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Light scattering from nonequilibrium concentration fluctuations
in a polymer solution
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We have performed light-scattering measurements in dilute and semidilute polymer solutions of
polystyrene in toluene when subjected to stationary temperature gradients. Five solutions with
concentrations below and one solution with a concentration above the overlap concentration were
investigated. The experiments confirm the presence of long-range nonequilibrium concentration
fluctuations which are proportional t&T)?/k*, whereVT is the applied temperature gradient and

k is the wave number of the fluctuations. In addition, we demonstrate that the strength of the

nonequilibrium concentration fluctuations, observed in the dilute and semidilute solution regime,

agrees with theoretical values calculated from fluctuating hydrodynamics. Further theoretical and
experimental work will be needed to understand nonequilibrium fluctuations in polymer solutions at

higher concentrations. @000 American Institute of Physids$S0021-96060)50119-4

I. INTRODUCTION confirmed on the basis of fluctuating hydrodynanii€she
effect is largest for the transverse-velocity fluctuations in the
Density and concentration fluctuations in fluids and fluidgirection of the temperature gradient which corresponds to
mixtures can be investigated experimentally by light-the sjtuation that the scattering wave vector,is perpen-
scattering techniques. The nature of these fluctuations whegcyjar to the temperature gradieWf, which configuration
the system is in equilibrium is a subject well _u_nd_erst&&d. will be assumed throughout the present article. In that case,
Here we shall consider fluctuations in nonequilibrium steady, o strengths of the nonequilibrium temperature and viscous
states(NESS, when an external and constant temperature,,ctuations are predicted to be proportional 8T(2/k".
gradient is applied, while the system remains in a hydrody—,o dependence da 4 implies that, in real space, the non-

r?amlcr;]llly qwe.scgnt_staﬁe. That |s,.wehshall ?eal with ,{_Iuc?tua'equilibrium correlation functions become long rangéd:he
tions that are intrinsically present in therma nor'equ''b”umspatially long-range nature of the correlation functions in

states in the absence of any convective instabilities. SUCRIESS is nowadays understood as a general phenomenon
fluctuations have received considerable attention during thgrising from the violation of the principle of detailed

past decad@.It was originally believed that, because of the balancé*® Experimentally, the long-range nature of the non-

?Xrllsctteonr?ifotLEgi;?tglrjéléblr'lut?: 'Irrlltel\rlifs’ toheldt'?:tﬁgrggsféogequilibrium fluctuations can be probed by light-scattering
uncti ightt Ity wou easurements at small wave numblers.e., at small scat-

in equilibrium, but in terms of spatially varying thermody- tFring angless. Such experiments have been performed in
a

namic and transport properties corresponding to the loc S
: gne-component liquids and excellent agreement between
value of temperature. However, it has been demonstrate .
theory and experiments has been obtaifiy.

h litative differen r. The fir mpl X- . W . .
that qualitative differences do appea e first complete e In binary systems, the situation is a little more compli-

pression for the spectrum of the nonequilibrium fluctuations ated. In liquid mixtures or in polvmer solutions a tempera-
in a one-component fluid subjected to a stationary gradien:f ‘ di qt illind P )t/ i dient th ph th
was obtained by Kirkpatriclet al* by using mode-coupling ure gradient witt induce a concentration gradient through tne

theory. They showed that the central Rayleigh line of theSoret effect. This mduce_d concentration gradient is parallgl
o the temperature gradient and has the same or opposite

spectrum would be substantially modified as a result of thé

presence of a temperature gradient. Because of a couplirgreCtIOn depending on the sign of the Soret coefficiét,

between the temperature fluctuations and the transversd! this case, nonequilibrium fluctuations appear, not only be-
velocity fluctuations through the temperature gradient, Spa(_:ause of a coupling between the temperature fluctuations and
the transverse-velocity fluctuations through the temperature

tially long-range nonequilibrium temperature and viscous X )
fluctuations appear, modifying the Rayleigh spectrum of th&radient, but also because of a coupling between the concen-

scattered-light intensity. Their results were subsequentl)t/ration fluctu_ations and the tra_nsverse-_velocity quctuatic_)ns
through the induced concentration gradient. The nonequilib-

rium Rayleigh-scattering spectrum has been calculated for
dpresent address: @Road, Inc., 45635 Northport Loop East, Freemont, Cﬁinary liquid mixtures, both on the basis of mode-coupling
94538. ’

Ppresent address: Electronic Data Systems, 800 K Street NW, Washingtoﬁ'j‘_(:"o'ty‘l a_nd on the baS_IS Qf ﬂl_"Ctuatm_g hydrOdynaml‘%S'_
DC 20001. with identical results. In liquid mixtures in thermal nonequi-
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librium states not only nonequilibrium temperature and nondl. THEORY

equilibrium viscous fluctuations, but also nonequilibrium . . .
concentration fluctuations exist. The strengths of all three A theory specifically developed for the fluctuations in

types of nonequilibrium fluctuations are again predicted toD°|Y|rn§|r S.Olltjﬁorll.? n Eherm:l nonequflhbnurl‘n states llst.not yet
be proportional 0 YT)?/k". The theory was extended by By "o ol o CGluton regime, as long as en
Segreet al®! to include the effects of gravity and by gime, Y

Vailati and Giglid® to include time-dependent nonequilib- tanglement effects can be neglected, it should be possible to

rium states. The nature of the nonequilibrium fluctuations inoc the same fluctuating hydrodynamics equations as those

o T o for ordinary liquid mixtures. As mentioned in the introduc-
the vicinity of a convective instability has also been tion, the complete expression for the Rayleigh spectrum of a
investigated:*1%7in which case the nonequilibrium modes .

. . ...__ binary liquid in the presence of a stationary temperature gra-
become propagative. The influence of boundary condmonsdient was evaluated by Law and Nieuwod@iThe dynamic
which may become important whénis parallel toVT, was

idered by P b |18 structure factor contains three diffusive modes. The decay
considered by Pagonabarragieal.

) . rate \,=vk? of one of these modes is determined by the
Experiments have been performed to study nonequilibyinematic viscosityv: this mode disappears in thermal equi-

. . P . 0,19-21 L .
rium fluctuations in liquid mixture The three types librium, i.e., whenVT—0. The other two modes are also

of nonequilibrium fluctuations have been observed in ”qUidpresent in the Rayleigh spectrum of a liquid mixture in equi-
mixtures of toluene and-hexane”'®?°and the strength of |iprium and have the decay ratas. given by

all three types of nonequilibrium fluctuations were indeed B
proportional to ¥ T)?/k*, as expected theoretically. Initially,

it seemed that also the prefactors of the amplitudes of these
nonequilibrium fluctuations were in agreement with the the—Where D; is the thermal diffusivity,D the binary mass-
oretical predictions® However, a definitive assessment Was giffusion coefficient, in the case of a{ polymer solution to be
hampered by a lack of reliable experimental information on
the Soret coefficient>?® To our surprise, subsequent accu-
rate measurements of the Soret coefficient of liquid mixtures DP=D(1+¢€), (2
of toluene andn-hexane obtained both by Kter and i

Mller?? and by Zhanget al?® yielded values for the Soret )
coefficient that were about 25% lower than the values needed ~__ [Srw(1=w)] (a_ﬂ
to explain the quantitative magnitude of the amplitudes of Cp.c aw
the observed nonequilibrium fluctuatiofisSubsequent mea-
surements of the nonequilibrium concentration fluctuation
in a mixture of aniline and cyclohexane, obtained by Vailati
and Giglic* did not have sufficient accuracy to resolve this

k2 2
m=?(DT+D):E[(DT+D)2—4DTD]1’2, (1)

referred to as collective diffusion coefficiefftand where

: 3
p,T
gn Eq. (3) w is the concentration expressed as mass fraction
of the polymerc, . the specific heat capacity of the solution
at constant concentratianand constant pressupg andu is
issue. the difference between the chemical potentials per unit. mass
of the solvent and the solute. As usual, the Soret coefficient,

As an alternative approach, we decided to mvestlgat%T, specifies the ratio between temperature and concentra-

2826?:”:)“;? ;Z?ngfa?ig?]n tfrl:(ft::::;nignnz F:;i)lli{)r;?srrnszl:_'tion gradients and it is defined through the steady-state phe-
' poly q nomenological equation

hancement effects are expected to exist, but the mass-
diffusion coefficient,D, in this case is several orders-of- Vw=—-Sw(1-w)VT. (4)
magnitude lower than in ordinary liquid mixtures. In

addition, the Soret coefficient is two orders-of-magnitudep iy petween temperature and concentration fluctuations.
larger that the Soret coefficient of ordinary liquid mixtufés. This coupling becomes important in compressible fluid mix-

These two facts, as discussed below, simplify the theory b&q, a5 near a critical loc. However, whene<1, the dy-

cause, as also happens in an equilibrium polymer solutiorhamic structure factor of a binary system in NESS consists
the concentration fluctuations become dominant and they argy just three exponentials with decay rates given by

readily observed by light scattering. Both the data acquisition ) 5 )
and the data analysis become much easier in this case. Thus A»=vK%, N =D7k% A_=DKk". ®

a polymer solution would seem to be an ideal system tgppysically, it means that the temperature gradit in-
further investigate nonequilibrium concentration fluctuations gy ces nonequilibrium viscous fluctuations appearing as a
For this purpose we have selected solutions of polystynew term in the Rayleigh spectrum and it leads to nonequi-
rene in toluene, for which reliable information on the ther-|iprium enhancements of the temperature and concentration
mophysical properties is available. We have performedjyctuations.
small-angle Rayleigh-scattering experiments in polystyrene—  The condition e<1 is always fulfilled in the low-
toluene solutions subjected to various externally applied temeoncentration limif But for some liquid mixtures is also
perature gradients. A summary of our results has been prgmall at all concentrations. For instance, in an equimolar
sented in a Physical Review letférln the present article we mixture of toluene andn-hexane Segreet al. found e
provide a full account of the experiment and of the analysis~0.028. For the dilute polymer solutions considered in the
of the experimental data. present articlee~0.010. Hence, the approximations imply-

The two modes with decay ratas. incorporate a cou-
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ing the presence of three diffusive modes with the simplecreasing values of the wave number will saturate for suffi-
decay rates given by Ed5) are even more justified for a ciently smallk due to the presence of gravity. The gravity
polymer solution than for the liquid mixtures studied in pre- effect was predicted by Sege¢ al'® and has been confirmed
vious articles-%1° by some beautiful experiments of Vailati and Gigffo.

Furthermore, in ordinary polymer solutiori3/D+~5 Our set of working equations, Eg®), (7), and(9), can
x 10" % such a small value simplifies the analysis of thealso be deduced from the theory of Vailati and Giglio for
concentration fluctuations, because the decay in the time cononequilibrium fluctuations in time-dependent diffusion
relation function coming from the concentration made-  processe$’ In that article only concentration and velocity
cay rate\ _) will be well separated from the decays of the fluctuations are considered around a nonequilibrium time-
modes with decay rates, and\ , . Actually, for the small dependent state. By applying an inverse Fourier transform to
angles employed in our experiments, the decay time of th&q. (25) of Vailati and Giglio® we obtain for the auto-
A _ mode is typically 0.5—-1.5 s, whereas the decay times otorrelation function of the concentration fluctuations for
the other two modes are around 18-10 ° s. In addition, k L Vw:
for a dilute polymer solution, the Rayleigh factor ratio, that

X . 0 " R(k)

determines the ratio of the scattering intensities of the con- (&N&N*):S(k)exy{ _Dth( 1— )
centration fluctuations and the temperature fluctuattdns, Re
much larger than unity so that the contributions of temperawhereR(k)/R, is the Rayleigh number ratio, which accounts
ture fluctuations are negllglbly small in praCtice. Moreover,for the effects of gra\/ity and is defined in H@Z) of Vailati
when the experimental correlograms are analyzed beginningnd Giglio® S(k) is the static structure factor, defined in Eq.
at 10 2 s, viscous and temperature fluctuations have already6) of the same article. It should be noted that, for consis-
decayed. This kind of approximation is usually assumed itency, in our Eq(10) we have used the symbwiinstead of
the theory of light scattering from polymer solutions in equi-the ¢ used by Vailati and Giglio. Both symbols have the
librium states same meaning, as it is stated after E2). of Vailati and

In conclusion, for heterodyne light-scattering experi-Giglio that “c is the weight fraction of the denser compo-

ments in sufficiently dilute polymer solutions, the expressioment.” Thus Eq.(26) of Vailati and Giglio for the static
for the time-dependent correlation function of the scatteredtrycture factoiS(k) can be written as:

light becomes )
, S kgT ((?W) 1 [1+(VW) (a,u>
= —Dk%t i 7l
Ck,)=Co[1+Ac(k,VT)]Je" 7 ", (6) 167\ du p’Tl—R(k)/RC{ vDk* Low/ o
where C is the signal-to-local oscillator background ratio (11
representing the amplitude of the correlation function in ther-rhe derivation of Vailati and Gigltd was originally devel-
mal equilibrium. In Eq(6) the termA(k,VT) represents the gped for time-dependent isothermal diffusion processes in

nonequilibrium enhancement of the concentration fluctuathe presence of gravity, where only concentration gradients
tions. This term is anisotropic and depends on the scatteringre present. The validity of this theory for stationary non-

: (10

angle. Wherk L VT, A; reaches a maximum given by equilibrium states is obvious, and we can consider to be
(VT)2 constant, neglecting the weak dependence on space and time
Ac(k,VT)zA;‘(w)?, (7)  considered by Vailati and Giglit> Neglecting gravity ef-

fects is equivalent to assuming that the Rayleigh number
where the strength of the enhancemehf,(w), is given ratio is almost zeroR(k)/R.~0, as can be easily shown

by!0:12:14.19 from Eq.(22) in the article of Vailati and Giglid® Introduc-
o2 ing Eqg. (4) into Eqg. (11) and neglectingR(k)/R;, one
A* (W) = M(a_'“ 1+23(1+ Ol @ readily verifies that Eqg10) and(11) are equivalent to Egs.
C )
vD Iw D+ (7) and(9).

p.T ,
where  is a dimensionless correction term related to theas z;NI?m?tci)r:e t:;steEgthrzé(?'uz\nt%(ngs) (Cj?arr]i\i(sjobbesocbr:?r:irgdfor
ratio of (dn/dT), . and (@n/ow), +. As mentioned earlier 9 q y

. . . nonequilibrium concentration fluctuations in a colloidal
for the polymer solutions to be considerdaiDy is of the suspensio’ Schmitz considered a colloidal suspension, in
order of 5<107 4, so that the correction term inside the P ' b '

. . the presence of a constant gradiént, in the volume frac-
square brackets can be neglected in practice. Hence, the ex- : . o . :
. % tion, ¢, of the colloidal particles, maintained against diffu-
pression forA7 (w) reduces to ) . : .
sion by continuous pumping of solvent between two semi-
. [w(1—w)]zs$ o permeable and parallel walls. The relevant expression is Eq.
Acw)=——5—|74 (9 (7.7 in the article of Schmit?” which gives the dynamic
p.T structure factorS(k, w), of the nonequilibrium concentration
The dependence of the nonequilibrium enhancement fluctuations as a function of the wave numlxeaind the fre-
of the concentration fluctuations da 4 indicates that the quency w. The expression obtained by Schmitz includes
correlations in real space are long-ranged. Actuallk &  nonlocal and memory effects due to the large particle sizes in
dependence in Fourier space corresponds to a linear increasemparison with the scattering wavelength. The nonlocal
of the correlation function in real spat@he rapid increase and memory effects cause the transport coefficients to de-

of the strength of the nonequilibrium fluctuations with de-pend on the frequency and the wave number. In our case

ow



9142 J. Chem. Phys., Vol. 112, No. 20, 22 May 2000 Li et al.

these effects can be neglected, because the polymer mol- 2.5cm
ecules are much smaller that the colloidal particles consid-
ered by Schmitz, and the condititktR;<1, whereRy is the ]
radius of gyration, is fulfilled. With this simplification the B A
original expression obtained by Schmitz reduces to -—C
DK D = E
S(k,w)=S(k)[1+A.] o7+ (DKD)Z’ (12 - O = = .
whereA, is given by G =
w? [ V|21 111 L H
() (22 13
vD \ ow ¢ | k
Pt - “h
In deriving Eq.(13) we have used the relationship between C————l '—<_|:_
pumping rate and volume fraction gradient, as given by Egs. I
(7.6) and (7.11) in the paper of SchmitZ. We have also |_|— —

converted the various concentration units used by Schmitz:
which is the number of particles per unit volume (
=p/wm,) andc which is the number of particles per unit y
mass (::W/mp)’ p being the denSity of the SuspenSion andFIG. 1. Schematic representation of the optical cell for small-angle Rayleigh
m, the mass of one particle. Furthermore, we are using thecattering. A: top plate, B: sapphire windows, C: resistive heater, D: fused
difference between solvent and solute chemical potentialguartz ring, E: sample liquid layer, F: bottom plate, G: filling tubes, H:
per unit mass, whereas in the article of Schmitzis the ~ hermistors, |- water circulation chamber.
difference in chemical potentials per particle.

Although the theory of Schmitz for the nonequilibrium
concentration fluctuations was derived for the case that the The light-scattering experiments were performed with an
concentration gradient is produced by a solvent flow, theapparatus specifically designed for small-angle Rayleigh
results will be applicable to NESS under a constant temperascattering in a horizontal fluid layer subjected to a vertical
ture gradient. Since the solvent flow does not appear explidemperature gradieff. A diagram of the optical cell is
itly in Eq. (13), we may also apply the equation to a systemshown in Fig. 1. The following paragraphs will describe the
subjected to a stationary volume-fraction gradient caused bgpparatus in detail, and references to the symbols in Fig. 1
other driving forces, such as a temperature gradient. For owill be used. The polymer solution in the actual light-
polymer solutions Y ¢/ ¢) 2~ (Vw/w)?, the difference being scattering cellE) is confined by a circular quartz rin@)
less than 0.5%. With this approximation and by using Eqthat is sandwiched between top and bottom copper plétes
(4), it is straightforward to show the equivalence of theand F, respective)y The cell is filled through two stainless
theory for nonequilibrium concentration fluctuations in a col-steel capillary tube$G) which had been soldered into holes
loidal suspension and in a polymer solution, independent oiih the top and bottom plates. The inner and outer diameters
whether the concentration gradient is established by solveraif the quartz ring(D) are 1.52 and 2.05 cm, respectively.
pumping or induced by a temperature gradient. Two identical optical window$B) are used for letting a laser
beam pass through the liquid solution. Both windows are
cylindrical and made from sapphire because of the relatively
high thermal conductivity of this material. The windows are

The polystyrene used to prepare the polymer solutiongpoxied into the centers of the top and the bottom copper
was purchased from the Tosoh Corporatidapan; it has a  plates by a procedure similar to the one described by Law
mass-averaged molecular weidht,= 96 400 and a polydis- et al>° Once the optical windows are installed, the top and
persivity of 1.01, as specified by the manufactifelhe  bottom copper plates are sealed against the quartz ring by
solvent toluene was Fisher certified reagent purchased froimdium O-rings. To avoid heat conduction from the upper to
Baker Chemical Co. with a stated purity of better thanthe lower plate other than through the liquid, the two copper
99.8%. By using the correlation proposed by Nedal,’®?°  plates are held together by Teflon screfust shown in the
(R§>= 1.38< 10" 2M{;*°, the radius of gyrationRy, and the  figure). The tension of these Teflon screws was adjusted to
overlap concentrationy™*, for this polymer in toluene solu- set the flat surfaces of the optical windows parallel to within
tions may be estimated &,~11.0 nm andv*~3.1%, re- 10 seconds of arch. This was accomplished by passing a
spectively. Therefore, for the viscoelastic and entanglemeriaser beam through the cell and monitoring the interference
effects to be negligible, the concentrations employed in thigpattern of the reflected beams from the inner surfaces of the
work should not be much higher than 3.1%. Fivewindows while the screws were fastened. Once the cell was
polystyrene/toluene solutions below* and one slightly mounted, the distanakbetween the windows was accurately
above w* were prepared gravimetrically as described bydetermined by measuring the angular variation of these in-
Zhanget al?* To assure the homogeneity of the mixture, theterference fringes. The result wak=(0.118+0.005) cm.
solutions were agitate@nagnetic stirrer or shaking by hand This value was confirmed by also measuring the separation
for at least one hour before further use. with a cathetometer.

IIl. EXPERIMENTAL METHOD
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Since the nonequilibrium enhancement of the fluctuain NESS of a one-component liquid, the scattering wave
tions given by Eq.(7) depends ork 4, small scattering numberk, was determined from equilibrium light-scattering
angles are required to obtain measurable valuedofin measurements and the known value of the thermal diffusiv-
practice scattering angle@ between 0.4° and 0.9° were ity, D1. In the present experiments we have determianby
used. A major difficulty with such small-angle experimentsdirectly measuring the scattering angle Since the intensi-
is the presence of strong static scattering from the opticaiies of the nonequilibrium fluctuations depend kn?, the
surfaces. To reduce the background scattering, we neededeasurement df has to be done with considerable accuracy.
very clean windows. The optical surfaces of the windowsBy working out the ray tracing problem, taking into account
and the other optical components of the experimental arrefraction at the two window surfaces, we can deduce the
rangement were cleaned by applying first a Windex solutiorscattering angle, from the location of the pinhole relative
and then acetone with cotton swabs. Moreover, we employetp that of the transmitted beam. For this calculation the thick-
thick cell windows to remove the air-window surfaces from ness of the bottom window, the distance from the window to
the field of view of the detector. In addition, the outer surfacethe collecting plane, the refractive index of the window, and
of the windows and the other optical surfaces were broadthe refractive indexn, of the solution are needed. It was
band(488—623 nm antireflection coatedCVI Laser Corpo- assumed that the scattering volume is in the middle of the
ration), to reduce the back reflections and forward scatteringell, but since the cell is very thin the possible corrections to
intensity. As a result of these efforts, we obtained highthis assumption are negligible. The distances were measured
enough signal-to-background ratios to allow accurate meawith an accuracy of=0.05 cm. The value 1.7660 of the
surements of the scattered-light intensities. refractive index of the window at the wavelengthof the

To observe the intrinsic nonequilibrium fluctuations, it is incident light was obtained from the manufacturer. The re-

essential to avoid any convection in the liquid layer. This isfractive indexn, of the polystyrene solutions as a function of
accomplished by heating the horizontal fluid layer fromthe polymer concentration at 25°C was measured with a
above. Furthermore, bending and defocusing of the lighthermostated Abbeefractometer as described by Zhang
beam due to the refractive-index gradient induced by thét al”* For the polystyrene solutions considered in the
temperature gradient could cause serious limitations in theresent article the refractive index can be representéd by
resolution of the angles. This difficulty is avoided by em- n(w)=1.490 49+ 0.092 20w+ 0.025 56 W2. (14)
ploying a vertical incident light beam, parallel to the tem- ) ) _
perature gradient. To eliminate stray deflections caused byN€ scattering wave numbdr is related to the scattering
air currents near the cell, the whole assembly is covered by g19!€ ¢ through the Bragg conditiok=(4mn/\)sin(6/2),

plexiglass box with a small hole at the top to let the lasefvhere\ is the wavelength of the incident light. Taking into
beam pass through. account the experimental errors in the different magnitudes

The temperature at the top plate was maintained by éelevant to the calculation, we were able to deternkingth

computer controlled resistive heater windif@). The tem- &0 accuracy of 1.5%. . _

perature at the bottom plate is controlled by circulating ~ AS discussed in Sec. Il, we want to investigate the con-
constant-temperature fluid from a Forma Model 2096 batffentration fluctuations, which yield the dominant contribu-

through channels in the base of the &l which is in good t|o_n to the Rayleigh spectrum. Since typical decay times for
thermal contact with the bottom plate. With these devicestiS mode at the small angles employed are always larger

the temperatures of both the hot and cold plates can be hetaan 0.5 S, we are |_nterested in the e_xpenmgntal cor_relo—
constant to within=20 mK. These temperatures remain grams for times starting around 19s. Since this value is

fixed over the collection time of any experimental run. Tem-We” above the region where photomultiplig?M) afterpuls-

peratures of both plates are monitored by thermistors in"9 effects are important, unlike in previous wdrk; cross-

serted in holegH) next to the sample windows and deep correlation was not necessary for our measurements. This

enough to be located very close to the liquid layer. Due ,[05|mpllf|es the experimental arrangement. The light exiting

the relatively high thermal conductivity of the sapphire win- through the pinhole is focused, through corresponding optics,

dows and the symmetry of the arrangement, the lateral temQ_mO the field-selecting pinhole in front of a single PM. The

perature gradients are small. Numerical modeling of the therg’Ignal from_the PM and the corr_espondmg discriminator is
mal conduction process yields negligible differencesanalyzecj with an ALV-5000 multiple tau correlator.
between the measured temperature gradient and the actual
temperature gradient between the windows. :;/).(PEEXRPII\EAFI;K\IAT%A\TTQE STJT_?SCEDURE AND
A coherent beamN=632.8 nm from a 6 mWstabilized
cw He—Ne laser is focused with a 20 cm focal length lens  Rayleigh scattering measurements were obtained for six
onto the polymer solution in the scattering cell. The scatterdifferent solutions of polystyrene in toluene, with concentra-
ing angle, is selected with a small pinhol&00 xm) lo-  tionsw in weight fraction ranging from 0.50% to 4.00%. For
cated 197 mm after the cell. The collecting pinhole is placedeach solution, the measurements were performed at three to
in a plane orthogonal to the transmitted beam. The distancive scattering angles, ranging from 0.4° to 0.9°, which cor-
between the point where the beam hits the collection planeesponds to scattering wave numbknsanging from 900 to
and the pinhole was carefully measured with a vernier mi2000 cm . These small angles cause the stray light from
crometer scale. window-surface scattering to be dominant, assuring that the
In the original light-scattering experiments of Lawval?®  measurements are in the heterodyne regime. Hence, the light
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scattered from the inner surfaces of the windows plays the AL VT' 218K' o
= g -cm -

role of a local oscillator and provides the background with LOOO | M
which our signal, the light scattered from the polymer solu- I A VI=127Ken’ |
tion, is mixed. 1.0008 O VI=85Kem” ]
Before starting the experiments, the light-scattering cell [ ® VI= 00K’ |
1.0006 |

was carefully cleaned by flushing the cell with pure toluene
for at least one hour. Next, a gentle stream of nitrogen gas
was continuously directed through the cell to dry the inner
walls and to remove dust particles. After this cleaning pro-
cedure the polymer solution was introduced into the cell
through a 0.5«m millipore Millex HPLC Teflon filter. We
have been careful to remove bubbles from the light- P
scattering cell while we were filling it with the polymer so- ¢ (s)
lution. This cleaning and filling procedure was repeated each
time the concentration of the solution inside the cell wasFiG. 2. Normalized experimental light-scattering correlation functions, ob-
changed. tained atk=1030 cm? for a solution of polystyrene Ml,,= 96 400, w

It should be noted that a portion of the same po|yn,]er;2.50%) in toluene subjected to various temperature gradi€ftsplotted
solution was introduced into an optical beam-bending cell”® log®)-
for measuring the diffusion coefficieri, and the Soret co-

efficient, Sy, of the solutions as described by Zhaetgal**  negligible in this small temperature interval, and the property
These independent measurements of the diffusion and Sorg},es corresponding to 25 °C have been used for the calcu-
coefficients will be used to compare the results of our light-|ations. After changing the temperatures, we waited at least
scattering measurements with the theoretical predictions. Igyo hours, to be sure that the concentration gradient was
the case of polymer solutions it is especially important tofy|ly developed. Then, for each value of the temperature gra-
have independent measurements of these quantities for thgent, about six correlograms were taken. In Fig. 2, typical
same polymer/solvent system because, as commented belogperimental light-scattering correlograms, obtained with the
there is a sizable dispersion in the literature data, mainlya| \/-5000 correlator atk=1030 cm* are shown for the
caused by the dependence of these coefficients on parametgesiution with polymer mass fractiow=2.50%), as a func-
difficult to control, such as the polydispersity of the sample.tion of the temperature gradiefT. The figure shows the
Once the cell was filled with a polystyrene solution with well-sampled amplitude of the correlation at short times for
known polymer concentration, we started the experiments byhe correlograms. A simple glance at Fig. 2 confirms that the

setting the temperature of the top and the bottom plates aimplitude of the correlation function increases with increas-
the cell at 25 °C. A light-scattering angle was then selecteghg values of the temperature gradiéfit.

with the collection pinhole, and the distance in the collection  The correlograms, in the range from F0to 1 s, de-
plane between the pinhole and the center of the transmittegending on the run, were fitted to a single exponential, in
forward-beam spot was measured accurately. As alreadyccordance with Eq6). In all cases, both in equilibrium and
mentioned, this procedure, with the corresponding calculain nonequilibrium, very good fits were obtained. Actually,
tions, yielded scattering wave vectdesvith an accuracy of  the intensity of the scattered light is observed over a range of
1.5%. Once a scattering angle was selected, the optics wagve numbers corresponding to the nonzero aperture of the
arranged to focus the light exiting through the collecting pin-collecting pinhole. This effect can be accounted for by rep-
hole into the field-stop pinhole at the PM. When the temperaresenting the experimental correlation function in terms of a
ture of the polymer solution had stabilized, we used theGaussian convolution, as explained in previous
ALV-5000 to collect at least ten equilibrium light-scattering publications’'° However, we found that the resulting correc-
correlation functions, with the polymer solution in thermal tions to the parameter values obtained from fits to a single
equilibrium at 25 °C. The photon count rate of these meaexponential amounted to less than 1% for the present experi-
surements ranged from 0.3 to 2.5 MHz, depending on thenents and could be neglected. Hence, experimental values
run. Each correlation lasted from 30 to 60 minutes, withfor the decay rate,Dk? and for the prefactorCy[1
signal-to-background ratios from X110 % to 1x10 3. +A.(k,VT)] were obtained by directly fitting the time-
These small signal-to-background ratios confirm that ouicorrelation function data of the scattered light to a single
measurements are in the heterodyne regime. After havingxponential, as given by E¢6).

completed the measurements with the polymer solution in  The experimental values obtained for the decay rates,
thermal equilibrium, we applied various values of the tem-Dk?, for the polymer solutions at various values of the scat-
perature gradient to the polymer solution by increasing andering wave numbek and the temperature gradievill are
decreasing the temperatures of the top and bottom platggesented in Table I. Each value displayed in Table | is the
symmetrically, so that all experimental results correspond t@verage from severalat least fivé experimental correlo-
the same average temperature of 25 °C. The maximum tengrams obtained at the same conditions. The prefactor of the
perature difference employed was 4.1 °C, which correspondexponential obtained from the fitting procedure was multi-
to a maximum temperature gradient of 34.6 K émThe plied by the average count rate during the run to get the
variation in the thermophysical properties of the solutions isaverage intensityin 16° counts/$ in each run. The dimen-

1.0004F

1.0002
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TABLE |. Experimental decay rateBk? (in s™%), measured at different concentratiomstemperature gradienf&T, and scattering wave numbeks

k VT=0.0 VT=85  VT=127  VT=158  VT=169  VT=218  VT=201  VT=346
w (cm™b (Kem™) (Kem™) (Kem™ (Kem™) (Kem™) (Kem™) (Kem™) (Kem™)

0.50% 1318 0.880.07 0.9G:0.05 0.82:0.07 0.97-0.06

1538 1.22-0.10 1.25-0.12 1.18-0.06 1.23-0.06

1757 1.62-0.10 1.570.08 1.64-0.07 1.62-0.04

1977 2.030.09 1.99+0.11
1.00% 1318 1.06:0.06 0.98-0.07 0.98-0.07 1.0G:0.06

1538 1.4+0.3 1.34-0.06 1.34-0.05

1757 1.84+0.08 1.85-0.09 1.870.08 1.8G:0.12

1977 2.28-0.10 2.30-0.12 2.28-0.09 2.210.14 2.34-0.12
1.50% 1318 1.0¢0.10 1.13:0.07 1.12£0.04 1.14-0.06

1538 1.46-0.09 1.45-0.08 1.42-0.15 1.49-0.08

1757 1.99-0.12 1.99-0.11 1.96-0.09 2.03:0.10

1977 2.4%0.14 2.54-0.14 2.47-0.09 2.44-0.12
2.00% 872 0.520.06 0.49-0.03 0.46-0.02 0.5G-0.02

1392 1.29-0.07 1.32-0.03 1.28-0.06 1.18-0.08 1.22£0.14

1538 1.60-0.24 1.64£0.10 1.62£0.08 1.62-0.06 1.66-0.11

1757 2.0%0.11 2.11%+0.10 2.14-0.07 2.06-0.10 2.24-0.14

1977 2.58-0.10 2.57-0.08 2.63-0.08 2.60-0.14 2.72-0.11
2.50% 1030 0.750.04 0.72-0.04 0.75-0.02 0.78-0.06 0.73:0.06

1350 1.430.15 1.32-0.05 1.35-0.11 1.3G6-0.04 1.33:0.07

1880 2.66-0.07 2.50-0.11 2.67-0.12 2.68-0.14 2.53-0.12
4.00% 1353 1.6x10.16 1.58-0.09 1.56-0.07 1.49-0.07 1.57-0.09

1525 1.92-0.14 1.910.13 1.910.09 1.92£0.15 1.99-0.08

1854 2.86-0.10 2.96-0.10 3.110.18 3.07-0.08 2.79-0.18

2025 3.42:0.15 3.310.20 3.410.13 3.23:0.05 3.36:0.10

sionless enhancememft;, of the concentration fluctuations For each concentration we determined a simple value a$
at a given nonzero value &T was obtained from the ratio an average of the experimental data obtained at vakieunsl
of the nonequilibrium to the equilibrium intensities, mea- VT. In the averaging process the individual accuracies were
sured at the samle by means of Eq(6). The experimental taken into account. The resulting valuedbfor the different
values obtained foA. are presented in Table Il. Again, each polymer solutions are presented in Table Il and displayed in
value displayed in Table Il is an average of several correlo¥ig. 4 as a function of the polymer concentration. For this
grams measured at the same conditions. The uncertaintigairpose we prefer to use the concentratioin g cm 3,
quoted in Tables | and Il represent standard deviations of thbecause this unit is more widely employed in the literature
values obtained from the sets of experimental correlogramdor polymer solutions. To change the concentration units we
used the relationship

V. ANALYSIS OF EXPERIMENTAL RESULTS

A. Mass-diffusion coefficient D

p(W)=0.86178+0.1794w+ 0.0296w?(gcm %), (15)

as reported by Scholt&.The error bars in Fig. 4 have been

Dividing the decay rates displayed in Table | by the o5 0ated by adding 3% of the value Bfto the standard
square of the known wave numbers, a mass-diffusion coefe,jations given in Table Ill, so as to account for the uncer-

ficient, D, is obtained for eacw, k, andVT. As an example, ainwy in the wave numbek. In Fig. 4 we have also plotted
we show in Fig. 3 the values d thus obtained for the o yaiues obtained by Zharg al. for the collective diffu-
polymer solution withw=0.50% obtained from the light- i coefficient of the same polymer solutions with an opti-
scattering measurements at various values of the wave nUz| heam-bending technigd®.This figure shows that the
berk, as a function of the applied temperature gradiemt 4 e5 obtained from the two methods for the diffusion co-
The horizontal line in Fig. 3 represents the weighted averaggficient agree within the experimental accuracy. The straight

value of D. It is readily seen that the experimen®lis jing gisplayed in Fig. 4 represents the linear relationship
independent oW T, which implies that the applied tempera-

ture gradient does not affect the translational diffusion dy- D(c)=Dgy(1+kpcC), (16
namics of the polymer molecules and that we indeed ob-

served concentration fluctuations for &IIT. Figure 3 also  With the values

demonstrates thdd is_independent _of the wave n_umbler Do=(4.71+0.08 X 10" cnPs %, (179
Thus the decay rates in Table | are indeed proportionkf to

which confirms the correctness of our measurementk. of and
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TABLE Il. Experimental nonequilibrium enhancemends,, measured at different concentratiomstempera-

ture gradient&V T, and scattering wave numbeks

for the diffusion coefficient at infinite dilutior),, and the
hydrodynamic interaction parametésy,, as determined by
Zhanget al?* for the polymer solution with the same mo-
lecular masavi,,=96 400. It may be observed that tibg,

6.5

6.0

5.5

Heo—

—e—

——

—1—
—e—

——
—e—

_‘/\
I(.D <
“g 50 I H T
)
D
[eno)
— 45}
N’
Q

40 B O 1

k=1318cm k=1538cm k=175Tcm” k=1977cm™

0 10203040 0 10203040 0 10203040 0 10 20 30 40

Li et al.

k  VT=85 VT=127 VT=158 VT=169 VT=218 VT=29.1 VT=346
w  (em?b) (Kem?l (KembH (Kem?Hh (KembH (Kem?H  (Keml  (Kem'h
0.50% 1318 1.280.17 6.0:05 8.12:0.3

1538 0.78:0.11 2.32:0.18 4.53-0.15

1757 0.41-0.04 1.11-0.06 2.69:0.07

1977 1.17+0.07
1.00% 1318 2.580.10 8.1:0.7 16.0:1.0

1538 1.10:0.19 4.200.3

1757 0.87:0.08 2.07:0.08 3.31:0.13

1977 0.30-0.07 1.36:0.05 2.02:0.14 2.94-0.08
1.50% 1318 3.470.17 7704  12.5-0.8

1538 1.80:0.11 4403  6.8:04

1757 1.10:0.09 258010 4.29-0.12

1977 0.73:0.07 2.87:0.12 3.71-0.19
2.00% 872 6704 15.2:0.3 27.3:1.2

1392 1.08:0.08 2.20:0.12 3.84:022 7.3:0.3

1538 1.86:0.13 470:024 7.5-03 10.8-07

1757 1.110.07 2.82:0.24 3.66:0.25 5.85:0.35

1977 0.5%0.04 155008 241011 3.85:0.10
250% 1030 2903  8.1:05 13.8:08  20.7:2.1

1350 1.16:0.06 2.710.15 474011 7.6:03

1880 0.37-0.08 0.97:0.15 15:04 2503
400% 1353 1.280.17 3.04:0.17 53:0.3 861022

1525 0.78:0.04 1.74-0.08 3.24:019 5.06:0.21

1854  0.48:0.09 0.94-0.08 1.73:0.14 2.30:0.11

2025 0.24:0.03 0.64:0.12 1.05:0.04 1.59-0.04

kp=(22+2)cm’g?, (170 andkp values proposed by Zhareg al?* yield a satisfactory

description of the dependence of dbrvalues on the con-

centration.

An extensive survey of literature values @ andkp of
polystyrene in toluene solutions was performed, and ten dif-
ferent references were examiméd?~*°Most authors have
studied the molecular-weight dependence of these param-
eters and propose relationships which usually have the form
of power laws. The results of our survey are presented in
Table IV. In some cases where the scaling equations are not
directly given by the authors, we have performed the corre-
sponding fits to obtain the power-law dependenc® gfand
kp on M. All data in Table IV correspond to polystyrene
in toluene at the temperature of 25 °C. Whidg should be
nearly independent of temperature because toluene is a good

TABLE Ill. Collective mass-diffusion coefficient measured by equilibrium
and nonequilibrium light-scattering of polystyrerd (=96 400) in toluene
at 25 °C.

VT (K-cm™)

FIG. 3. Collective mass-diffusion coefficier® of polystyrene My
=96 400,w=0.50%) in toluene deduced from the decay rates of the con-
centration fluctuations at various valueslond VT. The horizontal line

w (%) c(gemd) D(10 7 cm2sY
0.50 0.00431 5.190.04
1.00 0.00864 5.8830.03
1.50 0.0130 6.360.04
2.00 0.0173 6.710.05
2.50 0.0217 7.230.06
4.00 0.0348 8.290.16

represents the average valDe= (5.19+0.04)x 10”7 cn?s L.
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4
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FIG. 4. Collective mass-diffusion coefficieBt as a function of concentra-
tion for polystyrene/toluene solution$/(,= 96 400). ®: measured in this
work by equilibrium and nonequilibrium Rayleigh light scatterifg;, mea-
sured by Zhanget al. with an optical beam-bending techniq@gef. 24.

0.01 0.02 0.03

¢ (g em’)

0.04

The straight line represents E@.6). The dashed lines represent the limits
over which the literature values are spread.

solvent®® D, depends on temperature through a Stokes
Einstein relation. Neglecting the dependence on temperature Having confirmed the validity of our experimental re-

of the hydrodynamic radius of polystyrene in toluéhaeye
represent the dependencel®f on the temperaturdl, by

T

Dot ——,
O 7o(T)

where 70(T) is the viscosity of the pure solveftblueng as

Light scattering from nonequilibrium fluctuations 9147
corrections in cases where the valuesDgf reported in the
literature had been measured at temperatures other than
25°C. Furthermore, we did not consider literature values
measured at temperatures more thah0 K from 25 °C. The
sixth column of Table IV contains the values extrapolated to
Mw=96 400, from theD,— M,y andkp — My relationships
shown in the second column of the same table. From the
information in Table IV we conclude thaD,=(4.91
+0.22)x10" 7 cn?s * andkp=21+5 cnfg L, to be com-
pared with the value®,=(4.71+0.08)x 10"’ cn?s ! and
kp=22+2 cnPg ! quoted in Eq.(17) and adopted by us.
Note that standard deviations of the extrapolated values for
Dy andkp from the literature aret4.7% and=*=22%, re-
spectively. The corresponding spread of the literature values
of D is indicated by the two dashed lines in Fig. 4. The upper
line was calculated by taking fdD, and kp the literature
averages plus their standard deviations; the lower line was
calculated by taking foD, and ky the literature averages
minus their standard deviations.

B. Nonequilibrium enhancement
concentration fluctuations

A, of the

sults for the decay rates, we now consider the nonequilib-
rium enhancement®\.(VT,k), of the concentration fluctua-
tions reported in Table Il. As can be readily seen, the
nonequilibrium enhancements show a dramatic increase with
increasing temperature gradients. The experimental values
obtained for the enhancement are plotted in Fig. 5 as a func-

a function of temperature which can be found in thetion of (VT)?/k*, for the six polymer solutions investigated.
literature*! Equation(18) was used for making temperature The results of a least-squares fit of the experimental points to

TABLE IV. Mass-diffusion coefficient at infinite dilutionO,, in cn?s ) and hydrodynamic interaction
parameter Ky , in cnP g~ 1) of polystyrene in toluene at 25 °C, obtained from various literature sources.

Extrapolated at

M range No. of Method Mw=96 400
Relationship (10° gmol™!)  samples (yea (10" cm?s™Y)  Reference
D=0.902x 10" M, 4556 1.1-2.0 2 DLS (1974 4.83 32
Do=3.935<10"*M_,**"" 1.2-360 17 DLS(1980 5.24 33
Do=2.524x 10" *M_, %4 0.51-21 11 FO1 (1982 5.09 34
D=2.001x 10 *M,, 0528 0.80-38 5 DLS(1983 4.69 35
Do=4.115<10"*M_, %% 13-210 5 DLS(1984 4.59 36
Do=23.021x 10~ *M,***° 2.4-55 5 DLS(1984 4.91 37
Dy=3.676x10*M, %8 0.30-4.2 4 DLS(1985 4.84 38
D=2.27X10*M, %% 1.8-7.1 2 DLS(1990 5.18 39
Do=3.041x 10" *M, %64 0.06-4.1 3 FRS(1995 4.70 40
Dp=2.190x10 *M, %% 0.03-38 7 OBH (1999 5.00 24
Average * standard deviation: 4.91+0.22
kp=2.119x 10" 3M 2808 1.1-2.0 2 DLS(1974 22.0 32
kp=2.433x 10" °M 163 0.80-38 5 DLS(1983 15.3 35
kp=2.522x 10~ 3M2811 13-210 5 DLS(1984 27.6 36
kp=7.369x 10"3M271® 2.4-55 5 DLS(1984 28.2 37
kp=2.422< 107 *M 27" 0.30-4.2 4 DLS(1985 18.0 38
kp=7.573x 10" 3M27° 1.8-7.1 2 DLS(1990 23.4 39
kp=6.971x 10" °M12%1 0.06-4.1 3 FR$1995 19.0 40
kp=4.200< 10" *M 2% 0.03-38 7 OBB(1999 18.1 24

Average * standard deviation: 21+5

a
b
c
d

DLS: dynamic light scattering.

FDI: free-diffusion interferometry.
FRS: forced Rayleigh scattering.

OBB: optical beam bending.
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30 T T T T pressuré? IT, which, for the small concentrations used can
,5] w=0.50% [w=1.00% be simplified to

204 1 . ap 1 (oIl
— === ) (19
1 ] oW/ o opwiow/ o

G l Values for the concentration derivative of the osmotic pres-
sure of the solutions, were obtained from the extensive work
of Nodaet al?82° Specifically, the universal function

3w c) 3(3J¥ C)T' 0

4 ¢ 4\l 4 c*

251 w=1.50% 1 w=2.00% 1 ( &H) RT
Jc T My

20F

o 1BF T b T represents the behavior of this property from the very dilute
104 4 1 to the concentrated regime. The overlap concentratdn,
=0.0272 gcm?®, was calculated, as in Sec. Ill, from the
correlations proposed by the same auttfrs.

(b) To calculate the zero-shear viscosity, we employed
the Huggins relationship

7= no(1+[ nlc+ky[ 7]%c?), (21)

where 7, is the viscosity of the pure solvent, for which the
value 552.7 mPa& was taken| ] is the intrinsic viscosity
of polystyrene in toluene, and, the Huggins coefficient for
the same system. The intrinsic viscosity was obtained from
0 3 p 6 > i s the correlatiorf®*3[ ]=9.06 10 °M$,/* (cm®g™Y). For the
v /K (10-10 K cmz) Huggins coefficient, the usual value in a good solV&if,
k,=0.35, was adopted; no molecular-weight dependence
FIG. 5. The amplitude, of the nonequilibrium concentration fluctuations has been reported in the literature fqr.
izns ?g:ufaendar;(tj \:?;Ld;'Uctgnsszrsgi:)en”segz'L;epuencst%“r:tg“@z\?ﬁj 9?:00) If’(‘; (c) Values for the collective mass-diffusion coefficient,
lines represent linear fits to the experimental data fo)E ea;:h cgni%LtrationD’ of our so!utlons were presented in the previous section,
with slopeA, given in Table V. when analyzing the decay rates of the correlograms. They are
displayed in Table Ill. For a continuous representatiomof
as a function of concentration we use HG6), with the
a straight line going through the origin are also displayedparameters given by E@17).
The information presented in Fig. 5 confirms that, in the  (d) The Soret coefficientS;, was measured by Zhang
range of scattering wave vectors investigated, the nonequet al?* for the same solutions used in our light-scattering
librium enhancement of the concentration fluctuations is inexperiments. It is worth noting that the Soret coefficients
deed proportional to{T)?/k* in accordance with Eq7). measured by Zhangt al. agree, within experimental error,
The slope of the lines in Fig. 5 yields experimental val-with other recentS; values for polystyrene in toluene re-
ues for the strength of the enhancemek(w), listed in  ported in the literatur&® Since the strength of the enhance-
Table V. To compare the experimental results with the thement depends on the square of the Soret coefficient, we need
oretical prediction, Eq(9), we need several thermophysical a good continuous representation of these data to make a
properties of the solutions, namely, the concentration derivatheoretical prediction oA} as a function of the concentra-
tive of the difference in the chemical potentials per unittion. We assume tha®; scales as the inverse @, as
mass, fu/dw), 1, the zero-shear viscosityy, the mass- rationalized by Brochard and de Genffésnd use a rela-
diffusion coefficient,D, and the Soret coefficieng; . tionship proposed by Nystrom and Rdbnd used success-
(a) The derivative of the difference in chemical poten-fully in Zhang et al?* for the diffusion coefficient and Soret
tials was calculated from its relationship with the osmoticcoefficient. The equatidf for Sy is

251 w=2.50%

(1+ XA
TABLE V. Observed strength of the nonequilibrium enhancement of the S1="St0 1+AgXg(1+ XS)B' (22
concentration fluctuations in solutions of polystyrene in toluene at 25 °C.
where A=(1—-v)/(3v—1) and B=(2—-3v)/(3v—1) are
w (%) ¢ (gem™) AS (10K Zem?) exponents evaluated with=0.588,Xs=r ¢(ksC) is a scaling
0.50 0.00431 2.080.07 variable, andAg=A+rg’. The constantsS;, and kg are
1.00 0.00864 4.080.10 defined by making a series expansion of E2R) around
1.50 0.0130 4.7£0.06 c=0 to give S;=Sro(1—ksC)+ - - -, Wherekg is the first
g'gg 8'823 g'ﬁg'ég virial coefficient of Sy.
4.00 0.0348 5.930.07 We used the values dés=24 cnig ! and S;,=0.24

K1 found by Zhanget al?* for this molecular weight and



J. Chem. Phys., Vol. 112, No. 20, 22 May 2000 Light scattering from nonequilibrium fluctuations 9149

T o VI. CONCLUSIONS

The existence of long-range concentration fluctuations in
polymer solutions subjected to stationary temperature gradi-
ents has been verified experimentally. As in the case of lig-
uid mixturest®!92°the nonequilibrium enhancement of the
concentration fluctuations has been found to be proportional
to (VT)?/k%.

Unlike the case of liquid mixture¥;1®2° good agree-
ment between the experimental and theoretical values for the
strength of the enhancement of the concentration fluctua-
tions,A} , has been found here. This indicates the validity of
fluctuating hydrodynamics to describe nonequilibrium con-

S, (K"

0.0 MR AR T | PR SR ET |

0.001 0.01 o centration fluctuations in dilute and semidilute polymer so-
3 lutions. Further theoretical and experimental work will be
c(gem’) needed to understand nonequilibrium concentration fluctua-

FIG. 6. Experimental values of the Soret coefficient of polystyrede) ( tions in ponmer solutions at hlgher concentrations.

=96 400) in toluene at 25 °C as a function of polymer concentratidihe Our presept results complement the ConSid_erab|e theoret-
solid curve represents E2) with ks=24 cmi3g™!, S;,=0.24 K%, and  ical and experimental progress recently made in understand-
rs determined by fitting to bes=1.16+0.07. ing the dynamics of concentration fluctuations of polymer

solutions under shear flow. It has been demonstrated that
concentration fluctuations in semidilute polymer solutions
then did a weighted, least-squares fit to the concentratioRubjected to shear flow are also enhanced dramatitafty.
dependens; data of Zhanget al. to find a value ofrs. We  This enhancement of the intensity of the concentration fluc-
find rs=1.16+0.07. Equatior(22) gives an excellent repre- tuations in shear-induced NESS, is similar to the enhance-
sentation of the experimental Soret coefficient data, as showient reported here, when the NESS is achieved by the ap-
in Fig. 6. plication of a stationary temperature gradient. On the other
In Fig. 7 we present a comparison between the experiband, the long-range nature of the concentration fluctuations

mental values for the nonequilibrium enhancement strengtivhen a concentration gradient is present, has also recently
A%, and the values calculated form E§) with the infor- ~been observed in a liquid mixture by shadowgraph
mation for the various thermophysical properties as specifietechniques; yielding additional evidence of the interesting
above. The error bars associated with the experimental daf@ture of this topic.
displayed in Fig. 7 have been calculated by adding 6% to the
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