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ABSTRACT A comprehensive quasielastic light scattering study of polystyrene (PSI in diethyl phthalate 
has been carried out. The homodyne intensity-intensity correlation function of the scattered light is measured 
as a function of polymer concentration and molecular weight. In the semidilute and concentrated concentration 
regimes, the time correlation function deviates from a single-exponential shape. The deviation ie 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 Gennm 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.' A recent 
paper also deals with the depolarized scattering spectrum 
with reorientational dynamics and shear moduluse2 Some 
attempts have recently been made to correlate the 
quasielastic light scattering (QELS) spectrum with the 
mechanical relaxation spectrum of the polymer s o l ~ t i o n . ~ ~ ~  

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 qRg < 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.6 Increasing the 
polymer concentration beyond the overlap concentration, 
defined by c* = M/[(4/3)?rRi]NA, results in major 
deviations from the single-exponential decay in the 
autocorrelation function of the scattered light.&l6 Here 
NA is the Avogadro constant and Mis 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 
8-solvents. In the semidilute solution, 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 Dm(c), which depends on the polymer 
concentration and is related to the hydrodynamic corre- 
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lation length (H by 

where kg is the Boltzmann constant, Tis the temperature, 
and v8 is the viscosity of the solvent. The existence of the 
other modes has been the subject of much 
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 a t  various concentrations. We have shown 
that the other modes are due to the effect of viecoelasticity; 
the transient gel model" of de Gennes is a special c a ~  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 (PSI in diethyl phthalate 
(DEP) as a function of polymer concentration at several 
molecular weights of PS. We show how the ezperimental 
results can be interpreted in terma of the recently 
developed the01y.e~ The interpretation is to 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 ofthe QELS spectrum of the 
semidilute or concentration solution. The difference in 
the interpretation between the present approach and thoee 
previously offered is described in more detail in a review 
article by one of the 

The outline of this paper is as follows. In section 11, we 
review the theoretical background needed in the inter- 
pretation of the experimental results. The experimental 
detail is described in section 111. A discussion of the 
experimental results is given in section IV, which is 
followed by a summary and conclusion in section V. 

11. Theoretical Background 

Using generalized hydrodynamics, it is shown in refs 3 
and 4 that the Concentration and density fluctuations in 
a binary solution are, in general, mixed. If the strea~ tensor 
of the polymer solution is assumed to be the sum of the 
partial streas 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 as3 

1 a 71 a 
Po at 

a2 - -Kdt’ M(t - t ’ )&V26p)  - - - ( V 2 6 p )  + -@P2) - 
at2 

p2V2c12 - ~2V472 (2) 

where M ( t )  is the longitudinal modulus of the solution 
equal to (K( t )  + (4/3)G(t)) and is the longitudinal 
viscosity of the solvent equal to [KI + (4/3)~11. 6p2 is the 
fluctuation in the polymer concentration (in g/cm3), 6 p  is 
the fluctuation in the polymer density (in g/cm3), and PO 
is the equilibrium solution density. p2 is the chemical 
potential (the Gibba free energy per unit mass) of the 
polymer component in solution. F2 is the average frictional 
force per unit mass exerted on the polymer by the solvent 
molecules. 

The equations for the frictional force F a  and for the 
chemical potential p2 are given by3 

(3) 

and 

P2V2P2 = 

where 5 = (po /M1M2)&.  €12 is the friction coefficient and 
is given in terms of the intermolecular potential; ll is the 
osmotic pressure, and 41 and 4 2  are the volume fractions 
of the solvent and polymer, respectively. 

Equation 2 and the auxiliary equations (3) and (4) form 
a set 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: 

(5 )  

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) = (16Pz(q)12)S(Q,W) (6) 
where q is the amplitude of the scattering vector given by 
q = 4un sin (B/2)/X; 8 is the scattering angle, n is the 
refractive index of the solution, and X 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 

(7) 

where 

Here, the quantity M u )  is given Ijy 

We note in eq 9 that the longitudinal mtddrrlw M t t ,  
entering into the concentration fluctuation equetion i* 
modified by the factor ( a p l a p 2 ) ~ g .  It is easy to show t h d  
this factor is equal to (PI - U 2 ) / V 1 ,  where PI and Vz ere 
the partial specific volumes of the solvent and soIutB, 
respectively. Since h ( w )  must be positive but ( a p / a p 2 ) ~ , 1 ~  
may be either positive or negative, depending on whether 
adding polymer is to increase or decrease the solution 
density, we introduce a coupling parameter B, equal to the 
absolute value of ( P ~ ~ / P O ) ( ~ P / ~ P Z ) T ~  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 = P2, 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 BM(t). 

The dispersion relationship of the concentration fluc- 
tuation dynamics is determined by the function A b ) ,  
which, according to eq 8, is determined by the osmotic 
modulus Mn, given by ~ $ I P ~ O ( ~ I I / ~ P ~ ) T ~ ,  the friction 
coefficient J; and the frequency dependence of the dynamic 
longitudinal modulus of the polymer solution, given by 

M*(w) = i w l d t  e-’”%f(t) = M’(w) + iM”(w) (10) 

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

Equation 7 is an important 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 viscoelaetic response, aa 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 strees modulus 
M(t) ,  but only @M(t).  Only for the polymer solution with 
a nonvanishing @ 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@-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 

Thus, the dynamic modulus becomes 

where Mi is the amplitude of the relaxation mode of the 
longitudinal modulus with the relaxation time Ti. 
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5- and LO-mL volumetric flaeke fit with Pyrex stoppers were used. 
The precision of the balance is iO.OOO1 g. 

The radius of gyration R, and the second virial coefficient A1 
were determined from a Zimm plot according to the conventional 
method. The radius of gyration data were wed 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 0 = 90" from the Brookhaven BI-2030 correlator 
equipped with a multiple sample times option were compared 
with those obtained by an ALV-5OOO logarithmically spaced 
correlator covering lo4 to 3 x 102 8. Samples were measured at 
various scattering angles ranging from 30 to 160". All measure- 
menta were made at 23 "C. 

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

g(q,t) = [G(q , t ) /A - (16) 
where A is the experimentally determined baseline. For all DLS 
experimenta the measured baseline A is in agreement with the 
theoretically calculated baseline to within 5 5%. 

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

g(q,t) = ZAie-' / ' '  - (p(r)e-'/' dr (17) 

where p(7)  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 

g(q,t) = XI exp[-(t/rd8'1 + x2 exp[-(t/~,)&I (18) 

1 

The mean relaxation times are calculated by using 

One notes from eq 12 that for the rapidlyrelaxing system 
in which << 1 applies to all relaxation modes, the 
dynamic longitudinal modulus is small. For such system, 
the viscoelastic effect is small and the QELS spectrum is 
determined mainly by the osmotic pressure fluctuation. 
More interesting is the case where 1 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 w7i 1 1, the normalized auto- 
correlation function of concentration fluctuations g(q,t)  
is given b 9  

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 byz7 

D, = [ $ , ( a n / a p Z ) p , ~  + BMdpZOI/t (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 Ti, which 
are the longitudinal stress relaxation times. Note that 
the time constant of the single-exponential decay term 
depends on q2 and the relaxation times of the viscoelastic 
modes are independent of q.  The amplitude factors A 
and Bi are, in general, q dependent; however, in the large 
wave vector region such that D,g2 >> 7i-l, the amplitude 
factors A and Bi are given by2* 

A = 1 - BMd(BM0 + M,) (15a) 

Bi = BMi/ ( W o  + M,) (15b) 
where Mn = $ l p z O ( a n / a p ~ ) p , ~  is the osmotic modulus and 
MO = CJ4i is the amplitude of the total longitudinal stress 
modulus. 

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

111. Experimental Section 
The polystyrene (PS) samples used in this study were 

purchased from Toya Soda and have polydispersity indexes 
&/& 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.). 
Dud in solutions with lea than 1 wt 9% PS was removed by 
filtering the solution through 0.2-pm Millipore fiiters into the 
light scattering cell. Solutions with higher concentration are 
difticult to filter, and dust in these solutions was removed by 
centrifugation for more than 8 h at 9OOOg. 

Static light scattering (SLC) meaeurementa were performed 
by using an apparatus consisting of a Brookhaven 200 SM 
goniometer and a Spectra-Physics 126 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 OC. We 
mume that this value does not change with concentration. The 
coupling parameter ,9 is determined from the density measure- 
ment. The densities of the polymer solutions were determined 
by using volumetric flaake and a weight balance. Pyrex Claes A 

and 
(19) 

where Ti is the characteristic relaxation time; l Y x )  is a r function. 
The parameter xi measures the strength of mode i ;  clearly, X I +  
x2 = 1, as g(q,t) is normalized at t = 0. The mean relaxation 
times calculated by the CONTIN method and the double KWW 
fit agree to within 10%. 

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(q, t )  is theoretically related tog(q , t )  according 
to eq IS; 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 a t  times longer than 10-6 8. For this 
reason, the measured initial amplitude of g(q,t)  a t  t = 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-l obtained a t  90° is shown in Figure 1. The 
correlation functions obtained in this work were moetly 
carried out with the BI-2030 axrelator, becauee our BI- 
2030 correlator is equipped with a goniometer, which makee 
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 ALV-5OOO correlator, which coven over 8 decades 
in delay time in one run (Figure 1). The ALV-6000 
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Figure 1. Measwed time coqelation function g(q,t) of PS in 
DEP. The molecular weight (M.) of PS is 2.88 X 105 (MdM. = 
1.03) and the concentration is 0.1025 g g'. Curve 1 is the 
contribution from cooperative diffusion obtained by fittingg(q,t) 
to eq 18, and curve 2 is due to the second term. 

1.2 t 

0.0 1 
0 300 600 900 

qz. 10'2 jm-21 

Figure2. Plotaofmeanrelaxationrates (n)-'and (rz)-'forPS 
solution (&fw = 2.88 X W, C = 0.1025 (g  g')) as a function of qz. 
The mean relaxation times ( E )  are calculated hy 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 decades in delay 
time is the upper limit of the BI-2030 correlator. However, 
when three correlation functions separately obtainedwith 
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-5OOO correlator in 
one run. Also shown in Figure 1 is the decomposition of 
G(q, t )  into twocontributions in accordance with thedouble 
stretched exponential fit given by eq 18. The fast-decay 
portion (curve 1) is almost single exponential (81 = 0.99). 
whereas curve 2 is rather broad (,9 = 0.21). covering a 
dynamic range from 1 @s to over 100 8. There is a 
considerable deviation at  long time (>lo0 s), due possibly 
to the artifact of the correlator. 

Shown in Figure 2 are the reciprocals of the relaration 
times plotted versus q. The relaxation rate constant of 
the mode which is single exponential is proportional to q2, 
whereas, except for the values at small q (d'7.32 X 10-6 
m-9, the mean relaxation of the broad nonexponential 
decay is practically independent of q. We associate the 
q2 dependence mode with cooperative diffusion and the 
q-independent modes with the viscoelastic modes. The 
decrease in the relaxation rata 1/ ( T Z )  with q in the small-q 
regime is due to the mixing of the cooperative diffusion 
mode with the viscoelastic modes at small q, in which the 
condition D,q2 >> 7;-' ceases to apply? 

We have calculated the cooperative diffusion coefficient 
D. by using the formula D, = ( q * ( q ) ) - ' .  The cooperative 

1 
0 .I .2 .3 .4  5 .6 

c I g . g P l  

Figure 3. Plot of the cooperative diffusion coefficient D, as a 
function of concentration. D, is calculated from (71) in accor- 
dance with the formula D, = [q2(71)1-'. 

0- 
0 IO 20 30 40 50 

CIC"  

Figurel. Plotoflog(DJp) vsC/C'forPSinDEPfordifferent 
PS molecular weighta. M ,  of samples: (0) 2.86 X 105; (A) 7.75 
x 105, (V) 1.86 x 105; (m) 1.02 x I@. 

diffusion coefficient D, is plotted in Figure 3 as a function 
of concentration-for the solutions prepared with Mw = 
2.88 X lo6 (M,IM, = 1.03). In the dilute and semidilute 
concentration regimes, D. increasee rapidlywith increasing 
polymer concentration. The increase levels off at about 
10 times the overlap concentration. It reaches a broad 
maximumataconcentrationaboutequaltoO.3gg' (-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 to eq 1, the concentration dependence 
behavior of D, indicates that for C < 1OC*, the hydro- 
dynamic correlation length fm decreases rapidly with 
increasing polymer concentration. Thedecrease in lmwith 
increasing C has been predicted by scaling theory in good 
solvent with a power lawla concentration dependence given 
by fH - c-0.75. Our 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 (DJDo) 
versus C/C* for PS with different molecular weights. Here 
DO is D. at infinite dilution. When the concentration is 
normalized to C*, the diffusion coefficient ratio DJDo 
obtained for PS with different molecular weights falls on 
amaster curve. For C/C* < IO,D/Dofirstincreasesrapidly 
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 @ 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 
leadsto a decrease in the cooperative diffusion coefficient. 

BrochardzZ 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 TR. An additional assumption is that the 
polymer solution is characterized by only two distinct 
elastic moduli: the osmotic modulus Mn and the shear 
modulus G. Assuming that the concentration dependences 
of Mn, G, and the friction coefficient for good solvents are 
given by Mn = KnC3, G = GoC2, and [ = toC2, the theory 
leads to a linear concentration dependence of D,: 

I 
-.03 i 

0 .I .2 .3 .4 .5 
Pa is m1-l) 

Figure 6. Coupling parameter B plotted vemm concentration 
p2 for the PS sample at 20 O C  with &fw = 1.86 X W. Over the 
concentration range from 0 to 0.5 g/mL, B can be repreeented by 
B H.0551pz. 

1.0 1 

0.9 1 
0 . 6 1  

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: MO = K + 4G/3. In Brochard's 
work the coupling parameter @ 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: MdG >> 1 for good-solvent solutions 
andMdG = 1 for 8-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 MdMo >> 1 for good- 
solvent solutions and Mn/Mo = 1 for 8-solvent solutions. 
We now show that this conclusion is incorrect, considering 
the fact that Mn is usually several orders of magnitude 
smaller than the longitudinal stress modulus Mo. In other 
words, we expect that MdMo is always much less than 1 
for both types of solutions. In fact, as we shall subsequently 
show, it is the result of the combination of Mo with @ that 
renders the viscoelastic contribution to have a comparable 
value with Mn. However, despite the fact that one always 
ham MdMo << 1, we now show that Mnl@Mo > 1 m the 
semidilute solution; this ratio decreases rapidly with 
increasing PS concentration, reaching a result of MnlBMo 
= 1 at high concentration. 

MdMo can be determined by analyzing the shape of 
the correlation function G(q,t). According to eqs 13-15, 
the amplitude factor associated with the cooperative 
diffusiontermis [l-@Md@Mo+ Mn)].  ThedoubleKWW 
stretched exponential function fit tog(q,t), as given by eq 
18, allows one to identify the parameter XI to be 

- - O  1 2  3 4 5 6 
c I4 g-1) 

Figure 6. Amplitude factor X I  of the cooperative diffusion mode 
plotted as a function of PS concentration. 

Table I 
Oimotic Modulus Mn, Longitudinal Moduli M .  and Mo, and 

Ma/& of PS in DEP 
C(ggl) MdMn & ( p a )  M-(GPa) Mo(MPa) 
0.0076 
0.020 
0.037 
0.07 
0.103 
0.17 
0.30 
0.60 

equal to 

427.66 0.024 3.64 
268.98 0.176 3.67 
226.38 0.633 3.73 
122.28 2.899 3.85 
111.21 7.604 3.99 
40.92 14.180 4.39 
18.31 (64.327) 6.60 
13.36 (190.961) 7.09 

0.0103 
0.0473 
0.1207 
0.3646 
0.8456 
0.6802 

(1.1778) 
(2.5612) 

We have determined @ by measuring the solution density 
as a function of polymer concentration. As described in 
the Experimental Section, @ is determined by measuring 
the overall density of the solution as a function of the 
polymer concentration. From the slope of the p w pz plot, 
we have obtained @ as a function of pz. The concentration 
dependence of @ is given in Figure 5. The amplitude factor 
XI obtained from the fit of g(q,t) to eq 18 is shown in 
Figure 6 as a function of polymer concentration. Having 
obtained XI, we use the measured @value to calculate Mol 
Mn as a function of concentration by employing eq 21. 
The results for MnlMo calculated as a function of polymer 
concentration are given in Table I. One notes that at low 
concentration, Mo ie more than 2 orders of magnitude larger 
than Mn. MdMn decreases with increasing polymer 
concentration. At  C = 0.5 g gl, Mo is still more than 13 
times the value of Mn. The increase inMdMo (or decrease 
in MdMn) is due to a more rapid increase in the osmotic 
modulus as the polymer concentration increases. In the 
semidilute concentration MO is several hundred t h e e  
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Figure 7. Inverse oemotic compreesibility ( d n / d c ) ~ p  plotted 
versus c for PS in DEP. 

larger than Mn; thus we have MdMo << 1, in contrast to 
the result of MdMo >> 1 for good-solvent solution predicted 
by Brochard. 

The osmotic modulus Mn can be obtained by using the 
static light scattering (SLS) technique. The inverse 
osmoticcompressibility, (dn/&)p,~~ is equal to the reduced 
scattering intensity at zero angle Kc/R(O), multiplied by 
RT. Here K is an optical constant equal to 47rw2(dn/ 
dcl2/Nh4, where no is the solvent refractive index and 
dnldc is the refractive index increment. We have measured 
the reduced scattering intensity Kc/Re as a function of 
scattering angle on the same samples as used for the 
dynamic light scattering measurements. The Rayleigh 
ratio Re was obtained and calibrated with benzene: RW = 
8.8 X lo* at 25 0C.26 The Kc/Re values at different 
scattering angles were plotted as a function of q and then 
extrapolated to q = 0 to obtain Kc/R(O). The inverse 
osmotic compressibility obtained is shown in Figure 7 as 
a function of concentration. At low concentration, an/& 
can be described by a second virial coefficient (Az), which 
is equal to 2.34 X lo4 mol*mL/g2 for PS in DEP at 23 OC, 
in comparison with A2 = 2.24 X mol-mL/g2 for PS in 
toluene at 20 OC. Thus, at 23 "C DEP is a good solvent 
for PS. The rapid increase of all/& 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 an/& in these 
concentration regimes. Having obtained the inverse 
osmotic compressibility, we calculated the osmotic mod- 
ulus using the expression Mn = r#Il(iNI/dp2)p2 = r#Il(dn/ 
&)c. The results for Mn at various concentrations are 
listed in Table I. The osmotic modulus Mn increases 
rapidly with increasing concentration.* With the avail- 
ability of the Mn data, the value of the longitudinal streas 
modulus Mo can now be determined. The MO values at 
various PS concentrations are listed in Table I. The 
concentration dependencea of both MO and Mn are ale0 
plotted in Figure 8. The concentration dependences of 
Mn and Mo can be described by a power law: Mn - Cfn 
and Mo - C~O, with = 2.13 and (0 1.67. 

With the availability of Mn, Mo, and 8, we can readily 
calculate MdBMo. Md@Mo plotted as a function of 
polymer concentration is shown in Figure 9. As mentioned 
above, although we have MnlMo << 1 a t  all polymer 
concentrations, Mnlbklo >> 1 at low polymer concentra- 
tions; this ratio decreases from 5.0 at  c = 0.0076 g g-1 to 
about 1.4 at 0.103 g g-l and appears to decrease further 
at higher concentration. MnlBMo measures the relative 
strength of the amotic modulus with respect to the effect 
of viscoelasticity on the concentration fluctuation. The 
decrease in MdBMo is due mainly to the increase in ,9 as 

102, 1102 
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Figure 9. Mdj3M0 plotted 88 a function of concentration. 

the polymer concentration increases. Clearly, the coupling 
parametar 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 /3 cannot be neglected. 

The longitudinal stress modulus MO 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 M). 
It is of interest to compare the presently determined A40 
values by QELS with the high-frequency longitudinal 
modulus M m  that can be determined by using the Brillouin 
scattering technique. 

The shift (APB) 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 m  by Am = q(Mm/po)1/2/2a.29 We have measured 
Am 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 
Mm values are listed in Table I; they are of the same order 
of magnitude as those obtained for other polymer sys- 

M m  is nearly 5 orders of magnitude higher than 
MO at low polymer concentration and is a factor of 1.36 X 
103 larger than MO a t  high concentration (c = 0.33 g gl). 
The large difference between M m  and MO arises from the 
relaxation effect. In Brillouin scattering, one measurea 
the response at GHz (1Og Hz). At this frequency, the 
system albeit a polymer solution, is g h y ,  and, hence, it 
has a high modulus M m .  On the other hand, a~ mentioned 
above, in QELS the response is at 1 MHz (le Hz) or leae; 
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 m  and 
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indicated in eq 16b. At low polymer concentration the 
factor is small, hence making the viscoelastic modes 
difficult to detect. Experimental results obtained 80 far 
have ehown that thew viecoelaatic modes are always well 
repremntd in semidilute 0 solutions, regardlees of polymer 
and solvent, and they are nearly absent in good and 
marginal solvents?l However the QELS spe'ctra of the 
present system as well as PS in other good solventsa show 
the ubiquity of the viscoelastic modes. Ita presence is not 
limited to semidilute 8 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 localiaed 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 
wi l l  be very fruitful to make the distinction of the two. 
Work of this nature is presently in progress. 

V. Conclueion 
In summary, 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 whoee relaxation rate 
is proportional to q2 and the other with a group of relaxation 
modes associated with the Viscoelasticity of the polymer 
solution. The experimental results are interpreted in terma 
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. 

0 
0 1 2  3 .4 .5 6 

p2 (g  ml-ll 

Figure 10. Friction coefficient 4 of PS in DEP plotted as a 
function of PS concentration. t is calculated from eq 14. 
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Figure 11. Relaxation of viscoelastic modes as determined by 
QELs for three PS/DEP samples with different concentrations. 

MO 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 

Having obtained Mn and Mo, we can use them to 
determine the friction coefficient 5 from the cooperative 
diffusion coefficient D, data. Using eq 14, we have 
calculatad the friction coefficient 4, and the results are 
plotted in Figure 10 as a function of polymer Concentration. 
The friction coefficient is larger than 1013 s-l, 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(q,t). This is obtained by subtracting 
from g(q,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. At low concentrations (c = 0.0076 
g g-l), the viscoelastic contribution accounts for about 15 96 
of the short time (=lo4 8 )  value, but the contribution 
steadily increases with increasing concentration, reaching 
about 38% at c = 0.1025 g g-l. One notes that the 
correlation function associated with the viscoelastic effect 
has a wide distribution of relaxation times, ranging from 
1 pa to greater than 106 pa. At short times, it overlaps with 
the cooperative diffusion mode; thus, referencing the 
viscoelastic component to a slow model3 is misleading. 

The viscoelastic modes are always present in the QELS 
spectrum. The manifestation of the viscoelastic model 
depends on the amplitude factor PMJ(@Mo + Mu) as 

Acknowledgment. This work is financially supported 
by the National Science Foundation (Grant DMR 
11929931, ONR, and the Center of Material Research and 
Analysis at the University of Nebraska. Useful technical 
diecussion with Dr. Y. H. Lin and Brillouin scattering 
measurements by S. Jampani are acknowledged. 

References and Notes 
(1) Wang, C. H.; Fiecher,E. W. J. Chem.Phys. 1985,82,632. Wang, 

(2) Wang, C. H. J.  Chem. Phys. 1992,97, 608. 
(3) Wang, C. H. J. Chem. Phys. 1991,96,3788. 
(4) Wag,  C. H. Macromolecules 1992,25, 1524. 
(5) Berne, B.; Pecora, R. Dynamic Light Scattering; Wiley New 

(6) Munch, J. P.; Candau, S.; Hen, J.; Hild, G. J. PHys. (Park) 

(7) Geissler, E.; Hecht, A. M. J. Chem. Phys. 1976,66,103. Gehler, 

(8) Nose, T.; Chu, B. Macromolecules 1979,12,590,599. Chu, B.; 

(9) Jamieeon, A. M.; Reihanian, H.; Southwick, J. G.; Yu, T. L.; 

(10) Hecht, A. M.; Bohidar, H. B.; Gehler, E. T. J. Phys. (Park), 

(11) Ami, E. J.; Han, C. C.; Matsushita, Y. Polymer 1984,26,650. 
(12) Takahaehi, M.; Noee, T. Polymer 1986,27, 1071. 

C. H.; Fytas, G.; Fischer, E. W. Zbid. 1986,82, 4332. 

York, 1976. 

1977,38,371. 

E.; Hecht, A. M. J. Phys. (Parid 1978,39,955. 

Now, T. Macromolecules 1980,13, 122. 

Blackwell, J. Ferroelectrics 1980,30,267. 

Lett. 1984,45, L-121. 



714 Wang and Zhang 

(13) (a) Adam, M.; D e h t i ,  M .  J. J. Phys. (Paris), Lett. 1984,&, 
L-279. (b) Adam, M.; Deleanti, M .  Macromolecules 1985, 18, 
1760. 

(14) Brown, W. Macromolecules 1986,19,387, 1083. 
(15) Brown, W.; Johnsen, R. M. Macromolecules 1986,19, 2002. 
(16) Nicolai, T.; Brown, W.; Hvidt, S.; Heller, K. Macromolecules 

(17) De Gennes, P.-G. Macromolecules 1976,9,587. 
(18) De Gennes, P.4. Scaling Concepts in Polymer Physics; Comell 

(19) Brochard, F.; de G~MM, P.-G. Macromolecules 1977,10,1157. 
(20) Hwang, D.; Cohen, C. Macromolecules 1984,17, 1679,2890. 
(21) Eieele, M.; Burchard, W. Macromoleculea 1984, 17, 1636. 
(22) Bmchard, F. J. Phys. (Patie) 1983,44,39. 
(23) Wang, C. H. In Dynumic Light Scattering. The Method and 

Some Applications; Brown, W., Ed.: Oxford University Press: 
Oxford, 1992; Chapter 5. 

(24) huat ions &and 23b ofref 4 should be corrected by multiplying 
MO by @ in the denominator. After making the correction, they 
become equivalent to eqs 15a and 15b of the present paper. 

1990,23,5088. 

University Press: Ithaca, NY, 1979. 

Macromolecules, Vol. 26, No. 4, 1993 

(25) Provenoher, S. W. Makromol. Chem. 1979,180, 201. 
(26) Pike, E. R.; Pomeroy, W. R. M.; Vaughan, J. M .  J. Chem. Phys. 

1976,62,3188. 
(27) Neglecting the MO contribution, Vink (J .  Chem. Soc., Faraday 

Trans. 1 1986,81, 1725) ~uggested De = 4f(aII/ap2)Ir rather 
than the traditional expression D, = 41(aJl/apl)/f. The dif- 
ference between Vink's and the traditional formula lies in the 
definition of the frictional coefficients 1 and r. Changing to 
the definition of De of Vink would result in a change in the 
defiition of the osmotic modulus as MU = &2(aII/IIpl), which 
is not an accepted formula. 

(28) The entries for Mn and MO in Table I a t  high concentration 
enclosed in parenthews are extrapolated valuea due to the 
difficulty of removing dust in the sample at  high concentration. 

(29) Wang, C. H.;Fytae, G.; Zhang, Z.J. Chem.Phys. 1986,82,3406. 
(30) Ferry, J. D. Viscoelastic Properties of Polymers, 3rd ed.; Wiley: 

New York, 1980. 
(31) Brown, W.; Johnson, R. M.; Konak, C.; Dvoranek, L. J.  Chem. 

Phys. 1991,95,8668. 
(32) Zhang, X. Q.; Wang, C. H., unpublished. 


