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ABSTRACT: A comprehensive quasielastic light scattering study of polystyrene (PS) in diethyl phthalate
hasbeen carried out. The homodyne intensity—intensity correlation function of the scattered light is measured
asafunction of polymer concentration and molecular weight. Inthesemidilute and concentrated concentration
regimes, the time correlation function deviates from a single-exponential shape. The deviation is interpreted
as arising from two types of modes, one associated with cooperative diffusion and the other with the
viscoelasticity of the polymer solution. The experimental results are interpreted in terms of a recently
developed hydrodynamic theory without assuming the transient gel model of de Gennes and Brochard. The
concentration dependence of the osmotic modulus is obtained from the static light scattering experiment.
Using both theory and experiment, we have obtained the osmotic modulus, the cooperative diffusion coefficient,
the longitudinal modulus, and the friction coefficient as a function of polymer concentration. This work
furnishes an alternative point of view for the interpretation of the dynamic light scattering data of the
polymer solution in the semidilute and concentrated regimes.

I. Introduction

Mechanical relaxation and dynamic light scattering are
techniques that are intimately related. Efforts have been
made to correlate structural and dynamic data of a polymer
liquid obtained by dynamic light scattering with that by
the mechanical relaxation spectrum. Making the corre-
lation not only helps in understanding the light scattering
spectrum but also facilitates the unification of the infor-
mation obtained separately by the two techniques; in
addition, it allows the use of one technique to study the
polymer liquid when the other becomes restricted or fails.
In recent years some progress has been made in this
direction. In the bulk polymer melt, the density—density
time correlation function is shown to be equivalent to the
relaxational bulk longitudinal creep compliance.! Arecent
paper also deals with the depolarized scattering spectrum
with reorientational dynamics and shear modulus.? Some
attempts have recently been made to correlate the
quasielastic light scattering (QELS). spectrum with the
mechanical relaxation spectrum of the polymer solution.?4

Dynamic light scattering from a dilute polymer solution
of a monodisperse molecular weight polymer is charac-
terized by an essentially single-exponential decaying
autocorrelation function if the amplitude of the scattering
vector q is sufficiently small such that gR; < 1, where R,
is the mean radius of gyration of the macromolecules in
solution. The exponential decay is due to translational
diffusion of polymer in the solvent.® Increasing the
polymer concentration beyond the overlap concentration,
defined by C* = M/[(4/3)xR;31N,4, results in major
deviations from the single-exponential decay in the
autocorrelation function of the scattered light.¢¢ Here
N, isthe Avogadro constant and M is the molecular weight.
The overlap concentration C* separates the dilute regime
from the semidilute regime. Above C*,neighboring chains
begin to overlap, and the hydrodynamic interaction is
screened. The deviation from the single-exponential decay
is prominent in semidilute solutions with marginal or
#-solvents. Inthesemidilutesolution, the QELS spectrum
is interpreted as due to scattering from more than one
relaxation mode. One of the modes is attributed to the
mutual diffusion Dn(c), which depends on the polymer
concentration and is related to the hydrodynamic corre-

0024-9297/93/2226-0707$04.00/0

lation length {u by
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where kg is the Boltzmann constant, T is the temperature,
and », is the viscosity of the solvent. The existence of the
other modes has been the subject of much discussion.815-2!
We have recently carried out a theoretical analysis using
generalized hydrodynamics, with the object of clarifying
the nature of the dynamic light scattering spectrum of a
binary solution at various concentrations. We haveshown
that the other modes are due to the effect of viscoelasticity;
the transient gel model'” of de Gennes is a special case of
the generalized hydrodynamics calculation.

In this paper, we report experimental results of a
comprehensive dynamic light scattering study of a polymer
solution consisting of polystyrene (PS) in diethyl phthalate
(DEP) as a function of polymer concentration at several
molecular weights of PS. We show how the experimental
results can be interpreted in terms of the recently
developed theory.3¢ The interpretation isto be contrasted
with that previously advanced by Brochard.2? No as-
sumption of entangled chains or a transient gel model is
needed in our interpretation of the QELS spectrum of the
semidilute or concentration solution. The difference in
the interpretation between the present approach and those
previously offered is described in more detail in a review
article by one of the authors.2?

The outline of this paper is as follows. Insection II, we
review the theoretical background needed in the inter-
pretation of the experimental results. The experimental
detail is described in section III. A discussion of the
experimental results is given in section IV, which is
followed by a summary and conclusion in section V.

Dy(c) = (8))

II. Theoretical Background

Using generalized hydrodynamics, it is shown in refs 3
and 4 that the concentration and density fluctuations in
abinary solution are, ingeneral, mixed. Ifthestresstensor
of the polymer solution is assumed to be the sum of the
partial stress tensor from the polymer component and that
from the low molecular weight solvent, then we obtain a
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coupled equation for the concentration and density
fluctuations as®

mao

(602) = —f dt’ M(t—t")— (Vzap)— (v25 )+

at’
sz Hy = pV-F, (2)

where M(t) is the longitudinal modulus of the solution
equal to {K(t) + (4/3)G(t)} and m is the longitudinal
viscosity of the solvent equal to [x; + (4/3)m]. 8p: is the
fluctuation in the polymer concentration (in g/cm?), 6p is
the fluctuation in the polymer density (in g/cm?), and po
is the equilibrium solution density. u; is the chemical
potential (the Gibbs free energy per unit mass) of the
polymer component insolution. Fsisthe average frictional
force per unit mass exerted on the polymer by the solvent
molecules.

The equations for the frictional force F; and for the
chemical potential uy are given by?

Ve(psFy) = 5562(51’2) @
and
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where £ = (po/ MiM>)£12. £1218 the friction coefficient and
is given in terms of the intermolecular potential; II is the
osmotic pressure, and ¢; and ¢. are the volume fractions
of the solvent and polymer, respectively.

Equation 2 and the auxiliary equations (3) and (4) form
aset of equations needed for the calculation of the dynamic
light scattering spectrum of a binary polymer solution at
all concentrations.

We can separate the isothermal part of the density
fluctuation in eqs 2 and 4 into two parts:

7] a
5p = —&) 5o, + (—B) 5 5
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where the coefficient of the second term is related to the
isothermal sound velocity. When dealing with the
quasielastic light scattering spectrum, the pressure fluc-
tuation term and the inertia term (the term on the left-
hand side of eq 2) can be neglected. These terms do not
contribute to the QELS spectrum, as they are the high-
frequency terms. After neglecting these terms, one can
obtain from eqs 2-4 using standard techniques an ex-
pression for the spectral power density of the scattered
light associated with concentration fluctuations as

I(q,w) = (8px(q)/*)S(q,w) (6)

where ¢ is the amplitude of the scattering vector given by
g = 4xn sin (6/2)/); 0 is the scattering angle, n is the
refractive index of the solution, and A is the wavelength
of the incident light in vacuum. S(q,w) is the dynamic
structure factor which determines the spectrum of the
scattered light and is given by

m(w) + E
S(q, 7
(qw) = YEY @ ¢
where
Aw) = iwm(w) + ¢,q (an) + ik ®)
02/ p.1
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Here, the quantity M(w) is given by

Mlw) = 9—( ) frdte™Mw) (9)
po\dpy/ rp

We note in eq 9 that the longitudinal modulus M(t)
entering into the concentration fluctuation equation is
modified by the factor (3p/dp2)rp. It is easy to show that
this factor is equal to (V; - V2)/ V1, where V; and V, are
the partial specific volumes of the solvent and solute,
respectively. Since /1(w) must be positive but (dp/dp2)7 s
may be either positive or negative, depending on whether
adding polymer is to increase or decrease the solution
density, we introduce a coupling parameter 8, equal to the
absolute value of (p2%/po)(8p/dp2)T.p to determine the
effectiveness in the coupling of the concentration fluc-
tuation to the viscoelasticity of the polymer solution. A
strong coupling between concentration and density, hence
viscoelasticity, is expected if there is a large difference in
the partial specific volumes of the polymer and solvent
components in the solution. On the other hand, in the
case that Vi =~ V), one expects a negligible coupling
between the concentration fluctuation and the viscoelas-
ticity of the binary polymer solution. Thus, owing to the
coupling parameter 8, the concentration fluctuation in
the polymer solution does not see the full impact of the
longitudinal stress M(t), rather only SM(t).

The dispersion relationship of the concentration fluc-
tuation dynamics is determined by the function A(w),
which, according to eq 8, is determined by the osmotic
modulus Mp, given by ¢10:°(0I1/dp2)7.p, the friction
coefficient {, and the frequency dependence of the dynamic
longitudinal modulus of the polymer solution, given by

M) = io [ "dt e“'M(t) = M'(w) + iM"(@) (10)

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

Equation 7isanimportant result. It describes the effect
of the viscoelasticity of the polymer solution on the QELS
spectrum owing to the concentration fluctuation. Clearly,
according to eqs 7 and 8,in addition to the osmotic pressure
fluctuation, the viscoelastic response, as described by M(t),
also plays a role in affecting the QELS spectrum. Nev-
ertheless, in contrast to the bulk polymer case,! it should
be emphasized that the concentration fluctuation spectrum
in a binary solution does not see the full stress modulus
M(t), but only 8M(t). Only for the polymer solution with
anonvanishing 8 parameter can the viscoelastic relaxation
behavior affect the QELS spectrum.

Since the longitudinal stress modulus has a wide
distribution of relaxation times, we expect an extensive
mixing between the viscoelastic relaxation process and
the osmotic pressure fluctuation in the 10-1-10%-Hz
frequency range for binary solutions with a large 8. In
such systems, we anticipate observing a rather complex
QELS spectrum in the polymer solution.

The stress relaxation modulus can, in general, be written
as

M(t) = ZM,-e“/" (11)
Thus, the dynamic modulus becomes

1
Mt = Z(M M; 1+ Lwr) 12

where M; is the amplitude of the relaxation mode of the
longitudinal modulus with the relaxation time r;.
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Onenotes from eq 12 that for the rapidly relaxing system
in which wr; « 1 applies to all relaxation modes, the
dynamiclongitudinal modulus issmall. Forsuchsystems,
the viscoelastic effect is small and the QELS spectrum is
determined mainly by the osmotic pressure fluctuation.
More interesting is the case where wr; = 1, the case relevant
to polymer solutions in the semidilute and concentrated
regimes. For systems satisfying this condition, the vis-
coelastic response of the polymer solution is expected to
be present in the QELS spectrum.

Using a perturbation technique, it has been shown that
for the systems in which wr; = 1, the normalized auto-
correlation function of concentration fluctuations g(g,t)
is given by*

{8p4(q,t)op.*(q))

(opo(*)

where g(q,t) is related to the dynamic structural factor
S(q,w) by a Fourier transformation; D, is the cooperative
diffusion coefficient given by?’

D, = [$,(811/3p,)p.r + BMy/p;1/§ 14)

Equation 13 shows that the time correlation function is
bifurcated into two groups: one consists of a single-
exponential decay with the decay rate given by D.q2, and
the other consists of a group of viscoelastic relaxation
modes associated with relaxation time constants ;, which
are the longitudinal stress relaxation times. Note that
the time constant of the single-exponential decay term
depends on g2 and the relaxation times of the viscoelastic
modes are independent of ¢. The amplitude factors A
and B; are, in general, ¢ dependent; however, in the large
wave vector region such that D.g? > !, the amplitude
factors A and B; are given by

A=1-8My/(8M,+ M) (15a)

g(gt) = = Ae D" ¢ ZBie"/ i (13)

and
B; = 8M,/(BM, + Mp) (15b)

where My = ¢10:%(811/8p2)p,r is the osmotic modulus and
My = L;M; is the amplitude of the total longitudinal stress
modulus.

The theory summarized by eqs 13-15 will form the basis
with which we shall use to interpret and discuss the present
experimental results.

ITI. Experimental Section

The polystyrene (PS) samples used in this study were
purchased from Toya Soda and have polydispersity indexes
M,/ M, ranging from 1.01 to 1.03. These PS samples are nearly
monodisperse. Polymer solutions were prepared by dissolving
PS in diethyl phthalate (DEP) solvent (Pfaltz and Bauer, Inc.).
Dust in solutions with less than 1 wt % PS was removed by
filtering the solution through 0.2-um Millipore filters into the
light scattering cell. Solutions with higher concentration are
difficult to filter, and dust in these solutions was removed by
centrifugation for more than 8 h at 9000z.

Static light scattering (SL.C) measurements were performed
by using an apparatus consisting of a Brookhaven 200 SM
goniometer and a Spectra-Physics 125 He-Ne laser with a power
of 40 mW at the wavelength of 632.8 nm.

The refractive index increment dn/dc of PS in DEP is 0.094
at the wavelength of 632.8 nm (Brandrup, J.; Immergut, E. M.
Polymer Handbook; Interscience: New York, 1966) at 20 °C. We
assume that this value does not change with concentration. The
coupling parameter 8 is determined from the density measure-
ment. The densities of the polymer solutions were determined
by using volumetric flasks and a weight balance. Pyrex Class A
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5- and 10-mL volumetric flasks fit with Pyrex stoppers were used.
The precision of the balance is £0.0001 g.

The radius of gyration R; and the second virial coefficient A,
were determined from a Zimm plot according to the conventional
method. The radius of gyration data were used to calculate the
overlap concentration C*.

Dynamic light scattering (DLS) measurements were carried
out using an apparatus consisting of a Brookhaven 200 SM
goniometer and a Brookhaven BI-2030 digital correlator. The
light source is an argon ion laser operating at 488.0 nm with
150-mW power. The DLS correlation functions obtained at the
scattering angle § = 90° from the Brookhaven BI-2030 correlator
equipped with a multiple sample times option were compared
with those obtained by an ALV-5000 logarithmically spaced
correlator covering 10 to 3 X 102 s. Samples were measured at
various scattering angles ranging from 30 to 150°. All measure-
ments were made at 23 °C.

The normalized correlation function g(g,t) is obtained from
the intensity-intensity autocorrelation function, G(q,t), via the
Sigert relation:

gg,t) = [G(g,t)/A - 11'/* (16)

where A is the experimentally determined baseline. For all DLS
experiments the measured baseline A is in agreement with the
theoretically calculated baseline to within 5%.

Two procedures are used to analyze the g(g,t) versus ¢ data.
One involves using the CONTIN program in which g(g,t) is
decomposed into a distribution of relaxation modes given by

8(g,t) = ZA,-e"/ - J:p('r)e"/ Tdr an

where p(r) measures the distribution on the relaxation time 7.
The second data analysis method utilizes a double Kohlraush—
Williams-Watts (KWW)-stretched exponential function given
by '

8(g,t) = x1 exp[~(t/1)"] + x, exp[~(t/7,)™] 18)
The mean relaxation times are calculated by using

_ I'{a/8)
T, =T 8
where 7; is the characteristic relaxation time; I'(x) is a I function.
The parameter x; measures the strength of mode i; clearly, x; +
%3 = 1, a8 g(g,t) is normalized at ¢ = 0. The mean relaxation
times calculated by the CONTIN method and the double KWW
fit agree to within 10%.

i=lor2 19)

IV. Results and Discussion

Polarized QELS measurements have been made in the
homodyne mode to characterize the dynamic behavior of
PS solutions in DEP as a function of PS concentration
and molecular weight. The homodyne time correlation
function G(g,t) is theoretically related to g(g,t) according
to eq 16; in practice, however, one needs to introduce a
contrast factor b to account for the contrast reduction due
to the finite pinhole size used and the limited dynamic
range of the digital correlator, which can only effectively
probe dynamic events at times longer than 10¢s. For this
reason, the measured initial amplitude of g(g,t) att =0
needs to be divided by the contrast factor b to achieve the
normalization. A representative time correlation function
of PS solution in DEP with a PS concentration equal to
0.1025 g g! obtained at 90° is shown in Figure 1. The
correlation functions obtained in this work were mostly
carried out with the BI-2030 correlator, because our BI-
2030 correlator is equipped with a goniometer, which makes
it convenient to do the angular-dependent measurement.
However, as mentioned above, we have compared the
correlation functions obtained at 90° with those obtained
with an AL V-5000 correlator, which covers over 8 decades
in delay time in one run (Figure 1). The ALV-5000
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Figure 1. Measured time correlation function g(g,t) of PS in
DEP. The molecular weight (My) of PS is 2.88 X 108 (My/M, =
1.03) and the concentration is 0.1025 g g!. Curve 1 is the
contribution from cooperative diffusion obtained by fitting g(g,t)
to eq 18, and curve 2 is due to the second term.
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Figure 2. Plots of mean relaxation rates (1) ! and (72)! for PS

solution (M, = 2.88 X 108, C = 0.1025 (g g 1)) as a function of g2
The mean relaxation times (7;) are calculated by using eq 19.

correlator is more convenient than the Brookhaven BI-
2030 correlator for the QELS study of the polymer solution
in the semidilute and concentrated regimes as the time
correlation function G(q,t) takes more than 4.3 decades in
time to decay to the background. The 4.3 decadesin delay
time is the upper limit of the BI-2030 correlator. However,
when three correlation functions separately obtained with
the BI-2030 correlator with different sampling times are
spliced together, the resultant correlation function G(q,t)
covering 8 decades in delay times becomes practically the
same as that obtained with the ALV-5000 correlator in
one run. Also shown in Figure 1 is the decomposition of
G(q,t) into two contributions in accordance with the double
stretched exponential fit given by eq 18. The fast-decay
portion (curve 1) is almost single exponential (3; = 0.99),
whereas curve 2 is rather broad (8 = 0.21), covering a
dynamic range from 1 ps to over 100 s. There is a
considerable deviation at long time (>100 s), due possibly
to the artifact of the correlator.

Shown in Figure 2 are the reciprocals of the relaxation
times plotted versus g. The relaxation rate constant of
the mode which is single exponential is proportional to g2,
whereas, except for the values at small ¢q (<17.32 X 1076
m1), the mean relaxation of the broad nonexponential
decay is practically independent of q. We associate the
g% dependence mode with cooperative diffusion and the
g-independent modes with the viscoelastic modes. The
decrease in the relaxation rate 1/ (7o) with g in the small-g
regime is due to the mixing of the cooperative diffusion
mode with the viscoelastic modes at small g, in which the
condition D.q? > 7;! ceases to apply.*

We have calculated the cooperative diffusion coefficient
D. by using the formula D, = (¢g%(r1))"!. The cooperative
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Figure 3. Plot of the cooperative diffusion coefficient D, as a

function of concentration. D, is calculated from (7;) in accor-
dance with the formula D, = [¢%(r1)]™.
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Log (D./Dg)

0 10 20 30 40 30 60
c/c*

Figure 4. Plot oflog (D./Dy) vs C/C* for PS in DEP for different
PS molecular weights. My, of samples: (@) 2.88 X 10%; () 7.75
X 105, (v) 1.86 % 105 (m) 1.02 x 10°.

diffusion coefficient D, is plotted in Figure 3 as a function
of concentration for the solutions prepared with My, =
2.88 X 108 (M,/M, = 1.03). In the dilute and semidilute
concentration regimes, D. increases rapidly with increasing
polymer concentration. The increase levels off at about
10 times the overlap concentration. It reaches a broad
maximum at a concentration about equal to 0.3 g g™ (=~25
times the overlap concentration) and then it decreases
gradually with further increasing concentration. If D is
qualitatively identified with the mutual diffusion coeffi-
cient, then according toeq 1, the concentration dependence
behavior of D, indicates that for C < 10C*, the hydro-
dynamic correlation length {, decreases rapidly with
increasing polymer concentration. The decrease in {,, with
increasing C has been predicted by scaling theory in good
solvent with a power law!8 concentration dependence given
by {u ~ C7, Qur results for C < 5C* can be forced to
follow a power law, but the exponent is about equal to
—0.62.

PS samples with different molecular weights have also
been studied. A more detailed analysis of the molecular
weight dependence will be published elsewhere. Here we
show the preliminary results. Using the static light
scattering technique, we have determined the radius of
gyration R, for PS in DEP with different PS molecular
weights. The overlap concentrations C* for different PS
molecular weights are then determined. We have nor-
malized C to C* and in Figure 4 have plotted log (D./Dg)
versus C/C* for PS with different molecular weights. Here
Dy is D, at infinite dilution. When the concentration is
normalized to C*, the diffusion coefficient ratio D./D,
obtained for PS with different molecular weights falls on
amaster curve. For C/C* <10,D/Dyfirst increases rapidly
with increasing concentration, reaches a broad maximum,
and then falls off for C/C* > 25.

The cooperative diffusion coefficient D, is given by eq
14 in terms of osmotic and longitudinal stress moduli. In
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the semidilute regime, increasing the polymer concen-
tration also increases the osmotic modulus as well as the
longitudinal stress modulus (multiplied by the 8 param-
eter); the friction coefficient also increases but to a lesser
degree (see later). Thus, in this concentration range, the
increase of D, with increasing polymer concentration is
due to the increase of osmotic and longitudinal moduli. As
the osmotic and longitudinal stress moduli reach the
plateau values, any further increase in the polymer friction
coefficient owing to the increase of polymer concentration
leads to a decrease in the cooperative diffusion coefficient.

Brochard?? has applied scaling theory to discuss the
concentration dependence of D, in the semidilute regime.
In Brochard’s theory, entanglements among different
polymer chains are assumed to form a transient gel network
of lifetime 7r. An additional assumption is that the
polymer solution is characterized by only two distinct
elastic moduli: the osmotic modulus My and the shear
modulus G. Assuming thatthe concentration dependences
of My, G, and the friction coefficient for good solvents are
given by My = KnC3, G = GoC? and & = £,C? the theory
leads to a linear concentration dependence of D.:

D =-—+—-—C (20)

As mentioned above, the prediction of a linear concen-
tration dependence of D, is not observed in the present
work.

Brochard’s theory on D, is based upon the assumption
of an incompressible fluid. The effect due to the com-
pressional modulus is altogether neglected. It differs
considerably from the work reported in refs 2-4, which
deals with a compressible fluid, and it includes the
mechanical compressional modulus K. When the com-
pressional modulus is combined with G, it yields the
longitudinal modulus: M, = K + 4G/3. In Brochard’s
work the coupling parameter 8 is equal to 1. The role of
the solvent is to provide friction to the macromolecule.
The contribution of solvent molecules to density and
concentration fluctuations is not explicitly considered. As
discussed below, the result of § = 1 is never realized in
polymer solutions because the solvent molecules modify
the concentration fluctuation and they need to be taken
into account. Using scaling arguments, Brochard gives
another prediction: Mn/G > 1 for good-solvent solutions
and My/G ~ 1for 6-solvent solutions. Although the value
of K is'hot well known, if one assumes that in the polymer
solution K is of the same order of magnitude as G,
Brochard’s prediction is essentially Mp/Mo > 1 for good-
solvent solutions and Mp/M, =~ 1 for 8-solvent solutions.
We now show that this conclusion is incorrect, considering
the fact that My is usually several orders of magnitude
smaller than the longitudinal stress modulus My. Inother
words, we expect that M/ M, is always much less than 1
for both types of solutions. Infact,as weshall subsequently
show, it is the result of the combination of M, with 8 that
renders the viscoelastic contribution to have a comparable
value with M. However, despite the fact that one always
has Mp/My << 1, we now show that Mp/8M;, > 1 in the
semidilute solution; this ratio decreases rapidly with
increasing PS concentration, reaching a result of Mp/8M,
=~ 1 at high concentration.

Mu/My can be determined by analyzing the shape of
the correlation function G(g,t). According to eqs 13-15,
the amplitude factor associated with the cooperative
diffusion term is [1- 8Mo/(8Mo + Mn)]. Thedouble KWW
stretched exponential function fit to g(q,t), as given by eq
18, allows one to identify the parameter x; to be
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Figure 5. Coupling parameter 8 plotted versus concentration
ps for the PS sample at 20 °C with M, = 1.86 % 10%. Over the
concentration range from 0 to 0.5 g/mL, 8 can be represented by
8 = 1-0.055|ps.
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Figure 6. Amplitude factor x, of the cooperative diffusion mode
plotted as a function of PS concentration.

Table I
Osmotic Modulus My, Longitudinal Moduli M. and M,, and
My/M, of PS in DEP

Cggh MJMa Mn(Pa) M.(GPa) Mo (MPa)
0.0076 427.66 0.024 3.64 0.0103
0.020 268.98 0.176 3.67 0.0473
0.037 226.38 0.533 3.73 0.1207
0.07 122.28 2.899 3.85 0.3545
0.103 111.21 7.604 3.99 0.8456
0.17 40,92 14.180 4.39 0.5802
0.30 18.31 (64.327) 5.50 (1.1778)
0.50 13.386 (190.961) 7.09 (2.5512)

equal to

BM
%=1 = 8 1)

- =1-
BMO + MII ﬁ + (Mn/Mo)

Wehave determined 8 by measuring the solution density
as a function of polymer concentration. As described in
the Experimental Section, 8 is determined by measuring
the overall density of the solution as a function of the
polymer concentration. From the slope of the p vs p2 plot,
we have obtained 8 as a function of p2. The concentration
dependence of 8isgivenin Figure 5. The amplitude factor
x; obtained from the fit of g(q,t) to eq 18 is shown in
Figure 6 as a function of polymer concentration. Having
obtained x;, we use the measured 8 value to calculate Mo/
My as a function of concentration by employing eq 21.
The results for M/ M; calculated as a function of polymer
concentration are given in Table I. One notes that at low
concentration, My is more than 2 orders of magnitude larger
than Mn. My/Mn decreases with increasing polymer
concentration. At C = 0.5 g g1, M is still more than 18
times the value of M. The increase in M/ M, (or decrease
in Mo/Mp) is due to a more rapid increase in the osmotic
modulus as the polymer concentration increases. In the
semidilute concentration M, is several hundred times
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Figure 7. Inverse osmotic compressibility (I1/d¢c)rp plotted
versus ¢ for PS in DEP.

larger than My; thus we have Mn/M, « 1, in contrast to
theresult of M/ My > 1 for good-solvent solution predicted
by Brochard.

The osmotic modulus My can be obtained by using the
static light scattering (SLS) technique. The inverse
osmotic compressibility, (811/dc)p 1, is equal to the reduced
scattering intensity at zero angle Kc¢/R(0), multiplied by
RT. Here K is an optical constant equal to 4xne?(dn/
de)?/Na)4, where ng is the solvent refractive index and
dn/dcistherefractiveindex increment. We have measured
the reduced scattering intensity K¢/Ry as a function of
scattering angle on the same sampies as used for the
dynamic light scattering measurements. The Rayleigh
ratio Ry was obtained and calibrated with benzene: Ry =
8.8 X 10 at 25 °C.28 The Kc/R; values at different
scattering angles were plotted as a function of g and then
extrapolated to ¢ = 0 to obtain K¢/R(0). The inverse
osmotic compressibility obtained is shown in Figure 7 as
a function of concentration. At low concentration, 811/dc
can be described by a second virial coefficient (A3), which
is equal to 2.34 X 10~ mol-mL/g? for PS in DEP at 23 °C,
in comparison with A, = 2.24 X 10 mol-mL/g? for PS in
toluene at 20 °C. Thus, at 23 °C DEP is a good solvent
for PS. The rapid increase of dIl/dc with increasing
polymer concentration is due to the large contribution of
PS chain repulsions. The transition from dilute to
semidilute and then to concentrated solution is gradual
without a sharp and identifable slope change, suggesting
that a scaling law is not applicable to dII/dc in these
concentration regimes. Having obtained the inverse
osmotic compressibility, we calculated the osmotic mod-
ulus using the expression My = ¢:(811/dp2)p2 = ¢1(0I1/
dc)c. The results for My at various concentrations are
listed in Table I. The osmotic modulus My increases
rapidly with increasing concentration.?® With the avail-
ability of the My data, the value of the longitudinal stress
modulus M, can now be determined. The M values at
various PS concentrations are listed in Table I. The
concentration dependences of both My and My are also
plotted in Figure 8. The concentration dependences of
My and M, can be described by a power law: My ~ Cén
and My ~ C%, with {n = 2.13 and {, = 1.67.

With the availability of M1, Mo, and 8, we can readily
calculate Mp/8M,. Mu/8M, plotted as a function of
polymer concentration is shownin Figure 9. As mentioned
above, although we have Mp/M; « 1 at all polymer
concentrations, My/8M, > 1 at low polymer concentra-
tions; this ratio decreases from 5.0 at ¢ = 0.0076 g g™! to
about 1.4 at 0.103 g g-! and appears to decrease further
at higher concentration. Mp/8M, measures the relative
strength of the osmotic modulus with respect to the effect
of viscoelasticity on the concentration fluctuation. The
decrease in Mn/8M; is due mainly to the increase in 8 as
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Figure8. Osmotic modulus My and longitudinal stress modulus
M, plotted versus concentration for PS in DEP.
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Figure 9. My/8M; plotted as a function of concentration.

the polymer concentration increases. Clearly, the coupling
parameter plays a crucial role in bringing the full longi-
tudinal stress modulus to a magnitude that is actually
involved in the concentration fluctuation. Thus, the effect
of the coupling parameter 8 cannot be neglected.

The longitudinal stress modulus M, as determined in
the present work from the combined use of the QELS and
SLS techniques corresponds to the value at the frequency
about equal to 106 Hz, due to the limitation of the dynamic
range of the digital correlator (the shortest reliable delay
time of state-of-the-art digital correlators is about 1 us).
It is of interest to compare the presently determined M,
values by QELS with the high-frequency longitudinal
modulus M.. that can be determined by using the Brillouin
scattering technique.

The shift (Avg) of the Brillouin doublet due to the
scattering of the longitudinal hypersonic wave in the PS
solution is related to the high-frequency longitudinal
modulus M.. by Avp = ¢(Ma/po)t/%/2x.2 We have measured
Avp as a function of polymer concentration for the PS/
DEP solution using a five-pars Fabry—Perot interferom-
eter. With the help of the solution density data, we have
calculated M. as a function of polymer concentration. The
M. values are listed in Table I; they are of the same order
of magnitude as those obtained for other polymer sys-
tems.”? M. is nearly 5 orders of magnitude higher than
M, at low polymer concentration and is a factor of 1.36 X
108 larger than M at high concentration (c = 0.33 g gV).
The large difference between M. and M arises from the
relaxation effect. In Brillouin scattering, one measures
the response at GHz (10° Hz). At this frequency, the
system albeit a polymer solution, is glassy, and, hence, it
has a high modulus M.. On the other hand, as mentioned
above, in QELS the response is at 1 MHz (10 Hz) or less;
at this frequency, the system is in the liquid or rubbery
state, and the dynamics of chain motion as well as the
effect of the solvent molecule play an important role in
relaxing the longitudinal modulus. The values of M. and
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Figure 11. Relaxation of viscoelastic modes as determined by
QELS for three PS/DEP samples with different concentrations.

M, determined in the present work are in qualitative
agreement (by having the same order of magnitude) with
those determined by the mechanical technique for polymer
solution.®

Having obtained My and M, we can use them to
determine the friction coefficient £ from the cooperative
diffusion coefficient D, data. Using eq 14, we have
calculated the friction coefficient £, and the results are
plotted in Figure 10 as a function of polymer concentration.
The friction coefficient is larger than 102 g1, indicating
the rapid interaction of small solvent molecules and the
polymer segments on the diffusing polymer chain. As
expected, the friction coefficient increases smoothly with
increasing concentration.

Finally, we show the viscoelastic contribution to the
correlation functiong(g,t). Thisisobtained bysubtracting
from g(g,t) the contribution due to the cooperative
diffusion (cf. eq 13). The correlation functions due to the
viscoelastic contribution are shown in Figure 11 for three
polymer concentrations. Atlow concentrations (¢ =0.0076
gg 1), the viscoelastic contribution accounts for about 15 %
of the short time (=10 s) value, but the contribution
steadily increases with increasing concentration, reaching
about 38% at ¢ = 0.1025 g g. One notes that the
correlation function associated with the viscoelastic effect
has a wide distribution of relaxation times, ranging from
1 us to greater than 10¢ us. Atshort times, it overlaps with
the cooperative diffusion mode; thus, referencing the
viscoelastic component to a slow mode!? is misleading.

The viscoelastic modes are always present in the QELS
spectrum. The manifestation of the viscoelastic model
depends on the amplitude factor SM;/(BM, + My) as
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indicated in eq 15b. At low polymer concentration the
factor is small, hence making the viscoelastic modes
difficult to detect. Experimental results obtained so far
have shown that these viscoelastic modes are always well
represented in semidilute 6 solutions, regardless of polymer
and solvent, and they are nearly absent in good and
marginal solvents.’! However the QELS spectra of the
present system as well as PS in other good solvents®? show
the ubiquity of the viscoelastic modes. Its presence is not
limited to semidilute © solutions.

Nevertheless, it should be pointed out that the terminal
relaxation time of the polymer solution as determined by
mechanical measurements is highly molecular weight
dependent, but, on the other hand, the QELS spectra of
the concentrated polymer solution (or polymer melt) show
that the viscoelastic modes are molecular weight inde-
pendent due mainly to localized segmental dynamics. The
study of the molecular weight dependence of the vis-
coelastic modes for the polymer solution making transition
from the semidilute to the concentrated region by QELS
will be very fruitful to make the distinction of the two.
Work of this nature is presently in progress.

V. Conclusion

Insummary, we have carried out a comprehensive study
of the photon correlation function obtained from QELS
of PS in DEP as a function of PS concentration and
molecular weight. In the semidilute and concentrated
concentration regimes, the time correlation function
deviates from a single exponential. The deviation is
interpreted as arising from two types of modes, one
associated with cooperative diffusion whose relaxation rate
is proportional to g and the other with a group of relaxation
modes associated with the viscoelasticity of the polymer
solution. The experimental results are interpreted in terms
of a generalized hydrodynamic theory recently developed
in this laboratory. With the help of the theory, we have
shown how the information regarding the viscoelasticity
of the polymer solution can be extracted by the combined
use of QELS and static light scattering techniques. We
have obtained the osmotic and longitudinal stress moduli,
cooperative diffusion coefficient, and friction coefficient
as a function of concentration.
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