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INTERACTIONS BETWEEN UNLIKE POLYMERS VERSUS DILUTE SOLUTION PROPERTIES
OF COPOLYMERS

Takeshi Fukuda and Hiroshi Inagaki

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan

Abstract - Solution properties of the copolymers and polymer blends which are
under the influence of an unfavorable heteropolymer interaction are described.
A body of experimental and computer simulation data indicates that the overall
effects of the interaction on the conformational properties of copolymers are
strongly dependent on their chain architecture. Typically, block copolymers
are surprisingly insensitive to such an interaction. Even among the statisti-
cal class of copolymers, the effects are different for different arrangements
of comonomer units along the chain. Moreover, the apparent effects of the
interaction vary from solvent to solvent. These phenomena are comprehensively
interpreted by postulating that the solubility parameter of a copolymer
slightly deviates from the composition average of those of the parent polymers,
due to the presence of alternating chemical bonds. Based on this idea, the
interaction parameter X;, between polystyrene (PS) and poly(methyl methacrylate)
(PMMA) has been extracted from the viscometric data on the copolymers. The
parameter Xjp in a ternary solution can be fairly accurately determined by

the light scattering method which utilizes the optical cancellation among the
scattering components. Application of this technique to PS/PMMA systems has
disclosed several facts: For a given pair of the polymers, there exists a
characteristic concentration ¢* below which Xj, is approximately constant but
above which it increases rather sharply. The value of Xj, below ¢* is dependent
on molecular weight, which can be interpreted according to the dilute solution
theory. The value of Xy above ¢* is a function of concentration only. These
dilute and concentrated solution studies offer another two estimates of Xj,
between PS and PMMA, which are in favorable agreement with each other and also
with the copolymer value. These results suggest that solution data could be,
at least in certain cases, used to provide quantitative information on polymer-
polymer interactionms.

INTRODUCTION

In this article, the solution properties of copolymers and polymer blends are described by
referring mainly to the work carried out recently in our laboratory. A central question in
this research concerns whether and how it is possible to extract, from solution data, certain
quantitative information on the interaction between chemically different polymers.

In the first section we describe qualitative differences in the conformational properties
between block and statistical copolymers under the influence of an unfavorable heteropolymer
interaction. In the second section, some quantitative discussion is made on the architecture
and solvent dependency of the hydrodynamic dimensions of copolymers. The last section is
concerned with polymer/polymer/solvent ternary solution studies by the light scattering method
specially devised to enhance accuracy. The interaction parameters Xj, between polystyrene and
poly(methyl methacrylate) deduced from the copolymer and ternary solution studies are compared
and discussed.

ARCHITECTURAL DEPENDENCE OF COPOLYMER CONFORMATION

Copolymers have unique features resulting from the interactions between chemically different
monomer units. The overall effects of the interactions should depend not only on molecular
weight and composition but also on chain architecture, i.e., mode of comonomer arrangement
along the chain. The importance of this last factor is most easily recognized in a solid
state, For example, finely controlled multiphase structures are characteristic of block co-
polymers but not of statistical copolymers or blended polymers (see, e.g., Ref. 1 & 2). :

In solution as well, the extent to which the effects of such interactions manifest themselves
should depend on the copolymer architecture. Of the large number of solution studies on
PAAC 55:10-R 1 54 l
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copolymers (e.g., Ref. 1-15), rather few are concerned specifically with this dependence.
Nevertheless, elucidation of the dependence is important not only to understand the solution
properties but also to disclose the nature of the interaction between the relevant homopoly-
mers.

Kotaka et al. (9, 16 & 17) were the first to draw attention to the importance of the
architectural dependence of the dilute solution properties of copolymers. Specifically, they
carried out a systematic study on copolymers of styrene (S) and methyl methacrylate (MMA) with
different architecture and found that the second virial coefficient as well as the long-range
and short-range interaction parameters are architecturally dependent.

More recently, Monte Carlo calculations worked out by several authors (18-22) disclosed some
unique features of the conformational properties of block copolymers. In Fig. 1, we reproduce
some of our results (18 & 21) obtained for symmetrical AB diblock and BAB triblock chains on a
simple cubic lattice. On the calculations, segments of the same kind were allowed to occupy
the same lattice point, while those of different kinds were not. Thus, the simulated
situation would correspond to that of the real chains, with a rather strong, repulsive hetero-
segment interaction, which are dissolved in a common theta solvent. The figure gives, as a
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Fig. 1. Plots of expansion factors o vs. chain size N for AB and symmetrical
BAB block copolymers of equimolar composition on a simple cubic lattice with
a non-intersecting interaction only between unlike segments (Ref. 18 & 21).

function of chain size N, the expansion factors relevant to the mean-square radius of the
whole chain, a, to that of the A block, aA, and to the mean-square distance between the
centers of mass of the A and (one) B blocks, O (in the absence of any interaction, 0 = a, =
Q. = 1). Several points may be noteworthy in the figure: In both AB and BAB chains, degrees
of expansion are different for different portions of the chains, i.e., aG >0 > aA. Secondly,
BAB chains are slightly more expanded than the AB equivalents. Thirdly, all the a's are
apparently independent of N for sufficiently large N. This last behavior is characteristic of
a random-flight chain, but not typical of a chain under the influence of excluded volume
effects. These indications were partly confirmed by experimental data (Ref. 18, 21-23).

‘The most significant implication of the above results may be the remarkable insensitivity of
block copolymer conformation to the heterosegment interaction. This by no means indicates
that block copolymers assume special conformations such as implied by the terms "intrachain
phase separation" and "segregation" (Ref. 8, 24-28). Rather, we would emphasize that the
insensitivity is a direct consequence of the architectural features of block copolymers (Ref.
22). Their conformation is "normal" regardless of a repulsive heteroblock interaction.

The insensitivity, in turn, suggests that it is difficult to extract quantitative information
on the interaction from their conformational studies (Ref. 22). In contrast, statistical
copolymers are characterized by more or less uniform distribution of comonomer units along the
chain, and hence a heterosegment interaction should be more directly reflected on the chain
conformation. In Fig. 2, we refer to our Monte Carlo result (21) obtained for a statistical
copolymer on a tetrahedral lattice. As in the calculations presented in Fig. 1, we imposed
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Fig. 2. Plots of mean-square end-to-end distance <RZ> vs. chain size N for
a "random'" copolymer of equimolar composition on a tetrahedral lattice with
a non-intersecting interaction only between unlike segments (circles). The
dot-dash line is for a completely self-avoiding (homopolymer) chain on the
same lattice, and the two solid lines are for the triblock (above) and
diblock (below) equivalents on a simple cubic lattice. Reproduced from Ref.
21 by courtesy of American Chemical Society.
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Fig. 3. Plots of log [n] vs. log My for S-M alternating (AL), S-M statisti-
cal(SM5), PS-PMMA diblock (half-filled circles) and PMMA-PS-PMMA triblock
(filled circles) copolymers in cyclohexanol at 81°C. Partly reproduced
from Ref. 21 by courtesy of American Chemical Society.

a non-intersecting interaction only between unlike segments (a common theta state), and we
tentatively identified a monomer unit as a segment. The chain architecture was assumed to be
"random", the population of the A-B linkages as well as the average composition being equal to
0.50. The behavior of the di- and triblock equivalents predicted from the data on the cubic
lattice are also included in Fig. 2. The figure shows that the mean-square end-to-end distance

<R2> of the random copolymer varies with N almost parallelly to that of the completely self-

avoiding (homopolymer ) chain simulated by Wall and Erpenbeck (29), giving the relation

<R2> « NY with v as large as 1.2. This means that in the presence of such a (strong) repulsive

interaction between unlike segments, a random copolymer in a common theta solvent behaves much
like a homopolymer chain in a good solvent but essentially differently from the block
copolymers whose v values are approximately unity as already pointed out.

In Fig. 3, we collected intrinsic viscosity data obtained for S-MMA alternating and statisti-
cal copolymers (Ref. 17) and PS-PMMA diblock (Ref. 22) and PMMA-PS-PMMA triblock (Ref. 11)
copolymers in cyclohexanol at the temperature 81°C, which approximately is a theta solvent for
both PS and PMMA (Ref. 16). All these czopolymers have nearly equimolar composition. The
figure reveals that the Mark-Houwink exponent a is about 0.5 for the block copolymer, while it
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is much larger than 0.5 for the statistical (a = 0.62) and alternating (a = 0.65) copolymers.
Even though such a comparison may be complicated by problems such as those described in the
next section, these data do indicate that the Monte Carlo prediction is substantially correct.

In summary, due to their architectural features, block copolymers reflect only weakly the
heterosegment interaction on their conformation. This becomes more and more true as the
solvent power towards the parent polymers becomes better and the individual blocks get more
and more expanded, thus decreasing the chance of the unlike segments to encounter (Ref. 18 &
22). On the other hand, the statistical class of copolymers reflect the interaction more
directly and strongly on their conformation. In the next section, we will examine the
conformational properties of this class of copolymers in more detail.

A NEW ANALYSIS OF VISCOMETRIC DATA ON COPOLYMERS

Thus far, intrinsic viscosity data on copolymers have been customarily analyzed according to
the two-parameter scheme (see, e.g., Ref. 30) established for homopolymers. The two parame-
ters A and B characterizing the short-range and long-range interactionms, respectively, thus
deduced are generally functions of the composition and architecture of the copolymer. Aside
from the functional forms of the parameters, such an approach would be justified, if and only
if the conformation of the copolymer or the three-dimensional distribution of the segments is
similar to that of a homopolymer. Apparently, statistical copolymers with a sufficient
number of A-B linkages meet this requirement, but block copolymers do not in general.

The validity of the two-parameter scheme approach has been confirmed, to a certain extent, by
experiments on statistical copolymers. Notably, Kotaka et al. (9 & 17) have shown that the
intrinsic viscosity [n] of statistical and alternating copolymers of S and MMA becomes
precisely proportional to the square-root of the molecular weight M in solvents in which the
second virial coefficient A, vanishes. This indicates that the "theta concept" is valid for
this class of copolymers as” well as for homopolymers. They furthermore analyzed the [n] data
in good solvents according to the method of Stockmayer and Fixman (31) and confirmed that it
provides reasonable estimates of the short-range parameter A. [There is, however, a report on
S-MMA statistical copolymers, claiming that the parameter A thus estimated is dependent on
solvent and temperature (Ref. 10)]. An important finding relevant to the short-range
interaction in S-MMA copolymers is that the characteristic ratios of the copolymers are larger
than the composition average of those of the parent polymers. The deviation was found to be
approximately proportional to the population of S-MMA linkages or the "run number", namely,
the alternating copolymer has a larger unperturbed dimension than the statistical copolymer
with the same molecular weight and composition (Ref. 17).

Similar dependence was found also for the long-range interaction parameter B estimated from
the Stockmayer-Fixman plot. The result was interpreted by regarding dyads, rather than single
monomeric units, as segments (Ref. 17). According to this treatment, the long-range inter-
action in a copolymer chain is expressed in terms of three parameters characterizing the
interactions of solvent with polymer 1, polymer 2 and 1-2 alternating copolymer, respectively.
This treatment was successful to interpret the architectural dependence of the long-range
interaction in individual solvents, but obviously it does not help to understand the observed
dependence of the interaction parameter on solvent.

In Table 1, we collected the relevant data on S-MMA statistical (coded SM) and alternating
(coded AL) copolymers (Ref. 17) along with those on the parent polymers (Ref. 22). The para-
meter B was reevaluated according to the following semi-empirical relation between the
hydrodynamic expansion factor an and the excluded volume parameter Z,

4

o, =1+ (7/5)z 1)

or in terms of the parameters A and B
(12473 < k43 4 0. ueai 0 put/? @

with K = A3¢0 and the value of the viscosity constant @0 of 2.68 X 1023 due to Pyun and Fixman

(32). It may be seen that Eq. (1) provides, for small as well as large values of Z, a
reasonable fit to the homopolymer data collected and analyzed by Yamakawa (30). Figure 4
shows an example of the plot indicated by Eq. (2). It seems that the plot is linear up to a
considerably high molecular weight, thus providing less ambiguous estimates of A and B than,
e.g., the Stockmayer-Fixman plot. If the two-parameter notations are brought into correspon-
dence with those of the Flory-Huggins lattice theory (33), we have the solvent-polymer
interaction parameter ¥ listed in Table 1 ( the subscript P denotes either homopolymers 1
and 2 or copolymer C). As to the X parameter of a copolymer, Stockmayer et al. (3) have
suggested the simple relation,

Xoc = P1Xo1 * $2Xo2 ~ 9199X15 3
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Fig. 4, Plots of ([ﬂ]/MW1/2)4/3 vs. Mwl/2 for S-MMA alternating copolymers
in toluene (TOL), l-chlorobutane (1-CB), 2-butanone (MEK) and diethyl
The cyclohexanol (CHL) data are relevant to the

TABLE 1. Values of interaction parameters B, X and X for S-MMA
OP 12

copolymers and the parent homopolymers in various solvents at 30°C

217

Solvent and polymer 10"'B XOP X12
1-chlorobutane LYG = 105.7, 60 = 8.4)
PS 1.12 0.4592 -
PMMA -0.09 0.5041 -
AL 1.14 0.4518 0.113
SMA 1.12 0.4534 0.104
SM3 0.59 0.4741 0.070
toluene (V, = 107.4, §. = 8.9)
PS o 2.17 0.4197 -
PMMA 1.16 0.4449 -
AL 2.29 0.4017 0.119
SMA 2.09 0.4117 0.077
SM3 1.75 0.4218 0.068
2-butanone (V, = 90.8, §. = 9.3)
PS M o 0.54 0.4831 -
PMMA 1.04 0.4582 -
AL 0.86 0.4688 0.012
SMA 1.02 0.4636 0.035
diethyl malonate (V, = 153.3, 6 = 9.5)
PS - d -0.07 0.5035 -
PMMA 1.08 0.4267 -
AL 0.53 0.4673 0.004
SMA 0.75 0.4551 0.060
SM3 0.91 0.4420 0.044

are given in Table 1.

2 AL: alternating copolymer, SMA: statistical copolymer (m; = 0.52
and r = 0.67), SM3: statistical copolymer (m; = 0.29 and r = 0.51)

1545

where ¢ is the volume-composition of the copolymer (the authors defined Eq. (3) in terms of

the mole-composition m instead of ¢), and Xjp is the parameter characterizing the 1-2 inter-
Values of Xj5 computed from Eq. (3)
vary from sample to sample and, in addition, they are strongly dependent on solvent.
no theory is available that comprehensively accounts for these architectural and solvent
dependences of Xj,.

As already implied, they
As yet,



1546 T. FUKUDA and H. INAGAKI

Here we propose writing XOC as a sum of the two terms

s H
Xoc = Xoc T Xoc )

with the entropic term XOCS given as a composition average as
S S S
Xoc = 91%01 * 92Xo2 )
and the enthalpic term XOCH expressed in terms of the solubility parameters GC and Go of the

copolymer and solvent as

H 2
Xoc = (Vo/RD)(8 = 6 6

In Eq. (6), R is the gas constant, T is the absolute temperature, and V0 is the molar volume

of the solvent. Then we assume that GC is given in the form
GC = ¢161 + ¢262 + rAS (7

where AS is a constant characteristic of a given pair of polymers. That is, the solubility
parameter of a copolymer is assumed to differ from the composition average of those of the
homopolymers by an amount proportional to the population r of the 1-2 linkages. This form of
GC has been suggested in a previous work (Ref. 17). From Eq. (4) through (7), we have the

following expression for the X12 as defined by Eq. (3):
_ 2
Xpp (RT/V) = (8, = 807 + (2r88/9,0,)) [8, - (6,8, + 6,8,) = (r46/2)] ®

Equation (8) suggests that for a given solvent, Xj, may be different for different r and ¢,
and for a given copolymer, the quantity XlZ(RT/VO) may vary linearly with the solvent solubi-
lity parameter 60. The parameter r may be determined experimentally or estimated according to
the kinetics of copolymerization (Ref. 34).

The data presented in Table 1 were analyzed according to Eq. (8). Figures 5a-5c show the plot
of XlZ(RT/VO) vs. 50 for the individual copolymers. The straight lines in the figures were
calculated from Eq. (8) with 51 = 9.16, 62 - 51 = 0.44, and AS§ = -0.070. These parameter
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Fig. 5. Plots of X12(RT/Vp) vs. solvent solubility parameter &y for S-MMA
alternating (a), S-MMA statistical (b & c) and PS-PMMA diblock (d) copoly-
mers in various solvents at 30°C. The solid lines in Fig. 5a-5c were
calculated according to Eq.(8). The broken line in Fig. 5d is for the
"ideal" chain described in the text.

values were determined by a least-squares calculation by giving all the data points the same
significance. With possible errors in both Xjp and 8y in mind, the agreement between the
theory and experiment is good. Moreover, the values of 61, 62 and AS thus estimated seem

quite reasonable. We hence concluded that the observed dependence of X12 on both chain



Copolymers and polymer blends in solution 1547

architecture and solvent originates from a rather trivial deviation of the copolymer
solubility parameter from the composition average. More details of this analysis will be
given elsewhere (Ref. 35).

2
)

If the squared difference (62 - 61 estimated above is brought into correspondence with X12

by the relation
Xy, = (8, = 6%V /RD) &

. . . o
we have an estimate for the "true'" interaction parameter X12 between PS and PMMA. If we take

the value 100 ml as a reference molar volume of solvent (Ref. 36), this gives x120 = 0.03.
Discussion on this estimate will be given in the next section.

The arguments given thus far imply that it might be possible to extract from copolymer data
the interaction parameter between the parent polymers. One method is studying a sufficient
number of copolymers differing in r and/or ¢, as we have done above. Alternatively, one can
measure a single copolymer in which (i) the average runs of either monomeric units are much
shorter than the total length of the chain but (ii) they are still long enough that the
alternating linkages do not figure significantly (Ref. 3 & 17). As has been pointed out,
block copolymers of lower architectural orders (e.g., di- and triblock chains) meet the second,
but not the first requirement. Tentatively, we have analyzed the viscosity data of PS-PMMA
diblock samples in a similar way as we treated the SM and AL copolymers. Figure 4d shows the
result. Each point in the figure represents an average over many samples differing in )
composition. Quantitatively, such an analysis may be questionable in several respects. These
include problems regarding universality of the viscosity constant, sample heterogeneity in
both molecular weight and composition (Ref. 22) and micellization in selective solvents (Ref.
6, 37-43). Nevertheless, the figure strongly suggests that the apparent interaction parameter
of the block copolymer is nearly zero, independent of the solvents. This is in line with what
we have described in the preceding section.

LIGHT SCATTERING FROM POLYMER/POLYMER/SOLVENT TERNARY SOLUTIONS

Another possible route to characterization of polymer-polymer interactions is provided by
light scattering on ternary solutions. In the past, there were several interesting studies of
this kind (Ref. 44-51). However, it has been recognized that the light scattering method,
especially when applied to dilute ternary solutions, has a serious defect: it lacks precision.
The effects of polymer-solvent interactions are usually so large that they are liable to mask
the relatively small contribution from polymer-polymer interaction. Recently, we proposed a
method which may overcome the defect and simplify experiments (Ref. 52). It is based on the
use of a solvent in which the refractive index increments of the two polymers are opposite in
sign so that the scattering components relevant to the polymer-solvent interactions cancel
each other. It is thus possible to observe the polymer-polymer interaction selectively. 1In
what follows, we briefly describe the principle of the method along with preliminary results
obtained by applying it to PS/PMMA/bromobenzene solutions (Ref. 53-55).

We combine the light scattering theory due to Zernicke and others (56-58) with the Flory-

Huggins expression for the free-energy of mixing (Ref. 33) to have the following formula which
is valid for low concentrations of the polymers (see, e.g., Ref. 44):

B 2
Ry/K*¢ = By + By¢ + 0(67) ®
B, = b ryx + U, ®
0~ Y1 1*1 T V2 2%
By = =(Upryxg + Vorox) [Wyryxg (1= 2Xgy) + Upryxy (1= 2Xg9) 1 = 295 ¥)ry7)x; %)X, (10)
In these equations, R, is the forward scattering intensity, K* is a constant, ry is the weight
average (see Ref. 59) degree of chain length, y; is the refractive index increment 3n/3¢i, ¢i

is the volume fraction of polymer i, ¢ = ¢1 + ¢2, and x; = ¢i/¢. We now consider the
condition

Yyryx F VX, = 0 (11)
which transforms Eq. (8)-(10) to
-1 -2 2
K*¢/R0 =By *+ (2w1w2rlr2xlx230 )X12¢ + 0(97) (12)

Clearly, then, the initial slope of the ¢/R0 vs. ¢ plot is directly proportional to X192

regardless ofgthe thermodynamic properties of the solvent. This is the greatest advantage of
this method. Another advantage becomes evident when we deal with a symmetrical system, a
system in which Xo1 = Xg2» T1 T Tp» and X T %y (but wl = —wz)- Examining the light scattering
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equation in a non-expanded form (see, e.g., Ref. 58), we see that all the terms in Eq. (12)
equal to or higher than the second power of ¢ simultaneously vanish for a symmetrical system.
Provided that X12 is independent of concentrations, the ¢/R0 vs. ¢ plot is, thus, linéar up

to the spinodal at which R.0 becomes "infinitely" large. For this reason, we can expect to
determine X129 with high precision, even when it is very small.

PS/PMMA/bromobenzene dilute solutions

Figure 6 shows the plot of c/RO vs. ¢ for a PS/PMMA blend in bromobenzene at 30°C, where c is

the total polymer concentration in g/ml. The blending ratio x of the two polymers was so
determined as to satisfy the condition in Eq. (11). The forward intensity Ry was determined

1 1 ]
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Fig. 6. Plot of K*c/Ry vs. ¢ for a PS (M, = 2.42 x 106)/PMMA (2.19 x 106)
blend in bromobenzene at 30°C.

according to the conventional extrapolation method. The figure exhibits a rather small,
negative initial slope, from which it is immediately clear that the system is characterized
by a small, positive value of X129, since wlwz is negative in our systems. We also note that
the curve is linear up to a considerably high concentration. It was thus possible to
determine X1o with little ambiguity, despite its small magnitude. The value of X12 evaluated

from the initial slope is designated as Y

lzdil and given in Table 2 along with the results
for several other blends.

TABLE 2. Values of X1, @nd ¢* for PS/PMMA/bromobenzene systems at 30°C

5. a)
10 Mw b) dil o ¢)
& X12 X12 o
PS PMMA

24,2 21.9 0.455 0.0026 0.024 0.019
7.75 6.27 0.427 0.0030 0.022 0.023

2.83 2.11 0.407 0.0040 0.021 0.050

0.25 0.25 0.487 0.0117 . 0.031 0.180

a Weight-average molecular weight. b Weight fraction of PS. ¢ Value cor-
rected for the excluded volume effect (see text).

Table 2 clearly indicates that Xlzdil is molecular weight dependent: the larger the molecular

weights are, the smaller Xlzdll is. The trend is similar to that of the second virial
coefficient Ay in a binary solution. Thus it was tempting to examine this matter in light of
il

the A2 theory. According to the theory, X12d should be approximately related to X12°’ i.e.,

11 ”"
the "true X12 by

dil _ = o :

where ¥ is the penetration factor, which is a function only of Z, the excluded volume
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parameter divided by the cubic expansion factor a3. Equation (13) is correct for a symmetri-
cal system with a small X12°. Independent studies on the binary solutions have revealed that
the present systems approximately satisfy the symmetry conditions (Ref. 54). Based on the
Kurata-Yamakawa theory on ¥ (60) and the Yamakawa-Tanaka theory on o (61), we estimated the
value of X12° for the individual blends (Table 2). They no longer seem to be molecular weight
dependent, revealing that the observed trend of Xj is a real phenomenon originating from an
excluded volume effect. This dilute solution study suggests that X12° between PS and PMMA is
about 0.025 for the bromobenzene molar volume, 106 ml.

PS/PMMA/bromobenzene solutions of finite concentration

At present, a rigorous analysis of light scattering data on ternary solutions with a finite
concentration is difficult to make, since the scattering intensity depends on the subtle
details of still-unknown composition dependence of the interaction parameters Xpi and Xjj, as
will be discussed elsewhere (Ref. 55). As a first step to this problem, one could assume that
X's are dependent only on ¢, the total polymer concentration. This makes the analysis
feasible, since XOi'S may, then, be determined from independent studies on the binary systems.
If, in addition, the ternary system considered is symmetrical, the analysis is further
simplified: It may be easily shown that the scattering function is independent of XOi’ so far
as the symmetry conditions are met at all concentratioms.

The finite concentration data on the above ternary solutions were analyzed under the

assumption that XOi's are independent of ¢, which is a good approximation for these nearly
symmetrical systems. A typical example showing the concentration dependence of the Xj, thus
estimated is presented in Fig. 7. In this analysis, the composition dependence of soiution

12

log x

-2 =1
log ¢

Fig. 7. Plot of log Xjp vs. log ¢ for a PS (M = 2.83 X 109) /PMMA (2.11 X 10°)
blend in bromobenzene at 30°C. The filled and half-filled circles refer to
the spinodal and the dilute limit, respectively.

density and refractivity was adequately taken into account. Interestingly, the figure implies
that there exists a characteristic concentration ¢* below which X12 is approximately constant

and equal to Xlzdil but above which it increases sharply with increasing ¢. This suggests a
rather drastic change in the degree of interpenetration of the polymer coils, and brings to
mind the recent idea of the "dilute-to-semi-dilute crossover" (Ref. 62-64). Numerically, the
concentration ¢* was found to be closely related to the '"overlap concentration" given by
Vw/<52>w3/2, where Vw and <Sz>wl/2 are the weight-average molecular volume and radius of
gyration of the polymers. According to de Gennes (64), Xy in a semi-dilute solution depends
on concentration but not on molecular weight. In Fig. 8, the X;, data relevant to
concentrations above ¢* are collected and plotted against ¢. Apparently, the data points form
a single composite curve.

The absence of molecular weight dependence disclosed by the above study may be of special
significance. In particular, it justifies, at least in a certain aspect, trials for estimat-
ing the X12 in a dry blend on the basis of concentrated-solution data. At present, no
adequate theory is available which explains the functional form of X;, as displayed in Fig. 8
and permits prediction of its behavior at concentrations closer to ¢ = 1. However, the curve
in Fig. 8 suggests that X;, converges to 0.03 or thereabout at ¢ = 1.

This value is in favorable agreement with the dilute solution value corrected for the excluded
volume effect and also with the copolymer value given in the preceding section. We also note
that the conventional solubility parameter approach [cf. Eq. (7)] gives an estimate of Xjj
at least compatible with these results. 1In fact, values of GPS and SPMMA reported in the
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Fig. 8. Plot of log Xj9 vs. log ¢ for PS/PMMA blends in bromobenzene at 30°c,
relevant to concentrations above ¢*. Different symbols refer to different
blends (the filled circle represents the spinodal for each blend).

literature (65) are considerably scattered, but the two groups of values are rather close to
each other. Accordingly, the precision cannot be high. The value of X12 8&iven in Table 3 is
based on the parameter values GPS = 9.1 and GPMMA = 9.5 obtained by the same authors

according to the same method (Ref. 66). In any case, the fair agreement among the values

TABLE 3. Values of X120 between PS and PMMA estimated

by various methods &)

Method °

etho X129
copolymer intrinsic viscosity 0.032
dilute ternary solution (average) 0.024
concentrated ternary solution 0.030
solubility parameter (Ref. 66) 0.027

2 Value for a reference solvent volume of 100 ml/mol
and for a temperature around 30°C.

estimated by the different methods indicates that solution data could be used to provide

some quantitative information on polymer-polymer interaction. However, one should not hasten
to generalize this indication obtained for the particular systems: For example, the behavior
of a ternary solution composed of an asymmetrical pair of polymers is as yet understood very
little (see, e.g., Ref. 59).
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