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Intrinsic viscosities, [], second virial coefficients, A, preferential solvation coefficients, i, and
binary interaction potential as measured by light scattering, g,,, for the system
n-undecane(1)/butanone(2)/poly(dimethylsiloxane)(3) have been determined at 20.0°C. The system
shows cosolvent character, as the inversion in 1 and the maxima in A, and in [], at ¢;4,~0.65, seem to
indicate. (g,3— Sg,3) and the ternary interaction potential, g, and its derivatives on system composition,
(0g+/0ur) 4 o @nd (dgr/d¢3), 4. .o have been evaluated. Global interaction parameters, xpm3, have also
been evaluated and a critical analysis on the approximations usually followed for y,; calculations is
undertaken.

(Keywords: intrinsic viscosities; second virial coefficients; preferential solvation coefficients; binary
interaction potential; light scattering; n-undecane(1)/butanone(2)/poly(dimethylsiloxane)(3):; global

interaction parameters)

INTRODUCTION

To interpret experimental data on ternary solvent(1)/-
solvent(2)/polymer(3) systems two theoretical formalisms
are usually followed. The first is based on the Flory—
Huggins (FH)! equation for binary solvent/polymer so-
lutions and the other is based on the Flory—Prigogine—
Patterson (FPP)?? equation. When applying the FH
equation, two methods are usually followed: the single
liquid approach and the generalization of the FH equa-
tion to ternary systems'. With the single liquid approach,
transport properties {through some excluded volume see
for example the Stockmayer-Fixman equation) as well as
thermodynamic properties, may be defined in terms of a
global interaction parameter between solvent mixture
and polymer; the evaluation of this parameter from
thermodynamic or transport measurements is the main
task.

The generalization of the FH equation as modified by
Pouchly? to ternary systems permits the definition of the
above global interaction parameter in terms of the
corresponding binary (g;;) and ternary (g;) interaction
potentials. Because the scarcity of reliable data on binary
interaction potentials and the inherent difficulties in the
evaluation of ternary ones, many approximations are
usually made in the equations yielding the global para-
meter (x,,3). As a result, a fair agreement between experim-
ental and calculated y,; values is not reached, therefore
limiting its potential applicability.

A critical analysis on the above points is undertaken in
this paper. As a test, and following a systematic study that
we are carrying out on n-alkane(l)/butanone, MEK,
(2)/poly(dimethy] siloxane), PDMS, (3) ternary systems,
the n-undecane, UND, (1)/MEK(2)/PDMS(3) system has
been chosen for study.
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Data on intrinsic viscosities, [5], on second virial
coefficients, 4,, on preferential solvation coefficients, 4, as
well as on g,, potential are reported for the UND/
MEK/PDMS system, which happens to be a stronger
cosolvent system than the n-hexane/MEK /PDMS and n-
heptane/MEK/PDMS systems previously reported®.

EXPERIMENTAL

PDMS’s were commercial samples kindly provided by
Siliconas Hispania S.A. (Rhodorsil). Their molecular
weights were determined by light scattering in benzene
and their polydispersity indices (1.15-1.20) by inde-
pendent g.p.c. measurements. Intrinsic viscosities were
measured with a slightly modified Ubbelhode viscometer.

Refractive index increments of polymers in solution at
633 nm were measured with a Waters R-401 differential
refractometer especially equipped for static measure-
ments, to which a Chem-Anal Monochromator with its
light source was adapted.

Apparent molecular weights and second virial coef-
ficients were measured with a Chromatix KMX-6 low
angle laser light scattering photometer.

g1, interaction parameters were also evaluated from
light scattering measurements with unpolarized and pola-
rized (vertically and horizontally) incident light® 8.

All the measurements were made at 293 K.

RESULTS AND DISCUSSION

Throughout the text, the following nomenclature will be
used to define ternary system compositions. ¢, (i=1, 2)
gives the volume fraction of component i in the bulk
solvent. ¢; (i=1,2,3) stands for volume fraction of com-
ponent i in the domain of the coil. y; (i=1,2) is the volume
fraction of the liquid mixture of components 1 and 2 inside
the coil.
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In Table 1, apparent (4%) and real (4,) second virial
coefficients and apparent molecular weights (M%) for
PDMS samples with nominal (M;) molecular weights
31500, 80500, 125000 and 150000 at several com-
positions of the binary solvent mixture are given. Table 2
shows the variation of the refractive index increments
v3=(dn/dc;) and v, =(dn/d¢,o).3-, with the polymer
concentration and the solvent mixture composition. They
are necessary for the evaluation of M¥ and A.

In Figure 1, the [5] dependence on mixture com-
position (¢, o) is shown for the above PDMS samples and
for a polymer with molecular weight 185 000. A maximum
in [n] appears at ¢,,=0.65-0.67 for all the polymers
except for the lowest molecular weight sample. The higher
the molecular weight, the sharper the maximum.

In a binary solvent/polymer solution, the thermody-
nanic quality of solvent is defined by the interaction
parameter between the solvent and the polymer. When
the measured property is one of equilibrium, the classical
Flory’s parameter, y, appears. If a transport property such
as [n] is measured, it is related to the B parameter. Both
parameters are defined in terms of their respective proper-
ties with the FH equation.

=2
Az=07<%" ) i)

Table 1 Nominal {M,) and apparent {M;*) molecular weights and
real (A, ) and apparent (A,*) second virial coefficients for
UND/MEK/PDMS system at several mixture compositions at 20.0°C

M, My A, x 10% A x10%
{g. mol='}) ¢,, (g.mol—'} (mi.molg—*) (ml. molg—?)
0.00 - 0.04 0.04
0.20 35100 2,62 2.35
0.30 35400 4.10 3.61
0.40 37000 494 4.1
31500 0.50 37600 5.60 4.69
0.60 33200 6.08 5.77
0.90 41500 4.65 3.63
0.95 35800 3.80 3.34
1.00 - 252 252
0.00 - 0.12 0.12
0.20 88300 2.28 2.06
0.30 91500 3.25 2.86
0.40 94100 4.20 3.59
80500 0.50 94400 4.82 4.11
0.60 81600 5.00 493
0.90 100500 3.66 293
095 89700 3.20 287
1.00 — 1.77 1.77
0.00 — 0.09 0.09
0.20 135500 2.14 1.97
0.30 139600 3.10 2.78
0.40 142400 3.95 3.48
125000 0.50 142100 4.40 3.87
0.60 127800 4.65 458
0.90 151900 3.4 2.81
0.95 135400 3.00 2.77
1.00 —_ 1.62 1.62
0.00 - 0.10 0.10
0.20 163000 2.00 1.84
0.30 170000 292 2.58
0.40 172400 3.74 3.25
150000 0.50 169000 4.19 3.72
0.60 155700 450 4.33
0.90 192600 3.30 257
0.95 161300 2.95 2.74
1.00 - 1.49 1.49
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Table 2 Variations with polymer concentration (v, } and with
solvent mixture composition (u, ) of refractive index increments
for the UND/MEK/PDMS system at several mixture

fas =}
compositions {at 20.0 C)

V3
10 v, (mig—")
0.00 0.0280 0.0295
0.20 0.0320 0.0226
0.30 0.0340 0.0200
0.40 0.0360 0.0160
0.50 0.0381 0.0115
0.60 0.0401 0.0086
0.90 0.0461 —0.0098
0.95 0.0472 —0.0130
1.00 0.0481 —0.0161

[nl(dIxg™
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Figure 1 Dependences of intrinsic viscosities at 20.0°C on
volume fraction of component 1 for the UND(1)/MEK(2)/
PDMS(3) system. M,, of PDMS samples: (¢) 31500;

(@) 80500; (A) 125000; (O) 150000 and ([]) 185000

and with the Stockmayer-Fixman* equation as modified
by Yamakawa'® we obtain

[7]M ~1?=K,+0.346¢, BM"/? )
where ¢ is the partial specific volume of polymer, V is the
solvent molar volume, K is a function of the dimensions
of the chain statistical elements at 6 conditions and ¢, is
Flory’s universal constant (¢,=2.5x 102!, when [5] is
given in dl g~ !).

The parameters B and x are related by

20 (1
B=N0V (i_ ) ®

where N, is Avogadro’s number.
Equations (1) and (3) may be extended to ternary
systems if it is assumed that a mixture of two solvents
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behaves just like a single solvent with the mean properties
of both solvents!!~!3:

03 (1

A2=7:(5—xm3> @
202 (1

B= —— 5
Non <2 Xm3> ( )

where ¥, is the molar volume of solvent mixture,
V.=V Vo/(@10Va+d20Vi)0s the partial  specific
volume of polymer and ., the new interaction parameter
of the solvent—polymer mixture.

Xm3 €valuation following this single liquid model may
be undertaken from equilibrium properties (equation (4))
as well as from transport properties (equations (2) and (5)).
The Stockmayer-Fixman equation is represented in
Figures 2 and 3. Good fits are accomplished with all the
polymer samples, an exception is shown again with the
lowest molecular weight polymer. The difficulties inherent
to the characterization by light scattering and by vis-
cometry of low molecular weight polymers may be respon-
sible for this exception. K, and B values are obtained
from the intercepts and slopes respectively of the
straight lines in Figures 2 and 3. For the pure
solvents K (UND)=795x10"* dl g~*? mol'? and
K(MEK)=785x10"*dl g~ 32 mol'/?, this last value
being in fair agreement with literature data'“.

In Figure 4, the dependences on solvent mixture
composition of y,,; values from second virial coefficients
(equation (4)) and from B values (equation (5)) are shown.
There is a point that deserves some comment. B is
independent of polymer molecular weight and therefore
¥m3» €valuated from B, is also molecular weight inde-
pendent. y,s values evaluated from second virial coef-
ficients are, however, molecular weight dependent. Of
course, the interaction parameter is defined for infinite
molecular weight and in Figure 4 it is clearly seen how
Xm3'S obtained from A4,’s approach the y,,; curve from [#],
as the molecular weight of polymers increases. Moreover,
in the same Figure x,; values from A5 (second virial
coefficients at infinite molecular weight) are also repre-
sented. AY values have been obtained as the intercepts of

[ a7 "2 xi10% (g1 g ¥2mot"2)

(o) 100 200 " T300 400
M2 (g2mol™72)

Figure 2 Stockmayer-Fixman plots at several compositions of
the binary solvent mixture for the UND(1)/MEK(2)/PDMS(3)
system: (V) ¢40=0.00; (@) $10=0.20; (W) ¢;,=0.30;

(@) $19=0.40; ([J) ¢195=0.50; (O) ¢15=0.60

] \dO 2C;O 300 460
w2 (g 2 xmol"2)

Figure 3 Stockmayer—Fixman plots at several compositions of

the binary solvent mixture for the UND(1)/MEK(2)/PDMS(3)

system: (O) ¢10=0.70; (M) ¢45=0.80; (@) 15=0.90;
(0) ¢10=1.00
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Figure 4 Dependences of experimental global interaction
parameters on binary solvent mixture composition for the
UND/MEK/PDMS system. @, x.,3 from [4] (equation (5}). The
remaining symbols for y,,5 from A, (equation (4)). (O) M, =co;
(V) M,=150000; ((1) M, =125000; (A) M, =805000;

(x) M,=31500

plots 4, vs. M /215 Fair agreement between y,,; values
from [n] and from A% is observed along the mixture
composition up to ¢, , ~0.80, slight deviations occurring
in the range 0.80<¢,,<1.0.

The generalization to ternary systems of the FH
equation'! has been made among others by Pouchly et
al.’. The second virial coefficient, according to Pouchly’s
formalism, is given by

-2 2
U3 M7,
Ay =——\ My, ———

2 2RT< 22 M11> (6)
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where M, ;, the second derivatives of the Gibbs energy of
mixing with respect to u; and u; at polymer infinite
dilution, are given by

_RT[/1 dg;,
Mu—Vlli(qu) (20> 2912+ 20— ¢10)<d¢10>

+ @100z o( d(f:: )] 7

RT
M13=—V—[S‘1+913—5923+(¢1o—¢20)(912_g1')
1

¢m¢20(di”>+¢m¢zo(%) ] @)
6,0

2RT
M33‘-—l:—(¢10+5¢20)+(912—29T)¢10¢20
dgla
<g13 d¢
S(Qza 44, b20+ 2 n, &)

where s=V,/V,-g;; and g; are binary and ternary
concentration-dependent interaction potentials. The con-
ceptual differences between interaction potentials, g, and
interaction parameters, y, have recently been discussed by
Pouchly et al.!S.

In equation (6) the term M,; accounts for global
sorption and the term M?,/M,, for preferential sorption.
Comparison between equations (4) and (6) would, of
course, allow calculation of y,,; from interaction poten-
tials data. It would therefore be possible to predict the
equilibrium as well as the transport properties of ternary
systems. Unfortunately, this clear statement becomes, in
practice, an almost impossible task. First of all, because of
the scarcity of reliable literature data on binary inter-
action potentials. While on the other hand, the evalua-
tion of g and their derivatives from system com-
position requires detailed experimental measurements on
total and preferential sorption coefficients but the eva-
luation is still not an easy task. Of course, the first
objection can be overcome by detailed experimental
studies on the corresponding binary systems. A con-
tradiction, however, arises in the second point, where the
potential applicability of x,,5 in order to predict experim-
ental properties is hindered, because for X5 calculation,
gr values are needed, which, in turn, must be evaluated
from experimental data. This point will be discussed later.

Because of the above difficulties many approximations
have been introduced for y,; calculations. The most

commonly used, will be discussed in an increasing order of -

complexity.

The approach pionered by Dondos and Patterson?
neglects preferential sorption effects against global sor-
ption (Ms3—M?,/M,, ~M,;). Moreover, if in Mj;
(equation (9)) the ternary potential and its dependence on
polymer concentration are also neglected, and the equa-
tion of Koningsveld and Kleitjens'” relating y,; and g;; is
recalled, comparison of equations (4) and (6) yields

|
Xm3=7(X13¢10+X233¢20—112¢10¢2o) (10)
1
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which is a simple equation relating y,; with binary
interaction parameters and it has been widely used to get
information on ternary systems. So, x,,3’s from binary
parameters through equation (10) and from viscosities
(equation (5)) have been compared by Strazielle et al.'®
(for carbon tetrachloride/methanol/poly(oxyethylene-
glycol) and benzene/methanol/polystyrene systems), and
by Maillols et al'® (for acetone/cyclohexane/-
polystyrene). Dondos and Benoit'® calculated x;;’s from
experimental x,,’s for the benzene/cyclohexane/poly(2
vinyl piridine), benzene/methanol/polystyrene, carbon
tetrachloride/methanol/polystyrene and chloroform/-
methanol/poly(2 vinyl piridine) systems; y; s so evaluated
were later used to predict preferential sorption coefficients
by means of the simplified Read’s expression?°. A’s were
also theoretically evaluated from Read’s equation2® by
Deb et al! for the acetone/cyclohexane/polystyrene
system. They calculated I3 from Xij J ’s, usmg in equation
(10) Scott’s approxxmatlon (Vi=V,=V,), and arbit-
rarily assigned to y{’s the calculated xm3 values.

Serious discrepancies arise, in general, between above
calculated y,3’s or A’s and the respective experimental
values, as also happens with the UND/MEK/PDMS
system. Applicability of equation (10) is tested for the last
system in Figure 5, in which y,.;’s from binary interaction
parameters are represented vs. ¢, o. Three sets of y;; values

(OX)

os€.

04

Xm3

O3

02

O o5 IO
10

Figure 5 Comparison between experimental (full points) and
calculated (lines) global interaction parameters for the
UND/MEK/PDMS (M,,=150000) system. ( ), Hildebrand—
Scatchard y;'s; (—--), Branks—Prausnitz y;'s; (—-—-), experimental

%i'S- tm3 from equation (10), O from equation (11), ® from
equation (13), @ from equation (13) neglecting

(29+/0¢3) 44, 00 .
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have been used to calculate y,3: those evaluated in a
rough approximation from solubility parameters through
the Hildebrand-Scatchard approach?® with values
113=0.39, %,3=0.59 and y,,=0.79, those calculated
through the more refined Branks-Prausnitz method?*
with values x,3=0.35, x,;=049 and x,,=148 and
finally the experimental ones. Solubility parameters (8,
and molar volumes used for the above y;; approximate
evaluations were from refs. 24-27; y;; data from Figure 2
in ref. 24 and A and t values from refs. 24 and 25.

Experimental y,,’s, from A, values in Table I, range
from 0.438 for the lowest molecular weight sampie
(M =31500) to 0.450 for the highest (M = 150000) one.
123 dependence on molecular weight is negligible and in
the molecular weight range so far studied y,; may be
defined by a unique value, 3,5;=0.499. y,,=g,,, in this
context, as evaluated from light scattering measurements,
obeys the equation

g12=1201+0.542(¢, o — $0) +0.478(¢h, o — P10)*

Figure 5 shows that y,5’s from equation (10) differ from
experimental values (although adequate y;; parameters
are used). Caution is then required when applying equa-
tion (10). The discrepancies between calculated by equa-
tion (10) and experimental y,,.,’s must be due to neglecting
preferential sorption effects and/or g; depending terms. If
the term accounting for preferential sorption is added, y,,3
will be given by

Vo
Am3 =I7‘|:X13¢10 + 2235020~ X12910P20 T+ D10920
1

[1=5+712(@20—P10)— (913 —5923) + D10P20(dg;2/dd, 0)]*
d
2{54’10“"}520 +éy o¢20(2(¢20—¢10)<£>—2912

doyo
d2
a5t )]

where besides binary parameters, the first and second
derivatives of g,, with respect to the solvent mixture
composition and the difference (g, ; — sg,3) appear. Appli-
cation of equation (11) for the three sets of y;;’s is also
represented in Figure 5. The approximation g, 5=y, 5 and
923 =123 has been followed when using y;; approximate
values. When testing experimental x;’s, a value
(913 —5g23)= —1.326 (also experimental as will be later
commented) has been used. No appreciable improvement
is attained by adding the preferential sorption term and at
least for this system an immediate conclusion may be
drawn: y,,; values calculated only from binary interaction
parameters are far from experimental ones. g depending
terms cannot then be omitted.

gr parameters have been evaluated from preferential
sorption coefficients according to Munk’s equation?®

(11)

1

gr=>g12—
b20Js,,

1
L(¢10)N11d¢10+*J‘§'DL(¢10)Nud¢1o
10

(12)

with L(¢,0)= —A/v; and N,, =M, V;/RT. In Figure 6, 2
values are represented vs. solvent mixture composition for
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Figure 6 Dependence of preferential solvation coefficients on
solvent mixture composition for the UND/MEK/PDMS system.
M,, of PDMS samples: (V) 31 500; (O) 80500; (A) 125000
and (OJ) 150000
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Figure 7 Ternary potential function and its derivatives with
system composition for ( )} UND/MEK/PDMS
(M,=150000) and (——-) n-hexane/MEK/PDMS
(M,,=150000)

four polymer samples. The continuous line depicted in
Figure 6 represents smoothed A values used for g
calculations through equation (12). In Figure 7 g;’s vs.
binary solvent composition are represented. From it
(Gg1/0uy )4, 0 1s evaluated, being also depicted in the same
Figure. Munk’s method?® also allows (g,3—s5g,3) eva-
luation through the following equation.

1

913*5923=(1-3)+f L{(¢10)N,1dd g

0
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a value (g,3—8g,3)= —1.326 being obtained. Finally,
(0g+/0¢3),, 4,0 Temains as the only unknown in equa-
tion (6) and can be evaluated from it. In this context,
(Ogr/0¢3),, 4,0 l0OKs like an adjustable parameter fitting
and A, experimental values. In Figure 7,
(agT/6¢3),,l 4.0 dependence on binary solvent com-
position for the polymer with molecular weight 150 000 is
also represented.
Returning to x,; calculation, if preferential sorption
effects are neglected, comparison of equations (4) and (6),
recalling M 5 definition through equation (11), yields for

Am3

V.
¥m3 =7m|:X13¢10 +%235020— 10920
i

0g
{Xlz_ng <6¢3>¢_ﬂ}] (13)

where y,,; not only depends on binary interaction para-
meters, but also on ternary potentials. Application of the
above equation is again represented in Figure 5. A good fit
is obtained between calculated and experimental y,,,’s, in
spite of preferential sorption effects being neglected. Of
course, in the present system, preferential sorption effects
are negligible. This is shown by the low A values in Figure
6. However, for those systems with appreciable pre-
ferential solvation effects it must be expected that such a
coincidence between the calculated values from equation
(13) and the experimental x,;’s will not occur. This is
illustrated in Figure 8 for the n-hexane/MEK/PDMS
system. A good fit between the calculated values from
equation (13) and experimental x,;’s is not obtained,
because preferential sorption effects are much higher in
this system than in the UND/MEK/PDMS system. This
is shown by a comparison between 4 values for both
systems (see Figure 4(a) in ref. 6 and Figure 6 in the
present paper). In Figure 8, y,3’s calculated for the n-
hexane (1)/MEK(2)/PDMS(3) system in a parallel form to
that made for the UND(1)/M EK(2)/PDMS(3) system are
represented Vvs. ¢, X912 and their dependences on
system composition, (g, 3. .-59,3), gr and its dependence
on solvent mixture composition, necessary to calculate
Ym3 s for the n-hexane system were from ref. 6 and in
Figure 7 is represented (0gt/0@3),, 5,0 VS. @10 for this
system and for the polymer with molecular weight

150 000.
A partial and indirect use of equation (13) was made by

Horta et al.?® to theoretically predict preferential sorption
parameters for a acetonitrile/1-chloro-n-butane/poly-
(methylmethacrylate) system. They compared calculated
(Y ~V;M33/2RT) and experimental (Y =V, A4,/i3) total
sorption parameters, in the former neglecting preferential
sorption contributions as done in equation (13). Neglect-
ing also in M3 the (0g/0¢3),, 4,0 term, they obtain gr
values at different system compositions, and hence
(Og+/0uy)g,— o, therefore being able to predict theoretical
As(A=— v-_.,M”/M“) The neglectmg of (0g1/093)u, 3,~0
contribution to x,,; in equation (13), in a parallel form to
that followed by Horta et al.?? is illustrated in Figures 5
and 8 for UND/MEK/PDMS and n-hexane/MEK/
PDMS systems, respectively. As can be seen in these
Figures, the trend followed by ;s so calculated
is inverse to that followed by experimental values,
high numerical differences arising between calculated
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Figure 8 Comparison between experimental (full points) and
calculated (lines) global interaction parameters for n-
hexane/MEK/PDMS (M,,=150000) system. Symbols as in
Figure 5

and experimental Y,3’s.

Throughout this paper a conclusion is evident that all
simplifications introduced in order to calculate y,,4’s yield
results greatly different from experimental ones. This
occurs chiefly when the ternary parameter or its de-
pendences on system composition are omitted. The
application of y,3’s calculated only with binary para-
meters for the prediction of total sorption (or A4,) or
preferential sorption parameters seems useless. At this
point a paradox appears. The accurate prediction of y,3
(or A, or Y) needs g; and (0g1/0@3),, 4,~0 values. gr’s,
however, can only be evaluated if A values along the whole
composition range of the binary solvent mixture are
known, and the evaluation of (0gy/0¢3),, 4,0, this point
being the most 1mportant demands the joint knowledge
of 1 and A,, in this context (0g/0¢;), 4,~0 being a
parameter adjusting at once A and A, experimental data.
On these grounds, the FH equation extended to ternary
systems either in the single liquid approach or in the
generalized version seems unable to predict appropriate
total sorption effects (or 4,) from measured preferential
sorption coefficients or vice versa, even if binary in-
teraction parameters and potentials are accurately
known.

Two ways are suggested as possible solutions for the
above problem. The first, an experimental method, could
be based on the observed A dependence on polymer
concentration3°~32. 1’s evaluation at different polymer
concentrations (¢ ;) along the whole composition range of
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the binary solvent mixture would yield g(¢;) and hence
(0g1/093),, 4,0 values at any ¢, Therefore total
sorption effects could be predicted from experimental
preferential solvation coefficients. This way could also
serve, by comparing measured and ‘adjustable’
(Cg1/0¢3)., 4,08, as an autoconsistency test of the
generalized FH formalism. The second suggested method
could consist of the evaluation of M5, through a different
formalism. This can be done using the FPP equation or
by introducing a simplification in M,; (similar that
suggested by Pouchly et al.'® for the evaluation of M.
The parameter (9gy/03),, 4,0 could thus be eliminated
or independently evaluated.
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