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ABSTRACT: Polymer mixtures are investigated by studying the properties of a dilute probe polymer
(polystyrene, PS) in the presence of a matrix polymer (poly(methyl methacrylate), PMMA) and a small
molecule solvent. The solvent is chosen to be good for both polymers, and the concentration ranges are such
that no phase separation occurs. Measurements include total intensity and dynamic light scattering, and
viscometry. Inthe scattering experiments, a contrast-matching technique allows the study of the probe while
in the presence of the matrix polymer. Specific points of interest are the effects due to the small positive
interaction parameter x between PS and PMMA and the importance of the ratio of probe and matrix molecular
weights. Inaddition, the interpretation of changes in the initial dependence of the mutual diffusion coefficient
on probe concentration, kq(app), with matrix concentration is emphasized. By comparison of the data from
ternary solutions with results for binary solutions it is found that x has little or no effect on the cross Huggins
coefficient or on the radius of gyration of the probe but does have a measurable influence on the mutual
diffusion between the probe and the matrix. Comparison of the contraction of the radius of gyration of a
probe (Mp = 9.3 X 10% as a function of matrix concentration for three matrix polymers varying widely in
molecular weight (My = 1.3 X 106, 7.0 X 10%, 7.0 X 10°) gives insight into the molecular weight ratio for which
the small matrix chains penetrate the domain of the larger probe coil in dilute solution. Apparently, there
is little interpenetration between the probe and the 7.0 X 104 matrix polymer for cp* < cm < cm*, whereas
there is substantial interpenetration with the 7.0 X 10% matrix polymer over a similar range of matrix
concentration; cp* (cm*) denotes the overlap concentration for the probe (matrix). The initial probe
concentration dependence of the mutual diffusion coefficient between the probe and the matrix, ka(app), has
been determined as a function of matrix polymer concentration for three pairs of probe and matrix polymers
(9.3 X 105/8.4 X 105, 2.3 X 10%/8.4 X 105, and 2.3 X 105/6.6 X 10%, respectively) and is interpreted in terms
of the thermodynamic and frictional influence of the matrix polymer. The thermodynamic effect dominates
at low concentrations of matrix polymer, and the frictional influence dominates at higher concentrations of
matrix polymer. The thermodynamiceffect, manifested by a decrease in the apparent second virial coefficient
in the total intensity light-scattering experiment and a decrease in k4(app) in the dynamic light-scattering
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experiment, appears to be the most significant effect of the matrix polymer in dilute solution.

Introduction

Thestudy of the solution properties of polymer mixtures
is valuable for several reasons. First, polymer blends are
often processed while in solution and then concentrated
by evaporation. Dissolving polymer mixturesinacommon
good solvent is one convenient way of mixing immiscible
components. Depending on processing conditions, final
structures and properties can be heavily influenced by
the structures formed while in solution. Therefore, an
understanding of how the solvent mediates interactions
between unlike monomers is of great interest. Second,
polymers are often synthesized in solution. The poly-
merizing mass is itself a polymer mixture containing both
reactive growing chains and unreactive “dead” chains, along
with small molecules such as solvent, unreacted monomer,
inhibitors, and transfer agents. Understanding the in-
fluence of the unreactive dead polymers on the properties
of the reactive growing chains is necessary in modeling
the reaction kinetics. Third, studying polymer mixtures
in solution has some advantages over melt studies in the
characterization of the interaction between polymer
molecules. Inthe diluted state, the effects of interactions
between a relatively small number of coils can be studied.
In addition, the time scale of solution measurements is
usually much faster and the accuracy greater than mea-
surements in solvent-free systems. The information
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obtained can then be a foundation upon which to approach
the study of concentrated polymer mixtures or blends.
For example, several solution studies!-!! have focused on
finding a convenient method for obtaining a value for the
Flory—Huggins interaction parameter between different
monomer types, which can then be used to predict the
phase diagram for concentrated polymer mixtures or
blends. While there are advantages to studying interac-
tions between polymers in solution, it should be noted
that excluded volume and hydrodynamic interactions
provide some additional complications.

The goal of this work is to gain a greater understanding
of fundamental interactions in solution between dissimilar
polymers. Thisisaccomplished by studying the properties
of a dilute probe polymer (polystyrene, PS) in a solution
comprising a matrix polymer (poly(methyl methacrylate),
PMMA) and asmall molecule solvent. Therange of matrix
polymer concentration encompasses both dilute and semi-
diluteregimes. The focusis on the effects of the polymer-
polymer interaction parameter, xpM, (the subscripts P and
M refer to probe and matrix polymers, respectively) and
the ratio of probe and matrix molecular weights. The
interaction between PS and PMMA is known to be
unfavorable but somewhat weak (xpm =~ 0.02-0.03).14The
solvent is chosen to be good for both polymers, and no
phase separation occurs in any of the solutions in this
study. The data are analyzed in ways analogous to
conventional dilute solution measurements, with the
solution properties of the dilute probe polymer varying
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Table I
Homopolymers Used in this Work
My Mg/ M, supplier
Polystyrene
930 000 1.10 Scientific Polymer Products
233 000 1.06 Pressure Chemical
Poly(methyl methacrylate)
1300 000 1.06 Polymer Laboratories
840 000 1.12 Scientific Polymer Products
70 000 1.04 Polymer Laboratories
66 000 1.3 Duponts
7 000 1.05 Polymer Laboratories

¢ Kindly provided by Dr. D. Soguh.

with the concentration of the background polymer. In
this way, the effects of the presence of the matrix polymer
in the environment of the probe can be compared to the
effects of a small molecule solvent of varying quality.
Comparisons of this type reveal effects which are specific
to the polymeric nature of the binary psuedosolvent, and
thus give insight into the nature of polymer—polymer
interactions.

The measurement techniques employed are total in-
tensity light scattering, dynamic light scattering, and
viscometry. In the light-scattering experiments, the
solvent is chosen to be isorefractive with the matrix
polymer to allow the study of the probe polymer while in
the presence of the matrix polymer. The total intensity
light-scattering experiments describe the change in the
average dimension and thermodynamic environment of
the probe as a function of the concentration of the matrix
polymer. An earlier paper'?focused on some experimental
difficulties in the total intensity experiment, and the effect
of the unfavorable interaction between PS and PMMA
for polymers of similar molecular weight. The present
work focuses on the importance of the ratio of the molecular
weight of the two polymers. The dynamic light-scattering
experiments examine the mutual diffusion between the
probe and the binary psuedosolvent as a function of the
concentration of the matrix polymer. Here it is shown
that the matrix polymer has both a thermodynamic and
frictional influence and that these are competing effects
on the mutual diffusion process. The viscometric study
complements the light-scattering experiments, which
probe microscopic details, with a probe of a macroscopic
solution property. Inthese experiments, further evidence
is obtained regarding changes in coil size and the nature
of interactions between dissimilar polymer molecules.

Experimental Section

Samples and Solutions. The characteristics and sources of
the polymers used in this study are listed in Table I. For the
dynamic light-scattering and viscosity measurements, solutions
were prepared in HPLC grade toluene (Fisher Scientific). For
the total intensity light-scattering measurements, solutions were
prepared in ethyl benzoate (Aldrich). The solvents were filtered
several times with 0.45-um filters prior to use. Solutions were
filtered with either 0.45-um filters, if the solutions contained
polymers with molecular weights of 8.4 X 10% or greater, or 0.20-
um filters, if the solutions contained polymers with smaller
molecular weights. Concentrations of all solutions were deter-
mined gravimetrically, assuming additivity of volumes. Scat-
tering cells for the dynamic light-scattering experiments were
fashioned from scratch-free 12-mm-o.d. pyrex tubing. The cells
were cleaned by soaking in a mixture of chromic and sulfuric
acid, rinsing and drying, and then rinsing with filtered toluene
to remove dust. The cells were then capped with Teflon tape
and dried.

In the dynamic light-scattering experiments, a range of matrix
polymer concentration was achieved by successive dilution. Cells
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were mixed at least one full day before being analyzed, which was
found to be sufficient for the relatively dilute solutions used. For
each set of experiments, representative cells were repeatedly
analyzed over longer time intervals to verify that the solutions
had reached equilibrium.

There have been reports!? of anomalous slow diffusive modes
reported for some PMMA homopolymer samples dissolved in
good solvents. In the present work, it was found that samples
which displayed such a slow diffusive mode, also displayed a
strong scattering signal and an easily detected correlation function
in toluene, which is nearly index-matched with PMMA. There-
fore, each PMMA sample used in this work was examined by
dynamic light scattering in toluene prior to use. Only those
samples which showed no significant correlation in the scattered
intensity in toluene over the dynamical range from 1 to 10¢ us
were selected for use.

Measurements. The dynamiclight-scattering measurements
were performed on a system which combines a Malvern Model
PCS-100 photogoniometer, a Lexel Model 95 argon ion laser
operated at 488 nm, and a Langley-Ford Model 1096 digital
correlator. This correlator has 80 real-time channels spaced
linearly in time, of which 64 were used to determine the decay
of the autocorrelation function. Thelast 16 channels were delayed
by 1000 sample times in order to determine the baseline. A
calculated baseline was also determined for each experiment as
(total counts)?/ (total number of sample times measured), and
the two baselines were routinely compared to test for contri-
butions from dust. Only correlation functions for which the two
baselines differed by less than 0.1 % were retained. An IT'TFW-
130 photo-counting photomultiplier tube was used to detect the
scattered photons. Alldynamiclight-scattering experiments were
performed in the homodyne mode. Toluene was used as an index-
matching fluid to minimize reflections from glass surfaces. For
each solution, correlation functions were measured at five angles
ranging from 40 to 120°. All dynamic light-scattering measure-
ments were performed at 18.0 £+ 0.1 °C.

The experimental correlation functions were prepared for
analysis by subtracting the baseline, dividing by the baseline,
taking the natural logarithm, and then dividing by 2 (corre-
sponding to a homodyne experiment). The data in this form
were then routinely fit to a second-order cumulants expression. 1417
The diffusion coefficient was determined as the slope of the decay
rate plotted versus ¢? for the five scattering angles.

Recently, analyses of the dynamic scattering from ternary
polymer-polymer-solvent solutions have been presented.181? An
important implication of these analyses is that under certain
conditions, two modes may be observed in the scattering
experiment even when one polymer is isorefractive with the
solvent. The amplitude of the faster mode is predicted to be
enhanced when the relative concentration of visible polymer is
high. However, at high total polymer concentrations the am-
plitude of the faster mode is expected to be low. At low total
polymer concentrations, the difference between the two decay
rates becomes small. Therefore, two modes are only observed in
an intermediate range of total polymer concentration, when the
relative concentration of the visible polymer is high.

For the present work the conditions were such that only one
mode, apparently the slower mode, was dominant. However,
while the concentration of the probe was low, a range of probe
concentrations was used since one goal of this work is to examine
the initial dependence of the mutual diffusion coefficient on the
concentration of the probe. Thusitis possible that the fast mode
may be present to some extent in certain regions of the molecular
weight—concentration space explored in this study. The sample
time of the correlator was set to characterize only the slower
mode, however, and so a faster mode would only be detected if
it occurred on a time scale similar to that of the slower mode. To
verify the presence of only one dominant relaxation mode, several
data sets from each polymer—polymer—solvent combination were
analyzed with Provencher’s CONTIN® algorithm. The datasets
were chosen to cover the entire range of matrix polymer
concentrations for the higher concentration of probe polymer. In
most cases, the amplitude of the dominant mode was greater
than 85% of the scattering signal which is near the limit of the
resolution capabilities of the CONTIN algorithm. The decay
rates from the dominant mode agreed well with the results from
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the cumulants analysis. In all cases the quality factors obtained
from cumulants analysis in the ternary solution experiments were
in the same range as those obtained when no matrix polymer was
present. Plots of decay rate versus g* were linear for all cases,
except for the few described below in which a slight upward
curvature may be present. According to the above theory,!81°
the presence of two modes should lead to curvature in the plot
of decay rate versus g2

Whereas analysis of the correlation functions with the CON-
TIN algorithm has shown that the correlation functions are
predominantly unimodal at higher concentrations of matrix
polymer, and also when no matrix polymer is present, the
CONTIN program does tend to yield several spurious modes for
matrix polymer concentrations between zero and roughly 0.5¢c)*,
where cm* is the overlap concentration of the matrix polymer.
The spurious modes probably arise because the sample time of
the correlator was set to determine the correlation time of the
slower (dominant) mode only, and thus a sufficient dynamical
range was not examined to resolve a faster mode, if present.
Unfortunately, the magnitude of the contribution of the faster
mode for these cases cannot be precisely determined due to the
limited dynamical range of the present data. However, the
magnitude of any perturbations on the measured diffusion
coefficients are small compared to the effects which are described
in the following section, and the data for which there may be
some question can be discarded without altering any of the
conclusions of this work.

A Wyatt Dawn-F total intensity light-scattering instrument
was used to measure the probe radius of gyration, R, molecular
weight, M., and apparent second virial coefficient, As(app), as
a function of matrix polymer concentration. Details of the
apparatus, procedures, and data analysis were presented else-
where.!? Measurements were performed at 15 = 1 °C, which has
been shown!2 to be the temperature at which the refractive index
increment for PMMA in ethyl benzoate vanishes for the
wavelength of the present experiments (633 nm); the refractive
index increment for PMMA in toluene at 633 nm, though small,
is not zero anywhere near room temperature.

The viscosity measurements were made with a conventional
Ubbelohde capillary viscometer from Schott-Gerate. The in-
strument determines elution times automatically. For each
solution, a 15-mL sample was loaded into the viscometer, which
was then placed into a thermostated bath. Measurements were
initiated after approximately 5~10-min equilibration time, and
were continued until several elution time readings agreed to within
0.5%. The capillary sizes were selected so that kinetic energy
corrections were minimal. The elution times (¢) were determined
from an average of several readings and the kinematic viscosity
(v) calculated as » = K(t - 6), where K is the calibration constant
of the viscometer and 4 is the kinetic energy correction.2122 The
viscosity n follows from 7 = vp, were p is the density of the solution.
Since relatively dilute solutions were studied, the density of the
solvent (toluene) was used in place of the density of the solution.
The viscosity measurements were performed at 18.0 + 0.1 °C.

Results and Discussion

The following section is divided into three parts,
corresponding to the three experimental techniques: total
intensity light scattering from isorefractive ternary so-
lutions, viscometry, and dynamic light scattering from
isorefractive ternary solutions.

Total Intensity Light Scattering from Isorefractive
Ternary Solutions. In an earlier paper,' we discussed
two experimental considerations that, if not handled
correctly, could lead to substantial errors in experiments
of this type. These involve a $mall mismatch in refractive
index between the matrix polymer and solvent, and the
range of the probe concentration employed. It wasshown
that with the system PS-PMMA-ethyl benzoate these
difficulties can be eliminated, and results were given for
one pair of probe and matrix polymers with similar
molecular weights. The data were compared with small-
angle neutron-scattering results for binary solutions,
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leading to the conclusion that the small positive interaction
parameter xpy between PS and PMMA in the ternary
solution has little or no effect on the contraction of the
probe.

In the present work, the significance of the ratio of the
probe and matrix molecular weights is examined. The
apparent second virial coefficient and radius of gyration
for a PS probe are reported as a function of matrix
concentration for three PMMA matrix polymers differing
widely in molecular weight. The polymers are all mono-
dispersestandards. The molecular weight of the PS probe
is 9.3 X 105, and the molecular weights of the PMMA
matrix polymers are 1.3 X 106, 7.0 X 104, and 7.0 X 103,
For each measurement of R; and Az(app), four solutions
with cp ranging up to 0.00125 g/mL, or ~0.2cp, were
prepared in ethyl benzoate. This range of PS concen-
tration was shown previously!? to be low enough to allow
linear extrapolations to infinite dilution. The concen-
tration of matrix polymer was the same in each of the four
solutions.

Scaling predictions for Rg(c) have been worked out in
detail for both binary?32¢ and ternary solutions,?5-3 and
have been reviewed elsewhere.2!4 In terms of the ratio
of probe and matrix molecular weights, two cases have
been considered which have relevance in the present work.
When the molecular weights of the probe and matrix
polymers are similar (and effects due to xpm are negligible),
the properties of the probe are described by the analysis
for binary solutions. In this picture, there is very little
interpenetration of the coils until the concentration reaches
the overlap concentration ¢*, at which point the coils begin
to contract. This has been shown!? to be the case for the
PS (9.3 X 105)-PMMA (1.3 X 108)—ethyl benzoate system,
where the probe begins to contract when ¢y = em* = cp*
and contraction of the probe for ¢y > cm* = cp* is consistent
with the Ry ~ ¢¥1% power law predicted for binary
solutions. The symbols em* and cp* denote the concen-
tration of polymer segments within the coil domain of the
matrix polymers and probe polymers, respectively, at
infinite dilution. This case is illustrated in Figure 1a.

The second case is when Mp > My such that the matrix
polymer penetrates the coil domain of the probe freely at
all concentrations. For ¢y < cp*, the matrix polymer
essentially acts as a viscous solvent for a renormalized
probe chain whose subunits are determined by the radius
of the matrix chains. The effective solvent quality for the
probe decreases with increasing cy, but this effect is
expected to be weak compared to the screening of excluded
volume for ¢y > cpm*. This case is illustrated in Figure 1b.
For ¢m > cm*, the size of the renormalized subunits is
determined by the correlation length of the matrix, and
thus varies with cp. The concentration dependence of
the screening effect in semidilute solution is expected to
be stronger than that for ¢y < cpm*.

The ratio of molecular weights for which the latter case
is expected, i.e., where the matrix polymer begins to
penetrate the domain of the probe freely, is as yet unknown.
The highest and lowest molecular weight matrix polymers
inthis study were chosen to correspond to the two extreme
cases described above. The third matrix polymer lies in
between the two extremes and may give some insight into
the ratio of molecular weights for which the matrix polymer
can penetrate the domain of the probe freely.

There have been several experimental studies of this
type reported in the literature;5%3%-37 however, there is
considerable conflict among the results of these studies.
Two studies which covered a significant range of ¢y for
various ratios of Mp/ My each suggest a different scaling



5386 Kent et al.

-

Figure 1. (a) Ternary solution where Mp = My and effects due
to xem are negligible. The probe polymer is indicated by the
dark lines. At c/c* = 1, the coils begin to contract. (b) Ternary
solution where Mp > Mu and effects due to xpu are negligible.
The small polymer penetrates the domain of the probe freely
and acts as a viscous solvent. Screening of excluded volume in
the probe chain is expected to be weak for cy < cp*. (c) Ternary
solution where Mp > My, cp* < oM < cu*, and effects due to xpm
are negligible. If the small chains are largely excluded from the
domain of the probe, the probe should begin to contract when
cm = cp*, where the density of segments outside the domain of
the probe coil is comparable to the density of segments inside
the domain of the probe coil.

of ¢y in order to obtain a universal curve for the decrease
in Ry/Rg. When the data for both studies are plotted*
versus cw, first as cm/cm* and then as cw/cp*, the difference
is clearly seen; R,/ R, of ref 34 scales approximately with
¢p* while the data of ref 33 scale more clearly with cm*.
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The disagreement may be due at least in part to the
experimental difficulties described in the previous paper.1

In Table II, My, As(app), and R, of the probe are given
as afunction of ¢y for all three matrix polymers. InFigure
2a, the measured M, of the probe is plotted versus cy for
the three PMMA matrix polymers. The measured mo-
lecular weight of the probe is constant within experimental
error over the entire range of matrix polymer concentra-
tion, indicating that the refractive index match between
PMMA and ethyl benzoate is sufficiently precise. As-
(app) and R; of the probe are plotted versus cy for the
three PMMA matrix polymers in Figure 2b,c, respectively,
and versus cy/cm* in Figure 3a,b. The arrows on Figure
2b,c indicate the cp* values, which have been estimated
as 1.5/[n], where the expression® [4] = 0.0055M%7 for
PMMA in benzene at 20 °C was used to estimate the
intrinsic viscosity.

Whereas the apparent second virial coefficients seem
to scale with cp™®, the decrease of the radius of gyration
clearly does not scale with ¢p*. From Figure 2¢, the
decrease in the radius of the probe with ¢y is nearly the
same in the 7.0 X 104 PMMA matrix polymer as in the 1.3
X 108 PMMA matrix polymer. Furthermore, the smaller
difference in matrix molecular weight between 7.0 X 10¢
and 7.0 X 10° results in a very significant difference in the
contraction of the probe. This is shown more clearly in
Figure 4, which displays the radius of gyration versus cy
on a linear scale.

As described in an earlier paper, the data involving the
highest molecular weight matrix polymer seem to be
consistent with the scaling predictions. The probe begins
to contract at cm = em* = cp*. The decrease in the radius
of the probe observed for ¢y > cp* is consistent with the
predicted relation R, ~ e %1%, although the concentration
range is rather limited and the subset of data chosen to
be included in the fit is somewhat arbitrary. The data for
the lowest molecular weight matrix polymer also appear
to be in accord with the scaling picture. Here, screening
of excluded volume is expected to be weak for cm < em*.
All the experiments fell in the range ¢y < cum* for the 7.0
X 10% matrix polymer, and the radius of gyration of the
probe indeed shows a much weaker dependence on matrix
polymer concentration than for the experiments involving
the highest molecular weight matrix polymer. Infact, the
radius of the probe seems to level off at a matrix polymer
concentration of 0.10 g/mL.

Flory® originally predicted that when Ny < Np!/2, where
Ny and Np are the degree of polymerization of the matrix
and probe polymers, respectively, the radius of the probe
would be expanded in the melt, but the expansion would
be reduced from that occurring in a good solvent by Ny 1/5.
This may be viewed as a renormalization of the excluded
volume in the probe chain due to the presence of the short
chains. The values of Np and Ny in the present work are
~9000 and 70, and so Ny < Np!/2 holds and the fact that
R, levels off at a value greater than the § dimension (Figure
4) is consistent with Flory’s prediction. The expansion of
a long chain in a melt of short chains has been observed
previously by neutron scattering.*

The data for the 7.0 X 10* PMMA matrix polymer,
however, do not seem to bé consistent with the scaling
picture. The concentration range is such that data are
obtained for ¢y both below and above cy*. Since My >
My for this pair, the scaling picture is as depicted in Figure
1b, and the screening of excluded volume is expected to
be weak below cpq*. However, in Figure 2¢, the data show
a contraction of the probe for ¢y < em* that depends as
strongly on cy as the contraction of the probe in the
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Table 1I
Total Intensity Light-Scattering Results for Polystyrene
(My = 930 000) in the Presence of Poly(methyl ‘
methacrylate) Matrix Polymers in Ethy]l Benzoate at 15 °C

poly(methyl
methacrylate) apparent apparent second radius of
concn X 102 mol wt virial coeff gyration
(g/mL) x 1078 ((mL mol)/g?) A
Matrix Polymer: Poly(methyl methacrylate) My, = 1 300 000
0.000 9.21 2.06 X 10 372
0.000 9.40 1.78 X 10 388
0.000 9.92 1.82 X 104 403
0.000 104 2.00 X 10~ 405
0.0534 9.67 1.67 X 10 399
0.0898 8.72 8.45 x 10°® 383
0.116 10.0 1.26 X 104 394
0.162 9.77 1.35 x 10 382
0.177 9.50 1.40 X 10 403
0.200 9.78 8.32 X 1078 388
0.264 9.80 8.39 X 10 376
0.264 9.83 7.03 X 107% 385
0.264 9.49 7.72 X 1078 398
0.350 9.53 7.37 X 1078 376
0.499 9.73 3.04 X 1078 386
0.600 8.87 1.96 x 1075 375
0.738 10.1 4,07 X 1078 371
0.738 9.21 8.71 X 10 390
0.740 9.73 8.99 X 1076 384
0.893 10.4 6.09 X 1075 377
1.05 9.75 1.22 X 1075 369
1.58 9.75 -1.45 X 1078 368
1.68 9.90 -9.98 X 108 349
2.10 10.0 -7.02 X 1076 357
2.42 10.1 -1.47 X 1078 350
2.84 10.3 -5.02 X 10 342
3.14 9.90 -3.20 X 10°% 342
3.20 10.3 -7.61 % 10® 340
4.09 10.0 -1.55 X 107 334
5.13 9.32 -1.11 x 10°® 318
6.29 9.46 -8.91 X 1075 312
6.40 8.92 -5.85 X 1078 305
Matrix Polymer: Poly(methyl methacrylate) My, = 70 000
0.000 10.0 2.30 x 1074 404
0.000 9.69 2.10 X 10 398
0.000 10.2 2.40 X 104 400
0.000 104 2.49 X 10 396
0.100 10.3 2.37 x 10 392
0.200 9.32 1.95 x 10~ 382
0.289 9.84 2.02 X 10 394
0.380 9.71 2.01 X 104 386
0.524 9.81 2.02 x 10 385
0.703 9.29 1.61 X 10 386
0.802 9.09 1.53 X 104 378
1.11 9.55 1.67 x 10 374
1.64 9.62 1.59 X 10™¢ 375
2.10 9.38 1.29 X 10~ 367
2.89 9.23 8.29 X 107 364
2.92 9.46 1.01 x 104 357
3.85 9.07 5.03 X 1075 348
4.82 9.20 4,11 x 108 342
5.55 9.72 6.16 X 10°5 328
5.77 9.15 2.20 X 108 327
6.79 9.20 2.96 X 10°5 323
115 9.94 -5.36 X 10 296
14.7 10.5 -2.40 X 1075 271
Matrix Polymer: Poly(methyl methacrylate) My, = 7000
1.00 10.7 2.44 X 104 401
2.00 10.3 2.22 x 104 383
3.00 9.52 1.86 X 104 378
4.50 9.81 1.83 x 104 381
5.00 9.62 1.73 X 104 375
6.20 9.75 1.64 % 104 373
8.70 10.1 1.68 X 1074 357
104 9.95 1.50 X 1074 350
16.0 9.72 1.04 X 107 353
20.5 9.78 8.07 X 1078 353

presence of the highest molecular weight matrix polymer,
where cym > cp* =~ em*. In addition, no significant change
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Figure 2. (a) Apparent M, of the PS probe versus cpmma for
three PMMA matrix polymers in ethyl benzoate at 15 °C. The
numbers in the legend indicate the molecular weights of the matrix
polymers. (b) Decrease in the apparent second virial coefficient
of the PS probe with increasing matrix concentration for the
three PMMA matrix polymers. The arrows indicate the cy*
values. (c) Decrease in the radius of gyration of the PS probe
withincreasing matrix concentration for the three PMMA matrix
polymers. The arrows indicate the cu* values.

occurs as the concentration passes through cy*. One
possible explanation for the relatively strong decrease in
the radius of the probe for ¢ < cm* in the presence of the
7.0 X 10% matrix polymer is that the matrix polymer does
not penetrate the domain of the probe coil freely. Scaling
approaches have treated only the limit of Mp > Mm. In
that case, the matrix polymer is assumed to penetrate the
domain of the probe coil freely. This must be true only
when Mp is sufficiently larger than My, since interpen-
etration is very limited when Mp = My. The case of Mp
> My, but no interpenetration, is illustrated in Figure 1c.
In this picture,®” since the matrix polymer is largely
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Figure 3. (a) Decrease in the apparent second virial coefficient
of the PS probe with matrix concentration scaled with cu* for
the three PMMA matrix polymers. (b) Decrease in the radius
of gyration of the PS probe with matrix concentration scaled
with cu* for the three PMMA matrix polymers.

|
1.0 & -
AN a
R:/Rzo 09 ’, N . .
08 - @g ]
°
07 o -
0.6 i : ‘
0 10 20 30

PMMA concentration x 107 (g/ml)

Figure 4. Decrease in the radius of gyration of the PS probe
with increasing matrix concentration for the three PMMA matrix
polymers. The symbols are the same as in the preceding plots.

excluded from the domain of the probe coil, contraction
of the probe begins at cy = cp*, where the concentration
of polymer segments outside the probe coil (from matrix
polymers) is equal to the concentration of segments inside
the probe coil (from the probe polymer). Therefore, the
concentration at which the probe begins to contract
depends only on the molecular weight of the probe coil,
and is largely independent of the molecular weight of the
matrix polymer as long as the matrix polymer does not
penetrate the domain of the probe coil freely. This would
explain why the contraction of the probe is nearly the
same in the 1.3 X 108 matrix polymer as in the 7.0 X 104
matrix polymer. The difference between the decrease in
the radius of the probe with ¢y in the presence of the 7.0
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X 104 and 7.0 X 10% matrix polymers, then, arises because
the former does not penetrate the coil domain of the probe,
while the latter does.

This picture is also consistent with the behavior of the
apparent second virial coefficient. For the highest mo-
lecular weight matrix polymer, the apparent second virial
coefficient of the probe decreases to zero even before the
radius of the probe begins to show noticeable contraction.
This could be due to the fact that As(app) reflects the
volume of solution excluded from the probe coil by the
matrix coils, as well as the excluded volume between probe
chains, The former is important if there is limited
interpenetration between probe and matrix polymers. The
apparent second virial coefficient derived from fluctuation
theory4! may be written as!?

A APMZMMCM
P o1 + 24 Myeyp)

Inthelimit that the matrix polymer penetrates the domain
of the probe coil freely, Apm = 0 and the dependence of
As(app) on ¢y comes from the first term in eq 1; Ap would
reflect the decrease in solvent quality for the probe as ¢y
increases. Inthelimitthat the matrix polymer is excluded
from the domain of the probe coil, the dependence of
Aj(app) on matrix polymer concentration is due to the
second term on the right hand side of eq 1. The fact that
the data for Ax(app) in the presence of the 7.0 X 10* and
1.3 X 10° matrix polymers coincide when plotted versus
cm/em* suggests that Ag(app) is largely reflecting the
volume of solution occupied by the matrix coils, or the
second term in eq 1, rather than the screening of excluded
volume inside the probe coil, and thus that neither matrix
polymer penetrates the domain of the probe coils to a
significant degree.

Nose?® has developed a scaling analysis for the apparent
second virial coefficient, in addition to the radius of
gyration. This calculationis based on the assumption that
the decrease in A.(app) arises from the screening of
excluded volume inside the probe coil. Thus, a decrease
in Ag(app) is predicted to correspond to a decrease in the
radius of gyration. When Mp = My, no decrease in
As(app) is expected until the overlap concentration is
reached, where the radius of the probe begins to contract.
The behavior of the probe in the presence of the highest
molecular weight matrix polymer is not consistent with
this prediction. Apparently, only the first term on the
right-hand side of eq 1 has been considered in Nose’s
analysis.

In summary, it is clear that data of sufficient precision
can be obtained to investigate the fundamental nature of
polymer—polymer interactions through comparison of the
decrease in the apparent second virial coefficient and
radius of gyration of the probe with matrix polymer
concentration. If the above interpretation of the con-
traction of the probe in the presence of the 7.0 X 104 matrix
polymer is correct, the fact that there is very little
penetration of this polymer into the coil domain of the
probe is somewhat surprising, since the ratio of the probe
and matrix molecular weights is roughly a factor of 14,
Furthermore, somewhere between 7.0 X 104 and 7.0 X 103
there appears to be a crossover from noninterpenetration
to free interpenetration with the probe. The transition
between the two limits of noninterpenetrating (Mp = My,
¢ < ¢*) and interpenetrating (Mp >» My, ¢cM < cM*) may
be more accurately characterized by a fairly abrupt
transition occurring over a limited range of Mp/ My than
by a continuous transition with increasing Mp/ My More
experiments would be required to characterize the inter-

Ay(app) = (1)
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action of probe and matrix polymers with different
molecular weights in detail. If the same experiment is
performed with other matrix polymers, the above inter-
pretation predicts that all the curves of Ry/Rg, versus cym
should superpose unless the matrix polymer is small
enough to penetrate the coil domain of the probe.
Nevertheless, the present results give some insight into
the molecular weight ratio for which a smaller polymer
penetrates the domain of the larger coil and thus at which
the smaller coil can be viewed as an effective solvent for
the larger polymer, affecting the larger polymer only by
altering the viscosity and quality of the solvent.

Viscometry. The viscosity increment of a PS probe
polymer (9.3 X 105 was determined as a function of the
concentration of a PMMA matrix polymer (8.4 X 10),
Four concentrations of probe polymer were used for each
determination of the viscosity increment. The concen-
tration of matrix polymer was the same in each of the four
solutions and the matrix polymer and small molecule
solvent were treated as a psuedosolvent. The data were
plotted in the same manner as for conventional dilute
solution intrinsic viscosity determinations, except that the
solvent viscosity was replaced by the viscosity of the
psuedosolvent. As shown below, the intercept of the
viscosity increment plot for the ternary solution may be
expressed as a function of the intrinsic viscosities and
Huggins coefficients, which can be examined as a function
of matrix polymer concentration to study the effects of
interactions between unlike polymers. One important
result from this study is the value of the cross Huggins
coefficient, R pm.

The slope of the viscosity increment plots will be referred
to as the apparent intrinsic viscosity [#](app). This
quantity has been determined for both binary and ternary
solutions as a function of matrix polymer concentration.
The viscosity of binary solutions at low concentrations
may be expressed as

n(c) = n,(1 + [qlc + kgln®c* + ..) )

where 7, is the solvent viscosity, [1] is the intrinsic viscosity,
and ky is the Huggins coefficient. The viscosity of ternary
solutions at low concentrations may similarly be expressed
as

n(Cp,Cyp) = (1 + [nlpcp + [nlmem + :‘3]-1,p[7l]p2cp2 +
kumInlu’en” + 2k pmlnlplnlycpen ) ()

The apparent intrinsic viscosity, [n]1(app), due to one
polymer ina ternary solution, is determined experimentally

as
n(cy) —nlcy)
= ———-I 4
[n](app) Aonten |ae “4)

where ¢2 = ¢; + Ac, ¢;, which represents the “matrix”
polymer concentration, is fixed, and Ac is the “probe”
polymer concentration.

Substituting eq 2 into eq 4 gives
s
77(01)

Therefore, for a plot of [n(c2) — n(c1))/ Acn(cy) vs Ac, for
small Ac, the intercept is

[n](app) = ([n] + ky[n1%2¢, + kyln®Ac)y—g  B)

M
ﬂ(cl)
Note that when ¢; = 0, [n](app) = [n].

[7](app) = ——([n] + 2ky[n)’c)) (6)
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In the ternary solution experiment, the measured
quantity is

n(cp,cm) — 1(0,00)]
an(chM) | cp—0

[n)(app) =

s
T huplrlp'ep +

2ky pmInlplnlperdle~o0 (M

Therefore, for a plot of [#(cp,em) — 7(0,cM) )/ cpn(0,cMm) V8
¢p, for small cp, the intercept is

s
7(0,cpp)

From eqs 6 and 8, plots of [7](app)n(0,cm)/ns v8 cm should
be linear, with slopes related to Huggins coefficients.

Results from binary and ternary solutions were com-
pared to determine if the interaction between unlike
monomers produces any additional effects. Two features
were examined: the dimension of the probe coils as
evidenced by [n]p and the interaction between probe and
matrix polymers as evidenced by kypym. The intrinsic
viscosity is a well-accepted measure of the coil dimension
in binary solutions, with [n] ~ R%. While the intrinsic
viscosity is defined in the limit of infinite dilution, the
parameters [n]lp ~ Rp® and [7]lm ~ Rm® were used in the
ternary solution expressions as measures of coil size. If
the probe coils contract due to the presence of the matrix
polymer, [n]p should decrease with the concentration of
matrix polymer. From eq 8, this should lead to downward
curvature ina plot of [n](app)n(0,cm)/ns vs em. Ifthe nature
of binary interactions are different when the two polymers
are of different types, the difference should be evidenced
ina comparison of kn,p, kH,M, and kH,pM.

The intrinsic viscosities and Huggins coefficients for
PS and PMMA in toluene were each determined from the
dilute, binary solution data. The values for the PS probe
are 215 mL/g and 0.33, respectively. The corresponding
values for the PMMA matrix polymer are 126 mL/g and
0.41, respectively. For concentrations below 0.010 g/mlL,
the measured viscosities for both PS and PMMA in toluene
agree well with values calculated according to eq 2 using
these parameters.!4

The ternary solution viscosities were plotted according
to eq 7, and the resulting intercepts ([7](app)) are given
in Table II. In order to determine analogous quantities
for binary solutions of PS and PMMA in toluene according
to eq 4, polynomials were fit to binary solution viscosity
data and used for interpolation. The resulting intercepts
for various “matrix” concentrations of the binary solutions
are also given in Table III. Note that although the
apparent intrinsic viscosity decreases with matrix polymer
concentration, this is not necessarily an indication of coil
contraction.

The [nl(app) values multiplied by n(cm)/n. for binary
solutions of PS and PMMA in toluene and for ternary
solutions of PS and PMMA in toluene are plotted versus
matrix polymer concentration in Figure 5a~c. For the
binary solutions, the data for concentrations below 0.010
g/mL are reasonably linear and agree well with the
corresponding values calculated from eq 6 using the
measured values of [n] and ky, indicating that eq 2 is an
adequate representation of the viscosity for concentrations
below 0.010 g/mL and that the parameters [n] and ky are
not dependent on concentration over the measured range.

Forthe ternary system, the corresponding plot in Figure
5c¢ is also linear for concentrations below 0.010 g/mL and

[n](app) = ([nlp + 2kH,pm['fI]p[’ﬂ]MCM) 8)
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Table III
Results from Viscosity Increment Plots

matrix polymer intercept matrix polymer intercept
concn X 102 [} (app) concn X 102 [n] (app)
(g/mL) (mL/g) (g/mL) (mL/g)
Polystyrene in Toluene
0.000 215 0.867 124
0.217 182 1.08 114
0.433 157 1.30 106
0.650 138
Poly(methyl methacrylate) in Toluene
0.000 126 0.867 92.4
0.217 119 1.08 849
0.433 110 1.30 78.3
0.650 101
Polystyrene in Binary Solvent
(Poly(methyl methacrylate) + Toluene)
0.178 199 0.781 153
0.347 181 1.09 129
0.555 . 160 1.28 131

the value of kupm, 0.34, determined from the slope is
similar to the values for the two binary solutions. The
fact that the plot of [7](app)n(0,cMm)/7s vs cpm for the ternary
system has the same features as the plots for the binary
solutions strongly suggests that there are no additional
effects occurring in the ternary solutions. There is no
evidence of the downward curvature that would result if
the probe were contracting in the presence of the matrix
polymer. For example, if R; for the PS probe at 0.010
g/mL PMMA were 20% smaller than its dilute solution
value, the ordinate value would be 0.80° = 0.51 times the
value on the curve in Figure 5c. The similarity of the
coefficients kup, kunm, and kupy also implies that the
interaction between unlike polymers is not significantly
different than the interactions between identical polymers.

For concentrations below 0.010 g/mL, the ternary
solution viscosities calculated from eq 3, with [4]p = 215
mL/g, [7]lm = 126 mL/g, kup = 0.33, kyym = 0.41, and
ky pm = 0.34, agree very well with the experimental values. !4
This is further indication that eq 3 is an adequate
representation of the data for concentrations below 0.010
g/mL and that there is no need to invoke coil contraction
todescribe the viscosity data. This is completely consistent
with the direct measurements of R; by light scattering,
which show no contraction in this concentration range
(Figure 2c¢). The upward curvature in Figure 5a for
concentrations higher than 0.010 g/mL indicates that
higher order terms are needed to describe the viscosity in
that region. Higher order terms are more important for
the binary PS-toluene solution than for the solutions
containing PMMA because toluene is a much bettersolvent
for PS than for PMMA 42

A similar study of the viscosity of polymer-polymer-
solvent ternary solutions has been reported by Moszkowicz
and Rosen.4® The ternary system in their study was
polystyrene—polybutadiene—toluene, and the polymers
were polydisperse and of lower molecular weight than in
the present study. While they concluded that there were
no qualitative differences observed when either poly-
butadiene or PS were used as the matrix polymer, similar
to the results of the present study of PS and PMMA, they
claimed that the decrease in the apparent intrinsic viscosity
with matrix polymer concentration supported the hy-
pothesis that the PS probe coils were contracting. That
is contrary to the conclusions of this study, in which the
results are interpreted as strong evidence that no coil
contraction takes place at low concentrations. The
apparent intrinsic viscosity does not directly reflect the
size of the probe as does the intrinsic viscosity, but only
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Figure 5. (a) Viscosity data for PS in toluene plotted according
toeq6. [n](app)isthe intercept of the viscosity increment plots.
{(b) Viscosity data for PMMA in toluene plotted according to eq
6. (c) Viscosity data for the ternary system PS-PMMA-toluene
plotted according to eq 8. The solid diamond represents the
expected value if the probe radius had decreased 20% at 0.01
g/mL PMMA.

does so indirectly through the parameters in eq 6 and 8.
Finally, it should be noted that the use of eqs 2 and 3 to
represent the viscosity has limited the scope of this study
to effects which occur at concentrations below 0.01 g/mL.

Dynamic Light Scattering from Isorefractive Ter-
nary Solutions. The diffusion coefficient measured in
this experiment requires careful definition. Although the
solution is a ternary solution containing two polymers and
a solvent, only fluctuations in the concentration of the
probe are detected. Thus, the diffusion coefficientshould
be viewed as describing the rate of mutual diffusion
between the probe and the binary solvent composed of
the matrix polymer and the small molecule solvent. The
following expression for the mutual diffusion coefficient
(derived in the Appendix) is due to the work of Hanley:%



Macromolecules, Vol. 25, No. 20, 1992

H(CP,CM)
° ? (cp.en)

where H(cp,cm) and f(cp,cy) are dimensionless thermo-
dynamic and frictional functions, respectively, and Dy =
kgT/fois the value of Dpp at infinite dilution of the probe
when cy = 0, where kg is Boltzmann’s constant, T is the
temperature, and fj is the friction felt by an isolated probe
coil due to the solvent. It is shown in the Appendix that
H(cp,cm) can be obtained from total intensity light scat-
tering. The friction function f(cp,cp) may also be obtained
independently, from forced Rayleigh scattering, for ex-
ample.

The dynamic light-scattering experiments were designed
to determine the initial dependence of Dpp on the
concentration of the probe, as a function of the concen-
tration of matrix polymer. In binary solutions, the initial
concentration dependence of the mutual diffusion coef-
ficient is given by

Dpp = )

kpT
D=2 +ke+.) (10)
0

where
ky=24pMp -k + Vp 11

k¢is the linear term in the concentration expansion for the
friction coefficient, and Vp is the partial specific volume
of the polymer. The coefficient k4 is thus given by a term
coming from the thermodynamic driving force, 2ApMp,
and an opposing term coming from the frictional resistance,
kg the third term, Vp, is small. Previous work% has
shown that the value of k4 is large and positive for high
molecular weight polymers in good solvents, where the
term involving A; dominates, while in 8 solvents (42 = 0)
k4 has a small negative value which reflects k;. Internary
solutions, the coefficient of the corresponding linear term
describing the initial dependence of the mutual diffusion
coefficient on probe concentration is determined exper-

imentally as
0Dpp/D
ky(app) = % 12)
P cpEcph

where ¢p4 is the mean of the range of probe concentration
used to determine the initial slope. Thus

aH(CP,CM) a}(cp,CM)
k. (app) = dcp Hiepew) dcp
d app) = ?(CP,CM) epAcy ?(CP,CM)2 tpAioym

13)

Using this expression, independent measurements of the
thermodynamic and frictional functions, or theoretical
expressions for those functions, may be directly compared
with the results of the dynamic light-scattering experi-
ments.

In this section, results are presented for k4q(app) as a
function of cm. Initially, experimental values of k4(app)
as a function of ¢y for three pairs of probe and matrix
polymers will be compared to estimates of k4(app)
calculated from eq 13 using thermodynamic and frictional
functions obtained from experimental data, in order to
establish that eq 13 gives an adequate description of
kda(app). A discussion of a theoretical expression for
kq(app) involving only lowest order terms will then be
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Figure 6. (a) Mutual diffusion coefficient Dpp as a function of
the concentration of both probe and matrix polymers. The large
circles represent the diffusion coefficients extrapolated to infinite
dilution in the probe. The solid curve through the large circles
thus represents the decrease in the tracer diffusion coefficient
with matrix polymer concentration. The solid lines represent
the initial dependence on the concentration of the probe, which
involves both the thermodynamic and frictional influence of the
matrix polymer. (b) k4(app) versus matrix polymer concentration
for the data in (a). The k4(app) values are determined as the
slope divided by the constant Dep(cp —0,0). c* was calculated
as 1.5/[n], with [n] = 0.0055M°%, The solid curve was calculated
from eq 13 using experimental estimates of the thermodynamic
and friction functions. The error bar indicates the statistical
uncertainty in the experimental k4(app) values.

presented to obtain a better physical understanding of
the features observed in the experimental data.

To determine the initial dependence of Dy, on cp a8 a
function of cu, five solutions were prepared for each cy,
where cp was incremented in each solution. All five probe
concentrations were in the dilute regime. Results for one
pair of probe and matrix polymers are given in Figure 6a,
where the Dpp is plotted as a function of the concentrations
of both the PS probe (Mp = 9.3 X 105 and the PMMA
matrix (Mym = 8.4 X 10% polymers. The large circles
represent the diffusion coefficient extrapolated to infinite
dilution in probe concentration, or the tracer diffusion
coefficient. The tracer diffusion coefficient in this case is
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given by
kT
f(O’CM)

and represents the purely frictional influence of the matrix
polymer. Most previous experiments involving dynamic
light scattering from isorefractive ternary solutions have
focused on the comparison of these values with theories
for self-diffusion in concentrated polymer systems, such
as the reptation theory.5! This work focuses on the slopes
of the lines in Figure 6a, which represent the initial
dependence of Dpp on cp, and which involve both the
thermodynamic and frictional influences of the matrix
polymer.

With no matrix polymer present, the slope is large and
positive, due tothe large second virial coefficient according
to eq 10; i.e., toluene is a good solvent for polystyrene. As
cm increases, there is a rapid decrease in the slope. The
slope becomes negative and reaches a minimum at roughly
c* of the matrix polymer and then begins to increase and
approaches zero at higher concentrations of matrix poly-
mer. This is shown more clearly in Figure 6b, in which
theslope divided by Dy, or R4(app), is plotted versus matrix
polymer concentration. The goal of this work is to
understand the behavior of k4(app) versus cm and to
determine the role of the polymer-polymer interaction
parameter in affecting the rate of dissipation of fluctuations
in the concentration of the probe.

Drglen) = Dpplep—0,0p) = (14)

The thermodynamic function in eq 9 was measured!*
for this system by total intensity light scattering. Second-
order polynomials were fit to Kcp/Rs=0 versus cp as a
function of ¢y, over the same range of cp and cy as in the
dynamic experiments. Measurement of the frictional
function by forced Rayleigh scattering requires the syn-
thesis of a dye-labeled polystyrene probe of the same
molecular weight as used in the dynamic light-scattering
experiments. This is currently in progress, but for the
present the friction function is approximated from the
tracer diffusion coefficient as a function of cy, i.e., the
large circles in Figure 6a. As mentioned above, the tracer
diffusion coefficient in this experiment describes the
friction felt by a probe polymer moving through an
environment composed only of the matrix polymer and
the solvent. The friction function in eq 9, however, must
also account for the finite amount of the probe polymer
which must be present to make the measurement of the
initial slope. Thus an approximate friction function was
constructed from a polynomial representation of [kgT/
D(cp—0,em) 1/ [ksT/D(cp—0,0)1, or Do/Drricm), with ad-
ditional terms added to account for the finite concentration
of the probe:

}{-0 ~ 1.0 + 56.4cy, + 2370cy2 + 47900, + k;pep +

kf,PMcPcM + kf,PPcP2 (15)

Only second-order terms in cp have been included since
cp is always relatively low. The concentration range of
the probe was constant (with a mean value ép of 0.002
g/mL), so that

Lor0+ 56.4cy; + 2370c),” + 47900cy° + B + k”cyy
fo 16)

where k&’ and k" are given by
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k' = k;pcp + kippcp’
k= k¢ pmCp

The coefficient k" describes how the increment of friction
contributed by the fixed concentration of polystyrene (ép)
depends on cy. Initially, &” will be taken to be zero and
k' will be fixed so as to give the measured value of k4 in
the binary solution.

Figure 6b shows the measured values of k4(app) along
with a curve calculated from the measured thermodynamic
function and the friction function given in eq 16. A value
of approximately 1.0 for &’ was required to match the value
of k4 in the absence of matrix polymer. Yamakawa®2 has
derived an expression relating k; to the intrinsic viscosity
using a random flight model of monodisperse polymer
chains:

ky = 1.24,M + 0.2[] an

For polystyrene with molecular weight 1 X 108 in toluene,
Az~ 2.5 X107 (mL mol)/g? [7] ~ 230 mL/g, and k; ~ 346
mL/g, and so for cp = 0.002 g/mL, k«cp ~ 0.70. Thus it
appears that the term involving cp? contributes to &’ to
some extent, even at cp/cp* ~ 0.25. From Figure 6b, it is
apparent that the calculated k4(app) values capture the
qualitative features quite well and are in fair quantitative
agreement with the measured values. To reiterate, the
only adjustable parameter to this point is &/, which was
fixed to give agreement with the value of k4 for cm = 0.
Better fits to the measured kq(app) versus cym could be
obtained by varying &’ and k&’ simultaneously. However,
the value of such a procedure would be questionable, since
a completely quantitative test of eq 13 can only be made
with an independent measurement of the friction function.

In addition to the pair of probe and matrix polymers
discussed above, k4(app) has also been measured for a PS
probe of 2.3 X 105 in the presence of PMMA matrix
polymers of 8.4 X 10° and 6.6 X 104 The k4(app) and
Drr(cym) values as a function of the concentration of both
polymers for all three pairs of probe and matrix polymers
are given in Table IV. Values of kq(app) have been
calculated for the second and third pairs using eq 13, as
described above. The thermodynamic functions for these
pairs were not measured, however, but were calculated
from the function measured for the first pair, with the
assumption that Aq(app)/As, versus c¢/c* is a universal
function independent of the molecular weights of the two
polymers. Support for this scaling behavior of the
thermodynamic function may be obtained from total
intensity light scattering from isorefractive ternary so-
lutions,333¢ as shown earlijer.

The measured and calculated values of k4(app) are
compared for all three pairs of probe and matrix polymers
in Figure 7. The values of k4 for ¢y = 0 were subtracted
in each case to allow the three sets of data to be clearly
displayed on the same plot. One observes that the
combination of the thermodynamic and frictional func-
tions according to eq 13 yields the qualitative trends with
molecular weight which are observed experimentally.
While independent measurements of the thermodynamic
and frictional functions for each pair would be necessary
for a completely quantitative test, the prediction of the
qualitative trends with the probe and matrix molecular
weights gives further support to the description of
ka(app) in eq 13. In essence, the thermodynamic in-
fluence of the matrix polymer dominates k4s(app) at low
matrix concentrations, resulting in the initial decrease,
and the friction function, which appears in the denomi-
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Table IV

Values of kq(app) and Drr(cy) versus Matrix Polymer
Concentration for Three Pairs of Probe and Matrix

Polymers

poly(methyl methacrylate)

concn X 108 (g/mL)

ka(app) (mL/g)

Drr(cm) (cm?/s)

Polystyrene My = 930 000,

Poly(methyl methacrylate) M,, = 840 000

0.000 88.0 1.29 x 1077
0.635 45.4 1.30 x 1077
1.31 10.0 1.27 X 1077
1.73 4.4 1.25 x 1077
2.75 -38.9 1.22 X 1077
3.60 -29.6 1.04 X 1077
4.77 -45.3 1.02 x 1077
6.81 -43.7 8.61 x 10°¢
7.98 -43.6 7.69 X 108
10.8 -42.8 6.39 X 1078
12.9 -35.1 5.81 X 1078
234 -20.7 3.10 x 108
34.8 -10.9 1.65 x 1078

Polystyrene M = 233 000,
Poly(methyl methacrylate) M, = 840 000
0.00

X 39.7 2.65 % 1077
0.87 27.1 2.53 X 1077
1.36 5.5 2.67 X 107
1.61 -30.9 2.94 X 1077
3.47 -563.9 2.70 x 1077
5.18 -49.7 2.34 x 1077
8.11 -434 1.92 X 1077

124 -38.5 1.87 X 1077
26.5 -14.6 7.06 X 1078
35.1 -11.2 5.06 X 1078

Polystyrene M, = 233 000,

Poly(methyl methacrylate) My, = 66 000

0.00 39.6 2.65 X 1077
6.67 16.9 2.29 x 1077
9.34 0.2 2.23 X 1077
19.5 -10.4 1.74 X 1077
39.0 -12.3 1.11 X 1077
66.8 -9.6 6.15 x 1078
80.5 -6.9 4.20 X 1078
0
220 4

-40
kd(app) = kdo

{ml/g)
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-100

-120

8 10

Matrix polymer concentration x 10? (g/ml)

Figure 7. Comparison of measured k4(app) with curves calcu-
lated from eq 13 using experimental estimates of the thermo-
dynamic and friction functions for the following pairs of probe
and matrix polymers, respectively: (A) 9.3 X 10% and 8.4 X 105;
(0) 2.3 X 10° and 8.4 X 105 (@) 2.3 X 10° and 6.6 X 10% The
values of k4 in the absence of matrix polymer were subtracted
t(i allow the three sets of data to be clearly displayed on the same
plot.

nator of the expression for k4(app), drives the value of
k4q(app) back toward zero at higher concentrations of
matrix polymer.

The analysis of kq(app) presented above has involved
the determination of the thermodynamic and frictional
functions from experimental data. Comparison of the
experimental kq(app) with theoretical expressions for the
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Figure 8. Variation of k4(app) with Apy evaluated from eq 19
for the case of Mp = My =1 X 108, Ap = Ay, and kqp = k¢, where
k¢ is calculated from eq 17. The parameter values have been set
to correspond to PS in toluene and are given in the text.

two functions is complicated somewhat by the fact that
more than lowest order terms must be included to describe
the two functions over the experimental concentration
ranges. However, general trends may be obtained from
expressions which include only lowest order terms. The
expression for the thermodynamic function is given to
lowest order by

Al . ~o=1+2MpAp(app)cp (18)

where Ap(app) has been given in eq 1. When this is
combined with the lowest order expression for the friction
function according to eq 13, the expression for k4(app) in
the limit of cp = 0 is given by

Apu"MpMycy
M T iAo ke
k4(app) = 1+ keyey (1 + kjpep)’ 4

Note that for e = 0, k¢ = 2ApMp - ksp, which is the
expression for binary solutions. Equation 19 may be used!4
to estimate the effect of the molecular weight of the two
polymers, the solvent quality for the two polymers, and
the interaction parameter xpy between the two polymers
on k4(app).

The effect of xpym is examined by varying the value of
the cross virial coefficient Apy, while Ap and Ay are held
constant. Figure 8 displays such a comparison for probe
and matrix polymers of the same My, A, and &/, but which
have an unfavorable interaction between them (xpm > 0).
The parameters (except for xpm) are set to correspond to
those for polystyrene with a molecular weight 1 X 10¢ in
toluene. The intrinsic viscosity used in eq 17 for k; was
estimated from5 [¢] = 0.0097M°74, determined for poly-
styrene in toluene at 20 °C. The virial coefficients Ap and
Ay are both given the value 2.5 X 10~ (mL mol)/g2. The
results are calculated for matrix polymer concentrations
up to cm = cm*. From Figure 8, it is clear that the depth
of the minimum is quite sensitive to the value of Apym. In
fact, for this case no minimum occurs unless Apm > 2A4p
= 2ApM, which may be interpreted as reflecting a positive
xpM. Itshould benoted that the decrease in kg(app) occurs
even when xpm = 0 but is enhanced somewhat when the
polymers are incompatible (xpm > 0). In other words, the
most important factor affecting kq(app) is that the
environment of the probe chains contains another polymer
and the degree of incompatibility between the two polymer
types is of secondary importance.



5394 Kent et al.

In summary, at low matrix polymer concentrations,
k4(app) is dominated by the thermodynamic influence of
the matrix polymer, which causes the rather abrupt
decrease in kq(app). When the solvent is a good solvent
for both polymers and Mp = My, Ap = Am, and kep = kg,
a positive xpm between the two polymers will lead to a
minimum in k4(app), with the frictional influence of the
matrix polymer driving the value of k4(app) back toward
zero at higher concentrations. Since toluene is a better
solvent for PS than for PMMA, the minima in the
experimental curves presented earlier cannot be attributed
exclusively to the positive xpm between the two polymers,
although xpum is expected to influence the depth of the
minima. As the molecular weight of the matrix polymer
is decreased, the same qualitative features are present but
occur at higher concentrations since the thermodynamic
term scales roughly as cp/cm*. As the molecular weight
of the probe polymer is decreased, the main effect on
kq(app) versus cy is that k4 in the binary solution de-
creases due to the decrease in AoM.

The value of k4(app) is expected to decrease morerapidly
with ¢y the poorer the solvent quality toward the matrix
polymer. When Ay = 0, the numerator of the first term
decreases linearly with ¢y and the first term reaches a
negative plateau value at high cy. Since the second term
approaches zero at high cu, the value of k4¢(app) will not
return to zero for this case but will remain at a negative
value with magnitude given by Apm*MpMwm/ksm. This
prediction may be tested by performing the dynamic light-
scattering experiments on solutions in which the solvent
is good for the probe, but a # solvent for the matrix polymer,
and for which the solvent has a large refractive index
increment for the probe, but is isorefractive with the
matrix.

Previously,55 analysis of the initial dependence of the
mutual diffusion coefficient on the concentration of probe
has been based on the following equations:

D = Dyg(epp(1 + ky(app)ep) (20)
kd(app) = 2A2(app)Mp - kf,P (21)
f(CM’CP) = f(O,CM)(]. + kf,PCP + ...) (22)

which were assumed by analogy with the binary solution
expressions. The values of ka(app) were determined
experimentally as the slope of Dpp(cp,cm) versus cp divided
by the intercept Drr(cm). This definition of kq(app)

8Dpp/Drgley

ky(app) = T (23)

cp=ClpA

differs from that given in eq 12 in that the constant D; has
been replaced by Dtr(cy) in the numerator. Substituting
eq 9 into eq 23 gives

kq(app) =
df(cp.em)
aH(cp,cp)/dcy Hiep.ew)— - 0o
- ,C
flcpen) lCPA,cM f(cP,cM)2 tpA ey M
(24)

which differs from eq 13 in that the f(0,cm) has replaced
the constant fop. The term in square brackets describes
the change in the slopes of the lines in Figure 6a. Thus
the definition of kq(app) given in eq 23 corresponds to the
ratio of two functions: the function shown in Figure 6b,
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which describes the change in the slopes of the lines in
Figure 6a, and the function which describes the decrease
in the tracer diffusion coefficient, which is given by the
solid curve through the large circles in Figure 6a. The
definition of k4(app) in eq 12, on the other hand, describes
only the change in the slopes of the lines in Figure 6a.
While both definitions are valid, the definition in eq 12
may give more direct insight into the competition between
the thermodynamic and frictional effects.

In the limit of cp — 0, eq 21 follows from eq 24 when
eqs 1 and 22 are inserted for the thermodynamic and
friction functions. Equation 21 may be somewhat mis-
leading, in that the second term appears to be independent
of cm. This is due to the form of the friction function in
eq 22. If the friction function is expressed as

flepsen) = fo(1 + Repep + Rpyey + .. (25)

then k4(app) according to the definition in eq 23 is given
by

kf’P
1+ kf’McM)

The concentration dependence appearing in the second
termis important in interpreting the thermodynamic and
frictional contributions to k4(app). From eqs 26 and 19,
both terms decrease with increasing ¢y in either definition
of ka(app). When the two terms are plotted versus cy,4
it is apparent that in either definition both terms may
contribute to k4(app) even when the matrix polymer is
semidilute. For example, using the thermodynamic and
frictional functions (estimated from experimental data)
which were shown to describe the data in Figure 6b, the
contributions of the two terms in eq 26 are roughly equal
at cm = 3em*. Therefore, it seems that inferences drawn®
by direct analogy with the binary solution expression,
assuming that only the thermodynamic term is present
when the matrix polymer is semidilute, may be premature.

k4(app) = 2A,(app)Mp - (26)

Summary

From total intensity and dynamic light-scattering ex-
periments, the most significant influence of the matrix
polymer on a probe in dilute solution is to alter the
thermodynamic environment of the probe. The fact that
the environment for the probe contains another polymer
leads to a decrease in the apparent second virial coefficient
of the probe with increasing matrix polymer concentration.
When the molecular weights of the probe and matrix
polymers are similar, the probe begins to sense the matrix
polymer at matrix polymer concentrations abhout 1 order
of magnitude below cm*, as seen in Figure 2c. The decrease
inthe apparent second virial coefficient apparently reflects
the volume excluded from the probe by the matrix
polymers, since the decrease in Ap(app) scales approxi-
mately with cm/cm*. For probe and matrix polymers with
similar molecular weights, there is little increase in the
friction (or decrease in Drgr) experienced by the probe
below cm* and negligible decrease in probe coil size below
cm*, sothe thermodynamic influence of the matrix polymer
appears to be the dominant effect.

The dynamic manifestation of the thermodynamic effect
is a decrease in the rate of dissipation of fluctuations in
the concentration of the probe, or Dpp. This has not been
widely recognized before, although a few studies have been
reported.5-% A ramification of this is discussed in a
forthcoming paper®” regarding the rates of chemical
reactions between macromolecules. If the dynamic light-
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scattering experiments are conducted for low matrix
polymer concentrations, and if the range of probe con-
centration is as low as possible, it may be possible to extract
the osmotic cross virial coefficient Apy from the dynamic
experiment. However, this requires prior knowledge of
Ap, Ay, and f(cp,cMm). Possible advantages for extracting
Apym from the dynamic experiment rather than from the
total intensity experiment are that the dynamic experiment
may give greater accuracy and that the minimum in
kq(app) vs Cm may give greater sensitivity to Apm. The
principal value of the dynamic experiment, however, is
that it gives insight into the competition between the
thermodynamic and frictional effects of the matrix poly-
mer.

Both the viscosity and total intensity light-scattering
experiments show that no additional effects can be
attributed to the positive xpy for this system. The value
of the Huggins coefficient describing the cross interaction
in a mixture is in the same range as the values for the two
polymers in binary solutions. Both experiments indicate
that there is no contraction of the probe coil below c*,
when matrix and probe polymers have similar molecular
weights. Above c*, contraction of the probe coil with
matrix polymer concentration is similar to the behavior
observed in binary solutions by small-angle neutron
scattering. However, analysis of the lowest order expres-
sion for kq(app) shows that the minimum in k4(app) versus
cymcan be quite sensitive to the value of Apm. Inthe present
system, though, it is difficult to assess the role of xpm
quantitatively from the minima of the k4(app) versus cu
curves, since the solvent quality is significantly different
for the two polymers and more than lowest order terms
are required to describe the data over the experimental
concentration range. It should be noted that a decrease
in ky(app) still occurs when xpm = 0, but that the effect
of xpm > 0 is to produce a somewhat more dramatic
decrease.

Comparison of the contraction of the radius of gyration
of a probe polymer as a function of matrix concentration
for three matrix polymers varying widely in molecular
weight gives insight into the molecular weight ratio for
which the smaller matrix chains penetrate the domain of
the larger probe coil in dilute solution. It appears that the
transition between the two limits of noninterpenetrating
(Mp = My, ¢ < ¢*) and interpenetrating (Mp >»> My, cm
< cm*) may be characterized by a rather abrupt transition
occurring over a limited range of Mp/ My, rather than by
a continuous transition with increasing Mp/ M.
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Appendix

The flux expressions for a ternary polymer—polymer—
solvent system can be written in general as

Jp = =(Lppapp + Lpyamp) Vup —
(Lppapy + Lpyoyy) Vi (A1)

Jm = ~(Lpmapp + Lymamp) Vip -
(Lpmapy + Lyyam) Vim (A.2)

Solution Properties of Polymer Mixtures 5395

where
a; = (aij + chi/cSVS) and CSVS + CPVP + CMVM =1

and i and j refer to the two polymers, the subscripts S, P,
and M refer to the solvent, probe polymer, and matrix
polymer, respectively, J; are the fluxes relative to the
volume average velocity, L;; are the Onsager coefficients,
ui are the chemical potentials per unit mass of the two
polymers, and V; are the partial specific volumes. Since

dup Oup Ot Oy

V#P a PVCP a ch and V/J-M a VCP a MVCM

then

) (A.3)

Oup
Lpy AMP +aMMa

Dpy = LPP(aPPa + *PMae +

Lpy *MP + aMMa (A4)

where Dpp and Dpy are defined by Jp = —DppVep -
DpmVem. Assuming that Dpy — 0 for solutions which are
relatively dilute in both polymeric components, then

Dpp = Lpplappongy — apmotmp) X

aCP aCM an aCP

A5
aMPE aMMa
The Onsager coefficient Lpp may be written as
cpMp
Lpp = ——— (A6
PP N pcad )

which is a generalization of the binary solution expression5!
in that the friction felt by the probe polymer moving
through the ternary solution f(cp,cm) is a function of both
probe and matrix polymer concentrations. Thus the
mutual diffusion coefficient is given by

cpMp x
NAf(Cp,CM)

() ) - Go) 52)
dcp/ \ dcy dcy/ \ dcp

Dpp =

(A.D
dup Ay
cMVP( ) + (cgVg+ cMVM)( )
M
Note that for ey = 0
= —_— A.

which is the well-known#3-4851 result for the mutual
diffusion coefficient in binary solutions. For ¢cp — 0

Oup _RT
csVg =1-cpVp, ?37:5 Mp(0p+ 24.M; + )

and f(CP) = fO(]' + kch + ...)
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80

kT
Dpp = —‘;;-u +epVp + .01 - kep + ) (1 + 24pMpcp +...)

kT
= —f_o—(l + deP + ...) (A.g)

where kg is Boltzmann’s constant, T is the temperature,
and the kg = 2ApMp — ks + Vp.

For ternary solutions which are dilute in both polymeric
components, it follows from eq A.7 that

kBT aCP BCM aCM aCP

szf(cp’cm)c M a_’fl"l
dc
M (A.10)
or
kBTH(Cp,CM)
= — A.11
P fo Pepow @1
where
(2)(3)-(32)(32)
£ _cpMp| \dcp/\dey dcy/\ dcp
00 =RT i
dc
M (A12)
and
(cp,Cap)
?(cp,cM)=f ‘;M (A.13)
0

Equation A.10 shows that the mutual diffusion coefficient
measured by dynamic light scattering from isorefractive
ternary solutions can be written as a thermodynamic
driving force divided by a frictional resistance, just as in
binary solutions. In ternary solutions, however, both
factors are functions of the concentrations of both poly-
mers. An alternative derivation of eq A.10 has recently
been reported by Aven and Cohen.%

The dimensionless function in eq A.12 is the same
function which appears in the description of the total
intensity of light scattered by the isorefractive ternary
solution. It can be shown that for »y = 012

(o)) - ()G
Kep ¢cp acp/\dcy dcyy/ \ dcp
Ro:«; " RT Oum

™

(A.14)

The value of this function at cp = 0 is the inverse of the
weight average molecular weight of the probe, so that for
a monodisperse probe polymer

e () 3)-Go)5)
R, _cpMp dcp/ \dcy dcy/ \ dcp
Kep " RT Iy
dcy

RB= cp=0

(A.15)

Thus, the thermodynamic function may be easily obtained
by total intensity light scattering.

It is also possible to measure the frictional function in
eq A.10 independently. Forced Rayleigh scattering,5? for
example, may be used to measure the tracer diffusion
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coefficient of a dye-labeled polymer as a function of the
composition of the solution. The tracer diffusion coef-
ficient is given by the Einstein equation:

kT
Dpp=—— (A.16)
f(©)

where ¢ is the total concentration of polymer. If the dye-
labeled polymer is of the same type and molecular weight
as the probe polymer and the composition of the solution
is the same as in the dynamic light-scattering experiments,
then the friction function obtained from kgT/Drr should
be the same as that appearing in eq A.10.
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