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ABSTRACT: The second virial coefficient and the preferential sorption coefficient of the two ternary systems
poly(methyl methacrylate) (PMMA) + 2-butanol (BuOH) + 1-chlorobutane (BuCl) and PMMA + acetonitrile
(AcN) + BuCl were analyzed on the basis of the generalized Flory-Huggins equation. For the solvent mixtures
the interaction function g;, was determined by boiling point measurements and the heats of mixing were roughly
determined. An entropy contribution to the excess free energy was found to be very large in the mixture
BuOH + BuCl, while it was small in AcN + BuCL The ternary functions g1° and (dg1/d¢s)° were determined
in different ways for the two ternary systems. As conjectured by Figueruelo et al., the ratio gr%/{g;o + (dg1/3¢5)%
was nearly constant with the average values 0.43 for PMMA + BuOH + BuCl and 0.44 for PMMA + AcN
+ BuCl. This correlation between the ternary functions and the function gy, indicates that the specific
thermodynamic properties of the solvent mixtures are reflected on the behavior of the ternary systems only

through the function gy,.

Introduction

For systems of polymer + mixed solvent, cosolvency is
a marked phenomenon, in which the binary mixture com-
posed of poor solvents and/or nonsolvents for a polymer
shows an enhanced solvent power as strong as a good
solvent for the polymer. The cosolvent effect has been
found for polymers in various mixed solvents and became
recognized as a widespread phenomenon.!® Furthermore,
the inversion phenomena of the preferential sorption
coefficient have been observed for many ternary sys-
tems.51® This behavior seemed to be incompatible with
the conventional notion that polymer molecules should
tend to attract the better solvent preferentially in mixed
solvent. Based on the thermodynamic analysis of three-
component systems, it has been revealed that the prop-
erties of the ternary system polymer + mixed solvent are
not deduced from those of the binary systems composed
of each component.”'? To explain the observed behavior
of the second virial coefficient A, and the preferential
sorption coefficient A, there has been introduced in the
generalized Flory-Huggins equation the ternary function
&1, which represents the specific properties acquired by
the ternary systems. Hence, a quantitative analysis of the
experimental data of the ternary systems means to esti-
mate the ternary function gr. The function gr can be
evaluated directly only when a set of the data for A,, A,
and the interaction parameters g;; is known from experi-
ments. For the mixed solvent, the interaction parameter
g1 should be known as a function of the composition.
However, it is not easy to obtain the complete set of the
data. For nonsolvents, which are used in experiments of
cosolvent phenomenon, the interaction parameters g;s
between polymer and solvent cannot be determined by
usual experiments. Moreover, the second virial coefficient
is not directly connected with the parameter g;; but with
the parameter x;3. Data of excess free energy for solvent
mixtures is sparse in literature and a large difficulty occurs
in evaluating the function g;,. Light scattering measure-
ments for ternary systems cannot yield reliable data of A,
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and A, when the refractive indices of the components are
close to each other. Despite these difficulties it has been
suggested that the solvent power of mixed solvents cor-
relates chiefly to the excess free energy of the solvent
mixture.>!® Recently, some attempts have been made to
find a relation between the ternary function g and the
binary interaction function g, of the mixed solvent.!4?
However, the relation could not be revealed, unless the
function gy is examined for a wide variety of ternary
systems.

In this paper we have analyzed the light-scattering data
for poly(methyl methacrylate) (PMMA) + 2-butanol
(BuOH) + 1-chlorobutane (BuCl) obtained in the pre-
ceding study'® and PMMA + acetonitrile (AcN) + BuCl
by Horta et al.* Boiling point measurements were per-
formed to obtain the excess free energy for the solvent
mixtures and a rough determination was tried for the heats
of mixing. The entropy contribution to the excess free
energy was found to be very large for the mixture BuCl
+ BuOH and small for BuCl + AcN. It is interesting to
know how these different properties of the mixed solvents
are reflected to the behavior of present ternary systems.

Experimental Section

Boiling Point Measurements. The boiling temperature was
determined at the constant pressures 120 = 0.5 and 200 + 0.5
mmHg for the mixture BuCl + BuOH and at 200 + 0.5 mmHg
for the mixture BuCl + AcN. The apparatus and method for the
measurements were virtually the same as in a previous study.!®
The mixture boiling at the constant pressure in a vessel was cooled
down slowly, observing small bubbles from the bottom. We tried
to observe the lower limit of the temperature at which the bubbles
ceased. For the pure liquids the lower limit temperature was
higher by about 0.6 °C than the temperature in the vapor phase,
which agreed with literature values at the pressure. Therefore,
we used as a boiling temperature the lower limit temperature
decreased by 0.5 °C for the mixtures BuCl + BuOH and BuCl
+ AcN. We tried our boiling point measurement for the mixture
methanol + benzene at the pressure 148 + 0.5 mmHg to compare
the measured values of the excess free energy with literature ones.
For this system the measured lower limit temperature was cor-
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Figure 1. Plots of boiling temperatures observed at 120 (a) and

200 mmHg (b) against the volume fraction u, for the binary
mixture 1-chlorobutane (1) + 2-butanol (2).
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Figure 2. Boiling temperature as a function of the volume
fraction u,. Curve a was measured at 200 mmHg for the mixture
1-chlorobutane (1) + acetonitrile (2) and curve b at 148 mmHg
for methano!l (1) + benzene (2).

rected by —0.7 °C to obtain the boiling temperature. In Figure
1 the observed boiling temperatures for the system BuCl (1) +
BuOH (2) are plotted against the volume fraction u; of BuOH.
Figure 2 shows the boiling temperatures for the systems BuCl
(1) + AcN (2) and methanol (1) + benzene (2) as a function of
the volume fraction u, of component 2.

Heats of Mixing of the Solvent Mixtures. A rough de-
termination of the heats of mixing was made by measuring the
temperature change on mixing. Two liquids separated by thin
Teflon sheet and at thermal equilibrium were mixed in a Dewar
vessel and the temperature change was measured by a Beckmann
thermometer. The effect of heat flow through the Dewar vessel
was corrected by measurements on mixtures of known heats of
mixing as described in a previous paper.!® The heats of mixing
were calculated from the temperature change by using the molar
heat capacity of the mixture estimated with the assumption of
additivity of the values of each component. The molar heat
capacities of each component were evaluated according to the
group-contribution method of Missenard.?® The main error in
the heats of mixing thus determined comes from the molar heat
capacities estimated with the assumption of the additivity rule.
Observed excess heat capacities range from a few percent for usual
mixtures to several percent as a high value.?2 Considering other
sources of error, the uncertainty in the observed heats of mixing
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Figure 3. Plot of the second virial coefficient A, ((cm® mol)/g?)
versus the reciprocal of absolute temperature for PMMA in 2-
butanol with M., = 3.66 X 10%. Extrapolation to 40 °C is made
with the data above the 8 temperature (---) and with the tangent
at the © temperature (—--).

was inferred to be less than 10%. .

Light-Scattering Measurements. By light-scattering mea-
surements the second virial coefficient for the system PMMA +
BuOH was determined for the sample (M9-F6)!8 of molecular
weight M,, = 3.66 X 104 in the temperature range from 55 to 76
°C. For optical clarification, solutions flame-sealed in the
light-scattering cells were left undisturbed at a temperature above
the cloud point for a few days, rendering dust sedimentation,
which could eliminate large forward scattering due to dust par-
ticles. The light-scattering data were analyzed so as to give the
correct molecular weight, which was obtained by using the re-
fractive index increment (cm® g™1), depending on the temperature
t (°C) as dn/dc = 0.0802 + 0.0004¢. In Figure 3 the observed
values of A, are plotted against the reciprocal of the absolute
temperature T. The value of 4, at 40 °C was determined as A,
= ~4.6 X 10™* c¢m?® mol g2 by extrapolating the data above the
6 temperature with the broken line to 7! X 103 = 3.19.

Phenomenological Equation of Three-Component
Systems

The preferential sorption coefficient A and the second
virial coefficient A, for the system polymer + mixed sol-
vent can be related to the free energy of mixing AG ;. For
the ternary system solvent (1) + solvent (2) + polymer (3)
the Flory-Huggins equation could be generalized as™'?

AGmix/RT = valn d)l + N2 In ¢2 + N3 In ¢3 +
£12Ua) N1y + 813(d3)N1¢s + £23(¢3) Noops + Gy (1)

where N; and ¢; are the number of moles and the volume
fraction of component i, respectively, u, is the volume
fraction of component 2 in the mixed solvent (u; = ¢5/ (¢,
+ ¢,)), and RT has its usual meanlng The binary inter-
action function g;; in eq 1 covers all the thermodynamlc
properties of the binary system of components i and j. The

. function Gt depicts all deviations of the real ternary

systems from the idealized system represented by the
binary interaction function g;; alone. Pouchly et al.’> and
Chu et al.” assumed the functlonal form of Gy written as

Gt = grlug,03)N1doos (2

We refer to the function gr in the above equation as a
ternary function because of the product of three compo-
sitions multiplied to it. We use eq 1 as a phenomenological
equation in the sense that the ternary function gr is de-
fined by eq 1 and 2 and should be evaluated with the
binary interaction functions determined by experiments
on the binary mixtures. On the basis of the thermody-
namic equations of three component systems, Chu and
Munk” derived the explicit equations for A, and X from
eq 1 and 2 in the form

A® = [042/(2V)1{(basbss — baguuiuug) / bas) 3)
A0 = Tg(bgg/ byg)ugus 4)
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where V, is the partial molar volume of component 1, 7,
is the partial specific volume of component 3, and the
superscript zero on A, and X refers to the lattice theory
as a base of eq 1. b;s in eq 3 and 4 are given by

b22 = (1/r2)u1 + Ug —
UyUs[2815 — 2(uy — Ug)(B810/ Aus) — Uilis(Bg1a/Buy?)] (5)

bos =1 - (1/ry) + (1/r9)803° — £15° -
(U ~ ug)(g12 — 81°%) + uius[(3gr/uy)® — (8819/duy)] (6)

bgs = uy + (1/rous + 2uyus((g1s — 81°) - x1°] -
2[(1/re)xes’us + x15%u1] (7)
with
Xis" = 8is° = (08i3/¢3)° (8)
xt° = g1° — (9g1/9¢$3)° 9)

Here, the superscript zero on the right-hand side of eq 6-9
refers to the limit of zero polymer concentration and ry is
the ratio of partial molar volume of solvent 2 to that of
solvent 1.1 For the binary system polymer + single solvent
i, eq 3 with eq 5-9 reduces to

A0 = (07 /V)(1/2 - xiY) (10)

Within the scope of the lattice theory, the function g,
depends on ¢4 as

8is = 8:3°/[1 ~ (2/2) 3] (11)

where z is the coordination number of the lattice. Equa-
tions 8 and 11 yield the relation

xig® = (1 -2/2)g;s° (12)

We have estimated g;;° from the observed values of A, for
z = 8, i.e., with the relation g;3° = (4/3)x;5".

Comparison of Phenomenological Equations and
Experimental Data

The present experimental data was compared with the
phenomenological equations by assigning the components
as BuCl (1) + BuOH (2) + PMMA (3) and BuCl (1) + AcN
(2) + PMMA (3). For the system BuCl + BuOH + PMMA
the second virial coefficient A,° corrected for the exclud-
ed-volume effect by the Kurata~Yamakawa theory was
employed for the comparison.!® The second virial coef-
ficients of the systems BuCl + AcN + PMMA by Horta
et al.* and BuOH + PMMA obtained in this study were
used without the correction, because the measurements
have been made for low molecular weight samples and the
mean-square radius of gyration has not been measured.
Since eq 6-9 are taken at the limit of zero polymer con-
centration, the ternary function gr can be written as

gr = alug) + Blug)ds (13)

where a(u,;) and 8(u,) are a function of the volume fraction
ug alone. The purpose of this section is to determine the
function a(u,) = g1°% and 8(uy) = (dgr/d¢;)° for PMMA
in the two mixed solvents which are different in thermo-
dynamic properties.

Evaluation of the Binary Interaction Functions.
For the binary systems PMMA + solvent the interaction
function g;; was determined with eq 10 and 12. The ob-
served values of Ay = 0 in BuCl and A, = -4.6 X 10* in
BuOH at 40 °C give g,5° = 0.667 and go5° = 0.749, re-
spectively. Horta’s data of A, = -1.56 X 107 in BuCl and
Ay =-1.0 X 107*in AcN at 25 °C give g;5° = 0.698 and g,,°
= (.68, respectively.

For the partial specific volume of PMMA we used 05 =
0.833 at 25 °C and 0.838 at 40 °C, which were obtained
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by extrapolating the specific volume in the pure state from
above the glass temperature.?? The molar volume ratios
were calculated as ry, = 0.876 for BuCl (1) + BuOH (2) and
ro = 0.503 for BuCl (1) + AcN (2) from the molar volumes
for pure substance.

The binary interaction function g5 for the solvent
mixtures was calculated from the boiling point data. The
total vapor pressure p of binary mixtures is given by the
equation

p = p; exp(Au /RT) + py exp(Auy/RT) (14)

where p, and p, are the vapor pressure for pure compo-
nents. The excess chemical potentials Ay, and Ay, in eq
14 are derived from the free energy of mixing

AG/RT = Nl In (1 - uZ) + N2 In Uy + glz(T,U«2)N1uZ
(15)

which can be obtained from eq 1 by putting N; = 0. Since
excess free energy measured on binary mixtures usually
varies slightly with temperature,?® we assumed that the
function g,, depends on temperature as

g1a(Tyug) = fluy) /T (16)

where f(u,) is a function of the volume fraction alone. The
functional form of f(u,) was assumed to be written as

flug) = a + buy + cuy? (17)

for the systems BuCl (1) + BuOH (2) and BuCl (1) + AcN
(2). For the system methanol (1) + benzene (2) we have
expressed the free energy of mixing with the mole fraction
%o to obtained the molar excess free energy G° given by

Ge = flz/(T,xz)xz(]. - x2) (18)

The function f,,'(T,x,) was assumed to be independent of
T and to be written as

f1o'(Tyxg) = a’+ b’/ (c’ + xy) (19)

The total vapor pressure p can be calculated from the
observed boiling point data with eq 14-17 or eq 14, 18, and
19. The parameters a, b, and ¢ in eq 17 and a’b’and ¢’
in eq 19 were determined by trial and error so as to give
the constant pressures at which the boiling temperatures
were measured. This analysis yielded a constant pressures
within an error of £3 mmHg for the system BuCl + BuOH,
+1 mmHg for BuCl + AcN, and 2 mmHg for methanol
+ benzene. The errors seemed to be attributed to the
experimental uncertainties rather than the above method
for determining the function g;,. For the system methanol
+ benzene the correction of 0.7 °C for the measured lower
limit temperature increased the molar excess free energy
by 4-8%. The results of the data analyses of the boiling
point are summarized as

g1z = 1.95 — 1.3Tuy + 0.57uy? (20)
for the system BuCl (1) + BuOH (2) at 40 °C,
812 = 2.92 — 1.54u, + 0.54u,? (21)

for BuCl (1) + AcN (2) at 25 °C, and
G® = x5(1 — x,)[860 + 310/(1.41 - x,)] (22)

for methanol (1) + benzene (2) at 25 °C. The above excess
free energy for methanol + benzene was found to agree
with literature values within the error of a few percent
except at x, = 0.1 and 0.9, where the present values are
lower by 7 and 6% than literature data, respectively.? The
uncertainties in g, for the systems BuCl + BuOH and
BuCl + AcN could be comparable with those for methanol
+ benzene.
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Horta et al. measured the molar excess free energy of
the system BuCl + AcN at 25 °C by a light-scattering
method.?® The relation between the function g;, and the
molar excess free energy G® is written as

G® = RT[gyox1ug — %, In (xl/u1) - %5 In (x5/uy)] (23)

which allows us to compare the present results with Horta’s
data. The molar excess free energy calculated from eq 21
was found to be smaller than that found by Horta et al.
Their values are about 17% larger than the present ones
in the range x, > 0.5, and the difference becomes more
than 30% in the range x, < 0.2. The light-scattering
technique does not appear to be a pertinent method for
the system BuCl + AcN, because the light-scattering in-
tensity due to concentration fluctuation would be relatively
low on account of the small refractive index difference
between BuCl and AcN. Therefore, we will use the in-
teraction function g,, given by eq 21 for the analyses of
the second virial coefficient and the sorption coefficient.

Heats of mixing for solvent mixtures can be expressed
as

AH = Rh12N1u2 (24)

corresponding to eq 15, and the Gibbs~Helmholtz equation
gives

hig = -T*3g13/0T)p,, (25)

The observed heats of mixing were represented by
hip = 441 + 187/(0.127 + u,) (26)

for the system BuCl (1) + BuOH (2) at 40 °C and
hyy = 891 + 139/(0.249 + uy) 27)

for BuCl (1) + AcN (2) at 25 °C. According to eq 16 we
obtain hqy = f(uy). However, this is not the case for the
present systems. For the system BuCl + AcN the ratio
f(ug) /b,y varies between 1.0 and 1.2, depending on the
composition, while for the system BuCl + BuOH the ratio
is small and varies from 0.3 to 0.6 with increasing u,. For
the system methanol + benzene the ratio of the molar
excess free energy to the heats of mixing changes from 1.0
to 3.0 with decreasing x, at 25 °C.2%2* The assumed tem-
perature dependence of the interaction function given by
eq 16 and 19 is not compatible with the observed heats of
mixing especially for the systems BuC! + BuOH and
methanol + benzene. However, the fairly good agreement
of the present values of G® with literature ones for the
system methanol + benzene indicates the temperature
dependence of eq 16 and 19 is a relevant approximation
to estimate the excess free energy at a constant tempera-
ture from boiling point data in a restricted temperature
range.

Since the binary interaction function g;; was estimated,
the second virial coefficient can be calculated by eq 3
assuming g7 = 0. The calculated maximum values of A,°
were 10 and 6 times larger than the observed ones for the
systems PMMA + BuCl + AcN and PMMA + BuCl +
BuOH, respectively. This large discrepancy between
calculation and observation also has been shown in other
systems®’ and therefore, the ternary function gr(us,¢s)
should be introduced in eq 1 for the system polymer +
mixed solvent.

Generalized Flory-Huggins Equation for the Sys-
tem BuCl (1) + BuOH (2) + PMMA (3). For this sys-
tem an assumption was made for the sorption coefficient
A for lack of the experimental data. For many cosolvent
systems, the inversion in A has been observed at the com-
position where the second virial coefficient has its maxi-
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Figure 4. Plot of the second virial coefficient A,° ((cm® mol) /g
versus the volume fraction u, for the system 1-chlorobutane (1)
+ 2-butanol (2) + PMMA (3). A,?is corrected for the exclud-
ed-volume effect. Solid curve and broken curve were calculated
by using eq 28 and 29 with the optimal parameters for the two
values of Ay(uy,=1) = —4,6 X 10™ and -6.3 X 1074, respectively.

mum value.!’ Therefore, we assumed A = 0 at u, = 0.3 (see
Figure 4). On account of this limited information on the
sorption coefficient, we have analyzed the functions a(us)
and 8(uy) with a minimum number of parameters, that is

a(U2) =A+ BU2 (28)
6(“«2) =C+ Du2 (29)

where A, B, .C, and D are constants. Since as shown by
eq 4-6 the sorption coefficient includes only the function
a(u,) and its derivative, we determined the parameters A
and B so as to yield A° = 0 at u, = 0.3. For the values of
A and B thus determined, we sought the values of the
parameters C and D which brought about an agreement
between the calculated and the observed second virial
coefficient. The above analysis was repeated for the
various values of the parameters A, B, C, and D, until an
agreement in the second virial coefficient was attained in
the whole range of 0 < u, < 0.8. The behavior of the
observed values of A,° was found to be well represented
by eq 3 combined with the parameters A = 1.72, B = ~0.95,
C = 2.04, and D = -1.25. In Figure 4, A, is plotted against
u,, where the solid curve is calculated with the above values
of the parameter and the open circles are the experimental
data. The calculated values of \° changed from negative
to positive at u, = 0.3 with increasing u, and their mag-
nitude was very small as |A% < 0.024, which would be about
one-tenth of usual experimental values for cosolvent sys-
tems. In the preceding paper the mixture BuCl (1) +
BuOH (2) at u, = 0.80 was found to give a © condition at
39.0 °C in light of A, = 0 and the mean-square radius of
gyration equal to the unperturbed one.’® The very small
value of A° = 0.02 at u, = 0.80 seems to legitimate this 6
condition. In Figure 5 the functions g;5(15),a(u) and B(u)
are plotted against u,. All the functions are of the same
magnitude and decrease monotonously with increasing u,.

The value of A, at 40 °C in pure BuOH determined by
extrapolation is not so convincing because of the rapid
decrease of 4, with decreasing temperature as shown in
Figure 3. As another estimate of A, at uy, = 1, the ex-
trapolation to 40 °C was made with a straight line tangent
at A, = 0 to the smooth curve for the data points. The
tangent described by the chain line in Figure 3 gives A,
= -6.3 X 10 at 40 °C. This value of A, yields g55 = 0.779,
for which we repeated the same analysis to determine the
parameters A, B, C, and D in eq 28 and 29. The result of
the analysis was represented by A = 1.84, B=-1.20,C =
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Figure 5. Plots of the binary interaction functin g;,(u,) (curve
a), the ternary functions a(u,) (curve b), and (i) (curve c) versus
the volume fraction u, for the system 1-chlorobutane (1) + 2-
butanol (2) + PMMA (3). Curve d represents the ratio a(u,)/
[g12(us) + Bluy)].
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Figure 6. Plot of the sorption coefficient A versus the volume
fraction u, for the system l-chlorobutane (1) + acetonitrile (2)

+ PMMA (3). The data were taken from ref 4. The solid curve
was used for the estimation of the function a(u,).

2.28, and D = -1.65. The second virial coefficient 4,°
calculated with these values is described by the broken
curve in Figure 4. The smaller value near u, = 0.8 shown
by the broken curve is likely from an underestimate of A,
= -6.3 X 107 The sorption coefficient A’ calculated with
8oy = 0.779 again gave low values ranging from -0.01 to
0.032. The functions a(us) and S(uy) obtained for gy =
0.779, which could be overestimated, are not largely dif-
ferent from those obtained for go3 = 0.749. Therefore, the
uncertainties in go; have a minor effect in determining the
functions. Thus, the characteristic behavior of the function
a(ug) and B(u,) could beswell represented by the param-
eters A, B, C, and D obtained for 4, = —4.6 X 10™,

Generalized Flory-Huggins Equation for the Sys-
tem BuCl (1) + AcN (2) + PMMA (3). For this system
we first tried the same analysis as for the system BuCl +
BuOH + PMMA with eq 28 and 29. However, the be-
havior of the observed second virial coefficient as a func-
tion of uy could not be represented by the four parameters
in eq 28 and 29. This implied that the functional form of
a(ug) and B(uy) for this system is different from that for
the system BuCl + BuOH + PMMA. Hence, we followed
the analysis due to Chu and Munk to determine the
functions a(uy) and B(uy).” They defined a new function
L{u,) by

L(ug) = N/ (uquqbs) (30)

Combining eq 30 with eq 4 and then substituting it into
eq 3 we get

bgs = L(uy)byy (31)
b33 = (2V1/532)A20 + L2(U,2)b22u1UQ (32)
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Figure 7. Plot of the second virial coefficient 4, ((cm® mol) /g?)
versus the volume fraction u, for the system 1-chlorobutane (1)
+ acetonitrile (2) + PMMA (3). Experimental data were taken
from ref 4. Solid curve was used for the estimation of the function
B(us). The broken curve and the chain curve were calculated with
and without the term due to by (eq 6), respectively.

Thus, byy and by can be determined as a function of us,
because L(u,), Ay, and by, are obtained by experiment. By
using eq 31 the integration of eq 6 with respect to u, gives

(1- u2)u2(gT0 -89 =
(-1 + g1 + (1 — g93) /Pl + fo "Liug)byy duy (38)

Considering the boundary value at u, = 1, the function
a(uy) [=g1°] can be expressed as

1
oluz) = g1~ [1/(1 - wp)] f Loy duy +
[1/ @) Lig)by; dus (34)
with
1
813~ 8a/Te =1~ (1/ry - j; L{ug)byy dug  (35)

Then, from eq 7 8(uy) [=(dgr/d¢4)°] is obtained as
Blug) = {bsg/2 — (ug/ro)[(1/2) = x5 = (1 — ux)[(1/2) -
x13] = (1 = ug)ug(grs — 280N/ [(1 - uxuy] (36)

Thus, we can calculate the functions a(uy) and 8(uy) from
the experimental data of \ and A,.

Figure 6 shows the relation of A versus u, for the system
BuCl (1) + AcN (2) + PMMA (3) obtained by Horta et
al.* Since we consistently use the volume fraction u, of
AcN as a variable, X in Figure 6 has an opposite sign to
that by Horta et al. and corresponds to the excess number
of BuCl molecules in a polymer domain. The solid curve
in Figure 6 depicts the behavior of the experimental data
points. In Figure 7 A, is plotted against u;. The solid
curve illustrates the experimental data of the open circles.
The estimation of the function a(u,) and B(u,) was carried
out as follows. The values of A and A, were read from the
solid lines in Figures 6 and 7 at intervals of u, = 0.05.
L(uy)byg calculated from the values of A and g,, was fitted
by a fifth-degree polynomial of u, with a least-squares
method. Then, a(u,) was obtained by a straightforward
integration of eq 34. bgy was calculated from A and A,
according to eq 32. The obtained expression for a(u,) and
the values of by; were substituted into eq 36 to calculated
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Figure 8. Plots of the binary interaction function g,5(us) (a), the
ternary functions a(uy) (b), and B(uy) (c) versus the volume fraction
u, for the system 1-chlorobutane (1) + acetonitrile (2) + PMMA
(3). Curve d describes the ratio a(u,)/[g12(us) + B(ug)].

B(ug). The somewhat lengthy expression for a(u,) and the
values of 3(u,) thus obtained were fitted by a fourth-degree
polynomial of u, as

aluy) = 2.94 — 7.89u, + 18.61u,? - 21.85u5% + 10.03uy*
(37)

Blug) = 3.33 - 9.90u, + 13.76u,? — 6.2Tug® + 0.97u,*
(38)

In Figure 8 a(u,) and B(u,) are plotted against u, according
to eq 37 and 38, respectively. The function g;5(us) is also
given in this Figure.

In Figure 7 the behavior of A, reproduced with eq 37
and 38 is shown by the broken curve, which has shoulders
near u, = 0.2 and 0.65. Equation 37 could represent the
calculated values of a(u,) within an error of 0.1%, while
eq 38 could approximate the calculated values of 8(u,)
within an error of 3.0%. The comparison of the solid curve
and the broken curve in Figure 7 indicates that the cal-
culation of A, is very sensitive to the value of 3(u,), because
the different shapes of the solid and broken curves are
mainly due to the approximate expression of eq 38. Horta
et al. calculated A, assuming by3 = 0, that is, with the
single-liquid approximation.? In the present case the
estimation of A, with byy = 0 gives the chain curve with
two peaks in Figure 7. The term due to by is not negligibly
small. Except for the range u, = 0.25-0.75 the term
bog?u, s amounts to more than a half of the term bygbs; in
eq 3. The competition of the two terms makes the be-
havior of the calculated A, sensitive to the value of B(u,).

Comments and Conclusions

For the system BuCl + BuOH + PMMA the behaviors
of g12(ug), a(uy), and B(u,) are parallel to each other both
in magnitude and u, dependence as shown in Figure 5. For
the system BuCl + AcN + PMMA the u, dependences of
g12(ug) and B(u,) are considerably different and the values
of g12(uy), a(uy), and B(uy) are comparable only near u, =
0 and 1.

Figueruelo et al. proposed an empirical relation among
g1o(us), alus), and B(uy), which is written as

a(ug) = Klg1a(up) + B(uy)] (39)

with K being a constant.!®!7 They conjectured that K is
expressed by the binary interaction parameters as K =
g13°823°. In Figures 5 and 8 the ratio a(uy)/[g10(us) + B{uy)]
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is depicted by the solid curve d. For the system BuCl +
BuOH + PMMA the ratio varies between 0.442 and 0.425
in the range 0 < u, < 0.8 and decreases from 0.425 to 0.397
in 0.8 < uy < 1. The average value of the ratio could be
0.43. For the system BuCl + AcN + PMMA the ratio lies
between 0.456 and 0.425 in the range 0.05 < u, < 0.95 and
shows the somewhat high values of 0.470 at u, = 0 and
0.483 at uy = 1. The average value could be 0.44. The
constancy of the ratios for the two systems is remarkable
when compared with the large u, dependences of g;5(15),
a(u,), and B(uy). The average values 0.43 for BuCl +
BuOH + PMMA and 0.44 for BuCl + AcN + PMMA are
considerably lower than the respective values 0.50 and 0.48
estimated by K = g,3%54" and eq 12. Figueruelo et al.l
demonstrated the validity of eq 39 for six ternary systems,
though their methods for estimating the functions a(uy)
and B(u,) are not clear. In the present studies the functions
a(uy) and B(u,) were evaluated in different ways for the
two systems. For the system BuCl + AcN + PMMA Fi-
gueruelo et al. obtained K = 0.455 with values of g, con-
siderably different from ours. Thus, the constant values
of K obtained with the different methods support an in-
timate correlation between the functions gr(us,¢;) and
&12(ug), though the each function of a(u,) and 8(u,) is not
related to gq5(u;) explicitly.

The solvent mixtures BuCl + BuOH and BuCl + AcN
are different in the thermodynamic properties. For the
system BuCl + BuOH the excess free energy is about a half
of the heats of mixing, while for the system BuCl + AcN
an entropy term has a small contribution in the excess free
energy. However, the strong correlation between g;5(us)
and gr(us,¢3) shown by eq 39 indicates that the behavior
of the present ternary systems is governed only by the
function go(us). The specific properties of the solvent
mixtures due to the entropy contribution in the excess free
energy affect the behavior of the function gr(uy,¢3) only
through the function g;5(u,).

Horta?"? has applied the equation-of-state theory® to
the ternary system polymer + mixed solvent and showed
that the ternary function can be represented by the mo-
lecular parameters of the pure components and the in-
teraction function gy5. In the final expressions for eq 6 and
7 by Horta’s theory, the ternary functions are unnecessary
but the interaction function g;, is multiplied by constant
factors. Equation 5 for by, remains in the same form in
Horta’s theory. Therefore, the comparison of the present
phenomenological equations with Horta’s leads to the re-
lations

812~ 81" = fg12 (40)
g2~ 81° ~ x1° = [ (41)
where the constants f and f’ are given by
f=Vi/Vils - a) (42)
fr=(Vy/V)*s? - o - s0) (43)

Here, V, is the reduced molar volume of component i, s
is the ratio of contact sites per segment of polymer to
solvent, « is proportional to the difference in characteristic
temperature between polymer and solvent, and o’ is the
product of o and the ratio of characteristic pressure of
polymer to solvent. According to eq 40 and 41, g° and
(dgr/0¢3)° are proportional to the function g, and K in
eq 39 is given by

K=QQ-f/@-2f+f) (44)

For the system BuCl + AcN + PMMA Horta estimated
the constants f and f’as f = 0.41 and f’ = 0.03, which give
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K = 0.49. This value is close to the observed value, 0.44,
and agrees with the value due to the relation K = g,50g,4°
and eq 12. Since the average values of the characteristic
quantities for the two solvent components are used to
estimate the values of f and £, the value of K = 0.49 could
be also compared with the value for the system BuCl +
BuOH + PMMA. In view of the parallel behavior of
812(us), alusg), and B(u,) shown in Figure 5 the system BuCl
+ BuOH + PMMA appears to be better explained by
Horta’s theory. Thus, according to Horta’s theoretical
calculation the observed ternary function gt could not be
attributed to the specific properties of the solvent mixture
but was due to the equation-of-state effect.

Registry No. PMMA, 9011-14-7; BuOH, 78-92-2; BuCl],
109-69-3; AcN, 75-05-8.
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ABSTRACT: A statistical theory of Rayleigh scattering of light in heterogeneous Gaussian amorphous polymer
networks, subjected to deformation or swelling, is developed. The scattered intensity is shown to depend
on the mean square of fluctuations of the shear modulus and increases in a nonlinear way with the degree
of network elongation or swelling. Results of the calculation agree with experimental data on the angle

distribution of scattered intensity on the screen.

1. Introduction

Knowledge of light-scattering characteristics in a con-
densed medium provides one of the main sources of in-
formation about the structure of the medium.!® Such a
method of diagnosis is being widely used in scientific re-
search and applications. At the same time there is an
imperative of further development of theoretical concepts
of the light scattering. A problem of this kind arises, in
particular, when analyzing optical properties of deformed
polymers. This is caused by several factors. One of them
is that polymer materials are characterized by complex
inhomogeneities of various types.* For example, in
amorphous networks there are random spatial fluctuations
of the cross-link concentration which produce regions with
different elastic properties (namely, different values of the
elastic modulus). Such inhomogeneities do not have ab-
rupt borders. Their spatial distribution reflects conditions
of network formation. Experiments show that deformation
or swelling of such systems results in qualitative changes
in the light-scattering pattern. Therefore the main ob-
jective of theory in reconstruction of basic structural

0024-9297/88/2221-2520$01.50/0

characteristics of inhomogeneous networks based upon the
light-scattering data.

Two main approaches have been developed for studying
properties of heterogeneous materials, namely, the
“regular” approach and the statistical approach.? The
former treats inhomogeneity regions as inclusions having
specific geometric form (sphere, rod, disk). The resultant
scattering intensity is thus determined by a sum of con-
tributions of different inclusions to the scattering. This
approach was successfully applied to describe the small-
angle light scattering from spherulites? and from assem-
blies of oriented rods and plates.*® The regular approach
made it possible to interpret observable patterns of po-
larized light scattering in swelled and deformed polymer
films filled with solid spheres.'®!? It was shown, in par-
ticular, that an additional scattering in deformed media
is caused by a nonuniform distribution of dielectric
permeability, induced by elastic stress fields in the vicinity
of inclusions.

It should be noted that within the framework of the
regular approach one has to invoke data on the structure
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