
rk,

RAPID COMMUNICATIONS

PHYSICAL REVIEW E 66, 020803~R! ~2002!
Dynamic crossover to tricriticality and anomalous slowdown of critical fluctuations
by entanglements in polymer solutions
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We have performed accurate dynamic light-scattering measurements near critical demixing points of solu-
tions of polystyrene in cyclohexane with polymer molecular weight ranging from 200 000 to 11.43106. Two
dynamic modes have been observed, ‘‘slow’’ and ‘‘fast,’’ which result from a coupling between diffusive
relaxation of critical fluctuations of the concentration and viscoelastic relaxation associated with the entangle-
ment network of the polymer chains. The coupling with the viscoelastic mode causes an additional slowdown
of the critical mode on top of the uncoupled diffusion mode. By implementing crossover from the critical to the
u-point tricritical behavior for both static and dynamic properties, we are able to present a quantitative
description of the phenomenon and obtain a scaling of the viscoelastic parameters as a function of the mo-
lecular weight.
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Critical phenomena in high-molecular-weight polymer s
lutions ~PSs! differ from critical phenomena in simple fluids
In polymer solutions, the thermodynamic properties and
static correlations near the critical point of mixing are det
mined by a competition of two mesoscale lengths, nam
the correlation length of critical fluctuations of the conce
tration ~tuned by the distance to the critical point! and the
radius of gyration of the polymer molecules~tuned by the
molecular weight! @1,2#. In the asymptotic vicinity of the
critical point, the correlation length becomes much larg
than the radius of gyration and the polymer solution exhib
Ising critical behavior. With the increase of the polymer m
lecular weight and, hence, of the radius of gyration, the ra
of asymptotic Ising critical behavior shrinks, ultimate
yielding to u-point tricritical behavior@2#. This competition
of two mesoscales arises from a coupling between two
ferent order parameters belonging to two different static u
versality classes, namely, one associated with phase se
tion and the other with self-avoiding-walk singularities
long polymer chains@3#. Such a competition of two mesos
cales and, consequently, the crossover from critical to mu
critical behavior are expected to be a general feature of ph
transitions with coupled order parameters@4#. Hence, it is
natural to expect that the dynamic critical behavior near
u point will be affected by a coupling between two so
dynamic modes associated with the two order parameters@5#.

In the present paper we report a study of dynamic co
lations in near-critical solutions of polystyrene in cyclohe
ane at the critical volume fractionfc as a function of tem-
perature and of polymer molecular weight, ranging fro
200 000 to 11.43106. Specifically, we have found that star
ing with a molecular weight of about 106, two effective dy-
namic modes emerge, which result from a coupling betw
two soft critical modes, a diffusion mode~association with
the decay of critical fluctuations!, and a viscoelastic mod
~associated with entanglements of long polymer chain!.
Very close to the critical point, as expected, the slow mo
becomes critical. However, we have found that this mo
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being trapped by the entanglements, may become an o
slower as compared to uncoupled critical slowdown. Mo
over, the diffusivity, like static properties@2#, exhibits a
crossover from critical~Ising! to u-point tricritical ~mean
field! behavior, becoming almost ‘‘classical’’ at the highe
molecular weight. In fact, the coupling of two modes and t
crossover to tricriticality are just two sides of the same phy
cal phenomenon, caused by an interaction of two order
rameters resulting in the emergence of a tricritical point.

Coupling between diffusion and entanglement has b
discussed in the literature for a long time. It was predicted
Brochard and de Gennes@6# and was first detected with dy
namic light scattering in noncritical polymer solutions b
Adam and Delsanti@7# and later by Jianet al. @8# and Nicolai
et al. @9#. Ritzl et al. @10# observed two dynamic modes ne
the demixing critical temperature in a polystyren
cyclohexane solution with a polystyrene molecular weig
Mw50.963106. Most recently, Tanakaet al. @5# observed
two dynamic modes in near-critical solutions of hig
molecular-weight nearly monodisperse polystyrene in diet
malonate~explicitly shown forMw53.843106 with a poly-
dispersity indexMw /Mn51.04, where the subscriptsw and
n denote weight and number averaging!. Our experiments
reveal how the coupled critical dynamics in polymer so
tions varies with increasing molecular weight. Moreov
making use of theoretical predictions previously develop
for the static and dynamic crossover behavior from Ising
mean-field ~tricritical! behavior, we are able to present
quantitative description of the phenomenon.

The original light-scattering setup as well as measu
ments for a moderate-molecular-weight sample PS1 (Mw
51.963105,Mw /Mn51.02,fc50.066,Tc5296.47 K) have
been described in a previous publication@11#. We have mea-
sured the intensity of scattering and the dynamic correla
function with a linear~PhotoCor-SP! @12# and a logarithmic
~ALV-5000/E! correlator. The reduced distance of the te
peratureT to the critical temperatureTc(T2Tc)/T, varied
from 0.1 to 1025. Four high-molecular-weight samples we
©2002 The American Physical Society03-1
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studied: PS2,Mw51.123106 (Mw /Mn51.06,fc50.033,Tc

5303.09 K); PS3, Mw51.953106 (Mw /Mn51.04,fc

50.024,Tc5304.31 K); PS4, Mw53.93106 (Mw /Mn

51.05,fc50.018,Tc5304.80 K); and PS5, Mw511.4
3106 (Mw /Mn51.09,fc50.011,Tc5305.95 K). The radii
of gyration Rg of the polymers are 12 nm for PS1~from a
small-angle neutron scattering experiment@13#!, 28 nm, 37
nm, 52 nm, and 89 nm for PS2, PS3, PS4, and PS5, res
tively ~extrapolated asRg;Mw

0.5). We used two scattering
angles, 30° and 150°, which correspond to the wave n
bersq5(4pn/l)sin2(u/2) (n is the refractive index of the
solution,l is the wave length of light, andu is the angle of
scattering! equal to 7.2731023 nm21 and 2.73
31022 nm21, respectively. We have performed a Mon
Carlo simulation@14# of the intensity of the multiple scatter
ing for our samples and found that at (T2Tc)/T.1025

double scattering accounts for almost the entire correctio
static properties. The double-scattering correction to the
namic correlation function at scattering angles of 30° a
150° is expected to be relatively small@15# and, therefore,
has been neglected. The correlation function for PS1
found to be a single exponential and no additional mode
detected@11#. For this sample the values ofqRg for the two
scattering angles of 30° and 150° are 0.086 and 0.32, res
tively. For all other samples with larger polymer molecul
we have found the dynamic correlation function to be no
single exponential. The distributionsH(t) of decay timest

FIG. 1. ~a! Equal-area representation of the relaxation-time d
tribution extracted from the intensity correlation function for t
critical polystyrene-cyclohexane solution PS5 (Mw511.43106,u
530°) as a function of the reduced temperature (T2Tc)/T. ~b!
Projection of the relaxation-time distribution plot. The solid curv
represent the relaxation timest2 andt1 of the effective modes as
calculated from Eq.~2!. The long-dashed curve represents the p
critical diffusion time tq as calculated from Eq.~3!. The short-
dashed curve represents the pure viscoelastic relaxation timetve.
02080
ec-

-

to
y-
d

s
s

ec-

a

have been extracted from the correlation functions with
ALV-5000/E built-in regularization procedure.

We show in Fig. 1~a!, as an example, a three-dimension
plot of this distribution for the sample PS5 and the angle
30° (qRg50.65) as a function of the distance to the critic
temperature. All distributions are normalized by their int
grals, thus the narrower the distribution, the higher the pe
One can clearly distinguish two modes that change sign
cantly upon approach to the critical temperature. Far aw
from the critical temperature one can see a fast mode wi
high peak and a slow mode with a low peak. Upon approa
ing the critical temperature, the intensity of the fast mo
decreases and that of the slow mode rapidly increases.
shape of the corresponding dynamic correlation function
the near vicinity of the critical point is again close to a sing
exponential and the characteristic correlation time exceed
s. Two other examples, PS4 at 150° (qRg51.42) and PS5 at
150° (qRg52.43), shown in Figs. 2~a! and 3~a!, exhibit
similar behavior with a more pronounced saturation of
intensity of the slow mode for largerqRg .

We have interpreted these results quantitatively in ter
of a coupling between two original soft modes, namely
viscoelastic mode associated with entanglements of poly
chains and the diffusion mode associated with the relaxa
of critical fluctuations. Neither of the two effective mode
actually observed is a pure viscoelastic or a diffusion mo
Instead, the observed modes emerge as a result of the i
action of the original uncoupled modes. Following Tanakaet
al. @5#, we use the theory of Brochard and de Gennes@6# to
represent the two effective dynamic modes with correspo
ing characteristic times: slow,t2 and fast,t1 . Then the
normalized time-dependent intensity-correlation functi
g2(t) can be approximated as

g2~ t !511F f 1expS 2
t

t1
D1 f 2expS 2

t

t2
D G2

~1!

-

e

FIG. 2. Same as Fig. 1, but for PS4 (Mw53.93106,u
5150°).
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with decay times

1

t6
5

11q2jve
2 1

tve

tq
6AS 11q2jve

2 1
tve

tq
D 2

24
tve

tq

2tve
~2!

and amplitudes f 656@tve/t62(11q2jve
2 )#(tve/t1

2tve/t2)21.
In Eq. ~2!, tve is theq-independent viscoelastic relaxatio

time determined by entanglements of polymer chains,tq is
the q-dependent diffusion relaxation time of critical conce
tration fluctuations, whilejve is a mesoscopic viscoelast
length scale@16#. We have calculated the temperature dep
dence of the critical diffusion mode with the help of th
dynamic scaling theory@17,18# accounting for a ‘‘back-
ground’’ ~classical! contributionD0q2 to the diffusion coef-
ficient and for a crossover behavior of the ‘‘critical’’~scaling!
term

tq
215

kBT

6phj
K~x!F11S x

2D 2Gzh/2

V~qDj!1D0q2. ~3!

In Eq. ~3! K(x) is Kawasaki’s function@17# K(x)53/
(4x2)@11x21(x32x21)arctan(x)#; V(qDj) is a dynamic
crossover function approximated as@19,20# V(qDj)
52/p arctan(qDj); and D0 is the classical diffusion coeffi
cient D05kBT@11x2#(6phbqDj2)21, where kB is Boltz-
mann’s constant,h is the viscosity of the solution,hb is the
regular part~background! of the viscosity;x5qj with j be-
ing the static correlation length measured independently@2#;
zh50.065 is a universal dynamic scaling exponent;qD is a
characteristic cutoff wave number expected to be invers
proportional to the radius of gyration. It turned out that
good description of the experimental data is obtained if
adoptqD5jve

21 , which indeed scales approximately asRg
21 .

FIG. 3. Same as Fig. 1, but for PS5 (Mw511.43106,u
5150°).
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Asymptotically close to the critical temperature the cla
sical term is negligible, the crossover functionV(qDj)→1,
and tq is described by the standard theory developed
simple fluids@17#. Incidentally, the static correlation lengt
obeys the Ising asymptotic power law:j;(T2Tc)

20.63 @2#.
Further away from the critical temperature or with increa
in the molecular weight, i.e., whenRg /j increases,V(qDj)
vanishes andtq is described by the classical diffusion ter
with the classical correlation lengthj;(T2Tc)

20.5. We
have found that accounting for crossover to tricriticality
Eq. ~3! is necessary to obtain a quantitative description of
critical dynamics near theu point. The shear viscosityh is
expected to behave ash.h0@(T2Tc)/T#20.04 @17,18#. The
coefficienth0(T) is proportional tohb(T) for which we as-
sumed the same Arhenius-type temperature dependenc
that of the solvent, while treatingh0(T5Tc) as an adjustable
constant for each sample. With the crossover critical dif
sion mode calculated from Eq.~3!, we have obtained two
q-independent parameters, namely, the viscoelastic timetve
and the viscoelastic lengthjve, by fitting two ~experimen-
tally obtained! dynamic modes to Eq.~2! simultaneously for
both scattering angles.

The resulting temperature dependences of the charact
tic times are shown in the projections of Figs. 1~a!–3~a! @de-
noted as Figs. 1~b!–3~b!#. As the viscoelastic time is propor
tional tohs/T (hs is the solvent viscosity! @22#, it exhibits a
slight temperature dependence. It is seen that neither the
served slow mode nor the observed fast mode can be a
ciated with a pure critical diffusion mode or a pure viscoela
tic mode. The assumption of a single relaxation time for
entanglements could be an oversimplification@6#. Indeed, in
the range of strong coupling the observed modes are br
ened. Nevertheless, it is clearly seen that far above the c
cal temperature the fast mode is closely associated with
diffusion, and the slow mode with the entanglements,
that near the critical point, the amplitude of the fast mo
vanishes and the slow mode becomes critical. However,

FIG. 4. Viscoelastic characteristic lengthjve ~crossed circles,
left axis!, the background viscosity coefficienth0 normalized by the
solvent viscosityhs ~open circles, left axis; the square is from th
measurements of Laoet al. @21#!, and the relaxation timetve ~solid
circles, right axis! as functions of the molecular weightMw . The
dashed lines show the slopes of 0.51, 0.64, and 1.3, respective
3-3
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position of the slow mode is shifted to larger times w
respect to the uncoupled critical diffusion ast25tq(1
1q2jve

2 ), whereas the position of the fast mode is shifted
shorter times with respect to the uncoupled viscoelastic t
ast15tve(11q2jve

2 )21.
In Fig. 4, we have plotted the viscoelastic timetve, the

viscoelastic lengthjve, and the viscosity amplitudeh0 ~nor-
malized by the solvent viscosityhs) as functions of the mo-
lecular weight. We have found that these parameters ap
ently diverge along the critical line in the limit of infinite
molecular weight (u-point limit! as approximatelyMw

1.3,
Mw

0.5, and Mw
0.6, respectively. We note thattve scales with

Mw weaker than the theoretical prediction,Mw
9/4, for the

‘‘disentanglement time’’ inu solvents at overlap concentra
tions @6#, while jve scales as the radius of gyrationRg

;Mw
0.5 @3,13#. Experimental viscosity data are available on

for Mw51.963105 @21#. The value ofh0(Tc) obtained from
our treatment of the light-scattering data is lower than t
implied by the viscosity data. This fact, also reported in R
@11#, requires further investigation.
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The phenomenon of coupling of soft modes has also b
observed in polymer blends@23# and in sheared polyme
solutions@24#. In near-critical gas-liquid binary fluids, cou
pling of two diffusion relaxation modes associated with ma
diffusivity and thermal diffusivity produce two effective dy
namic modes, one of them becoming a critical mode@25#.
The difference with polymer solutions is that in simple flu
mixtures the two original uncoupled modes belong to
same dynamic universality class. A more straightforwa
analog of the dynamic coupling in polymer solutions near
u point is expected to appear in the3He-4He mixture near its
tricritical point.

We are indebted to I. K. Yudin for his help in setting u
the light-scattering instrumentation. We acknowledge va
able discussions with H. Z. Cummins, J. F. Douglas, and
W. Gammon. The research was supported by the Division
Chemical Sciences, Geosciences, and Biosciences, Offic
Basic Energy Sciences, Department of Energy under G
No. DE-FG02-95ER-14509.
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