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ABSTRACT: The effect of viscoelasticity on the dynamic light scattering spectrum of a binary polymer
solution is examined using a hydrodynamic theory. It is shown that when the coupling of the concentration
fluctuation to the viscoelasticity is present, the time correlation function of the concentration fluctuation is
bimodal, consisting of a single-exponential decay and a group of relaxation modes, characterizing the relaxation
of the longitudinal stress tensor of the binary solution. The rate constant of the single-exponential decay
is equal to gD, where q is the amplitude of the scattering vector and D, is the cooperative diffusion coefficient.
The viscoelastic modes have rate constants spanning a wide dynamic range from the fast cooperative diffusion
modes to the slowest stress relaxation modes. In appropriate limits, the present theory reduces to the result
previously obtained by Brochard and de Gennes and that by Adam and Delsanti for the semidilute binary
polymer solution using a transient gel model. In addition to binary solutions consisting of polymers of high
molecular weight, the present result is also expected to apply to viscoelastic nonpolymeric liquids as well.

I. Introduction

Dynamiclight scattering from a dilute polymer solution
with a monodisperse molecular weight polymer is essen-
tially characterized by a single exponentially decaying time
autocorrelation function of the intensity of the scattered
light. If the amplitude of the scattering vector ¢ is
sufficiently small such that gR; < 1, where R, is the mean
radius of gyration of macromolecules in solution, then the
exponential decay is due to translational diffusion of
polymer in the solvent. Thus, by measuring the decay
rate constant, one can obtain the translational diffusion
coefficient, which is then related to the hydrodynamic
radius of the macromolecule in solution.l2 For values of
g where gR, > 1, the intramolecular modes of the polymer
also contribute to the scattering spectrum. The intramo-
lecular motions do not bring about significant deviations
from the exponential decay. Effects of the intramolec-
ular motions on the dynamic light scattering spectrum in
the dilute polymer solution have been the subject of earlier
investigations and have been reviewed by Han and
Schaefer.?

Increasing the polymer concentration slightly causes
the diffusing coefficient to either decrease or increase with
increasing polymer concentration, depending on the
solvent quality. For good solvents, the diffusion coefficient
increases with increasing concentration, but it decreases
for poor solvents. Inthe dilute concentrationregime, there
is no significant change in the shape of the autocorrela-
tion function when the polymer concentration is changed.
However, a further increase in the polymer concentration
beyond the overlap concentration, defined by C* = M/
[(4/3)7Rg®] N, results in major deviations from the single-
exponential decay in the time autocorrelation function of
the scattered light.41¢ Here N4 is Avogadro’s number; M
is the molecular weight. The overlap concentration C*
separates the dilute from the semidilute regime. Above
C*, neighboring polymer chains begin to overlap, and the
hydrodynamic interaction is screened. The effect results
in a complex concentration dependence for the diffusion
coefficient. Using a transient gel model, de Gennes
developed a scaling theory for the semidilute solution in
thermodynamically good solvents.!”1° The central pre-
diction of the theory is that a single characteristic length
exists in such a system and, consequently, only one
dynamic process, characterized by a cooperative diffusion
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coefficient (D.),is expected. He hasrelated the cooperative
diffusion coefficient D, to the osmotic modulus M, and
gel modulus My by D, = (M, + My)/£ps°. Here £ is the
friction coefficient due to solvent molecules and p-° is the
concentration of the polymer in solution (g/mL). At low
frequency the gel modulus contribution is negligible, and
the cooperative diffusion coefficient is determined only
by the osmotic modulus M, (D, = M./£p3"), whereas at
very high frequency the cooperative diffusion coefficient
is determined by the gel modulus M, (D = Mo/£ps°). The
hydrodynamic correlation length {;, is defined by ¢ = kT/
6xnD.. The variation of {; with concentration is rather
complex, depending on the solvent quality. The complex
concentration dependence of D. or ¢, has been discussed
by Han and Schaefer in terms of scaling theory.?

Experimentally it is found, however, that although the
cooperative diffusion process dominates in semidilute
solutions, other modes are also present, and they lead to
deviation from a single-exponential decay of the auto-
correlation function, becoming more pronounced as the
solvent quality is decreased. Adam and Delsanti have
modified de Gennes’ theory by allowing the transient gel
torelax. They obtained a g2--dependent collective diffusion
mode and a single ¢g-independent relaxation viscoelastic
mode as the result.> The g*>-dependent collective diffusion
mode was referred to as the fast mode and the g-
independent relaxation viscoelastic mode as the slow mode
associated with the chain disengagement relaxation.

Until 1988, the line-shape deviation from the single-
exponential decay was analyzed mostly by the cumulant
method.® But the cumulant method is only applicable for
the correlation function at short times and does not provide
clear information about the global nature of the line-shape
deviation. Following the work of Wang et al.,2021 who
first used the conTIN program?? to extract the continuous
retardation time spectrum of the bulk polymer melt from
the DLS spectrum,? Brown, Stepanek, and co-workers
have analyzed the shape of the autocorrelation function
of the semidilute polymer solution using the same
technique.?42” Their coNTIN analysis of the semidilute
polymer solution shows a bimodal distribution in the
relaxation time spectrum, with one mode having the
relaxation rate proportional to g% and the other consisting
of a group of closely spaced g-independent modes having
relaxation times stretching from the fast to the slowest
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viscoelastic mode. The diffusion coefficient associated
with the g2-dependent mode in the semidilute solution is
associated with the cooperative diffusion coefficient, D..
While the cooperative diffusion coefficient is found to
increase with increasing polymer concentration, above
some limiting molecular weight, it does not change with
the molecular weight. The molecular weight independence
suggests that concentration fluctuations in the semidilute
polymer solution relax without overall chain motion. On
the other hand, the relaxation times of the g-independent
modes were found to increase strongly with increasing
molecular weight, thereby suggesting that overall chain
motion is involved in this case.

Brown, Stepanek, and co-workers further examined
similarities between the relaxation time distributions for
polystyrene in semidilute solutions in the 6 solvent, bis-
(2-ethylhexyl)phthalate (dioctyl phthalate, DOP), ob-
tained from dynamic light scattering and dynamic me-
chanical (shear) measurements.*2829 They found that the
dynamic processes probed at long times for both techniques
are characterized by a similar dynamic range of relaxation;
however, as the solvent quality changes, the distribution
of relaxation times from dynamic light scattering appears
to be more sensitive in the slow part of the spectrum.2%2%
The empirical approach ventured by Brown, Stepanek,
and co-workers has motivated this author to undertake a
theoretical analysis to clarify the effect of viscoelasticity
on the DLS spectrum.®® In this paper, we extend the
previous result by performing a perturbation calculation
to simplify the dispersion equation previously derived in
ref 30. We present the result explicitly in terms of the
time autocorrelation function. The result should facilitate
a direct comparison with the experiment using an elec-
tronic correlator.

The outline of this paper is as follows. In section II, we
review the technique previously used to relate the con-
centration fluctuations with the viscoelasticity of a binary
solution. In section III, we discuss the effect of viscoelas-
tic relaxation on the time correlation function of concen-
tration fluctuations. The perturbation calculation and
comparison with previous theories are also made in this
section. A conclusion is given in section IV.

II. Concentration Fluctuations and
Viscoelasticity

For the polymer solution in the dilute and semidilute
region, the refractive index is modulated more strongly by
concentration than by density fluctuations. As a result,
the dynamics of concentration fluctuations determines
the light scattering spectrum. To give the continuity of
the present paper and obtain equations needed for this
paper, we review in this section how the equations well-
known in linear viscoelasticity theory can be used to
describe the coupling of the viscoelastic property of the
polymer solution to the concentration fluctuation spec-
trum. We start with the linearized hydrodynamic equa-
tion3!

2 (50) = ~Vo(oV) = =po¥-v M

supplemented with the constitutive equation for the linear
viscoelastic liquid!

o %v =-Vp+ J:dt’ K-t ) +

V.Gt )} V(Vw(t')) + G-t V()] (2)

where pg is the equilibrium mass density, v is the fluid
velocity, K is the compressional modulus, and G is the
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shear modulus. 6p is the fluctuation from the equilibrium
density.

For the bulk polymer the local pressure fluctuation is
proportional to the density fluctuation, neglecting the tem-
perature fluctuation contribution which does not fall in
the time window of 10-10-% s considered in this paper.
Equations 1 and 2 complete the description of the bulk
polymer system.Z2 But for the polymer solution, in
addition to the density fluctuation, the local pressure
fluctuation is also affected by the polymer concentration
due to the osmotic pressure. Thus, the Vp term in eq 1
consists of two contributions

1 £
v =——Vp+( ) v 3)
P PoXT 905/ 7, P2

where xr is the isothermal compressibility of the polymer
solution. The isothermal sound velocity vt is equal to
1/(poxT)Y/2. Because of the presence of the V g, term, which
isrelated tothe osmotic pressure, the viscoelastic property
and concentration fluctuations are mixed in the polymer
solution. Here p; is in terms of the number of grams of
polymer per unit volume.

Equations 1-3 can be combined to yield
2
oo 1 gz 4 (QE) Vo, + ;1— f(;dt’ [K(t—t’ ) +
T.p 0

at:  PoXt dp,
é 4/ 2 ap(t,)
3G(t t )]V (_8t’ ) 4)

Equation 4 is a differential integral equation containing
both density and concentration variables. To complete
the description of the dynamics of the concentration
fluctuation, we need another hydrodynamic equation to
describe the concentration variable. For this we followed
the work of Bearman and Kirkwood (BK)32 and found
that the equation of motion for the concentration variable
of the solute (polymer) is given by (neglecting the
convection terms, which contribute to second order)

9
E(szz) = Vo, ~pyViy + poF, (®)

where ¢ is the partial stress tensor acting on the polymer
component 2. v is the local center of mass velocity of
component 2; po is its concentration, and us is the chemical
potential (the Gibbs free energy per unit mass). F;isthe
average frictional force per unit mass exerted on molecules
of species 2.

For the binary system, consisting of a polymer com-
ponent and a small molecular solvent, we assume that the
total stress tensor is the sum of contributions from the
solvent and from the polymer molecules. Thus, the stress
tensor for the polymer component is the total stress ten-
sor minus that from the solvent contribution. However,
for light scattering, the solvent viscosity terms contribute
only to the damping of the sound wave at high frequency
(10° Hz), and these terms make no contribution to the
spectrum of the concentration fluctuations in the polymer
solution at a frequency less than 108 Hz.

To proceed, we eliminate v and vy by using eq 1 and the
continuity equation for component 2 and obtain

iz_ —l tap v _(2_ 2 __?_1_@_ 2
5700 = o Jiae M-t 5 (V00 = 2L (Vo) +

P2V kg ~ p,V-F, (6)

where M(t) is the longitudinal modulus of the solution
equal to {K(t) + (4/3)G(t)}, and n; is the longitudinal
viscosity of the solvent equal to [«; + (4/3)m].
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For eq 6 to be useful we also need to further express
V2u, and V-Fs in terms of concentration p; and pressure
p (or density p). By connecting the frictional force with
the diffusion mass current, and from the Gibbs—-Duhem
equation, we show in ref 30 that

Ve(osFy) = £ (009) %)
and
2 _ 2w ar) _
PV s = o Vip + [¢l(ap2)p’T

2, (Op 2
Up ¢2(ap2)p,T] Vi(dp,) (8)

where £ = (po/ M1 M) 19, £12 18 the frictional coefficient and
is given in terms of the intermolecular potential;® = is the
osmotic pressure, and ¢; and ¢, are the volume fractions
of the solvent and polymer, respectively. The friction
coefficient £, due to solvent molecules in the semidilute
polymer solution, is higher than 107 Hz.34

Equations 4 and 6, together with the auxiliary equations,
egs 7 and 8, are the coupled equations needed for the
calculation of the quasielastic light scattering spectrum
of a binary polymer solution.

Although the coupled equations, egs 4 and 6, can be
converted into an initial value problem and solved exactly
to obtain the light scattering spectrum, here we are
interested in an approximate solution suitable for de-
scribing the effect of the viscoelasticity of the polymer
solution on the quasielastic light scattering spectrum
arising from the concentration fluctuations. As an ap-
proximation, we neglect the pressure fluctuation term Vp.
This term contributes to the spectrum at the hypersonic
frequency and can be neglected in the description of the
quasielastic light scatteringspectrum.® Byneglecting the
pressure fluctuation term, the concentration fluctuation
becomes proportional to the density fluctuation (cf. eq 3)
and the concentration equation, eq 6, is decoupled from
the density equation, eq 4. The decoupled equation can
be solved by standard techniques. The result gives

5py(qs) = ——(h(w) + £) 5pa(Q) ©)
Aw)

where 8p2(q,w) is the Fourier transform in space and the
Laplace transform in time of §p2(r,t), and

A(w)=iwm(w)+¢1q2(§’i) + iw§ (10)
P2 o, T

The spectral power density of the scattered light can be
obtained by first multiplying dps(q,w) with 8p2*(g) and
then taking the real part after carrying out an ensemble
average. As a result, we obtain

Igw = () Ge@Ps@s  av
P2
where S(g,w) determines the spectrum of the scattered
light and is given by
w) + s)
Aw)

The quantity M(w) that appears in egqs 10 and 12 is
given by

S(g,w) = Re ( (12)

2 .
u(w) = o6 [ "dt e M(t) (13)
)

We note in eq 13 that the longitudinal modulus M(¢)
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entering the concentration fluctuation equation is modified
by the factor proportional to (8p/8p2)1,0. It is easy toshow
that this factor is equal to (V; ~ V5)/ V1, where V; and ¥
are the partial specific volumes of solvent and solute,
respectively. Here we introduce the coupling parameter
8 which is equal to (p2%/po)(8p/p2)T,p. It determines the
effectiveness of the coupling of the concentration fluc-
tuation to the viscoelasticity of the polymer solution. The
coupling is important if there is a large difference in the
partial specific volumes of the polymer and solvent
components in the solution.

The dispersion relationship of the concentration fluc-
tuation dynamics is determined by the function A(w),
which in turn, is determined by the osmotic modulus, given
by p2(dn/dp2) 15, and by the dynamiclongitudinal modulus
of the polymer solution, given by

M*w) = iw fo“dt M) = M (w) + iM"(w) (14)

where M’(w) and M"(w) are the real and imaginary parts
of the longitudinal modulus, respectively.

III. Effect of Viscoelastic Relaxation

Equation 12 is an important result. It describes the
effect of the viscoelasticity of the polymer solution on the
concentration fluctuation spectrum. Clearly, in addition
to the osmotic pressure fluctuation, the dynamic longi-
tudinal modulus also plays an important role. However,
it should be emphasized that only for the polymer solution
with a nonvanishing 8 parameter can the relaxation
behavior of the longitudinal stress modulus affect the
dynamic light scattering spectrum. Thelongitudinalstress
modulus has a wide distribution of relaxation times, and
we expect for the coupled system an extensive mixing
between the viscoelastic relaxational process and the
osmotic pressure fluctuation in the 10-1-108 Hz frequency
range. As a result, we anticipate observing a rather
complex photon correlation spectrum in the semidilute
polymer solution.

In passing, one should note that only the viscoelastic
process, and not the osmotic effect, is probed by the
dynamic mechanical relaxation technique.! Thus, the
combination of dynamic light scattering and dynamic me-
chanical relaxation techniques will provide a powerful
method to characterize the relaxation process in the sem-
idilute polymer solution.

Thestress relaxation modulus in general displays a broad
distribution of relaxation times; thus we write

M) = Me*'™ (15)

where M; is the amplitude of the longitudinal modulus
associated with the relaxation time 7;, Using eqs 14 and
15, we can write the dynamic modulus as

1
M*(w) = Z(Mi - Mi1 - iw[) (16)

It is easy to see that, at low frequency, the viscoelastic
relaxation will not affect the concentration fluctuation
spectrum. If 7 is the longest relaxation time (or the
terminal relaxation time) of the stress modulus, then, at
frequency w such that w < 771, the second term will cancel
the first term on the right-hand side of eq 16, and the
effect due to the dynamic modulus of the polymer solution
is negligible. In this case, the concentration fluctuation
spectrum has a Lorentzian line shape (or a single-
exponential time correlation function), with the half-width
at half-height equal to ¢2D,, where D, is the mutual
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diffusion coefficient owing to the osmotic pressure fluc-
tuation and is given by

1
D, = ¢1(ap2)pT£ 17)

The expression for the mutual diffusion coefficient is, with
respect to the center of mass reference frame, identical to
that obtained previously.’

While for w < 71 the expression for S(q,w) is determined
only by g2D,, the situation is more complex at higher
frequencies, due to the mixing of the viscoelastic process.
Ifthe elastic part of the relaxation modulus is much greater
than the relaxed part, i.e., when the condition wr; > 1 is
satisfied for all viscoelastic modes, the second term on the
right-hand side of eq 16 is negligible. In this case, the
light scattering spectrum is also a Lorentzian, with the
half-width at half-height equal to D.. Here D, is the
cooperative diffusion coefficient, given by

M,
D,=D,+8—; (18)
Epz
where M, = L;M;, the amplitude of the longitudinal stress
modulus, which is identical to de Gennes’ result, provided
that g8 = L.V7

However, de Gennes’ result was obtained by a very
different method, using a pseudogel model to describe the
dynamics of the semidilute solution consisting of high mo-
lecular weight polymers.l”"1? In the semidilute concen-
tration region, neighboring chains are overlapped and the
semidilute solution is considered as a transient gel with
a mesh size of length [ (the correlation length), where the
light scattering probing wavelength ¢! is larger than the
correlation lengthl (i.e.,ql << 1). Atthefrequencyw greater
than 7r~l, where 7R is a relaxation time for complete
disentanglement of one chain from the others, de Gennes
argued that the equation of motion for the longitudinal
displacement of the polymer will be governed by both
frictional and restoring forces. The restoring force arises
from the osmotic pressure and the elastic modulus of the
polymer chains. From the equation of motion, de Gennes
obtained a collective diffusion coefficient D, equal to [M,
+ p2%(87/3p2)p, 71/ (Ep20). If the osmotic force is neglected,
de Gennes’ theory reduces to the result of Tanaka, Hocker,
and Bennedek (THB),% who pioneered the measurement
and interpretation of the dynamic light scattering spectrum
from thermally excited displacement fluctuations in poly-
acrylamide gels.

We have obtained eq 18 without assuming the transient
gel model. What is needed is the assumption of a time-
independent longitudinal modulus; i.e., only the elastic
part of the relaxation modulus makes the contribution to
the dynamics of the concentration fluctuations. Thus, de
Gennes’ result corresponds to a “frozen” gel for which the
stress modulus is not allowed to relax. For the solution
containing high molecular weight polymers, there will be
a plateau region in which the stress modulus is nearly
constant.! In this region, we expect de Gennes’ theory to
be valid, provided that 8 does not vanish. However, for
a solution consisting of polymers of low molecular weight
or for nonpolymeric viscoelastic fluids, the stress plateau
may be very narrow or nonexistent.! In such situations,
de Gennes’ result will not apply.

To describe such systems, we consider the case in which
the condition w7; > 1 is satisfied for all viscoelastic modes,
and the M;/(1 + wr;) terms; i.e., all of the second terms on
the right-hand side of eq 16 are small compared with the
first (elastic) term so that we can treat them as a
perturbation. By considering the second terms as first
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order, we can show by a straightforward calculation that
eq 9 is reduced to

- 0po(q) .
$ry(@,0) = — (1 + (Ba"My/p,0)/ o + ¢*D) +
lw+Dg

(¢’DJ/ M)/ (iw + ¢*D,) + O} (19)

With some additional algebra, eq 19 can be converted
into an equation in the time domain as

dp,(q,t) = {[1 + (g%8My/ £ )1 e ¥ +

ch4 t  _D_ g%
P B[ s DA M(t-s) ds + .. 5py(q) (20)
2

The normalized autocorrelation function of concentra-
tion fluctuations, which is experimentally measured by
using an electronic correlator, can be obtained by inserting
eq 15 for M(¢) into eq 20 and then carrying out the time
integration.

After this is accomplished, we obtain

~ (8p,(g,t) 8p*(q))

= Ae D + ZB,.e-‘/ T2
(805(@)%) T

=1+ (Bg*My/Ep, )t -——62[

cq - T
—————] (22a)
(ch2 - Ti—1)2
D 4
B, == (6M)/(Dg*- 7’ (22b)
£p,

Equation 21 shows that of the correlation function g(g,t)
is divided into two groups (bimodal), consisting of one
single-exponential decay with amplitude A which depends
linearly on time, and a group of relaxation modes consisting
of time-independent amplitudes B;, characterizing the
structural (longitudinal stress) relaxation of the binary
solution. The time constant of the single-exponential
decay term depends on ¢2, and the time constant of each
of the structural relaxation modes is g-independent. The
amplitude factors A and B; are, in general, wave vector
dependent. In the small g region such that D.g%2 « 7},
both A and B; have a g* dependence; however, in the large
wave vector regime so that D.g2? » ;7! for all structural
modes, both A and B; become g-independent, and they
are given by

M,
01‘; =1~BMy(My+ M)  (23a)

Ep 2 ¢

A=1-

and
B, = BM/(M, + M) (23b)

where M, = ¢1p%(d7/dps)p,7 is the osmotic modulus.
Equations 21 and 23 show that, as the intensity of the
stress relaxation (viscoelastic) mode increases, the intensity
of the cooperative diffusion mode decreases. In other
words, the viscoelastic mode intensity grows at the expense
of the collective diffusion mode. Because of the presence
of the quantity osmotic modulus M, in the denominator
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of the B; expression, the amplitude of the viscoelastic mode
is considerably reduced for the solutions with a large
osmoticmodulus. For polymersin good solvents, polymer
chains are extended and the solvent molecules strongly
solvate the polymer chains. Thus, at a polymer concen-
tration the osmotic pressure in good solvents is consid-
erably larger than that in © solvents. As a result, the
amplitude of the viscoelastic mode B; is smaller in the
good solvents. Thus, due to the presence of M, in the
denominator, the viscoelastic relaxation spectrum deduced
from dynamic light scattering may differ from that deduced
from the mechanical relaxation measurement. Inthe D.g?
> 7; regime, the time dependence terms in A also cancel
out, and the amplitude factor A becomes independent of
both ¢ and t. However, in the D.q? <« 7; regime, the time
dependence does not cancel out, and the diffusion mode
is not a simple single-exponential but rather of the type
(a + bt) exp(-D.q%). However, the experimental data so
far obtained have not been analyzed in this manner.

It is interesting to consider the case of one single stress
relaxation mode, as was assumed in de Gennes’ transient
network model. In the literature of semidilute polymer
solutions, the structural relaxation mode has been called
the slaw mode, and the collective diffusion mode is known
as the fast mode, due originally to Adam and Delsanti.
According to eq 23a,b, the ratio of the amplitudes of the
collective diffusion and the structural relaxation modes is
(assuming 8 = 1)

A 1-MyM,+M,) M, 24)
B MyM,+M,) M, (

This result is identical to the fast mode-slow mode
amplitude ratio of Adam and Delsanti,® who modified de
Gennes’ frozen gel model to allow for structural relaxation.
However, as pointed out above, the stress modulus has in
general a wide distribution of relaxation times. Since their
calculation only takes into account the chain disentan-
glement relaxation, the result will not be correct for
describing the effect of linear viscoelastic properties of
polymer solutions on the dynamic light scattering spec-
trum.

In order to properly describe the viscoelastic behavior
of high molecular weight polymers in the semidilute
solution, a distribution of structural relaxation modes
covering the dynamic region of the fast collective diffusion
to the slowest mode connected with the characteristic
disentanglement time of the whole transient network has
to be considered. We again emphasize, however, that the
assumption of a transient network is not necessary in the
present approach. Furthermore, the existence of the
coupling parameter § is necessary to bring about the
coupling of the osmotic pressure (or concentration)
fluctuation and viscoelasticity. Inthesemidilutesolution,
the volume of the solution is larger than the sum of the
individual components, 8 is positive but not equal to 1.

As shown above, (3 is proportional to the change of the
solvent density with respect to the polymer concentration.
The quantity is usually positive, due to the fact that
polymers in general have a larger density than most
solvents. An exception is CCly, whose density (=1.52 g/
cm?) is larger than those of most polymers. Thus, adding
a polymer to the CCly solution generally decreases rather
than increases the solution density. This gives rise to a
negative 8 unless the polymer—CCl, interaction causes a
large volume decrease. It would be interesting to study
the concentration dependence of the dynamic light scat-
tering spectrum of the polymer/CCl, system to examine
the effect of negative 8. In general, 8 is concentration
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dependent. In good solvents, the change in the solution
density with concentration is not expected to be as large
as that in © and poor solvents, due to the fact that polymer
chains are greatly solvated by solvent molecules in good
solvents. Thus, in good solvents, a smaller § is expected
for polymers in the semidilute regime. Inaccordance with
eq 23b a smaller 8 and larger osmotic modulus of the semi-
dilute solution in the good solvent will render the vis-
coelastic modes weaker in the dynamic light scattering
spectrum than in the © solvent. This prediction is
qualitatively in agreement with the experiments. How-
ever, a quantitative verification of the theoretical result
would require an experimental determination of 8 and
M,. This work is presently in progress in our laboratory.

One may proceed to obtain the general result by
expressing the spectral power density of the scattered light
in terms of the whole frequency dependence in the
longitudinal stress modulus. Butthe general case has been
considered in our previous paper,3® and we refer the
interested reader to that reference.

IV. Summary and Conclusions

Mechanical relaxation and dynamic light scattering are
techniques which are intimately related. Efforts have been
made to find a correlation of dynamics data of polymer
liquids obtained by dynamic light scattering and by me-
chanical relaxation techniques. Making the correlation
not only helps in the understanding of the light scattering
spectrum but also helps in bringing about the unification
of the information that has been separately obtained by
the two techniques. In the one-component bulk polymer
melt, the density—density time correlation function is
shown to be equivalent to the relaxational bulk longitudinal
creep compliance.? In this paper, we extend the earlier
work on bulk polymers and consider problems involved in
correlating dynamic light scattering with mechanical
relaxation for a binary solution. We analyze the effect of
viscoelasticity on the dynamic light scattering spectrum
of the binary solution. The result shows that when the
coupling of the concentration fluctuation and the viscoelas-
tic effect is present, the time dependence in the time au-
tocorrelation function of concentration becomes bimodal,
consisting of one single-exponential decay with an am-
plitude which in general depends linearly on time and a
group of relaxation modes consisting of time-independent
amplitudes, characterizing the structural (longitudinal
stress) relaxation of the binary solution. Therate constant
of the single-exponential decay term is equal to ¢2D, but
the time rate constant of each of the structural relaxation
modes is g-independent. The cooperative diffusion coef-
ficient D, derives contributions both from the osmotic
pressure fluctuation and from the viscoelasticity affecting
mechanical properties of the binary solution. Forthe semi-
dilute polymer solution, in which chains are overlapped,
the present result reduces to the result of Adam and Del-
santi, provided that the coupling coefficient, 8, is equal to
1 and there is only one stress relaxation mode. However,
we have shown that the g-independent modes can have
their positions anywhere in the dynamic viscoelastic
spectrum and are not just restricted to slow modes. Since
the present calculation is based on linear viscoelastic theory
and does not require the transient gel model, our result
should have a wide range of applicability. Description of
the dynamic light scattering spectrum of binary solutions
with a distribution of longitudinal stress relaxation times,
or for solutions consisting of small molecular weight
polymers, for which the theories of de Gennes or Adam
and Delsanti will not apply, can be anticipated from the
present theory.
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However, although dynamic light scattering and me-
chanical relaxation measurement of polymer solutions
yield closely related information, there exist significant
differences in the relative contributions of the correspond-
ing components in the distributions of the relaxation time
spectra obtained by the two techniques. Inaddition,since
only the longitudinal modulus M(¢) enters into the theory
of DLS, unless the dynamics underlying M(t) is similar to
that of G(¢t), there will not be a direct one to one comparison
between the results of the mechanical shear modulus
measurement and DLS. Experimental investigations are
needed for the clarification.
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