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LIGHT SCATTERING BY COOPERATIVE DIFFUSION
IN SEMI-DILUTE POLYMER SOLUTIONS
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Résumé. — La diffusion Rayleigh de la lumiére par des solutions semi-diluées de polyméres
met en évidence une diffusion coopérative qui croit avec la concentration.

Abstract. — We report measurements of relaxation times of the autocorrelation function for
the Rayleigh line of light scattered by semi-dilute polymer solutions.

Recent observations of polymer diffusive motions
by light scattering have dealt with two extreme
situations : the very dilute solution [1, 2], in which
chains perform, as entities, diffusive motion, and the
network [3] with fixed density of cross links. Here
the deformation of the structure spreads out as a
diffusive motion. From a systematic study of the
effect of average molecular weight M in between
cross links, a remarkable property of this motion [3]
was established in swollen networks : the diffusion
coefficient Dg, which is the ratio of elastic modulus
to friction coefficient is inversely proportional to
the power law of M as found in the diffusion coeffi-
cient D, in very dilute solution. This suggests that
the relevant quantity for the M dependance of Dy
is the average distance between cross links.

The semi dilute solution is an intermediate situation
which has been considered by several authors [4, 5],
as networks with a finite lifetime. Viscoelastic pro-
perties [4, 6] have been interpreted in this way. Howe-
ver, the situation was described as purely random,
i.e. with total loss of hydrodynamic as well as excluded
volume effects, so that the distance between neighbour
cross links would scale in a trivial manner with
concentration. De Gennes [7] has shown on the
contrary that this distance reflects basic long chain
properties and that the dynamical correlations in
semi-dilute solutions are of fundamental interest.
We shall try to present his arguments as follows :

1) There is a characteristic frequency Ty ', above
which the solution can be considered as a network
and below which it is seen as individual diffusive
motions of the chains ; Ty depends upon molecular
weight and concentration of the polymers. The
range of values taken by Ty is well suited to an expe-

riment on light scattering by diffusive network
deformation.

2) As in the permanent network, the diffusion
coefficient associated with deformation, D,, depends
upon the average distance between adjacent cross
links. However, this length does not depend upon
molecular weight of the chains. It is only a function
of concentration

D, = ky T/6 1o & )

where kg is the Boltzman constant, T the tempera-
ture, 1, the viscosity of the solvent and ¢ the dyna-
mical screening length, identical to the static charac-
teristic correlation length [8]
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where v is the excluded volume exponent (v = 2 in
three dimensions) and d the dimension of space.
De Gennes [7] established this result as a consequence
of two non trivial identifications : first, the elastic
modulus of the network scales with concentration
like the osmotic pressure ; second, the hydrodynamic
screening length scales like the excluded volume
screening [8] length ¢ (eq. (2)).

Evidence for this dynamical correlation is deter-
mined from the time dependence of the observed
autocorrelation function for the Rayleigh line in a
light scattering experiment. The experimental set
up is the same as described before in reference [1].

Since the network deformation corresponds to a
well defined range of frequencies, it is important
that the experiment be carried out in the proper
momentum transfer k = (4 n/A) sin (6/2) domain.
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Fdllowing reference [7] the smallest momentum k,;
is directly obtained form Tj
D, k2

min T = 1
which gives

Kenin Re = (C*/C)'8 3)

where Ry is the coil radius of giration at zero concen-
tration ; the concentration C* corresponds to the
situation where the average distance between
neighbour coils is equal to Rp, i.e. the coils begin
to overlap.

The upperlimit of the momentum range is given by

Kmx = § 71 = R 1(C/C*)¥*.

Beyond k,,,, the deformation modes are no longer
cooperative ; they propagate along each individual
chain, without any contribution to the network.
Such modes have been observed [2] in very dilute
solutions, for which however there are no collective
deformations.

The appropriate k£ range is shown in figure 1, in
between k., and k., as a function of C/C*. The
kR versus C/C* plane is further divided into
4 regions : below k_,, and kRp = 1 (respectively II
and II'), corresponding to diffusion of the center of
mass ; above k,,, and kRp =1 (respectively III
and III'), in which the deformation of the individual
chains begin to contribute to the decay of the auto-
correlation function.

Theory [7] thus predicts that in region I, figure 1 :

a) the autocorrelation function is a single expo-
nential function of time ;

b) the inverse relaxation time 7~
to k2

! js proportional

! =D k%,

¢) the diffusion coefficient is independant of mole-
cular weight and varies with concentration as given
by (1), (2), i.e. as C¥4.

In region II, propositions @) and b) are known to

k

F "max

c/c*

F1G. 1. — Representation of the range of concentration and

momentum transfer for the predicted existence of cooperative

diffusive modes (I). The other regions correspond to diffusive

motion of the coil center of mass (Il and II'), and to a superpo-

sition of center of mass motion and coil deformation (III and IIT').

The horizontal lines indicate the k values of the experiment
+ sample 1 ; @ sample 2.
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hold true ; but the diffusion coefficient is essentially
independent of concentration and decreases with
molecular weight. By contrast, in region III, theory
and experiment have shown [2] that the autocorre-
lation function must be fitted with at least two expo-
nential functions.

The autocorrelation function was measured :

1) at constant kRg, for different values of C/C*
(horizontal lines in figure 1) ;

2) at constant C/C*, for different values of kRg
(vertical line in figure 1).

The polymer used in this experiment is polystyrene
and the solvent is benzene. Characteristics of the
system are given in table I.

TABLE I

Description of the polystyrene sample in benzene solution

‘Sample My, Cc*% Rg (cm)
1 3.8 x 10° 4.25 x 107* 1.19 x 10~
2 1.27 x 10 1072 6.21 x 10~¢

In this concentration range of interest (C > C*)
the solution contains many dust particles trapped by
the network, whose effect can be seen on the light
beam through the sample. The signal of the light
scattering experiment is interpreted as heterodyne,
the local oscillator being the light scattered elastically
by these dust particles. In the range C < C*, the
low viscosity of the solution allows the dust particles
to fall to the bottom of the cell, so the signal is inter-
preted as homodyne. In order to match the observed
values, the relaxation times obtained in the dilute
range are multiplied by a factor two.

In all cases, the autocorrelation function was
fitted with a single exponential. The quality of the
fit in region I is about the same as in region II. We
have not tried to improve the fit in region III, since
this is not the primary purpose of the experiment.

A typical result is shown in figure 2, where the
inverse relaxation times are given as a function of C.
The value of 7™, measured at different k values are
normalized to the same nominal k value (k) accor-
ding to the rule

™ =1} kE/k? @

exp
where 7.} is the value measured at k and where
ky =3.86 x 10°cm™1.

Curve 1 in figure 2 corresponds to the lower values
of kR (see Table II). Below C*, the inverse relaxation
time 7t~ ! is essentially constant : it is identified as
the diffusion coefficient of the individual coils.
Beyond C*, the values of 77! are seen to increase :
the diffusion is cooperative. Thus as predicted by



No 3
S PR
T (s)
5410°]
10
a0 gommemmmme ===
curve 1
. . l: c*
104:-.0 :
frevse curvela
5:103 . T T
- -3 2
10 10 10 Co

F1G. 2. — Normalized inverse relaxation times as a function of
concentration : 7! =t} k%/k?* where 1, k® are measured
values and ky = 3.86 x 10°cm™!, + sample 1, esample 2.
Curve 1 : measured at kRg ~ 1. Curve 2 : measured at kRz > 1;
+++ ++ normalized inverse relaxation time exptrapolated
at C =0, sample 1. eeee normalized inverse relaxation time

extrapolated at C = 0, sample 2.

TaBLE 11

Description of the experiments

sample C % kRF Te_xlla (S_ 1) Tn_o}malized (S_ l)
S5 911 x 104 9.11 x 10*
-2
2.38 x 10 11 411 x 10° 678 x 10*
45 762 x 10*  7.62 x 10*
-2
1.53 x 10 L1 324 x 10° 535 x 10*
45 666 x 10*  6.66 x 10*
-3
1 8.32 x 10 L1 273 x 10° 436 x 10%
45 479 x 10*
-3
192 x 10 02 3.1 x 10* 1.63 x 10*
45 448 x 10° 448 x 10*
444 x 10 1.1 685x 102 1.09 x 10*
' 02 197 x 10! 1.06 x 10*
Co0 8.55 x 10° (*)
24 186 x 105 1.6 x 10°
-2
9.37 x 10 17 924 x 10* 1.83 x 10°
24 128 x 105 128 x 10°
-2
5.02 x 10 17 691 x 104  1.39 x 10°
2 266x10°2 24 111 x 105 111 x 105
24 449 x 10*
—4 4
8.37 x 10 02 lod x 102 14810
24 425 x 104
-4 4
437 x 10 02 osixigr 136x10
Coo 121 x 10 (*)

(*) The values of ™! normalized in the limit C — 0 are obtained
from the diffusion coefficients reported in reference [1].

de Gennes, in semi-dilute solutions, the obsérved
diffusion coefficient increases with concentration.
We also notice that two different molecular weights
yield the same 77! values in region I. This is to be
compared to the molecular weight dependence in
region II (Fig. 2, curve 1a). The slope of curve 1 in
region I is 0.7 + 0.05, to be compared to the theore-
tical value, 0.75.

Curve 2 corresponds to values of KRy far above
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unity. This a border line case, since only a few points
of this curve belong to region I. The effect of coil
deformation modes at low concentration is clearly
seen in region III : the 7~! values have increased.
The exact contribution of center of mass diffusion
and individual coil deformation cannot be deter-
mined from these data, since we have interpreted
the autocorrelation function with a single exponential
(for kR greater than unity, this procedure is
meanningful only inside region I). As in case of
curve 1, 77! increases with C beyond C*. The slope
is however much smaller (0.42). This fact may be
attributed to the contribution of the individual coil
deformation modes, as if they coexisted with the
cooperative modes. There would be a strong cross
over effect in reciprocal space. This point is illustrated
by figure 3, where data at constant C/C* are plotted
as a function of k. One would expect T~ !/k? to be
independent of k in region 1. In fact this ratio increases
slightly as k increases. The difficulty in interpreting
the data accross I and III' is great, since the auto-
correlation functions have very different analytical
behaviours in I and III' respectively (ref. [7]).

1 T'1/K2(cmz-s")

T T 1 -
) 210° 3x10° st kem™

FIG. 3. — Inverse relaxation times divided by k2, for different
k values, at C/C* = 5.6.

Starting from the boundary C/C* = 1, we have
tested the network properties of the semi-dilute poly-
mer solutions by light scattering experiments.

The cooperative diffusion coefficient which is
directly obtained from the decay of the autocorre-
lation increases with concentration.

This coefficient is identically the same for two
molecular weights of the coils.

The situation is very different from the dilute-
solution, for which the observed diffusion coefficient
cleary decreases with molecular weight of the coil
and for which there is no striking concentration
dependence.

There is a difficulty in comparing experimental
results and theoretical predictions, arising from the
fact that the coil network is associated with a narrow
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range of frequencies in the vicinity of C*. However
the qualitative features observed clearly indicate that
the coils form a network as soon as they overlap.

Note added in proof. — Dr. S. Candau has drawn
our attention to the work of Rehage, G., Ernst, O.
and Fuhrmann, J., discuss. Faraday Soc. 49 (1970)
208 in which the polymer concentration diffusion
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is reported at high concentrations and which indi-
cates a behaviour related to the results pointed in this
letter.
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