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ABSTRACT: The thermodynamics and mobility of a random-coil polymer were studied by light scattering
in toluene solutions containing a rodlike polymer. The random-coil polymer was polystyrene (PS). The
rodlike polymer was helical poly(y-stearyl a,L-glutamate), or PSLG, which aggregates end-to-end in toluene
to produce long filaments. As PSLG is almost isorefractive with toluene, the scattering of PS can be measured
in PSLG/toluene mixtures with almost no interference from PSLG. The apparent second virial coefficient
of the PS component decreases rapidly with addition of the “invisible” rodlike polymer component, while
the PS radius of gyration does not. A 0 condition is reached at slightly more than 1% added PSLG. Although
PSLG and PS probably have a disfavorable interaction parameter, enthalpic interactions are of secondary
importance. This point was underscored by experiments involving the addition of 5% dodecane to binary
PS/toluene solutions; the small, aliphatic solvent had virtually no effect. The reduction of the virial coefficient,
but not the size, of the random-coil polymer in the presence of PSLG is due to the occupation of connected
(and linearly correlated) space. Parallel effects were observed in the mutual diffusion coefficient of the coil
component, which increased with PS concentration at low rod content but did the opposite when enough
PSLG was added. Extrapolated to zero PS content, the mutual diffusion coefficient is expected to approach
closely the self-diffusion of trace quantities of PS in the PSLG/toluene solution. So obtained, the self-
diffusion coefficient decreased with added rodlike PSLG, but not as fast as the viscosity increased; thus, the
Stokes-Einstein relationship was not obeyed by PS probes in PSLG/toluene solutions. Scaling arguments
are presented for the dependence of the size of a random coil in the presence of rods and for the crossover
from Stokes—Einstein diffusion of the coil to a reptative type of motion. The available data are not well suited
to test these relationships, due to limitations in the matrix concentration imposed by polymer incompatibility.

Introduction

Diffusion of macromolecules and colloidal particles in
various complex solutions continues to attract much
attention. Experimental systems typically contain a probe
whose translational diffusion is to be measured, a matrix
that may restrain the probe, and a solvent. We use the
notation probe/matrix/solvent to distinguish among sys-
tems. Sphere/random coil/solvent systems!-5 are osten-
sibly the simplest. Nevertheless, serious questions still
remain, including the degree of adherence to continuum
expressions like the Stokes—Einstein relationship between
diffusion and viscosity. Random coil/random coil/solvent
and random star/random coil/solvent systems have been
extensively studied.”2? An objective of these studies is to
determine the applicability of reptation theory to polymer
solutions.Z8 In a few cases, the matrix has been a gel2+-26
or another permanent, porous structure.22 There have
been a few sphere/rod/solvent studies,?®-3¢ but little is
known of random coil/rod/solvent or rod/random coil/
solvent systems.

This paper concerns the behavior of a random-coil probe
in a mixture comprised of nonionic rodlike polymer and
organic solvent. The limited solubility of rods, their
tendency to form mesophases, and their poor miscibility
with random coils® pose serious experimental challenges.
The measuring technique can itself impose additional
limitations—for example, optical tracer measurements
require attachment of an appropriate dye, while dynamic
light scattering is simplest when the solvent isisorefractive
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with the polymeric matrix. Nevertheless, mixtures of rods
and coils in a solvent are important, for they occur naturally
and are also the precursors to rigid rod/random coil
molecular composites.?® In the present study, dynamic
and static scattering of a random coil (polystyrene, PS) is
measured in the presence of semiflexible poly(y-stearyl
a,L-glutamate), or PSLG, codissolved in toluene. PSLG
is a linear homopolypeptide®™ 0 related to the commonly
studied poly(y-benzyl a,L-glutamate) (PBLG). Although
PSLG’s persistence length is not known, the Mark-
Houwink exponent of 1.29 + 0.09 measured®’® in tet-
rahydrofuran (THF) for unfractionated samples suggests
apolymer of considerablerigidity. The aliphaticside chain
of PSLG islonger than PBL.G’s stubby aromatic side chain,
imparting even greater solubility and useful optical
properties. In particular, PSLG is virtually invisible in
toluene, so practically all of the scattering in the PS/PSLG/
toluene system arises from the PS.

The principal variables in this study are the concen-
trations of random-coil and rodlike components and the
scattering vector. The PS concentrations were kept in
the dilute solution regime, whereas the PSLG matrix
concentration was bounded by the requirement that both
polymers remain in a homogeneous solution. Specifically,
the concentration ranges in the present study are 0.0005-
0.004 g/mL for PS (i.e., 0.0005 < cps/(g/mL) < 0.004) and
0.001-0.015 g/mL for PSLG solutions (0.001 < cpgrg/(g/
mL) < 0.015). This corresponds to 0.03 < x < (.8 for the
ternary solutions, where x i8 cprobe/ Ctotal = ¢Ps/ (€Ps + CPSLG)-
If c* represents an overlap concentration (defined for
convenience as [n]-, where [7] is the intrinsic viscosity),
then 0.14 < c¢/c*ps < 1.13. It is more difficult to define
cpsLG in terms of its inverse intrinsic viscosity, for reasons
that will become apparent.
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Theoretical Background

No theory directly treats the static and dynamic light
scattering from a random coil in a rod-bearing solution.
We rely upon more general developments for ternary
probe/matrix/solvent systems,4-50 restricting the discus-
sion primarily to theories developed for polymeric probes
in isorefractive matrix/solvent mixtures.4>-%0 Using the
random-phase approximation, Benmouna and co-work-
ers*™47 showed that, in a ternary system where only one
polymer is visible, the normalized electric field autocor-
relation function g¥(qg,7) can be written as a sum of two
exponentials:

gP(q,7) = A;exp(-Ty7) + A exp(-T'g7) (1

The decay rates, I'tand I'c, depend on the thermodynamic
and hydrodynamic properties of the system entirely
differently. The slower interdiffusion mode, with decay
rate I'y, corresponds to the relative concentration fluctu-
ations of each polymer species with respect to the other
and depends only on the interaction between the two types
of monomers. The faster mode, with decay rate T, is
called the cooperative mode and corresponds to fluctu-
ations of the total polymer concentration.

It is emphasized that the existence of easily identifiable
interdiffusion and cooperative modes in ternary polymer
solutions is hardly guaranteed. An experimental require-
ment is that there be adequate amplitude for each mode,
which is true when x exceeds ~0.1.14 There must also be
a significant—meaning at least a factor of 2—separation
in the decay rates. Even if the modes can be separated
experimentally, Akcasu et al. have set forth stringent
requirements upon the similarity of the two polymers
before the two modes should be interpreted as interdif-
fusion and cooperative diffusion.4®5° Suffice it to say, the
present experiments with a random-coil probe and rigid-
rod matrix fail to meet these requirements. But when the
visible probe polymer is present in its dilute concentration
regime and when the matrix is properly index matched,
theslower mode clearly dominates. Under such conditions,
and at sufficiently low values of the scattering vector
magnitude, ¢, the measured average decay rate, T, is
proportional to the mutual diffusion coefficient Dy, of the
strongly scattering component through the complex “sol-
vent” comprised of a matrix polymer and small molecule.
In the limit of zero concentration of the strong scatterer,
Dy, approaches the probe self-diffusion coefficient D.
Thus, D; of the visible probe can be measured by
extrapolating I'/q? first to zero scattering vector and then
to zero x at constant Cpatrix.

Experimental Section

Poly(y-stearyl a,L-glutamate) was synthesized from monomer
tomake a pure homopolymer, as described previously.®® A tertiary
amine initiator was used, so that no initiator is attached at the
beginning of the chain. Static light scattering in THF gave a
molecular weight of 32 000. From the monomer repeat mass,
382 g/mol, and using the projection length of a monomer repeat
along an a-helix, 1.5 A, we compute a contour length L = 126 A,
The diameter of PSLG is about 37 A, so the axial ratio is L/d =
3.4. Polystyrene of advertised molecular weight 1.26 X 108 was
purchased from Toyo Soda Manufacturing Co. (Type F-128).
Glassware (at critical stages) and scattering cells (always) were
tested for cleanliness by using the light scattering spectrometer’s
100X viewing port to observe the laser beam traverse the vessel
of interest or, for large containers, a cleaned vial containing the
rinse from that vessel. Toluene of spectroscopic grade was
purchased from Aldrich, filtered through selected, prefabricated
0.02-um Anotop filters into precleaned and tested cells, and then
centrifuged at ca. 3500g for several days until completely free of
dust. PSLG used for the ternary samples was dedusted by
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filtering THF solutions through selected 0.2-um prefabricated
Anotop filters into a cleaned and tested vial, followed by vacuum
drying at 50 °C for 1 week. Stock solutions were prepared by
adding filtered/centrifuged toluene to known amounts of PSLG
and PS. Stock solutions of PS were filtered through selected,
prefabricated 0.2-um Anotop filters. Ternary solutions were
prepared directly in the cleaned and tested scattering cells (simple
Pyrex 13 X 75 mm test tubes) by mixing known volumes of
centrifuged solutions of PSLG, PS, and solvent. The cells were
sealed with poly(tetrafluoroethylene)-faced screwtop lids. All
measurements were made at 25.0 £ 0.1 °C.

The light scattering spectrometer is similar to the one described
elsewhere.?151 A Lexel Model 95-2 Ar* ion laser producing up
to 1.4 W, vertically polarized, at Ay = 5145 A was operated in
constant current mode for dynamic measurements and in constant
intensity mode for static measurements. All polarization com-
ponents of the scattered light were detected. Almost all of the
correlation functions were measured using an EMI-9863A/100
photomultiplier tube selected for low correlated afterpulsing and
low dark counts, a Pacific Precision Model 126 photometer, and
a 272-channel Langley-Ford Model 1096 correlator, operated in
linear mode. The channel (sampling) time of the correlator was
set to ensure complete decay of the measured correlation function;
typically, 63 % of the decay occurred within the first 32 channels.
The correlation functions were analyzed by the method of
cumulants,’? with exceptions as noted. In order to determine
the scattered spectrum over a very wide range, a few measure-
ments were made using an ALV-5000 digital autocorrelator,
connected to a separate measurement system.

Static measurements were made on the same samples, in the
same cells, and with the same instrument, except for the
substitution of a Hamamatsu R928P photomultiplier tube.
Compared to the dynamic measurements, the optical coherence
was decreased to improve the signal-to-noise ratio (by increasing
the number of random events to nearly match the number of
photocounts, as compared to the much smaller ratio of acquisition
time to correlation time®). Five repeat runs, each of several
seconds duration, were used to obtain the intensity and corre-
sponding uncertainty at each concentration and angle. The
scattering volume at each angle 6 obeyed a simple (sin(6))-
relationship, typically, to 1% over the measured angular range
(30-130°); additional volume “corrections” were not applied.
Uncertainties in the measured parameters are routinely derived
from standard propagation of error formulas; however, systematic
error is usually the more serious concern, and we estimate that
the measurements are only accurate to within £10%. Toluene
was used as a Rayleigh standard (Rsapes = 32.08 X 10-¢ cm-! for
detection of all polarization components scattered from a
vertically polarized incident beam5455),

The macroscopic viscosities of PSLG/toluene solutions were
measured on a Brookfield LVTDCP cone & plate viscometer. An
extrapolation to zero-shear rate was made, although shear
thinning was very minor in the usable shear rate range (75-450
s1). Theintrinsic viscosity of PSLG in toluene, tetrahydrofuran,
and toluene/methyl ethyl ketone mixtures (95/56% by volume)
was measured in an Ubbelohde viscometer at 25.0 % 0.05 °C. The
flow time for pure toluene was 183 s; kinetic energy corrections
were not applied.

Neutron scattering experiments were performed at the Oak
Ridge National Laboratories High Flux Isotope Reactor using a
wavelength of 10 A. A 1.5% PSLG solution in toluene-ds was
investigated in a 1-mm-path-length quartz cell. The data were
corrected for background, detector sensitivity, and empty cell
scattering and converted to absolute intensity. Incoherent
scattering from toluene-ds was insignificant, as can be seen by
the absence of a flat incoherent background in the data at the
highest values of the scattering vector.

Data Analysis

Static light scattering intensity data were analyzed
according to an expression adapted from dilute binary
solutions;56

RTKcpg/ Ry = (37/dcpg)p (1 + ¢2E2 + ..) (2)
On the left-hand side, R is the gas constant, T is the
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absolute temperature, and K is an optical constant: K =
472n2(dn/dc)?Ag4N-1, where n is the solution refractive
index, dn/dc is the probe specific refractive index incre-
ment, )\ is the wavelength in vacuo, and N is Avogadro’s
number. The Rayleigh factor, R, is proportional to the
measured excess intensity (above the PSLG/toluene
complex solvent) scattered through angle . On the right-
hand side are the parameters of interest. (3w/dcps)r,p is
the osmotic modulus, g = (47wn/o)sin(6/2) is the magnitude
of the scattering vector, and £ is the scattering correlation
length, equal to Ry ps/3!/2in the limit cps = 0, where R ps
is the probe radius of gyration. As the polystyrene under
consideration is not very large, (d=/dcps)t, could be
obtained satisfactorily from a linear extrapolation to g% =
0. The square root of the slope/intercept ratio gives ¢ at
a particular concentration. Probe radius of gyration can
be determined by extrapolating £ to cps = 0. Apparent R,
values can also be obtained from Guinier plots (In Ry vs
g% the slope is R:n p/3). This method has the advantage
that the apparent size is insensitive to errors in the
intercept. R,ps values in the present study come from
extrapolating Rgapp from Guinier plots to cps = 0.

In binary solutions of random coils in good solvents,
plots of (d7/dc) 1 vs ¢ often exhibit significant curvature.
Linear Zimm plot analysis’” of such curved data can
produce serious errors.’® Kent et al.!® have pointed out
the special danger that curvature poses for studies in
ternary solutions—specifically, that the error associated
with a linear Zimm-type analysis changes as the matrix
polymer is added, leading to false trends in probe molecular
weight, size, and virial coefficient. To circumvent these
problems, the (weight-average) molecular weight, Mpg, and
osmotic second virial coefficient, Ag ps, of the probe were
obtained from quadratic fits to (d=/dcps)Tp vs cps. The
differences between linear and quadratic analyses were
significant in pure toluene and at low PSLG content but
essentially vanished under binary © conditions (cyclo-
hexane at 34.7 °C) and at higher PSLG contents.

In the homodyne mode, and assuming Gaussian fluc-
tuations, g¥(7) is determined from the intensity auto-
correlation function G@(7) = B[1 + feonlg™()[?] where B
is a base line and f.on is an instrument parameter (0 < feon
< 1) depending primarily on the number of coherence
areas detected, at least for strongly scattering samples.
For monodisperse, spherical, and optically isotropic par-
ticles, g (7) is a single exponential, gV(s) = exp(-T'7),
where I' = Dg?. Systems that exhibit a distribution of
decay times can be characterized by a cumulant expan-
sion?2

IngV(r) = -T'7 + uyr¥/2 - uy7¥/6 + ... )

Here, I' = -[d In g¥(r)/d7],=¢ is the first cumulant and
ue and ug are the second and third cumulants. A given
correlation function was collected as a series of about five
short runs. Each was analyzed for consistency of intensity,
decay rate from a second-order cumulant fit (using the
base line B; to be discussed shortly), degree of nonexpo-
nentiality, channel-to-channel correlation of residual
errors, and weighted residual of fit. The excellent con-
sistency among short runs (T from a second-order cumu-
lants analysis typically agreed to within £2%) enabled
most of the runs to be summed together. From the
summed correlation function, representing typically 300-
1000 s of data acquisition, I' was determined from third-
order cumulants, SCUMU, analysis using a theoretical base
line B; = P(P - O)/N, where P, N, and O are respectively
the total number of pulses, sample time intervals, and
shift register overflows during the acquisition time, to
compute g1)(r). Despite moderately long acquisitions
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Figure 1. Viscosity of PSLG/toluene solutions.
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Figure 2. Reduced relative (X) and specific (A) viscosities in
pure toluene, 95% toluene/5% MEK, and THF. End-to-end
aggregation in toluene is partly defeated by addition of the
hydrogen-bond competitor, MEK.

resulting in By of 107108, shift register overflows were
almost never encountered. Data were weighted according
to the standard propagation of errors, based on the
uncertainty in G®(r) being ogoyy) = [G@(7)]1/2. Channels
for which the uncertainty in the normalized, base-line-
subtracted correlation function exceeded !/3 of the signal
were assigned zero weight by the SCUMU fit. Fitstosingle
exponentials with a floating base line gave decay rates
that were virtually identical to the 3CUMU fits, and the
fitted base lines B; were within a few standard base-line
uncertainties of B;.

Results and Discussion

Nature of PSLG in Toluene. The viscosity of PSLG/
toluene increases with cpsyg, as shown in Figure 1. The
solutions are remarkably viscous for such a stubby rodlike
polymer. Moreover, the apparent intrinsic viscosity of
PSLG is higher in toluene than in THF, a nonaggregating
solvent in which viscosity and light scattering measure-
ments show sensible radius of gyration, virial coefficient,
and hydrodynamic behavior for a rodlike polymer.37:39
Figure 2 shows specific and relative viscosities (1, and
7rel, respectively) for PSLG/toluene, PSLG/THF, and
PSLG/(95 vol % toluene/5 vol % methyl ethyl ketone).
Methyl ethyl ketone (MEK) is a hydrogen-bond competitor
known to disrupt end-to-end aggregation of PBLG in
toluene.’® These results suggest that PSLG aggregates
end-to-end in toluene. The likely driving force for such
aggregation is continued helix propagation. Itisnotknown
whether all PSLG’s exhibit aggregation; use of primary
amine initiators during polymerization often results in
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Figure 3. Small-angle neutron scattering by 1.5% PSLG/
toluene-dg. The absence of a Guinier regime and the power law
slope indicate that large, linear aggregates are present.

attachment of the initiator, which may prevent end-to-
end associations from occurring. The degree of aggregation
in toluene solution depends on the concentration, but a
lower limit can be estimated by comparing the apparent
intrinsic viscosity to the Mark-Houwink plot determined
(on unfractionated samples) for PSLG in THF. We
estimate that about five polymers are end-linked to give
atotal average filament length L of about 600 A. Defining
c* as the inverse of the apparent intrinsic viscosity in
toluene (not the only or even the best choice for a rodlike
polymer), we obtain ¢* = 0.02 g/mL, and the range of
PSLG concentrations is 0.05 < ¢/¢* < 0.77. The product
of the filament number density, v;, and L ranged from
about 1 to about 10. This product reflects the crowding
in terms of how many aggregated filaments, assuming
pentamers, are in a cube of side L.

Figure 3 shows the intensity, I, of neutrons scattered
froma 1.5% PSLG/toluene-dg mixture. The distance scale
27/q extends to approximately 1600 A, adequate to cover
the Guinier regime of individual rods (L = 126 A) if they
were the predominant scattering species. The absence of
a Guinier regime suggests fibrils of large but indeterminate
size. The power law exponent (mass fractal dimension®%)
from these data is 1.3 = 0.05, indicating an extended
structure for the filamentous aggregates. The presentdata
are not quiet enough to obtain the cross-sectional radius
of gyration, R,, from the equation®! g/ ~ exp(-q?R:/2).
However, a large cross-sectional radius is not indicated.
The diameter of a single polymer chain, determined from
the virial coefficient in THF%# is 37 + 6 A.

The aggregation problem is compensated by two im-
portant characteristics of the PSLG/toluene system:
invisibility of the polymer and its ability to remain in
solution with PS over an interesting composition range.
We attempted to determine the specific refractive index
increment dn/dc of PSLG in toluene with a standard Brice—
Phoenix divided-cell differential refractometer adapted
and calibrated® for laser wavelengths. This instrument
is not ideally suited for the determination of very small
dn/dc values; we are satisfied that dn/dc < 0.02 mL/g at
Ao = 5145 A. The optical properties of PSLG prepared by
transesterification of PBLG or another polypeptide could
be considerably different, as transesterification is never
100% complete. Such materials are rightly considered
copolymers. Forthe homopolymers presently under study,
a reasonably good index match is assured. A relevant
consideration is the ratio of the intensity scattered by PS
to that scattered by PSLG. Neglecting form factor
corrections, the intensity scattered by a polymer is
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Figure 5. Zimm plot for PS in the complex solvent PSLG/
toluene.

proportional to its concentration, mass, and (dn/dc)2
Assuming that PSLG exists predominantly as pentamers,
PS still outscatters it by a factor of about 200 at equal
concentrations if dn/dc of PSLG/tolueneis 0.02 mL/g and
dn/dc of PS/toluene is 0.11 mL/g.6® In dilute solutions of
homopolymeric PSLG, it is difficult to measure any
scattering in excess of the toluene. M, Ry, and A, changed
insignificantly when the intensity of pure toluene was used
to compute the excess scattered intensity, instead of the
intensity scattered by PSLG/toluene complex solvent.
Correlation functions of PSLG/toluene binary solutions
exhibit very low coherence, even for spectrometer settings
that yield high values of the coherence parameter f..n for
strongly scattering polymer/solvent systems, such as PS
in toluene. This is shown in Figure 4, where the ALV-
5000 correlator has been used to measure pure toluene,
binary PSLG/toluene, and ternary PS/PSLG/toluene over
a very wide range of delay times, under exactly identical
conditions.

Static Light Scattering. Previous studies on ternary
random-coil systems show that the addition of one polymer
abruptly changes the apparent thermodynamic environ-
ment of the other, as judged from decreased apparent
second virial coefficients.®4%7 There is a disagreement on
the magnitude of the effect of another polymer on R, and
the concentration at which the effect is observed.6%:66

A Zimm plot for PS in 0.2% PSLG/toluene is shown in
Figure 5. The purpose of this plot is to display typical
data in a familiar form; as already discussed, the analysis
did not follow the linear Zimm prescription. The apparent
molecular weight, radius of gyration, and second osmotic
virial coefficient of PS were determined as functions of
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Figure6. Staticlight scatteringresults. Squares: PSin toluene
or PS/toluene complex solvent. Circles: PS under 6 conditions
(cyclohexane, 34.7 °C).

cpsLc. As shown in Figure 8a, the apparent molecular
weight is generally in good agreement with the manufac-
turer’s claim, except perhaps near cpgrg = 0.01 g/mL. A
possible cause of the random variations in Mpg is con-
centration error due to the small volumes of stock solutions
that were mixed together in order to conserve PSLG for
other experiments. Systematic molecular weight devia-
tions associated with incomplete index matching have been
observed and discussed elsewhere.!%20 Their absence here
suggests adequate index matching of PSLG and toluene.
Figure 6b shows that R;ps does not change much with
added PSLG. In contrast, A, pg decreases strongly with
cpsLc and an apparent © condition is reached at about
1.4% PSLG; see Figure 6¢c. The same PS sample was
measured under conventional binary solution 6 conditions
(cyclohexane, T = 34.7 °C). The radius of gyration in
binary solution, 340 A, is in good agreement with literature
values for this molecular weight58 but about 30% smaller
than in ternary PS/PSLG/toluene at the apparent ©
concentration. Thus, the reduction in virial coefficient
with added PSLG is accomplished without the coil
contraction found under typical binary solution ©
conditions. Kuhn and Cantow$® applied the Stockmayer
theory of scattering from multicomponent solutions®” to
explain decreases in apparent second virial coefficients
for the visible component. Kent et al.l® extended the
Stockmayer theory to terms of order ¢3. From equations
such as (A.7) of ref 19 one can, in principle, determine
various binary and ternary virial coefficients. This pursuit
is hampered in the present case by uncertainty in the
molecular weight of the aggregating PSLG matrix com-
ponent.

Dynamic Light Scattering. Either by virtue of slight
refractive index mismatch® or by virtue of cooperative
modes for the case of a perfect match,*48 two decay modes
are expected in this system. An autocorrelation function
at high scattering angle for the sample with highest PSLG
concentration (cpsg = 0.015 g/mL; cps = 0.004 g/mL; ¢yotal
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Figure 7. (a) Semilogarithmic plot of a normalized, second-
order autocorrelation function, with associated residuals for
3CUMU fit; 8 = 130°. (b) Same as a but § = 30°, For both a and
b the height of the bars in the residuals plots represents the
uncertainty of measurement. In b almost all the bars touch the
horizontal line of zero error; the data are fit to within their
uncertainty. This is not the case for a where the correlation
function is more nonexponential.

=(.019; x = 0.21) is shown in Figure 7a. This correlation
function, which exhibited more non-single-exponential
behavior than any other, is bimodal, but the faster
component comprises only about 12% of the total scat-
tering amplitude, as judged by double-exponential analysis.
The residuals plot shows that the 3CUMU analysis
“misses” in the early channels by up to 3% of g®(7) - 1
but does a better job at fitting the slower components.
Thus, with the channel times set as they were, the SCUMU
fit effectively concentrates on the slower mode. The uy/
I'? nonexponentiality parameter was 0.3. CONTIN or
other Laplace inversion analysis is generally warranted
when uy/T'? exceeds about 0.25; therefore, at the highest
angles it would be possible to resolve the two decay modes
with poor—fair precision. The decay rate distributions were
effectively unimodal for solutions containing less PSLG
and also for high-PSLG solutions at lower angle. Figure
7b shows a correlation function for the same sample as in
Figure 7a but this time measured at § = 30°. In this case,
u2/T? is approximately 0.15 and deviations from linearity
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Figure 8. Dependence of the apparent first cumulant upon the
scattering vector. The PSLG content was 15 mg/mL; concen-
trations of PS are as indicated. Mutual diffusion coefficients of
the PS component were taken from the intercepts.
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Figure 9. Mutual diffusion coefficient of the PS component vs
concentration of the PS component, for various PSLG contents.
Open square: pure toluene. Full symbols from top to bottom:
PSLG =1,2,5,10,and 15 mg/mL. The bottom data set actually
shows two overlapping points (plus and diamond) at each value
of cps. The pluses represent the slower mode of a two-exponential
analysis. The diamonds (and all other data on the graph) come
from cumulants analysis.

are far less obvious. Thus, although a weak rapid decay
mode is present in these systems, the 3CUMU analysis is
adequate for identification of the main decay mode.

The apparent diffusion coefficient I'/q? was a function
of g2in all cases, as shown in Figure 8. Linear least-squares
extrapolation of I'/q? to zero angle yields Dp(cps,cpsLg)-
Given the admonitions of refs 49 and 50, we are reluctant
to refer to the diffusion coefficient associated with the
measured main decay mode as “interdiffusion”. Instead,
we simply call it Dy, = Dy (cps,cpsLe) as discussed already.
When extrapolated to x = 0, Dy —> D, = Dy(cpsig). Itis
expected that D, resembles closely the polystyrene self-
diffusion coefficient D,. As c¢psrLg increases, both the
intercept and the slope of the D(cps,cpsLc) vs cps line
change, as shown in Figure 9.

Intercepts of Figure 9 provide Dy(cpsLg). The result,
Figure 10, can be compared with the stretched-exponential
expression, D ~ exp(~ac’psrg). The accurate fitting of
parameters to a stretched-exponential form is notoriously
difficult, especially in the present case where the number
of data points is small. If it is assumed that » ~ 1, then
the value a = 0.41 + 0.03 mL/g is obtained from a linear
fit of log D vs ¢. A nonlinear least-squares fit (using
MicroCal Origin, Version 2.8) yields v = 1.32 % 0.14 and
a = 0.39 + 0.02 (mL/g)!/*. The analysis was
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Figure 10. Decrease in D,ps with an added rodlike component
in the PSLG/toluene complex solvent.
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Figure 11. Viscosity of the complex solvent which increases
more rapidly with an added rodlike component than diffusion
of a coil component decreases.

repeated by replotting ¢’ and visually observing the onset
of nonlinearity.? This yields » = 1.35 £0.15 and o = 0.58
+ 0.04 (mL/g)!/*. In summary, v ~ 1.3 and « =~ 0.5.
Experimental values for v are typically smaller in most
other sytems, while a variety of theories predict » = 0.5~
1.0.3 The large value reported here probably reflects the
end-to-end aggregation of PSLG.

The transiational diffusion of polymers in a dilute binary
solution of small solvent molecules defines a hydrodynamic
radius, Ry, through the Stokes—Einstein (SE) relation:

where 7, is the solvent viscosity and kgT is the molecular
thermal energy of the diffuser. To extend the notation to
ternary systems, we let 1, = n.(cpsLg)—similar to the
definition of D, in that probe concentration dependence
has been extrapolated away. We also stipulate that 7,
represents a zero-shear rate viscosity: 7, is the viscosity
of the complex solvent at zero-shear rate. There is no
guarantee that a SE regime exists in ternary systems. If
a complex solvent contains components comparable in
size to the probe or if there exists a correlation length ¢
comparable in size to R, then the probe may not be
constrained to move only as fast as thermal energy and
the macroscopic solution viscosity allow. Rather, it may
slip through the constraints and move faster. If a SE
regime exists, the product 7,0, would be constant; Figure
11 shows that it is not. The reduction in D, for a PS chain
with increasing cpgr.g is clearly less than the corresponding
viscosity increase of the PSLG solution. In principle, one
should first take into consideration probe chain contrac-
tion; however, Figure 6b shows that this effect is mild in
the present case.

Large failures of the SE relation are not uncommon for
random-coil diffusers®®.2! that may reptate past relatively
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stationary topological constraints. Somewhat more sur-
prising are large failures of the SE relationship that have
even been reported for solid spherical probes.?®® The
hypothesis that reptative motion or alternative mecha-
nisms enable random coils to diffuse more rapidly through
entangled polymer solutions than a simple sphere of similar
hydrodynamic radius is controversial. Here we can only
consider the case of the linear coil probe. Martin developed
scaling relationships to describe the crossover from SE
diffusion to reptation for random-coil probes immersed
in a random-coil matrix.8? In the reptation limit, the
product 7,0, was predicted (and experimentally found)
to scale with concentration as ¢* where y ~ 2. (The
theoretical value dependsslightly on assumptions involving
the screening of thermodynamic interactions.) Thescaling
argument is easily extended to the case of a random-coil
probe immersed in a (nonaggregating) matrix of rods; see
the Appendix. The result in the reptation limit is a
stronger deviation from SE behavior: 4 =11/,. Thepresent
data are not well suited to test this relationship, as the
entanglement concentration for the rods is never greatly
exceeded and the rods aggregate. A log~log plot of the
datain Figure 11 gives a very weak slope of only about 0.2.

Slopes of Figure 9 represent the dependence of Dy, on
cps for given values of cps.g. The parameter k4 is defined
through Dy, = Dy(cpsLg)(1 + kgcps). This definition
adheres to eq 20 rather than eq 12 of ref 20, where D, is
defined as the infinite dilution value of the probe diffusion
coefficient in a binary solution. The usual expression™
describing how Dy, depends on ¢ in binary solutions is &4
= 2AsM - k¢~ v where k¢is the linear term in a concentration
expansion for the mutual friction factor, fu, and v is the
partial specific volume of the probe polymer. In deriving
this expression,’™ the quotient of competing thermody-
namic and friction terms is expanded, retaining only the
linear terms in k¢ and concentration. In most binary
solutions under good solvent conditions, excluded-volume
interactions between the polymers increase in importance
more rapidly than the mutual friction factor, so Dy,
increases with ¢. That is, random fluctuations to produce
locally high polymer concentrations demand rapid relax-
ation.

Following the initial cbservations of Chang et al.,15 Kent
et al.1920 developed a theory that extends the concepts of
the previous paragraph toternary solutions. Heuristically,
a probe polymer has much less cause to diffuse away from
locally high concentrations if, when it does, it remains
surrounded by matrix. The same reasoning accounts for
thereduction in As ps even though R, ps remains relatively
constant; two probe chains that would strongly avoid
mutual overlap to maximize their configurational entropy
in a binary solution have no cause to dodge each other if
the available space is occupied by other polymers anyway.
This argument is entropic and does not rest on disfavorable
enthalpicinteractions between the probe and matrix. Any
such interaction hastens the decrease in kq and favors
negative k3. Kent et al. observed a rapid decrease in &4
to a minimum at a negative value, followed by a return to
a less negative value as the mutual friction term became
more important, for the system PS/PMMA/ethyl benzoate,
in which PS and PMMA have a slightly unfavorable
interaction (PMMA = poly(methyl methacrylate)). They
were able to account for this behavior by deriving an
expression for k4 in ternary solutions. Equation 19 of ref
20 again pits thermodynamic driving terms against friction
terms. But the presence of the matrix polymer alters the
relative importance of the two effects, so the quotient is
not expanded, linear approximations are avoided, and
nonmonotonic behavior can be described. In the present
case, kq decreases rapidly (Figure 12) but it does not pass
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Figure 12. k4 changes from positive to negative as the rodlike
character of the complex solvent increases.

through a minimum in the measured range, although the
curvature is positive. Perhaps this suggests that the
interaction between PS and PSLG is more unfavorable
than that between PS and PMMA, so that the thermo-
dynamic term remains more prominent in the available
concentration range.

Conclusion

Addition of PSLG with its waxy side chains to a PS/
toluene solution has two consequences: introduction of
some aliphatic character, an enthalpic effect; plus, occu-
pation of considerable amounts of highly linearly correlated
space that the PS coil must avoid, an entropic consider-
ation. To gauge the relative importance of these factors,
a 5% dodecane/95% toluene mixture was prepared
volumetrically. This mixed solvent has considerably more
aliphatic character than the highest PSLG solution
studied. Yet polystyrene dissolved in it showed no sign
of being in a poor or 8 solvent: Ag 4, was strongly positive
and k4 was indentical to that in binary PS solutions in
pure toluene. Although PS and PSLG probabiy do have
a positive enthalpy of mixing, the effects observed here
trace predominantly to the occupation by the rods of
linearly connected sites that restrict the possible random-
coil conformations,

The contraction of coils under the influence of other
coils has been considered theoretically’! and experimen-
tally.20.7278 Size is usually observed to vary according to
R; ~ ¢1/8, The contraction of a coil surrounded by rods
may be less, because one way for the coil to avoid the rods
is to favor conformations that enable it to run nominally
straight over distances comparable to the correlation length
of the rods. A scaling argument (see Appendix) suggests
Ry coil ~ Croa”'/12. The present data, showing virtually no
dependence of coil radius on rod concentration, offer no
evidence to support this relationship, probably because
the concentration range of the rods is too limited.
Similarly, higher matrix concentrations will be required
to determine whether the Stokes-Einstein failures re-
ported here can be explained as a crossover to reptation.
The search continues for a system in which the rodlike
matrix concentration can approach the internal segment
density of the random coils, without risk of phase
separation. Covalently cross-linked networks of rods
should not be overlooked during this search.
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Appendix. Scaling Relationships for Random
Coils Immersed in Semidilute Rods.

Coil Contraction. In the standard argument™ for a
binary semidilute solution of a random coil, the radius of



178 Jamil et al,
gyration is written in the Gaussian limit:

R} ~ (NINp§ (A1)

where N is the number of monomers and Ny, the number
of monomers in a “blob” of dimension &, the correlation
length, beyond which excluded-volume interactions are
screened. Within the correlation length, the standard
Flory result is assumed, yielding

£~ NJ® (A2)

Inserting A2 into Al yields R;?2 ~ £V/3, As ¢ ~ ¢34 for
random coils, the result is R; ~ ¢-/8. For a random coil
immersed in a filamentous matrix, eqs Al and A2 should
still be valid, but £ ~ ¢-1/2 for rodsb27475 Jeads to a weaker
concentration dependence for the coil radius, Rgcon ~
Crog M 12,

Stokes-Einstein to Reptation Crossover. Following
Martin,8° we write the ratio of reptative (r) to Stokes-
Einstein (SE) diffusion as:

D/Dgg = (RY7,(N»/(T/6mnR) ~ R°n/7,(N)

Here, 7.(N) ~ N3 is the reptation time for the coil, and
n is the solution viscosity, determined primarily by the
rodlike matrix. According to eq Al and A2, D,/Dgg =
EV2N3/ 2, 0. As ¢ ~ cY/2and n ~ 3 for rodgb27475.78 the
result is

Dr/DSE = 611/4/N3/2
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