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Notes

Dynamic Behavior in Ternary Polymer Solutions.
Concentration Dependence of Diffusion
Coefficients
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Benmouna et al.! have developed a theory for dynamic
light scattering from ternary mixtures of two homopoly-
mers and a solvent, based on previous results for the elas-
tic scattering from such systems. Using the random-
phase approximation, their approach is to write down in
matrix form the dynamic structure factor in terms of the
intensity contributions from the individual species and
the direct interactions between them. It is assumed that
the Zimm type of hydrodynamic interactions are screened
in the semidilute region and the hydrodynamic interac-
tions between different molecules are not taken into
account. Two examples were given: (A) two interacting
polymers of the same size but having different contrast
factors; (B) two monodisperse polymers differing in molec-
ular weight but otherwise identical.

They were able to show that, in each case, two relax-
ation modes are obtained, and these were interpreted as
the cooperative and interdiffusion modes, respectively
(given in terms of the relaxation rates I'c and I'y). In
contrast to the earlier reports of Phillies® and Pusey et
al.,® Benmouna et al.!® give explicit expressions for the
relaxation rates I'; and T'¢ as a function of the excluded-
volume term: 24,M,,C, where A, is the second virial coef-
ficient and M the molecular weight. It should be noted
that the theory as given is limited to interacting chains
for which the second virial coefficient is nonzero, and
therefore no provision was made for transport in O sys-
tems. Borsali'? has recently extended the discussion to
include O systems.

It is of some relevance to compare the theoretical pre-
dictions for the relaxation rates with the results of exper-
iments. We have recently? performed experiments deal-
ing with case B, but employing only trace amounts of
the one species (the “probe” chain) so that the interdif-
fusion coefficient approximately equals the self-
diffusion coefficient of the probe. This point was con-
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Figure 1. Decay time distributions for the ternary PIB sys-
tem: for the PIB probe chain (B) (M = 2.5 X 10°) in a matrix
(A) of PIB (M = 4.9 X 105). Measurement angle 20°. Concen-
tration of matrix 2 X 1073 g-mL.,

firmed in ref 2 where it is shown that, over the range of
matrix concentration used, there is close agreement
between the probe diffusion coefficients and the self-
diffusion coefficients measured using pulsed-field-gradi-
ent NMR.

Measurements were made on the two extremes: large
probe chain in low molecular weight matrix and vice versa.
In the present note, which complements the detailed pa-
per,? we describe results on the previously examined poly-
isobutylene (PIB) system: A (PIB 4.9 X 10°)/B (PIB 2.5
X 10%)/chloroform. These two fractions have polydis-
persity indices M, /M, ~ 1.2. The following were used:
(1) trace amount (=~0.05%) of A in semidilute solutions
of B; (2) trace amount of B in semidilute solutions of A.

These experiments became feasible due to two recent
innovations:

(a) the development of a broad-band autocorrelator
(ALV multibit, multi-r instrument allowing 23 simulta-
neous sampling times and having 191 exponentially spaced
channels);

(b) implementation of a new program (repes(s)) for per-
forming Laplace inversion to obtain the decay time dis-

© 1990 American Chemical Society
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Figure 2. Experimental data: (A) probe (M = 4.9 X 10% in matrix (M = 2.5 X 10°) where the diffusion coefficients have been
obtained from the moments of the peaks in the decay time distributions; (B) probe (M = 2.5 X 10°%) in matrix (M = 4.9 X 10%).
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Figure 3. Ratio of relaxation rates (I'y/T'c) where the sub-
scripts I and C refer to the interdiffusion and cooperative dif-
fusion coefficients.! In the present measurements, a trace con-
centration of the probe chain is used and the interdiffusion coef-
ficient may be approximated by the self-diffusion coefficient:
full line, theory (ref 1a, eq 41 and 42); line with points, exper-
imental data.

tribution. The algorithm differs from the usually employed
CONTIN(4) program in that it directly minimizes the sum
of the squared differences between the experimental and
calculated g(t) functions using nonlinear programming
and the a priori chosen parameter “probability to reject”
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Figure 4. log-log plot of the self-diffusion coefficient for probe
versus concentration of matrix taken from the data in Figure
2B. Curve A shows the values of D, obtained from the ratio
{T'1/T'c) using experimental values of I'¢ obtained in the binary
matrix/solvent system. Curve B shows the experimental val-
ues of D, obtained in the ternary system.

P (usually with P = 0.5). The moments of the peaks are
given in the output, yielding the relative amplitude and
frequency of each resolved component. The values of
the relaxation rates could be evaluated with good preci-
sion even for very small relative amounts of one of the
components of the ternary system. Typical decay time
distributions are shown in Figure 1.

Primary data are shown in parts A and B of Figure 2.
In these diagrams the matrix polymer displays a strong
positive concentration dependence and the probe chain
a negative concentration dependence as anticipated for
the self-diffusion coefficient. It is important that the indi-
cated intercept in each case coincides, within experimen-
tal error, with the value obtained by extrapolation to infi-
nite dilution of dynamic light-scattering (DLS) data and
also with the equivalent data from pulsed field gradient
NMR measurements in the binary systems. In this way
it was possible to unequivocally identify the two compo-
nents determined from the decay time spectra. The sep-
aration of the two components has heen discussed in more
detail in ref 2. In order to eliminate the unknown quan-
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tity ¢ (the monomeric friction coefficient), we have cho-
sen to determine the ratio (I';/T¢) as a function of the
term 24,MC for the two extreme compositions. At each
concentration the ratio (I';/T¢) was calculated using eq
41 and 42 of ref 1a, and these data are plotted in parts A
and B of Figure 3. Included in each figure are the the-
oretical ratios (lines without points) shown as a function
of voN = 2A,M_C. Here v is the excluded-volume param-
eter, ¢ the total segment concentration in the system,
and N is the number of monomers per chain. A, values
were obtained from static light-scattering measure-
ments on the binary system: matrix polymer /solvent. The
A, values in the ternary systems used here with trace
amounts of the probe should differ insignificantly for
present purposes from those in the binary system. Ben-
mouna et al. point out that A,M_,C* = 1, and thus all
the points shown refer to the semidilute range for the
fast mode (the matrix component) using this definition
of overlap. In the figures, however, we have used the
usual definition of overlap: C* = 3M /41rR83N o (where
R, is the radius of gyration and N, Avogadro’s number),
wf'lich is approximately equal to the inverse intrinsic vis-
cosity. Above C*, semiquantitative agreement is found
between theory and experiment for the absolute values
of the self-diffusion coefficients, which is encouraging since
existing theories of self-diffusion give only the scaling
result. For comparison with the latter, the concentra-
tion exponent for self-diffusion may be derived, for exam-
ple, from the data in Figure 3. The concentration depen-
dence (and intercept) corresponding to the high-
concentration matrix component is well-defined from both
these experiments together with data from the binary

system. Using the experimental values of I' in conjunc-
tion with the predicted ratio (I';/ ') gave the data shown
in Figure 4. At a given concentration, the experimental
values of D, are substantially smaller than those pre-
dicted. Both the theory points (A) and experimental points
(B) are best represented by smooth curves.

Scaling theory’ predicts a concentration dependence
indicated by the inserted line of slope —1.75. As has been
shown before,®1° this slope has been found to describe
experimental findings only over a limited range of con-
centration. The reptation model,'* however, provides a
less good agreement with experiment.
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Communications to the Editor

Elastic Anomaly near the Critical Point of
Volume Phase Transition in Polymer Gels

Poly(N-isopropylacrylamide)/water gel (abbreviated as
NIPA /water gel) is an ideal system for detailed studies
of the volume phase transition (or gel—gel transition) of
polymer gels. This gel, with a neutral network and with
a pure solvent (water), undergoes a nearly critical phase
transition as a function of temperature around T, = 33.6
°C.}% There has already been a considerable amount of
work on this phase transition, though some of the most
fundamental properties related to the phase transition
have not been studied. For example, no measurement
of the elastic moduli has yet been reported.

Because the volume phase transition of gels is essen-
tially a phase-separation phenomenon, it would be rea-
sonable to identify the order parameter of this phase tran-
sition as the concentration difference between the two
phases on the coexistence line® and the variable conju-
gate to the order parameter as the chemical potential.
On the basis of the linear relation between the osmotic
pressure of gels and the chemical potential of solvent,
we may take the osmotic pressure, II, as the intensive
variable conjugate to the order parameter. Hence, a diver-
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gence of the osmotic compressibility or in other words a
complete softening of the osmotic bulk modulus is expected
at the critical point of the volume transition. The impor-
tance of the elastic measurement can hence be under-
stood.

The light-scattering (photon correlation) spectros-
copy has widely been used to study viscoelastic proper-
ties of gels.*® The quantity measured by this technique,
however, is not the elastic modulus itself but is [K + (4/
3)ul/f, where K is the bulk modulus, x the shear modu-
lus, and f the friction coefficient between polymer and
solvent. Thus, the light-scattering experiment alone can
determine neither the absolute values nor the tempera-
ture dependence of the elastic moduli of gel network.

Static stress—strain measurements have also been made
on various gels.® Such measurements have so far been
made on gels far from the transition point using a com-
pressional stress. A gel plate with a surface area on the
order of centimeters squared is sandwiched between par-
allel glass plates, and a change in thickness of the gel
due to compression was measured. Unfortunately, how-
ever, this method cannot be applied to NIPA /water gel
in the close vicinity of the phase transition for the fol-
lowing reason. When a gel plate is compressed perpen-
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