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The dynamic behaviour of a polystyrene (M,, = 2.89 x 10%)cyclohexane solution was investigated by quasi-
elastic light scattering in the cross-over region from © to critical temperature. The following results were
obtained. (1) The time-correlation function of concentration fluctuations showed bimodal decay in the
semidilute region (at concentrations C>3.32x 1072 g polystyrene/g solution. (2) The linewidth I for the
fast mode had k*-dependence, while I', for the slow mode exhibited an anomalous angular dependence. As the
temperature T approached the critical temperature T;, however, I', tended to show the k?-dependence too. (3)
In the critical solution, temperature dependences of T, and I'; were described by ,oct®® and Tyoct™!
(t=|T —T))/T), respectively, suggesting that I', and I'; correspond to the critical and background parts of
average linewidth. As the temperature approached 1., the amplitude of the slow mode relative to that of the
fast mode increased very sharply, and as a result the correlation function approached becoming unimodal. (4)
At the ®-temperature, I'; increased with increasing concentration, whereas I' decreased. These concentration
dependences were qualitatively, but not quantitatively, consistent with the predictions for the gel-mode and

the reptation motion, respectively.
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INTRODUCTION

In our previous study’, we measured dynamic light
scattering from binary critical solutions of polystyrene
(PS)-methylcyclohexane with molecular weight ranging
from 1.75x 10* to 1.26 x 10° in the temperature region
from © to critical point. It was found that the average
linewidth I' for higher molecular-weight samples did not
follow the mode-mode coupling theory of Kawasaki?

Le/k? =$—;(k€)_ [+ (kE)? +{(k&)* — (k&)™ 'Jarctan(kE)]
(1)

including large background I'y, where I'¢ is the critical
part of I'(=I'3+TI'0), k the magnitude of the scattering
wavevector, defined by k=(4n/A)sin(6/2) with the
wavelength 4 in the medium and the scattering angle 6, kg,
the Boltzmann constant, T the absolute temperature, #*
the viscosity of solution, and & the correlation length. The
deviation from theory became more appreciable as the
molecular weight increased. Temperature dependence of
critical and background parts of I in the hydrodynamic
region was described by

[=Tc+Ty=Tcot" +Tget’ @

where ' and 'y, are constants, t =|T — T;|/ T, and v and
y are the critical exponents for the correlation length and
isothermal osmotic compressibility, respectively. Histog-
ram analysis showed that the fast and slow decay modes
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were involved in the correlation function g'¥(r) for
molecular weights M, > 4.22 x 10°. It was suggested that
this bimodal decay may be closely related to the large
background and the deviation from the Kawasaki theory.
However, the contribution of the fast mode to g'*)(zr) was
so small, owing to relatively low values of the molecular
weight used, that no quantitative analysis of the fast mode
was made.

Such a bimodal decay in the correlation function has
already been found for semidilute polymer solutions in
good*~'%and theta solvents 1713 by many investigators.
Usually, g"(z) can be approximated by the sum of two
exponential decays:

g"(1)=Aexp(—T'z)+ Aexp(—TI) )

where I';and I, are the line-widths of fast and slow modes
with amplitudes A; and A,, respectively. The magnitudes
of I', and A4/A4, are markedly dependent upon molecular
weight, solvent quality, concentration, and k. The fast and
slow modes have often been assigned to the gel-mode and
the mode of motions associated with the reptation,
respectively. To examine these assignments, Brown et
al.”1® have compared the values of I'; and T, with the
results obtained by other experimental methods such as
classical gradient diffusion, sedimentation, pulsed-field
gradient n.m.r., and forced Rayleigh light scattering.

The experiments for semidilute theta solutions have
been made mostly at and above the ®-temperature.
Studies below the ®-temperature, however, have only
been made by Munch et al.!* and the authors!, to the best
of our knowledge.

In this study, the bimodal behaviour of concentration
fluctuations in the temperature region from ® to critical
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point has been investigated by dynamic light scattering
for PS in cyclohexane with higher molecular weight than
in the previous study.

EXPERIMENTAL

Samples

The PS sample was a Toyo Soda Co. product with
molecular weight 2.89 x 10° (M,,/M, < 1.09). Cyclohexane
of spectroscopic grade was dehydrated on calcium
hydride and purified by fractional distillation.

Critical concentration C, and temperature T, were
determined by the method described previously!, and
were found to be C,=3.49 x 1072 g PS/g solution and
1.=303.53 K. 2-Butanone solution with concentration
around 3.5 x 1072 g solute/g solution was filtered through
a Millipore filter (FSLW01300, pore size: 3 um), to remove
dust particles, into a light-scattering cell with diameter
10 mm (or 5 mm for the critical concentration). Then, the
2-butanone was completely removed by evaporation
under vacuum at about 60°C, followed by adding
cyclohexane into the cell through a Millipore filter
(FGLP01300, pore size: 0.2 um) to make a solution of the
desired concentration. The concentration ranged from
451x1073to 1.46 x 10~* g PS/g solution.

Apparatus

Static and dynamic light scattering was measured by
two light-scattering apparatus. One was the previously
reported one! with an argon-ion laser (Nippon Electric
Co. model GLG 3200) operating at the wavelength
/.o =488 nm and a 48-channel Malvern digital correlator
K7023. The other was a Malvern photometer
(PCS100SM) with a He-Ne laser (Spectra-Physics
Stabilite, model 1248) (i, =633 nm) and a Malvern digital
correlator K7027. Temperature was controlled to within
+0.01°C and +0.1°C for the two apparatus, respectively.

Data analysis

The correlation length, £, and the intensity of scattered
light at k=0, I,, were determined from the angular
dependence of scattered light intensity by the method
used previously.

The normalized correlation function g*’(r) of the
scattered electric field was computed from a measured
photocount autocorrelation function G*(t) by the
equation

GP(r)=A(1+BlgV ()%

where A is the background, and f is an unknown
parameter in the data-fitting procedure.

The correlation function g™*)(r) for the solutions with
concentration C<1.85x107%2g per gram showed a
unimodal decay, which was analysed by the method of
cumulants'® to obtain the average linewidth T.

In the semidilute solutions (C>3.32x10"2g per
gram), the correlation function g'"(r) exhibited a bimodal
decay so that the data for g")(r) with a wide range of
timescale were necessary for the analysis. In the
measurements by K7023, the correlation function g™'(r)
over three orders of timescale was obtained from the data
with several different sample times by adjusting the
normalization factor, while the correlator K7027
measured the autocorrelation function G‘?)(t) over four
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orders of timescale by one run with a logarithmic
progression of delay times. The linewidth and amplitude
for slow and fast decay modes, I', T}, 4, and 4, were
evaluated by a nonlinear least squares fit of g")(r) to
equation (3).

RESULTS AND DISCUSSION

Profile of correlation function

Figure 1 shows the time-correlation functions for
C=451x1073, 332x107% and 0.146g per gram at
T=307.65K (the O-temperature) The linewidth
distribution becomes broader with increasing con-
centration, and an appreciable separation of the two
modes was observed at C>3.32x 1072~ C,.

Figure 2 represents angular dependence of g'*)(z), where
two correlation functions obtained at different scattered
angles were plotted against tsin’(6/2) with a double
logarithmic scale. The two decay curves superimpose well
on each other at small 7’s in contrast with the branching of
long-time tails, suggesting non-k>-dependence of I',. In
fact, as shown in Figures 3 and 4, T; has k*-dependence,
while I'; exhibits an anomalous angular dependence,
appearing to have a finite value at k=0. But, as the
temperature approaches T, the plot of T, vs. sin%(8/2)
tends to intersect the ordinate at a point nearer the origin,
i.e. the angular dependence approaches k2. Very recently,
in semidilute solutions at the ®-temperature, Amis et al.!2
and Brown et al.'® observed k?-dependence for both I}
and T, whereas Adam et al!® found that I, was
independent of k, although I'; obeyed k*-dependence in
the region of k£ < 1/3. Since the molecular weights used by
Amis et al. (M,,=1.79 x 10°>-1.05 x 10%) and Brown et al.
(M, =9.3 x 10°-9.3 x 10°) were smaller than those used
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Figure 1 Correlation function g)(r) for C=4.51 x 1073 g per gram
(A), 3.32x 1072 (B), and 0.146 (C) measured at T=307.65K (the ©-
temperature), §=90°, and i,=488 nm
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Figure 2 Angular dependence of g‘¥)(r) for the critical solution
(C=347x10"%g per gram) at the O-temperature: (A) 0=30°
(k=9.48x10"3nm™'); (B) #=150° (k=3.54x 10”2 nm™!)
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Figure 3 Angular dependence of I'y for the critical solution at the ©-
temperature (O) and 305.15K (@)
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Figure 4 Angular dependence of I’ for the critical solution at the ©-
temperature (O) and 305.15K (@)

by Adam et al. (M,=3.84x10°-2.06x107), the
molecular-weight difference may be responsible for the
difference in the angular dependence of I',. The molecular
weight used in the present work is intermediate between
those used in the experiments quoted, so that our result
may be the cross-over behaviour from k?-dependence for
lower molecular weights to k-independence for higher
ones.

Figure 5 represents angular dependence of AJ/A;,
indicating that the ratio A/ A;increases with decreasing k.
This fact suggests that the slow mode corresponds to the
concentration fluctuations with a spatially larger scale
than the fast mode. This tendency in the k-dependence of
Ai/A; becomes more pronounced as the temperature
approaches T.

Dynamic properties of the critical solution

The values of T, and TI; for the critical solution
(C=3.47x10"2 g per gram) at §=90° and 1,=488 nm
are plotted against ¢ in Figure 6 along with the t-value at
ké=1. Temperature dependence of I, in the
hydrodynamic region (k& < 1) can be approximated by the
power law

T,oct? ()

with the value of the exponent b being around 0.5.
Although the accuracy of I} is not so good as that of I,
owing to a high sensitivity of I'-evaluation to the choice of
the sample time, I, appears to have a temperature
dependence stronger than I, in the hydrodynamic region.
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Figure5 Angular dependence of A/ A¢for the critical solution at the ®-
temperature (O) and 305.15K (@)
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These t-dependences of I', and Iy in ké<1 seem to
correspond to those of ¢~1 and (I,/T) ™", respectively,
suggesting that I';oc £~ ! and that [joc T/I,,. Namely, as
shown in Figures 7 and 8, t-dependences of £ and I,/ T can
be expressed as the power laws

E=226t""4 )
and
Io/Toct™ 6)

with the critical exponents v=0.50 and y=1.05. These
exponents v and y are comparable to the exponent b and
the slope of log I'; vs. log ¢ plotted at k& < 1, respectively.
(The exponents v and vy are rather close to the classical
ones'®)

The ratio A/A;is plotted against T in Figure 9. As the
temperature approaches T, the ratio increases very
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Figure 6 Temperature dependence of I'rand I's for the critical solution
at §=90° and 1,=488 nm
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Figure 7 Temperature dependence of ¢ for the critical solution. The
solid line was obtained by a least-squares fit (equation (5))

1074 POLYMER, 1986, Vol 27, July

o3
=
4
e
S 0%
- L
~ —
R
(o~ 5 ] Ll Lt i
g3 1072

4

Figure8 Temperature dependence of I,/T for the critical solution. The
solid line was obtained by a least-squares fit (equation (6))
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Figure 9 Temperature dependence of Ay/A;for the critical solution at
#=90° and 1,=488 nm

rapidly so that the slow mode becomes dominant, and
consequently the correlation function approaches a single
exponential decay, as shown in Figure 10. Above the O-
temperature, it has been found that A4/A; increases as
solvent quality becomes poorer’-1%*!, The present result
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Figure 10 Temperature dependence of g'*(z) (9 =90° and 4, =488 nm)
for the critical solution at the ®-temperature (A) and 303.7 K (B). The
broken curve (C) represents the single-exponential decay function for
reference

has verified that this tendency also holds below the ®-
temperature.

Reminding ourselves of the previous result of equation
(2), the findings that I';oc 1/¢, and that I';oc T/I,, seem to
show that the slow and fast modes correspond to the
critical and background parts, respectively. This
assignment is supported by the rapid growth of A/ A4, near
T, and also by the increment of A,/4; with decreasing
scattering angle, because, if this is so, the slow mode is
ascribed to concentration fluctuations with longer
wavelength.

In general, the correlation function g'*(r) near the
critical temperature exhibits a single exponential decay
with the linewidth I" being composed of the critical part
I'c and the background part I'y (refs. 17 and 18)

M=Tc+T, )

For polymer solutions I'c and I', in the hydrodynamic
region, is given by

kBT Xe— X 12
rdkz'__zl/znn*N”“;( , ) octlf? (®)
and
ks T{ 1e—
[y/k? ~ 2 X X)oct ©)
na\ %

as derived in the Appendix, where N is the polymeric
index, y the Flory-Huggins interaction parameter, a the
segment length, and #, the solvent viscosity.

Temperature dependences of I'c and I'y; given by
equations (8) and (9) correspond to those in equation (2).
The exponents 1/2 and 1 in equations (8) and (9) are the
classical critical exponents for v and 7, respectively. As
generally expected, the difference between the values of
these exponents results in dominance of the critical part
I'c near the critical point.

The ratio I'y/T'¢ is derived from equations (8) and (9) as

L \172
rB/rc~N1/4(X—") ~ N1 (10

C

in the hydrodynamic region, indicating that the relative
value of I'; to that of I'¢ increases with increasing N and .
The temperature range in this experiment is not close to
1; so that the correlation function exhibits a bimodal decay

because of the comparable contributions of critical and
background fluctuations to the correlation function. But,
as the temperature becomes much closer to T, the ratio
I'y/Tc will become smaller and the single exponential
decay will be observed. In the previous paper, we reported
that the bimodal behaviour becomes more appreciable
with increasing molecular weight. This fact can be readily
understood from equation (10). It should be noted that a
temperature 7", at which the two modes are comparable,
changes with N as

T-T —y
N A R
1 Xc

(from equation (10)), ie. the critical region
(T-T|<|T'—T]) becomes narrower with increasing
molecular weight, which agrees with the de Gennes
theory!® based on the Ginsburg criterion.

Angular dependences of I'y and I'c in equations (8) and
(9) do not conflict with the observation that at
temperatures very near to T, I, appears to show the k-
dependence as well as I

Concentration dependence of dynamic properties

Figures 11 and 12 show concentration dependence of I';
and T at the ®-temperature along with I" for the dilute
solution. I' is continuously connected with I'; and has the
minimum value at a concentration around 0.02-0.03 g per
gram, while I’ is a decreasing function of concentration.
In Figure 13 the concentration dependence of 4,/ A, at the
®-temperature is shown. The ratio A/A4; is larger the
nearer to C, the concentration is. Similar concentration
dependence of A/A; was also observed at temperatures
below @. This tendency is enhanced as the temperature
approaches T.

It is thought that the fast and slow modes observed in
semidilute solutions are related to the cooperative motion
of entangled chains, i.e. the pseudo-gel motion, and to the
translational diffusion of a single chain, i.e. the reptation
motion, respectively®~7-2713,

Concentration dependence of I for the gel-mode at the
®-temperature is predicted as!?

I (at @)oc1/écC (12)
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Figure 11 Concentration dependence of I'; (@) and I (O) at the ©-
temperature measured at 6 =90° and 1,=633 nm
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The value of I} slightly increases with increasing
concentration, in qualitative agreement with equation
(12). However, the slope of the log I'; vs. log C plot does
not reach unity, and no concentration region such that a
simple power-law relation holds was found in this
experiment. Amis et al.'? and Brown et al.'© assigned the
fast mode to the gel-mode, but found a weak C-
dependence of I, similar to our result, ie. D,
(=T/k*)oc C°7%5 (Amis et al.) and D,oc C%*® (Brown et
al.). The power law of equation (12) should hold in a more
concentrated region, if it holds at all. The temperature
dependences of slow and fast modes for the critical
solution have suggested that I'; rather than I varies in
proportion to 1/£ (see previous section). Near C, or
overlap concentration C*, however, assigning the
observed modes to the pseudo-gel mode or the reptation
motion may be meaningless, because the correlation
length ¢ and the radius of gyration R, are of the same
order in this concentration region, and the two motions
are essentially indistinguishable.

The line-width of the reptation motion is predicted to
have the following scaled form in the semidilute region'?

Fp~N72C™3 13
P

I, (Figure 12) shows a stronger concentration dependence
than the prediction of equation (13) at higher
concentrations. Furthermore, it does not show the k-
dependence (section on correlation function profile).
Hence, it may be concluded that I, does not correspond
directly to the diffusion coefficient of a single chain.
Actually, it has been found in good solvent systems that
the diffusion coefficient for the slow mode (D, =I"/k?) was
one or two orders of magnitude smaller than the diffusion
coefficient of a single chain measured by pulsed-field
gradient n.m.r. and forced Rayleigh scattering”-2°

For ®-solvent systems, Amis et al.!? have observed the
concentration dependence of I'c N~2C~* in good
agreement with equation (13), while Brown et al.!° have
found almost no dependence of I, on C. Since dynamic
light scattering of semidilute theta solution has not been
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Figure 12 Concentration dependence of I'y at the ®-temperature
measured at =90 and 2,=633 nm
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Figure 13 Concentration dependence of Ag/Ar at the G@-temperature
measured at §=90°, and 1,=633 nm

studied so extensively as yet, more experimental
investigations are needed to obtain the consistent
interpretation for the origin of the slow mode.

The theoretical explanation of the bimodal decay in
semidilute theta solution was presented by Brochard and
de Gennes?!-22, The anomalous angular dependence of T’
observed here appears to be explained as the case of
pT e T,> 1 in their theory, where p is the ratio of elastic
modulus to isothermal osmotic rigidity and T; is the
reptation time. However, the concentration dependences
predicted by the theory, I;~C° and I',~C ™2, are not
consistent with our experimental results.

APPENDIX

The diffusion equation?? for concentration fluctuations of
a binary fluid mixture is given by

oC(r)

ot
where C(r), L and u(r) are the local concentration, the
Onsager kinetic coefficient and the chemical potential

density, respectively. For the evaluation of u(r), we adopt
the Flory-Huggins-type free energy?®*

=—divJ(r) Jr)=(—L/kgT)Vu(r) (Al

F/kBT=f{£1f]L)ln Cr)+(1-C({r))In(1 —C(r))
v a2
+xCr(1 - C(r))+W(VC(r))2}d V(A2)

where the integration should be made over all space. The
chemical potential density u(r) is derived by taking the
variation of equation (A2) as

wr)/ksT=N"InC(r)—In(1—C(r)) + N~ ' ~1

2
+U1=-2C0)— sac (r)VZC(r)

a2

+ —3—6—C(—r)5(VC (") (A3)



Bimodal behaviour observed by QELS: M. Takahashi and T. Nose

Neglecting the last term in equation (A3)?%, and defining
6C(r) as the deviation of concentration from an
equilibrium concentration C, i.e. C(r)=C+ 6C(r), we can
obtain the diffusion equation of 6C(r) from equations (A1)
and (A3) as

65;(') =L<(V2(5C(r)){N"C“ +1—C)' =2y
iVZ(VZcSC( ) (Ad)
~18C r

The Fourier transform of equation (A4) yields I'y as

1 088C,
B sC, o
(A5)
2 1,1 C)y1-2 a’k?
=k L<N CT +(1-0C)"" — X+EE>

The critical concentration C, and critical temperature ¥,
expressed in terms of y are given?® by

C.=(1+N'?*"!
and
2=31+N'2?/N
The requirement that I'y of the critical solution in the
hydrodynamic region (ké<1) at the ®-temperature
should be described by
[y/k* ~ kg T/(6nnR,) = ks T/(6nnaN'/?)
because of C.~ C* (ref. 27), allows us to put
L~kyT/(12nn,a)

Then, finally, we have the expression

ke T .
rB~k212;71<" ” x>(1+k252) (A6)

with the correlation length

Ae

_N\-12
£=(1/18}N! /‘W(Xi—)‘) (A7)

In the hydrodynamic region, I is given by
kgT (2.—
I“B~k23—(u> (A8)
NG Xc
On the other hand, the critical part I'c in the
hydrodynamic region is given by
—y\172
2 kT kT (X x) (A9)

€T bnn*E 2Pa*N'Ra\ 1.

from the Kawasaki theory equation (1) and equation (A7).
The present treatment is the classical one, resulting in the
classical critical exponents.
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