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Concentration Fluctuations in a Polymer Solution
under a Temperature Gradient

W.B. Li,! K.J. Zhang, J.V. Senger$? R. W. Gammorl, and J. M. Ortiz de Zarate
!Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742
2Department of Chemical Engineering, University of Maryland, College Park, Maryland 20742
3Facultad de Ciencias Bicas, Universidad Complutense, 28040 Madrid, Spain
(Received 15 June 1998

We have performed small-angle Rayleigh light-scattering measurements in polymer solutions under
various externally applied temperature gradients. Our experiments confirm the existence of an
enhancement of the concentration fluctuations. The nonequilibrium concentration fluctuations are
proportional to(VT)?/k*, where VT is the applied temperature gradient, ahds the wave number
of the fluctuations. The measured strengths of the nonequilibrium fluctuations in the dilute and
semidilute concentration regime agree with the strengths calculated from fluctuating hydrodynamics.
[S0031-9007(98)08007-7]
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During the past decade, considerable theoretical andentrations, the equations in Refs. [5,6] can be simplified,
experimental effort has been devoted to the study of flucyielding the following for fluctuations with a wave vector
tuations in fluids in nonequilibrium steady states, in par-perpendicular t&/T:
ticular, when subjected to a constant temperature gradient _ —Dk?t
VT. It is now known that the correlation functions be- _C(k’t) _CO[l * AC(.VT’k)]e ’ (1?
detailed balance is violated. These nonequilibrium correfor background, which corresponds to the amplitude of
lation functions can be observed by small-angle Rayleigithe experimental equilibrium correlation functiof; is
light scattering. Experiments have been carried out witfhe collective mass-diffusion coefficient, amd is the
simple fluids, in which case excellent agreement with théonequilibrium enhancementd. may be expressed as
theory has been found [4,5]. . VT)?

In fluid mixtures, the situation is more complicated be- A(VT, k) = Ac(w) % ’ (2)
cause the temperature gradient induces a concentratiqfhere the strength of the enhancemeity), is given by
gradient through the Soret effect. Hence, in addition to 2
nonequilibrium entropy and viscous fluctuations, which A% (w) = [wd — w)]*S7 (6_,u> (3)
are also present in one-component fluids, nonequilibrium ¢ vD ow/pr
concentration fluctuations are present in mixtures [6]. AllHere, v is the concentration expressed as a mass fraction
Of these nonequi"bl’ium f|UCtuati0nS haVe IntenSItIeS pI’O-Of the polymer’y |S the Zero_shear klnemanc V|SCOS|ty Of
portional to (VT)*/k*, wherek is the wave number of the solution, ande = w; — . is the difference between
the fluctuations. The existence of these nonequilibriumihe chemical potentials per unit mass of the two compo-
fluctuations and their dependence (i7')’/k* have been  nents of the mixture. The Soret coefficiesii specifies
checked experimentally, but the quantitative values Othe ratio between temperature and concentration gradients

the observed strengths of the nonequilibrium concentragnq is defined through the steady-state phenomenological
tion fluctuations were not in agreement with the theoryequation:

[5,7,8].

Dilute polymer solutions appear to be a more suitable Vw = =Srw(l — w)VT. (4)
system to check the theory for nonequilibrium concen- It is worth mentioning that in the IimiV7T — 0 the
tration fluctuations, because the expression for the dyset of Egs. (1)—(3) reduces to the well-known expres-
namic correlation functior€(k, r) as a function of time is  sion for the equilibrium time correlation function of a
simpler. When the polymer concentration is below thepolymer solution. This equilibrium expression is the ba-
overlap concentration, viscoelastic and entanglement efis of the dynamic light-scattering method widely em-
fects are negligible, and ordinary fluctuating hydrodynam-ployed for the measurement of diffusion coefficients in
ics should be applicable to describe the nonequilibriunpolymer solutions. It is also interesting to note that
fluctuations. Furthermore, the collective mass-diffusionEgs. (1)—(3) can be obtained from the theory of Schmitz
coefficient is so small and the Rayleigh ratio so large thatfor the nonequilibrium concentration fluctuations in a
in practice, the concentration fluctuations are dominantcolloidal suspension [9] in the limit of small colloidal
Therefore, for polymer solutions at sufficiently low con- particle size.

5580 0031-900798/81(25)/5580(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 25 PHYSICAL REVIEW LETTERS 21 BcemMBER 1998

Some limitations apply to Egs. (1)—(3) to describe thethe transmitted beam and the scattering collection pinhole
concentration fluctuations in a nonequilibrium polymerwas measured with a Vernier micrometer scale, providing
solution. Specifically, when the polymer concentrationan accurate value for the mean scattering amyléhe
increases, due to the interaction between polymer chainggfraction in the sapphire windows has to be taken into
viscoelastic and entanglement effects are no longer negccount in the calculation of). The accuracy in the
ligible. In addition, for extremely smalk, a satura- determination of the wave vectdr in our experiments
tion in the nonequilibrium enhancement appears due tes 1.5%.
gravity and boundary effects [10], but this last effect is The nonequilibrium enhancement given by Eq. (2) be-
not relevant for the wave numbers probed in the preserdomes measurable only at small scattering angles because
experiments. of its dependence okh™*. In the present work, at least

The goal of this Letter is to report recent results ob-four scattering angles were employed for each solution
tained in our laboratory, which confirm the ability of between0.4° and 0.9°, corresponding to wave numbers
Egs. (1)—(3) to describe the concentration fluctuations imanging between 900 ar2®00 cm™!. At these small scat-

a polymer solution subjected to a stationary temperaturéering angles, the scattered light from window inner sur-
gradient. To perform the experiments, we have chosen thiaces is dominant, assuring that the measurements are in
polymer/solvent system polystyrene/toluene, because thibe heterodyne regime. The light exiting through the col-
system has been widely investigated, and reliable inforlecting pinhole is focused onto a photomultiplier and ana-
mation for the thermophysical properties is available. Thdyzed with an ALV-5000 multiple tau correlator.

toluene was a Fisher certified reagent with purity 99.9%. The experiments started by measuring the equilibrium
The polystyrene was obtained from the Tosoh Corpotime correlation function with both plates 2% °C. Sub-
ration (Japan) and was characterized by the manufasequently, the temperatures of the top and the bottom
turer with My, = 96 400 and polydispersivity 1.01. From plates were changed symmetrically, the average cell tem-
Ref. [11], the radius of gyration and overlap concentratiorperature remaining &5 °C, while heating from above to
for this polymer in toluene solutions may be estimated asvoid convection. The maximum temperature difference
R, = 11 nm andw® =~ 3.1%. Five polystyrene/toluene employed wast.1 °C, which corresponds to a maximum
solutions with concentrations below* and one slightly temperature gradient df4.6 Kcm™!. The variation in
above w* were prepared gravimetrically and were agi-the thermophysical properties of the solution is negligible
tated for at least one hour before use. The polymer san this small temperature interval, and, in all calculations,
lutions were introduced in the light-scattering cell throughvalues corresponding t25 °C were used. For each solu-
0.5 um millipore Millex-LCR Teflon HPLC filters. At tion and wave number, two to six valuesol" were em-

the time when the cell was being filled, a portion of theployed, and, for eacWT, four to ten correlograms were
polymer solution prepared in the same bottle was intromeasured, each lasting at least 30 min. The correlograms,
duced in a beam-bending cell [8], enabling us to meain the range froml0~2 to 10 s, were fitted to a single ex-
sureD and Sy of the solutions [12]. The results obtained ponential in accordance with Eqg. (1). In all cases, both
with this beam-bending technique will be used for di-in equilibrium and in nonequilibrium states, very good fits
rect comparison with the results obtained here from lightvere obtained, yielding values for the decay rAte’ and
scattering. for the amplitudeCy [1 + A.(VT, k)] of the exponential.

A complete description of the small-angle light- Average values for these parameters were calculated for
scattering setup may be found elsewhere [5]. The fluideach concentration, at each wave number, and each
sample cell is a cylindrical layer of thickne$s118 =  temperature gradierNT (including zero). The intensity
0.005 cm bound between two copper plates and a glasef the fluctuations in each run was calculated by multi-
ring sealed against the top and the bottom plates witlplying the amplitude of the correlation function by the
indium O-rings. The copper plates are furnished withaverage count rate. The amplitude of the equilibrium cor-
parallel optical windows and independent temperaturerelation function had values0 to 1073. The average
control systems, able to maintain different temperatures atetected photon count rate was 0.3 to 2.5 MHz.
each plate. The temperatures are measured by thermistorsFrom the experimental decay rates and the known
placed inside the copper plates. When the control systewalues of the scattering wave numbky the diffusion
is working, the temperatures of the plates are stable withigoefficient can be calculated. The experimental values
+10 mK. The incident helium-neon laser beam, with anof the diffusion coefficient are displayed in Fig. 1 as a
output power of 6 mW, propagates through the opticafunction of the concentration in gcm 3. As shown in
windows, parallel to the vertical temperature gradient toFig. 1, the agreement of the present results with the values
avoid beam bending. The scattering angle is selected witbbtained from beam bending [12] is satisfactory.

a small collecting pinhole(500 um) located 197 mm As usual, the collective mass-diffusion coefficient in the
after the cell at a few millimeters from the transmitted dilute regime was fitted to the linear relationship

beam. This geometry selects fluctuation wave vectors

essentially perpendicular t§7. The distance between D(c) = Do(1 + kpc), (5)
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where Dy is the diffusion coefficient at infinite dilution, Eq. (3). Good agreement between theory and experiment
and kp is the diffusional virial coefficient. We obtain, is obtained both in the dilute and in the semidilute regime.
from a least-squares analysis of our data, the values In conclusion, we have demonstrated that long-range
Do =49 +02) x 107 cn’s ! and kp =21 =* concentration fluctuations in polymer solutions subjected
2cmPg !, A review of literature values for these coeffi- to a stationary temperature gradient can be observed by
cients [13] yieldsDy = (4.9 + 0.2) X 1077 cn?s ! and  small-angle nonequilibrium Rayleigh light scattering.
kp =22 +5cm’g!, in excellent agreement with our Similar to the nonequilibrium fluctuations observed in
experimental results. a liquid mixture [7], the nonequilibrium enhancement
The intensity of the fluctuations shows a dramatic in-of the concentration fluctuations has been found to be
crease with increasing values of the temperature gradierproportional to (VT)?/k*. However, unlike the case
By comparing the intensities of the equilibrium and theof a liquid mixture, where the strength of the observed
nonequilibrium concentration fluctuations, the enhancenonequilibrium fluctuations appeared to be inconsistent
mentA.(VT, k) was determined. First of all, the expectedwith the observed Soret effect [5,7,8], we have now
dependence ofVT)?/k* was checked. As examples, we found close agreement between experiment and theory
show in Fig. 2 the enhancements measured at differerior the strengthA? of the nonequilibrium concentration
VT and k as a function of(VT)?/k*, for w = 4.00% fluctuations induced by a stationary temperature gradient.
andw = 0.50%. The experimentally observed enhance-This supports the validity of nonequilibrium fluctuating
ment of the concentration fluctuations indeed varies linhydrodynamics and the feasibility of small-angle Rayleigh
early with (VT)?/k*. light scattering in the study of thermal nonequilibrium
From the slope of the fitted lines, such as the ones isteady states in polymer solutions. Further theoretical
Fig. 2, the experimental values for the strength of the enand experimental work will be needed to understand
hancement4’(w), can be deduced. The values obtainednonequilibrium concentration fluctuations in polymer
may be compared with those calculated from Eq. (3) andolutions at higher concentrations.
the known thermophysical properties of the solutions. To Our present results complement considerable theoreti-
do so, we need, in addition to the diffusion coefficientcal and experimental progress recently made in under-
D, values for the kinematic viscosity, the osmotic com- standing the dynamics of concentration fluctuations of
pressibility(au/dw)p 7, and the Soret coefficient. Values polymer solutions under shear flow. It has been known
for v and (du/ow)pr were obtained from the litera- for some time that concentration fluctuations in semidilute
ture [11,14]. As mentioned earlie§; of our solutions polymer solutions subjected to shear flow are dramatically
was measured by Zhangt al.[12], yielding values in enhanced [16], as we have found here when a temperature
good agreement with data obtained by Kohktr al.  gradient is applied.
[15]. Further details will be presented in a subsequent We thank S. C. Greer for helpful advice concerning the
publication. Figure 3 shows the experimentally measuredharacterization of the polymer sample and W. Kohler
values forA; compared with the values calculated from
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FIG. 2. The nonequilibrium enhancemefy of the concen-
FIG. 1. Concentration dependence of the collective masstration fluctuations in dilute and semidilute polystyrene/toluene
diffusion coefficient D in polystyrene/toluene solutions. solutions at25°C as a function ofV7T)?/k*. The solid sym-
@®: measured in this work by equilibrium and nonequilibrium bols correspond to the concentration= 4.00% and the open
Rayleigh light scattering.[J: measured by Zhanegt al. with a  symbols tow = 0.50%. Different symbol shapes correspond
beam-bending technique [12]. The straight line is a fit to theto different values ofc. The solid lines are linear fits to the
present data. experimental data for each concentration.
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