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In this paper we discuss the light scattering theory of preferential solvation. We also present a
more recent theory predicting a preferential solvation dependence on polymer molecular
weight. These theories have been confirmed by the experimental results of the present work.
It was established that the polymer coil dimensions depend on the local solvent composition
and not on the analytical one. The local solvent composition can be calculated, in certain
cases, from the value of the preferential solvation coeflicient.

1 INTRODUCTION

Many researchers have studied polymers in binary solvent systems from both
theoretical and phenomenological point of view. Their published works
concern either the dimensions of macromolecules in solution,!=5 or the
preferential solvation of one component of the solvent system into the macro-
molecular coil.5-12 The present communication connects these two areas of
investigation, namely the preferential solvation and the dimensions of the
macromolecule. Our objective is to explain the experimentally measured
dimensions of the macromolecules dissolved in a binary system, based not only
on the thermodynamic parameters of the two components of the solvent, but
also on the preferential solvation which takes place in such systems.

The most important methods of investigating the preferential solvation are

tPresented at the Midland Macromolecular Meeting on “Order in Polymer Solutions”,
August 20-24, 1973.
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proton relaxation,13-14 differential refractometry1+15:16 and light scattering.”
10,12 In our present work, the experimental results were derived from light
scattering measurements. The dimensions of macromolecular chains will be
expressed in terms of intrinsic viscosity [n] throughout this work ([%] in cm3/g).

In the second part, a brief review of the theory of the light scattering of
polymers dissolved in a binary solvent system and the relation between the
preferential solvation and the polymer dimensions will be given. In the third
part we shall present some experimental results confirming the theoretical
predictions.

2 THEORETICAL

2.1 Light scattering in ternary systems polymer-two solvents

The Debye’s molecular theory!? which treats the situation in binary systems
(one polymer in one solvent) gives the following well-known equation for the
difference of the Rayleigh ratios R — Ry between the solution and the pure
solvent (for the scattering angle 90°)

R — Ro = 8(m/N)* Np?/E® (M

where A is the wavelength of the incident light, E the electric field of the incident
beam, p is the dipole moment of the macromolecule which behaves as a dipole
under the influence of the above field and N is the number of molecules of the
solute per unit volume.

For a dilute solution of the polymer we have

p=(P— Py/N 0))

where P and Py are the polarization of the solution and pure solvent,
respectively. According to the Maxwell’s theory we get

p = (4nN)"1(#i2 — Rp2)E 3)

where # and #ip are the refractive indices of the solution and pure solvent,
respectively. Combination of Egs. (1) and (3) gives

R — Ro = m2(ii — Ag)(7i + Fig)2/(NA%)

Assuming that /i + g & 2#y and A — fg ~ c(dfi/dc) where ¢ is the polymer
concentration and dfi/dc the refractive index increment of the solution, the
above relation becomes

R — Ry = 2n%ig2c¥(di/dc)2[(NA%)
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Sincec/N = M/N 4 where N 4 is the Avogadro number and M is the molecular
weight of the polymer, we get

2772 i\ 2
R— Ry— 2770 (‘1”) M 4)
ANy \dc

The above relation which holds for the binary systems has been modified by
Strazielle and Benoit? in 1961 to be applicable also for ternary systems (one
polymer—two solvents).

Let us suppose that during the dissolution of a polymer in a mixture of two
solvents, y1 molecules of the solvent | are absorbed in excess per macro-
molecular chain. These y1 molecules should correspond to y2 molecules of the
solvent 2 which move away from the chain, so we shall have

y1V1 = yaVe (5)

where V1 and V2 are the partial molar volumes of the solvent 1 and 2,
respectively.

If the initial composition of the mixture of the solvents (analytical com-
position) is N1 molecules of the solvent 1 and Nz molecules of the solvent 2
per cm3, the polarization Py of the solvent should be equal to

Py = Nip1 + Nup2 (6)
Thus Eq. (2) becomes

p = (P — Nipp — Nop2)/N (7
The above relation, however, holds only in the case where there is no
preferential solvation. If we take now into account the preferential solvation,
the scattering heterogeneity will no longer consist of the dissolved molecule
alone, but of this molecule with the y; absorbed molecules 1 and the ys removed
molecules 2. So the polarization of the solvent will be given not by the relation

(6) but by the following formula:

Py = (N1 — y1)p1 + (N2 + y2)p2

where y1” and y»’ are the number of molecules of solvents 1 and 2 per unit
volume, respectively, which are coupled with the polymer or taken away from
the polymer. In the case of two solvents, Eq. (2) becomes

p =P —Np1 — Nop2 + vi';1 — y2'p2)/N
Finally, from Eq. (7) and relations y1'/N = y1 and y2'/N = ys we get
P =P+ yip1 — y2p2 (8)

We notice that Eq. (8) gives correctly the dipole moment of the macromolecule
even in the case of a mixed solvent showing no preferential solvation,
The difference of the Rayleigh ratios is now obtained by substituting p’ of



14: 05 23 January 2011

Downl oaded At:

178 A. DONDOS AND H. BENOIT

Eq. (8) for p in Eq. (1), also using Eqgs. (3) and (5) and the aforementioned
approximations

874 ¢Na [foM dii 1% 2
Rero= " i Bl ) o)
We note again that 7y is the refractive index of the mixture of the two solvents.
For this mixture we have
(7io2 — DE = 4m(N1ps + Nap2)
or, after differentiation

2fipdigE = 4n(p1dN1 + p2dN») (10)

Assuming now that the change of composition of the solvent mixture in the
vicinity of the macromolecular chain proceeds without any change in volume,
we also have

dN1 V1 = —dN2 Vs

This relation combined with Eq. (10) yields the following equation
2ﬁ0(dﬁ0/dN1) = 47TE‘1(p1 — P2 Vl/ Vg)

which can be used to eliminate the dipole moments p; and ps from Eq. (9):

25 2 i fio 12
R— Ro= 2T0% Ly [‘@ + ENA‘{HO:I (1)

XN de M~ dwm

If the number of molecules Ny is expressed in terms of the volume fraction ¢y,
N1 = ¢1N4/ P4, the above relation becomes

R g 2y [0 g 02
de M~ dé
where dfig/d¢1 is the change of the refractive index of the mixture of the two
solvents caused by a change in the composition ¢; of the mixture.
To compare Eq. (12) with the relation (4) which gives the molecular weight
of the polymer in the case of a single solvent, we can write Eq. (12) as

272 Ay [dit\?
R—Ro="""(Z) em, 13
0 A4 Ny (dc) ¢ Mapp (13)
where
Py (dig |di\]2 .
My, = M 1+”—1~7(—/-»)] 14
PP [ M déy/ de ti4)

is the apparent molecular weight of the polymer determined in the solvent
mixture.
Defining the coeficient of preferential solvation X' as

X =mnh/M (15)
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The coeflicient of preferential solvation A’ represents the excess volume of
solvent | which has been absorbed per unit mass of the polymer. Knowing the
actual molecular weight of the polymer M, the coefficient of preferential
solvation can be calculated from M,,, determined in the mixture of the two
solvents using relation (16).

The basic relation in the work of Strazielle and Benoit [Eq. (11) of this
paper] is similar to the equation proposed by Ewart er al.6 However, Strazielle
and Benoit give a more precise signification of the coefficient of the preferential
solvation.

It is obvious that the usefulness of Eq. (16) for the determination of prefer-
ential solvation is restricted to the mixtures of solvents having different
refractive indices, so that dfip/d$1 # 0.

we get

2.2 Dependence of the preferential solvation on the molecular
weight

Many published studies on the preferential solvation of polymers dissolved in
a binary solvent system do not show any dependence of preferential solvation
on the molecular weight of the polymer. We mention the work of Strazielle and
Benoit? and the work of Okita and co-workers.1¢ This lack of dependence can
be explained today by the fact that the polymer samples used in these studies
did not have a low enough molecular weight. As we shall see later, this depend-
ence becomes experimentally detectable only for molecular weights lower than
50,000.

Assuming that the preferential solvation concerns only the immediate
vicinity of the chain—and this assumption was made by many researchers—it
is difficult to explain the dependence of the preferential solvation on the
polymer molecular weight. However, it has been shown!8 that, near the theta
conditions, the preferential solvation concerns the whole volume occupied by
the polymer coil. Inside this volume, the /local composition of the solvent
system is different from the initial composition before the polymer was added,
referred to as the analytical composition or bulk composition. This bulk
composition can be assumed as representing the composition of the binary
solvent system in the space between the macromolecular coils. The difference
between the local and the bulk composition which is due to the preferential
solvation, justifies a concept of two theta conditions: the inter- and intra-
molecular theta conditions. When, for a given bulk composition, the second
virial coefficient becomes zero, the macromolecular chains exhibit an expan-
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sion coefficient a greater than unity. This is a consequence of the fact that
inside the polymer coil, the local composition is richer in “good’’ solvent.

As mentioned before, this phenomenon is observed near the theta-point
where the number of repeat units per unit volume is relatively high. This led us
to the investigation of the effect of repeat-unit density, p, on the preferential
solvation. As it is known, this density p changes with the molecular weight and
it becomes very high for the low molecular weight chains.

The mean coefficient of preferential solvation (A"> is calculated as a normal-
ized sum of all preferential solvation coefficients for each repeat unit1®

X
Ny = (1/X) [Ndx (17)
0

where X is the total number of repeat units in the chain. It is also considered
that the preferential solvation coefficient A’ depends on the repeat-unit density
p and this dependence is expressed by the following relation

AN=X_ +ap (18)

where A’ represents the value of preferential solvation coefficient for an
infinite chain, and a is a constant. Consequently, the mean experimental value
of the coefficient is given by

x x

N = (X)X o, +apdx = X' +-(a X)[pdx (19)
0 0
Assuming that the distribution of repeat-unit density around the macro-
molecular coil center of mass is gaussian!?
p = X(3/2m(R?>)32 exp(—3r2[2{R*)) (20)

where r is the distance from the center of mass and {R?> the mean square
radius of gyration, the integration along the chain, Eq. (19), can be replaced by
a weighted integration over the volume

N> =Xy + (@ X[ [ptdV
Substituting p from Eq. (20), we obtain, after integration

N> = X + a(3fdmpR XCRE-312
Knowing that
(R = b2Xa?

where b is the length of a repeat unit and a the expansion coefficient, we obtain
A =Xy +a(3/4nb?)B3 /(X tad)
But X is proportional to the molecular weight, so we have:

N> =X +AM-#a-3
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Near the theta point where a ~ 1, the above relation becomes
A =N, +AM (21)

This is the relation between the preferential solvation coefficient <A"> and the
molecular weight near the theta point.

Evidently, a plot of <A’>M ¥ versus M ! should give a straight line, according
to the above theoretical relation (21). As we will see later, this is indeed the
case in many polymer-binary solvent systems.

Read® as well as Zivny, Pouchly and Solc? predicted theoretically the
dependence of the preferential solvation on the molecular weight. Since these
authors investigated experimentally only high molecular weight polymers and
did not find any dependence of (A"> on the molecular weight they dismissed
the molecular weight dependent term as unimportant.

2.3 Preferential solvation effect on molecular dimensions

As we have seen, the preferential solvation changes the binary solvent com-
position in the vicinity of the macromolecular chain, and in certain cases, this
change in composition affects the entire volume of the random polymer coil.
It was judged worth studying the effect of solvent composition on the macro-
molecular dimensions.

Theoretically, the preferential solvation can affect the molecular dimensions
in the following ways:

a) First of all, the change of the solvent composition in the vicinity of the
polymer chain must affect the unperturbed dimensions of the chain. The
environment of the repeat units of the chain is the local composition of the
solvent, as it is dictated by the preferential solvation, and this composition is
different from the analytical or bulk composition.2! (We assume now that the
change of solvent composition concerns only the vicinity of polymer chains.)

If the coefficient of preferential solvation is known, one can calculate the
number of excess molecules of the solvent 1, y1, in the vicinity of the chain from
Eq. (15). Consequently, one can also calculate the number y: of the molecules
of the solvent 2 which have been displaced: from Egs. (5) and (15), we have

yiVi = yaVe = QAOM = AomX (22)

where X is the number of repeat units in the chain and m is the molecular
weight of a repeat unit.

Let us call Z the number of molecules of solvent components per repeat unit
of the chain. Along the chain and in the vicinity of the chain, the correct
number of molecules of species 1 and 2 will be XZx; + y1 and XZxa — ye,
where x1 and x2 are the molar fractions of solvents | and 2, according to the
analytical composition. Assuming now that the molar volumes V1 and V» are
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sufficiently close (so that one can take the same value of Z for both solvents
surrounding the chain), the actual molar fraction x;" of solvent 1 in the vicinity
of the chain is given by

o XZx1 + 7

XZx1 +n + XZxs — ya
and, introducing Eq. (22), we obtain

) Zxy + X[ V) (23)
Tz X[(m] V1) — (m]P2)]

This equation gives the local composition of the solvent near the macro-
molecular chain. If the binary solvent composition has any effect on the
unperturbed dimensions, one should take into consideration not the analytical
but the local composition as given by the above relation. The choice of Z value
is of fundamental importance. For low values of Z one finds that, near the
theta point, the chain is surrounded almost exclusively by good solvent
molecules (x1" — 1). As will be seen later, many experimental results point to
the need of using the local composition given by Eq. (23) when determining
the unperturbed dimensions, instead of the analytical composition.

b) Itis mentioned earlier that, near the theta point, the preferential solvation
alters the composition of the solvent system throughout the entire volume
“occupied” by the polymer coil. Under these conditions, the macromolecular
dimensions, in general, are a function of the preferential solvation, because
the latter determines the solvent composition inside the polymer coil. Quali-
tatively we can state that, near the intermolecular theta point and for high
preferential solvation of the good solvent, the polymer chain exhibits larger
dimensions, as compared to the case of low preferential solvation.

¢) For relatively low molecular weight chains the preferential solvation is
higher near the theta point, compared to the high molecular weight chains, all
other factors being the same. Therefore one should expect a greater chain
expansion of the low molecular weight chains. This of course could not be so, if’
the preferential solvation were independent of the molecular weight of the
chain.

d) Finally, the preferential solvation can affect the macromolecular
dimensions even under conditions far away from the theta point. This is based
on the assumption that when the thermal motion brings two distant repeat
units of a chain close to each other, their interaction will be dominated only bv
the /ocal solvent composition, even though these units may have travelled,
prior to their encounter, through domains of different solvent composition.
Therefore, through the change of local composition, the preferential solvation
affects the long-distance interaction of the repeat units which, in turn, affects
the macromolecular dimensions.
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Our experimental results, presented below, are in agreement with these
assumptions.

3 EXPERIMENTAL RESULTS

3.1 Dependence of the preferential solvation on the polymer
molecular weight

The coeflicient of preferential solvation {A"> was determined for some ternary
systems.10 The determination was based on light scattering measurements as
proposed by Strazielle and Benoit [Eq. (16)]. Here we present our results for
the following two systems: (a) polystyrene/benzene/methanol; (b) polystyrene/
carbon tetrachloride/methanol.

The light scattering measurements were performed at 25°C with a photo-
goniodiffusimeter FICA. Al polystyrene (PS) samples were prepared by
anionic polymerization at —70°C, therefore we can assume that they contain
only linear chains. Most of the samples were fractionated in order to bring the
polydispersity index of all used samples below 1.2.

The numerical data for the above two systems are reported in Ref. 10.

Figure 1 represents the dependence of {A"> as a function of molecular
weight. The coefficient (A"> decreases with increasing molecular weight down
to a limit, corresponding to the molecular weight of approximately 100,000.
Beyond this molecular weight, the value of coefficient (A"> remains practically
constant.

In the same figure, the dependence of <A"> is given also for non-theta con-
ditions (mixture of two liquids, behaving as a good solvent). In this case we see
that there is no increase of ("> for the low molecular weight fractions. This
is in good agreement with the predictions of the theory, namely that the effect
of the density p (number of repeat units per unit volume) on the preferential
solvation becomes significant only for high p values, or near theta conditions.

Figure 2 shows a plot of (A>M* as a function of M* for the same three
systems as in Figure 1. According to Eq. (21), the coordinate systems of
Figure 2 must produce straight lines with the slope X', and the intercept equal
to the coefficient 4. We notice that the experimental points fall indeed on a
straight line, confirming the proposed relation. Below a certain concentration
in precipitant of the solvent-system (system behaving as a good solvent), there
is no dependence of the preferential solvation on molecular weight and the
experimental line passes through the origin.

Figure 3 presents the variation of coefficient 4 for polystyrene in two solvent
systems as a function of precipitant concentration.

There is also another confirmation of the suggested relation between the
preferential solvation and the density of repeat units, based on the study of
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FIGURE 1 The preferential solvation coefficient for polystyrene solutions at 25°C as a

function of the molecular weight in the following solvent mixtures: ( ®) CCly—methanol
79:21, ( ©) benzene-methanol 74.5:25.5, ( A) CCls—methanol 95:5.
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FIGURE 2 Application of Eq. (21) for polystyrene fractions in the following solvent
mixtures: (A) benzene-methanol 74.5:25.5, (B) CCls—methanol 79:21, (C) CCls—methanol
95:5.
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FIGURE 3 The coefficient A of Eq. (21) for polystyrene as a function of the precipitant
content in the mixture, for two solvent mixtures : (@) CCls—methanol, ( ) benzene-methanol.

star-like polymer models. For these branched chains, we assume a higher p
value than for the linear ones of the same molecular weight. Figure 4 reproduces
the results of Frangois?2 confirming the expected higher value of {A"> for a
star-like polymer as compared to a linear polymer of the same molecular
weight.

500
I ‘h
MM
400+ (]
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0 200 400 600 M‘A 800 1000

FIGURE 4 Application of Eq. (21) for polystyrene in the mixture benzene-methanol
77.8:22.2. ( ©) Linear polystyrene, ( ®) branched polystyrene.

3.2 Preferential solvation effect on polymer dimensions under
theta conditions

We have seen earlier, that the preferential solvation changes the composition
of the solvent system inside the volume occupied by the polymer coil at, or
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near, the theta point. The chain is embedded now in a solvent mixture, whose
composition is determined by the preferential solvation and, in general, this
local composition is different from that of the original solvent mixture.
Evidently, this local composition is richer in good solvent. The difference
between local and analytical composition leads logically to the concept of two
theta conditions: one, for which the chain expansion coefficient is equal to
unity (intramolecular theta conditions) and the other, for which the second
virial coefficient is zero (intermolecular theta conditions).

For a polymer in various binary solvent systems behaving as ‘“‘inter-
molecular” theta solvents, the chain expansion coefficient is the higher, the
greater the preferential solvation. Elias er al.2% were the first to observe that,
indeed, at the theta conditions, a polymer exhibits variable molecular dimen-
sions, depending on the nature of solvent/precipitant system. The viscosity at
theta conditions (42 = 0) of the same polystyrene in benzene-methanol
mixture was greater than that in dioxane-methanol mixture. Here it should be
emphasized that in both cases the second virial coefficient A was zero. Today,
it is established that the preferential solvation of polystyrene in the first system
is much larger than that for the second system.24

A more systematic study!® has proven that in systems with A, = 0, there is
a direct relation between the solvation coefficient <A"> and the coefficient B of
the Stockmayer-Fixman equation??

[IM-t = K, + 0,51PgBM ¥ (24)

.

As known, B expresses the long-range interactions of chain <and it is directly
related to the expansion coefficient a. Figure 5 shows the relation between

@ Dioxane - methanol , 66.5:335

528’— @ Dioxane- isopropancl, 51.5: 48.5
B.10 @CCI;, - h.ptane . 53 .47
4 @ Benzene- isopropancl , 61: 38

® @Benzene— methanol 78 122

|
0 05 (A

FIGURE 5 The parameter B of Eq. (24) as a function of {A"> at the intermolecular theta
point (4, = 0).
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{A"> and B for different systems. Apparently, in the absence of any preferential
solvation (¢A") = 0), the analytical and local compositions are equal ; therefore,
if A = 0, B should be zero too.

3.3 Expansion of low molecular weight chains at the theta
point

From Figure | we see that the low molecular weight chains exhibit higher

value for (A", compared to the high molecular weight chains under the same

conditions. The above observation can explain the fact that for the low molecu-

lar weight chains the expansion coefficient a is higher.

For chains of the molecular weight more than 100,000, the coefficient (A"
remains almost constant and the chain expansion must be the same for all
fractions. Therefore, the Stockmayer-Fixman theory can be applied. In Figure
6 we see that, indeed, the experimental points for the ternary systems A and B
show a linear dependence in this region. However, for low molecular weight
chains (M < 100,000) the experimental points are located above the lines and
their deviation is the larger the smaller the molecular weight of polystyrene
fractions. Comparison of Figures 1 and 6 shows clearly the existing relationship
between the preferential solvation and the macromolecular dimensions. For

22
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FIGURE 6 The Stockmayer-Fixman diagrams for polystyrene at 25°C in (A) benzene-
methanol 74.5:25.5, (B) CCls-methanol 79:21, (C) CCls—methanol 92.5:7.5.
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conditions faraway from the theta point (where {A"> is the same for all fractions)
all the experimental points fall on the same line in the Stockmayer-Fixman
diagram (Figure 6, system C).

3.4 Influence of the preferential solvation on the unperturbed
dimensions of polymers

We have studied systematically the influence of the excess free energy of mixing
of two solvents on the unperturbed dimensions of macromolecular chains
dissolved in the mixture.26:27 [t has been found that there is a direct relation
between the unperturbed dimensions of the polymer, expressed by the coef-
ficient K, (Ky = [n]s/M?) determined in a mixture of two liquids, and the
excess free energy 4GF of this mixture.

The unperturbed dimensions can be determined from the plot [p]M
against M1, according to the equation given by the Stockmayer-Fixman
theory [Eq. (24)]. In our case, we neglected the low molecular weight data
deviating from the linear relationship due to higher values of <A’> and used
only the high molecular weight fractions for extrapolation, as indicated in
Figure 6. This method has been checked by us as well as by other authors
(see, ¢.g., the paper by Tanaka et al.28).

For AGE = 0, the K, value found is larger than the mean value obtained
from K, values for pure solvents. On the other hand if AGE < 0, the K valueis
smaller than the mean value.3

The increment of the determined unperturbed dimensions from the ideal
value, obtained using the values determined in the pure solvents, is given by the
difference 4K, defined as a percent increment

4Ky = 100(X — 1)
where
X = Ky/(§1Kq + $2Ky2)

Ky, Kot and K, are the values obtained in the solvent mixture and in the pure
solvents 1 and 2, respectively, and ¢; are the volume fractions characterizing
the composition of the solvent mixture.

We have observed that the shape of the deviation of the unperturbed
dimensions does not correspond to that of AGE. In many cases when approach-
ing the precipitation point of the polymer, we have noticed a decrease of Ky in
spite of the increase of 4GE corresponding to the analytical composition of the
mixture. Many times it has been observed that at the precipitation point, the
K, value becomes identical to that determined in the pure good solvent.

We have already explained the discrepancy between the increment of the
unperturbed dimensions and that of 4GE corresponding to the analytical
composition.2! We derived the above relation (23) giving the composition of
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mixture in the vicinity of the macromolecular chain (local composition) which
is different from the original composition (analytical composition).

As we have previously noticed the basic problem is the choice of the value of
Z. We have chosen the value Z = 3 which is in a better agreement with our
experimental data. According to the Tompa’s calculations2? the value of 3 for
Zis quite probable. Also the experimental results of Lange’ give the same value
for Z. Applying the relation (23) with Z = 3 and using the determined values
of <A"> we are in a position to give a simple relation between 4K, and AGE.
So, when we approach the theta point we obtain 4K, ~ 0 and the relation (23)
gives the mole fraction of the good solvent in the vicinity of the chain, to be
nearly the unity. This means that the chain is surrounded only by the molecules
of the good solvent and thus the coincidence of the K, value at the precipitation
point with that of pure solvent is obvious.

If we represent the variation of the value 4K, as function of 4G¥ which
corresponds to the local composition of the mixture of solvents we obtain a
straight line which passes through the origin.2! Here we are giving only the
results for the system polystyrene-benzene-methanol.

Figure 7 shows the variation of K, and {A"> as a function of the analytical
composition of the solvent mixture (mole fraction x1). Table I gives the values

9 rO4
Ke A
8 0.2

7 4 T T Y 0

1 09 08 07 0 05

mol fraction benz. (%))

FIGURE 7 Dependence of Ko and <A"> for polystyrene solutions in benzene-methanol
mixture on the analytical composition of the mixture. Reprinted from Ref. (21) by courtesy
of the American Chemical Society.

TABLE |

Viscometric and preferential-sorption data for the system PS-benzenc-methanol
x4 Ko x 102 AKo%, D x v AGE x'¢ 4AGE
1 7.9 1 1
0.895 9.0 12.6 ~0 0.895 115 0.895 115
0.800 8.6 8.8 0.14 0.915 95 0.925 80
0.620 8.25 4.4 0.37 0.930 80 0.960 50
0.580 7.9 0 0.47 0.963 45 =1 0

“ Analytical composition.
b Local composition calculated from Eq. (23) with Z - 3.
¢ Local composition calculated from Eq. (23) withZ 2.8,
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of local compositions of the solvent mixture x;’ for two values of Z (Z = 2.8,
Z =3).

Using the values of AGE corresponding to the local compositions of
mixture3! we finally obtain the straight lines of Figure 8 which is a confirmation
of the proposed equation (23).

15
AKg-
104

100 200
AG (cal mol-?)

FIGURE 8 Relationship between the increment of Ky and 4GE (corresponding to the local
composition of the solvent mixture) for the system polystyrene-benzene-methanol and for
two values of Z.

3.5 Influence of the preferential solvation on the
dimensions of polymers dissolved in a mixture of good
solvents

As we have mentioned in the second section of this paper, the interactions
between two remote segments of a chain dissolved in a mixture of two good
solvents, are through the internal space of the coil which has the same solvent
composition as the analytical one. On the contrary, when the two monomer
units of the chain approach each other they are surrounded by mixed solvent
of local composition which exists in the vicinity of the chain. Therefore the
long-range interactions depend upon the local composition of the mixture and
thus on the preferential solvation.

A large number of experimental results show that in many cases the dimen-
sions of polymers, measured in a solvent mixture and expressed by the intrinsic
viscosity [r], are higher or lower than the weighted average value for the two
pure solvents. This viscosity increment is related to the value of 4GE of the
solvent mixture, similarly as the increment of the unperturbed dimensions.
Theory gives a relationship between the increment of the dimensions and the
value 4GE but the agreement between the theoretical predictions and the
experimental results is only qualitative.3 Here, the deviations are expressed by
the percent difference d[njex p between the determined value of [5] in the mixture
and the weighted average value.
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Unfortunately, not only the absolute magnitude of the calculated deviations
but also the shape of their composition dependence does not match the experi-
mental data.32 Usually the maximum of the calculated curve, 4[n]ca1 (Which is
identical to the maximum of the 4GE dependence) does not coincide with the
maximum of the experimental curve, 4[nexp. This is clearly illustrated for the
system polystyrene-cyclohexane-benzene in Figure 9 showing the solvent-
composition dependence of (a) experimentally determined intrinsic viscosities
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FIGURE 9 Dependence of [1], d[nlexp, 4[n)cat and <A on the volume fraction ¢, of
benzene in the solvent mixture for the system polystyrene-benzene—cyclohexane at 35°C.
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[n], (b) viscosity increments d[n]exp computed from experimental data, (c)
viscosity increments A{nleqa) calculated from the 4GE data corresponding to the
analytical composition of the mixture.33

As can be seen from Figure 9, the maximum of 4[ylexp is shown by the
mixture containing about 25 vol ¢ benzene whereas the calculated curve,
A[n]ea1, exhibits a maximum at 245 vol %, benzene. This discrepancy can be
explained by preferential solvation of the polystyrene chain by benzene? which
is indicated by curve d in Figure 9. In order to superimpose the curves 4[nlexp
and 4[]ca1, the former one has to be shifted to compositions richer in benzene;
and indeed, such a displacement can be accomplished by taking into account
the values of the coefficient of preferential solvation <{A"). In other words, when
the analytical composition of the mixture is 25 vol 9, benzene, the local
composition is richer in benzene because of the relatively large value of (A"> in
this region.

In conclusion we can say that the preferential solvation exerts an important
influence on the dimensions of polymers dissolved in solvent mixtures.
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DISCUSSION

Dr. D. J. Meier (Midland Macromolecular Institute, Midland, Michigan): In
the evaluation of intrinsic viscosities in systems which show preferential
solvation, is it necessary to take into account the local change in the viscosity
of the medium resulting from the local change of composition?

Prof. A. Dondos: That possible effect has not been taken into account. Never-
theless, we shall try to analyze the problem to see if it is necessary, and, if so,

the possible magnitude of the effect.

Dr. D. J. Meier: Is the relationshipA’ = Ay’ + ap, which is used to determine
{A">, an empirical relationship or is it based on other factors?

Prof. A. Dondos: This relationship is considered to be semi-empirical.



