yield a value
XEE/dEE = 7.7 X 104 at 100 °C, as shown in Figure 2a. This
is significantly higher than the predicted xun/4, though a
substantial spread in the calculated value is possible as a
result of small uncertainties in the precise values of the
experimentally-determined x and e values.?®

Figure 2b shows that the bare microstructure interaction
xe/E deduced by applying our model to the data of eq 2
decreases slightly with increasing ¢ but maintaing its

Macromolecules, Vol. 26, No. 15, 1993

x10”4 | T
| ° |
6 -
- o
3 45 /°‘°‘9 -w
3 : H
i / “
e /" 0=0.5 4
e !
a)
//// 1
0.15- /,// - =05
i s 0=0.9
2 0.10F _~ .
= C 7 ;
0.0sf o :
. ° b)
T 25 3.0 3.5 x10°3

uT K1

Figure 2. (a) Isotope labeling contribution, xu/4, to the overall
effective interaction parameter x, calculated via eq 9 for the set
of data presented in Figure 1 and eq 2, as a function of reciprocal
temperature 7! (K-1) (solid lines). Calculated interaction
parameters for two different volume fractions (¢ = 0.5 and 0.9)
of the E,EE;.;, components are shown. The datum point (O) is
from SANS for poly(ethylethylene)/perdeuterated poly(ethyl-
ethylene) mixtures.* (b) The interaction parameter, xg/ms,
arising from the microstructural difference contribution to the
overall effective interaction parameter x, calculated via eq 9 for
the set of data presented in Figure 1 and eq 2, as a function of
reciprocal temperature T-! (K-) (solid lines). The xz/ee(T)
dependence for the same pair of mixtures obtained from
independent SANS data® is plotted as the dashed line. Exper-
imental estimates of xg/ge obtained for a purely protonated blend
of E/E,EE,.,, with x = 0.69-0.788 (O), as well as data scaled from
mixtures of n-octane and ethylheptane oligomers? (@) are shown
for comparison.

linearity with T-1 (solid lines in Figure 2b). The range of
calculated xg/er values over the relevant temperature
rangeis ca. 0.07-0.17. One investigation with which these
values may be compared is that on mixtures of micro-
structurally-different but isotopically similar (protonated)
polyolefins by Rhee and Crist.® Their study yields an
appreciably lower interaction parameter xg/gg = 0.022 at
150 °C than the calculated one, as indicated in Figure 2b.
This value was obtained from a variation of the cloud-
point method for hE/hE.EE,., blends with ethylene
contents x = 0.69-0.78 in their copolymers, rather higher
than in the blends of eq 2 (for which x = 0.12 and 0.22).
Another estimate may be made from the measured
enthalpy of mixing for oligomers of n-octane and ethyl-
heptane.?8 This leads to xg/ee = 0.041 at 150 °C. The
SANS data of Balsara et al.? for the pair of mixtures (hx;/
dx) and (dx;/hxg)—as used in the binodal study (Figure
1)—may also be analyzed using eq 9; this yields a broader
range of values 0.08 < xg/gg < 0.20 (dashed line in Figure
2b), rather close to those calculated from eq 2 (though the
corresponding xx/q values extracted are lower by a factor
2 or so than in Figure 2a). The same analysis performed
for another pair in their SANS study for (hx;/dx;) mixtures
with x;, x; = 0.03, 0.12 reveals very similar estimates for
XE/EE- We may conclude that the evaluations of xg/gg for
blends with low ethylene content, based on data from
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SANS and NRA independently, are in reasonable accord.
They appear, however, to be significantly higher than the
xe/ee values obtained for olefin copolymers rich in
ethylene. This may be because the value of the constant
Cin eq 5 is dependent on the average blend composition;
it may also be related to the recent suggestion?’ that
different conditions during the process of copolymerization
could lead to different extents of correlations (i.e., intro-
ducing a certain amount of “blockiness”) along the chains,
thereby changing their thermodynamical properties. This
would argue that better agreement should be obtained
between different studies using polymers from the same
batch, as is indeed observed.

Apart from obvious simplifications in our approach, we
note that we have throughout ignored the temperature-
independent (entropic) part of x which is not directly
related to the dispersive interactions (and which is seen
explicitly in our eq 2, for example). It is important to
recall these approximations when evaluating the detailed
comparison of our two-parameter model with experimental
data; though, we note that the magnitude of the asymmetry
effect evaluated from our model, given (in eq 8) by the
geometric mean of the small isotopic and the much larger
microstructural contributions, can indeed account for the
large differences in x (ca. 30%) observed in the relevant
experimental studies.
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