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ABSTRACT: Excess free energies and phase separation in mixtures of protio- and deuterio-substituted polymers
are discussed in the context of the theory of isotope effects in condensed phases. In large molecules the internal
degrees of freedom make the most important contributions to A%, which is obtained by considering the volume
dependence of the free energy and integrating over the concentration-weighted molar volume isotope effect
but along a congruent path. Agreement with experiment is demonstrated for the poly(perprotio-1,4-buta-
diene)/poly(perdeuterio-1,4-butadiene) and poly(perprotiostyrene/poly(perdeuteriostyrene) systems.

Introduction

Recently Bates, Wignall, and Koehler! (BWK), Bates,
Dierker, and Wignall,? and Bates and Wignall® (BW) made
measurements of critical behavior and incipient phase
separation in solutions of deuteriated and protiated po-
lybutadiene!? and of deuteriated and protiated poly-
styrene.? In related experiments Atkin et al. and Yang
et al.? have studied the effect of deuteriation on phase
separation in polymer blends. These studies owe their
origin to questions arising in the interpretation of neutron
diffraction studies of polymer blends and mixtures. Since
the scattering intensity from neutrons and protons is so
different, measurements of differential scattering cross
sections from protio/deuterio solutions can be employed
to answer questions concerning confirmation and shape,
monomer—-monomer pair distribution functions, chain
tangling, etc.® The method is straightforward, however,
only if the properties of the protio/deuterio solution are
independent of isotopic label or if the isotope dependence
is well understood in terms of the more fundamental po-
tential energy surface (PES) describing the system. It is
in this context that the experiments of Bates et al.! and
others*® are of interest. They unequivocally establish that
substantial excess free energies exist in protio/deuterio
solutions of polymers. Standard theories of solution’ im-
mediately lead to the prediction of phase separation of the
upper consolute type. It is the purpose of this paper to
demonstrate that this behavior is consistent with the
theory of isotope effects in condensed phases® as recently
applied by us to mixtures of isotopes.® The upper conso-
lute solution temperatures (UCST’s) calculated on the
assumption of an isotope-independent PES are in good
agreement with experiment. It is thus reasonable to as-
sume that nonthermodynamic results, like neutron dif-
fraction data, can also be interpreted with an isotope-in-
dependent PES. This is a useful and reassuring conclu-
sion. In the present paper we restrict attention to solutions
of isotopic isomers, one in the other.

Excess Free Energies of Solutions of Isotopes

Singh and Van Hook® (SVH) have recently presented
a theory of nonideality in solutions of isotopes. Following
the lead of earlier authors including Prigogine, Bingen, and
Bellemans,° Bigeleisen,'! and Jancso and Van Hook,!2 they
expanded the Helmholtz free energy about the respective
equilibrium volumes of the separated samples. This time,
however, a careful distinction between the contributions
of intermolecular and intramolecular degrees of freedom
was maintained. In the original Prigogine approach each
separated isotope was compressed or dilated to the molar
volume of the isotopic mixture and then mixed isochori-
cally. The free energy of mixing was taken as the sum of
the free energies of compression and dilation and of iso-
choric mixing (which was assumed to be zero). The result
is a well-known expression relating the difference in molar
volumes of the separated isotopes, AV = V,°~ V.0, (sub-
script 1 refers to the lighter isotope), to the excess free
energy of mixing

® = x1%5(AV)?/ (24 V) M

k is the isothermal compressibility. Equation 1 is presented
in the approximation that neglects isotope effects on x and
V0 in the denominator. Buckingham and Hentschel®® have
presented an analysis that is similarly based.

We have criticized® the development leading to eq 1 on
two counts. The first is on logical grounds. The theory
of isotope effects assumes the PES’s (appropriately ex-
pressed in reduced coordinates) are identical at the
Born—Oppenheimer level for each of the separated isotopes
and for the solutions formed from them. This straight-
forwardly leads to the conclusion that the distribution
functions describing atom-atom correlations in the liquids,
such as the two-particle correlation functions, n?(r*,9,¢),
and the rotationally averaged radial distribution functions,
g(r*), are also isotope independent. We use the term
“congruent” to describe this situation. Here r* = r/oc is
a reduced distance, and ¢ is a length parameter specified
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by the potential. Because it is well-known that the dis-
tribution functions n%(r*,6,¢) and g(r*) depend sensitively
on density (and thus on pressure) SVH concluded that the
very act of compressing a sample of the liquid substituted
with one isotope and dilating a sample of the other before
mixing them moves the two PES’s away from congruency.
In that event the isochoric mixing cannot occur at zero
excess free energy, so eq 1 must be wrong. This conclusion
is consistent with the observation that excess free energies
obtained from eq 1 are not in agreement with experiment
for isotopic mixtures of simple liquids.” A proper calcu-
lation of the relevant expansion or dilation must be carried
out along a congruent path (i.e., at constant n2(r*,6,¢) or
&(r*)) and not along the equilibrium thermodynamic path.
The volume difference that defines the end points of the
congruent path is the one that arises from the quantum
effect on the anharmonic isotope-independent intermole-
cular potential. SVH have presented a prescription to
carry out a calculation of the free energy of mixing due to
this effect.

Next we turn attention to the intramolecular degrees of
freedom. These vibrations make important contributions
to the isotopic difference in molar volumes and to the
excess free energy of mixing. The molar volume isotope
effect (MVIE) in polyatomics is largely accounted for by
the observation that the mean amplitude of vibration is
significantly larger for H than for D because the H isomer
less higher in the well (PES). This results in an isotope
effect on the core size.'*'¢ Singh and Van Hook? consid-
ered the effect of intramolecular degrees of freedom by
writing the partition function as a product of intermole-
cular and oscillator contributions, @ = @Q(intermolecu-
lar)Q(oscillator), where @(oscillator) is a 3n-dimensional
product of harmonic oscillator partition functions. At first
glance this appears as if the contribution of the transla-
tional degrees of freedom has been considered twice but
this is not so. The theory considers quantum effects on
the intermolecular potential (@(intermolecular)) and the
isotope effect on the core size separately. Because of the
large amplitude effects in hydro/deuteriocarbons the core
effect predominates and is primarily responsible for the
observed molar volume isotope effects.

To calculate the excess free energy of isotopic mixing
the separated isotopes are congruently compressed or
dilated to the molar volume of the solutions and then
mixed isochorically. Thus, say for the light isotope

u/RT =1n (v, = —fv‘;(d In Q(intermol) /dV) dV
- f ' n Qose) /av) aV @

because 4 = -RT In §. For large molecules at elevated
temperatures, systems like the polymer mixtures consid-
ered in this paper, SVH have shown the contribution of
the congruent intermolecular mixing is negligible compared
to that from the second term.

Polymer Mixtures

To apply the above formalism to an equimolar polymer
solution of monodispersive isotopic isomers, we restrict the
analysis to low pressure and consider the partial molar
Helmholtz free energies, A; = A%V + [V(dA;/dV) dV,
so the free energy of the solution is

\%
Ay = 0,14,0 + 2,4,0 + xlfvo(dAl/dV) av +

v
X fvn(dAQ/dV) dV + RT(x; In x, + %, In x5) (3)
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The path integrals in eq 3 are understood to be congruent.
For large massive molecules the external translational and
librational modes are of ultralow frequency and make
negligible contribution to 4,;,. We assume the vibrational
frequencies in the polymer can be factored into N sets of
group frequencies, »; (N the number of monomer units),
and treat these in the pseudoharmonic approximation.
Then®

fvt(d<A,-/RT) /dV) dV =
van
"va.g;(d In Q;/duy)(dy;/dV) dV =
Van
-N fvioguzf(u,-)vi dlnV 4

where v; = -d In u;/d In V, f(u;) = (/4 + exp(-u;)/(1 -
exp(-u;))), and u; = hv;/kT. For hydro/deuteriocarbons
the CH/CD stretching frequencies make the predominent
contribution to the isotope effect because they not only
are the largest frequencies but also show the largest isotope
sensitivity. Therefore following Jancso and Van Hook!?
we neglect bending and carbon skeletal modes.!” For u;
> 2m, flu) =1/ 80

fV:(dA,. /dV) dV = -N(RTryu;/2) In (V/VY) (5)

Here r; is the number of CH or CD stretching modes per
monomer unit. Note r;; = r;5, ¥ = ¥, but u; # u, and
Vi° = V,% Remember our notation represents the lighter
isotope (H) as 1, the heavier (D) as 2.

We now return to eq 3 in the approximation of V= =
0 for the isotopic mixture. In that case V= V,° - x,AV
= V2O + xlAV, AV = V10 et VQO, and AV/ VIO = AV/VQO =
AV/V. Also AV/V K 1, s0

A/RT = xlAlo/RT + x2A2O/RT + xlln X1 + X9 In Xg +
x1%9(Nyir; /20 (AV / V) (uy — uy) (6)

The conditions for phase separation are obtained by dif-
ferentiating eq 6 with respect to concentration and setting
the second and third derivatives equal to zero. In this way
we find x;, = x9, = 0.5 and

N(rovi/2(AV/ V)uy(1 = (uy /)% = 2 (7

The u;’s are reduced masses for the CH or CD oscillators
and should not be confused with the partial molar free
energies, ui/us = (277 + 1271 /(171 + 1271).

Poly(protio/deuteriobutadiene). For this material
r;=6,AV/V = (4 £ 1) X 103 and as for benzene® we take
v; = 0.035 and u; = (1.44 X 3000)/T = 14.4 at 300 K,
thereby deducing from eq 7 that N, = (1.3 + 0.3) X 103,
in much better agreement with experiment (N, = (2.3
0.5) X 10% than the result calculated by BWK! based on
eq 1 (N, = (6.6 £ 3.1) X 10%. The uncertainty in the
present calculation reflects the experimental error reported
by BWK for the AV/V measurement. There is an addi-
tional uncertainty arising from error in the assignment of
the Gruneisen coefficient. The results are summarized in
Table 1.

It is interesting to note that the estimate, N (300) = (1.3
+ 0.3) X 103, is probably a lower bound. This can be seen
from the following argument. The application of regular
solution theory in its simplest form (as above) to the phase
separation problem leads to the prediction 8 = 0.5 for the
critical exponent in the relation

DELTA = |x - x| = K(T, - T)/T)? = Kt*  (8)

Close to T, both theory and careful experiment have es-
tablished a universal value, 3 = 0.325 £ 0.003. Ineq 8, K
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Table I
Excess Free Energies in Two Protio/Deuterio Polymer
Mixtures
10* In (v,7)
this work eqland 14 eq 19

material T/K  expt ref

PB* 296 92 1 13  4° 4£1 14
11 & 4¢

pst 300 42 3 T2 10
6 + 24

¢ Poly(perprotio/perdeuteriobutadiene). ?Poly(perprotio/per-
deuteriostyrene). °2/N,; see eqs 2 and 7. ¢Symmetrical approxi-
mation; see eq 12.

is a nonuniversal fitting parameter. The range of the
nonclassical region for binary liquid mixtures (defined as
the region where eq 8 with 8 = 0.325 is universally expected
to hold) has been recently discussed by Singh and Van
Hook.!® They conclude that nonclassical effects are sub-
stantially damped out in the range -4 < log t < -3. Al-
though for arbitrarily small values of DELTA any ana-
lytical representation of the free energy will lead classically
to 8 = 0.5 and a classical expression is not to be tolerated
for log (t) less than, say, —3.5, the authors!® point out that
eq 8 with 8 = 0.33 £ 0.01 empirically fits most binary liquid
coexistence data of the UCST type over a wide range of
t. That range sometimes extends to log (¢) = —0.7 or
further, i.e., 60 K or more below T, and thus far into the
classical region. Furthermore the authors succeeded in
representing the apparent 8 (now circumstantially in nu-
merical agreement with the nonclassical value, 0.325, over
the range 107% < ¢ < 2 X 107!) by a one-parameter mean-
field treatment that follows the Guggenheim symmetrical
mixture model.’® Of course that model for small enough
t will in the limit yield the classical exponent, 0.5, but this
only happens at temperatures very close to T, tempera-
tures inside the range of most data. The work of Binder?
and Herkt-Maetzky and Schelton? indicates that polymer
solutions and polymer melts switch over to a classical
mean-field representation at even smaller values of ¢, and
mean-field values have been reported for the exponents
describing scattering correlation lengths and susceptibil-
ities of polymer solutions.?! Clearly, then, polymer solu-
tions are classical in the mean-field sense, at least in the
temperature range of interest to the present analysis. The
question of present concern focuses on whether solutions
of polymer isotopes are better represented as strictly
regular solutions (giving an apparent 8 = 0.5) or as sym-
metrical mixtures (with an apparent 8 < 0.5 and even
approaching 0.33). The available literature data, including
BWXK, are not sufficiently precise to resolve this question,
which awaits refined measurements. The Singh-Van Hook
analysis®'® establishes the symmetric mixture model as
appropriate for a number of small-molecule liquid-liquid
systems. These authors succeeded in quantitatively ra-
tionalizing both the phase diagrams and their pressure and
isotope dependences with the symmetric model. Mixtures
of polymer isotopomers are also reasonably assumed to be
symmetric, and if so, higher order terms are required in
the Redlich—Kister expression for A®. For a given N,, the
effect is to broaden the two-phase region, lowering the
predicted value of T, (or equivalently raising N,) from the
values given by the strictly regular calculation. It is that
correction which is discussed in the next paragraph.
More specifically we write

V=V0-xAV+ Ve= VL0 + x,AV + Ve 9)
and adopt the Redlich-Kister formalism for Ve
Ve = xle(Ro + Rl(l - 2x2) + Rz(l - 2x2)2 + ...) (10)
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Defining g; = Nryyu1/2, 8, = Nryyus/2 and Ag = g, - &5
gives (compare with eq 3 and 5)

At = xlxz((AV/V)Ag + (glRO/V) X
(1 - x508/81) + 8:1R/V)(1 ~ 2x)(1 - 2,48 /81) +
(81R2/ VI(1 — 2x)%(1 — x,48/81) + ...) (11)

For CH/CD substitution, Ag/g, = 0.266, and near x, x,
= 0.5 and (1 - x,Ag/g,) = 0.87. To obtain N,, the ex-
pression for A(total) is differentiated. If from symmetry
we argue x, = 0.5, which implies R; = 0, then the excess
free energy is of the form

A® = x120(My + My(1 - 2x5)) (12)

with M, = ((AV/V)Ag + 0.87gR,/V) and M, =
0.87g,Ry/ V. At T, (d?A ;. /dx?) = 0,50 My - M, = 2. For
a regular solution H® = G® = A® and S° ~ 0. Arguments
presented during the discussion on congruent compression
indicate S® =~ 0 is a reasonable approximation for solutions
of isotopes. In that case, with A® represented by eq 12,
the constraint § = 0.325 implies M,/M; = 0.2.1® Since
Ve/AV « 1 (ie., ((AV/V)(Ag) » 0.87g,Ry/V), then
(AV/V)(Ag) = 2.4, which implies a 20% correction to N,
as calculated earlier. The corrected value becomes
N (caled) = (1.6 £ 0.3) X 103, which is within reach of
the experimental value, N (obsd) = (2.3 £ 0.5) X 10%. The
uncertainties are those previously discussed plus any im-
plied by the approximations in the evaluation of the cor-
rection. (Excess volumes in isotopic mixtures of poly-
atomics have been determined for the C;Hg/C¢Dg system?
near room temperature where the inequality V¢/AV « 1
is obeyed.)

Poly(protio/deuteriostyrene). Bates and Wignall®
report N (300) = (3.8 £+ 0.8) X 10, Application of eq 7 is
not straightforward. To begin with we estimate the molar
volume isotope effect of polystyrene (which has not been
measured) as the average of that for benzene/deuterio-
benzene in the low-temperature approximation (2 X 107%)
and a skeletal CH/CD effect which we take as half that
for polybutadiene (three vs. six skeletal hydrogens), also
2 X 1073, When the uncertainity is set equal to that for
polybutadiene (one in four), AV/V = (2 £ 0.5) X 1073,
With ycy = 0.035 (see above) and r; = 8, eq 7 gives N_(300)
= (2.7 £ 0.7) X 103, The error limit reflects only the
uncertainty in the value assigned to the MVIE. Correction
to the symmetric model (see above) will raise N,.(300) to
about 8.2 X 107, in better agreement with the experimental
value. It is unfortunate that the experimental conditions
for the polystyrene measurements (i.e., annealing at ele-
vated temperature) and the absence of MVIE data make
it impossible to define the parameters of the theory more
closely and thus preclude a more direct test, i.e., one at
the experimental temperature. (Our present theoretical
understanding of the temperature dependence of
MVIE’s!62¢ ig not sufficient to permit this parameter to
be accurately estimated at the rather high experimental
temperatures of ref 3, nor are any Gruneisen constants
available there.)

Interpretation of Bates and Wignall: The
Polarizability Isotope Effect

Late in 1986 Bates and Wignall?® presented an inter-
pretation of their data'~® different from the one developed
above. They decomposed the parameter describing the
excess free energy of interaction into two parts, writing the
equivalent of

A®/RT = x1x5(x, + Xa) (13)

(Actually BW employ volume rather than mole fraction
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statistics, but for the polymer solutions of interest to us
the two are equivalent.) By following an analysis like that
leading to eq 1, they obtain

xy = (AV)?/(2xV) (14)

We have criticized this result above and in ref 18. It is the
end product of an integration of a volume-dependent free
energy over the molar volume isotope effect (primarily
determined by amplitude isotope effects of the CH
stretching motions), but along a noncongruent path. The
relative contribution of the inter- and intramolecular de-
grees of freedom are left unspecified. The compressibility
is related to the low-frequency chain distortion and in-
termolecular modes, both of which show a relatively small
isotope dependence. The more important contributions
from internal modes with significant isotope dependence
are not included in equations like (14), even if the path
of integration be changed to a congruent one. BW rec-
ognized the inadequacy of eq 14 and introduced the x4
parameter to “account for the difference in ... van der
Waals forces between deuteriated and protonated
polymers”.

x4 can be estimated by combining the Flory-Huggins
definition

kTx4q = (egp — (eqn + €pp) /2) (15)
with the London formula for the dispersion energy®

SGGAB = _(3/2)(IAIB/(IA + IB))aAaB +
vibrational correction terms (16)

Here e is the segment~pair interaction energy, a the po-
larizability, & the Boltzmann constant, I the ionization
potential, and S a distance parameter. The vibrational
correction terms, VCT, introduced by Wolfsberg? are
conveniently expressed in terms of sums over the absolute
intensities, T;, of the i normal mode frequencies.?5-%

VCT = ~(3he /(4N [ZT;pcp + ZTigaa] (17)

ertlng ID = IH(l - AI/I), ap = OtH(l - Aa/a), WH =
[3hc/(4Nav7rs)ZTi,H]’ WD = [3hc/(4Nav7r3)Ziri,D]’ WD =
Wy(1 - AW/ W) and making the indicated substitutions,
we obtain thru second order in the differential quantities

S8k Txy = (3/8)[e?[(Aa/a)? + (Aa/a)(AI/D)] +
oy Wy(Aa/a) (AW /W) (18)

The cross product, (Al/)(Aa/a), is certainly much smaller
than (Aa/a)?, so eq 18 simplifies®

S8kTxg = (Aa/)[(B3/8)a?(Aa/a) + ayWyu(AW / W)]
(19)

If the second term on the right is dropped from eq 19 the
result is equivalent to the one of BW, which they obtained
less generally by assuming I to be isotope independent.
That assumption is not necessary because the excess free
energy of mixing of isotopes is a second-order effect and
enters only as a square or cross product of first-order
isotope effects.

The isotope effect on W is given in terms of a well-es-
tablished isotope sum rule,®? and intensities are available
for simple molecules. For methane/perdeuteriomethane
the second term only amounts to about 3% of the first and
at the present level of precision can be ignored. However,
for larger molecules (segments) the integrated intensities
are larger. Also according to the data tabulated by Ra-
binovich,** (Ax/«) may be smaller. The intensity ratio of
the perprotio and perdeuterio species will remain roughly
the same so the relative contribution of the second term
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increases. For example, for the CgHy/CgDyg system, which
is of interest for the interpretation of the polystyrene data
above, (Aa/a) = 0.005, about one-third of the value for
methane, and the second term in eq 19 is about three-
tenths of the first.3® Clearly it can no longer be ignored.
One expects the vibrational correction term to be impor-
tant in many cases.

In eq 17-19 excess free energy is rationalized in terms
of the isotope effect on polarizability. The difference in
polarizability derives from the slightly more extended
electron distribution in the protiated as compared to the
deuteriated molecule. Just like the MVIE, the polariza-
bility isotope effect is to be understood in terms of an
isotope-independent PES describing the intramolecular
vibrations. The two effects share a common origin.
Wolfsherg? has considered isotope effects on condensed-
phase free energies. He demonstrated the equivalence of
an explanation based on the London formula as originally
suggested by Baertschi and Kuhn® (i.e., a development
similar to that of BW, or the one above) and the more
conventional formalism of Bigeleisen and others® expressed
in terms of the force constant changes in an isotope-in-
dependent PES which occur on the transfer from the
standard state. This is just the situation that obtains here.
In the approach used in the first part of this paper the
relevant force constant shifts are related to the MVIE
using a Gruneisen theory. The Baertschi~Kuhn, Bates-
Wignall formalism instead uses information on the po-
larizability isotope effect and assumptions about the nature
of the repulsive part of the potential {to evaluate S?). Fang
and Van Hook?” have previously discussed the relation-
ships between the MVIE, (Aa/ ), effective van der Waals
forces, and the PES in yet another context. In any case,
the important point is that fundamentally the two ap-
proaches are equivalent. However several important
cautions remain. (1) Discussion of the calculation of iso-
tope effects on effective van der Waals energies often fails
to emphasize the essential isotope independence of the
PES defining the process. (2) Experimental values of the
parameters used in the vdW approach ((Aa/a) and S) are
not as well established as the spectroscopic and MVIE
parameters employed in the alternate approach. Also,
vibrational corrections to the effective van der Waals en-
ergies may be difficult to evaluate.

Bell®* and Frivold, Hassel, and Hetland® report the
polarizability of CH to be about 1.4% larger than CD for
methane. Rabinovich®® reports refractive index mea-
surements on a variety of CHO compounds and interprets
them in terms of polarizability effects varying between 0.1
to slightly more than 1% or so but always with ay > ap.
Scher, Ravid, and Halevi®” made high-precision measure-
ments of the polarizability H/D isotope effects in HC] and
NH;, demonstrating that the earlier values reported by
Bell® and Bell and Coop® for these compounds were high.
Thus, although it is clear that (Aa/«) is positive, significant
uncertainty remains in the numerical values of the effect.
It is left to insert an estimate for S® in eq 15. This BW
do by accepting the rough approximation that S can be
equated to the hard-sphere segment radius, S = (3V/4x)/3,
V is the volume per segment. The estimates of the con-
ditions for critical phase separation from eq 19 are com-
pared with the ones obtained in the first part of this paper
and with experiment in Table I.

Conclusion

Nonideality in mixtures of isotopic isomers of polymers
has been shown to be a natural consequence of the dy-
namics of atomic motion on the isotope-independent po-
tential surface describing the condensed phase. Important
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contributions arise from the internal degrees of freedom.
We have shown that it is profitable to consider the excess
free energy of the mixture as a function of the isotope
effect on the molar volume. It is to be emphasized that
differential compression (or dilation) over the isotopic
volume difference must be carried along a congruent path
and not along the one defined by the equilibrium ther-
modynamic isothermal compressibility. The result is an
important one because it should allow one to establish a
prescription so that the dynamics of polymer motion in
H/D mixtures can be used to explore the nature of the
PES using neutron diffraction or other investigations.
Finally it was demonstrated that the present method of
calculation is equivalent to one expressed in terms of ef-
fective van der Waals forces but has advantages over that
formalism.
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