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Soret coefficients of the ternary system of gelyrylene oxidein mixed water/ethanol solvent were
measured over a wide solvent composition range by means of thermal diffusion forced Rayleigh
scattering. The Soret coefficieBt of the polymer was found to change sign as the water content

of the solvent increases with the sign change taking place at a water mass fraction of 0.83 at a
temperature of 22°C. For high water concentrations, the valug; aff poly(ethylene oxidg is
positive, i.e., the polymer migrates to the cooler regions of the fluid, as is typical for polymers in
good solvents. For low water content, on the other hand, the Soret coefficient of the polymer is
negative, i.e., the polymer migrates to the warmer regions of the fluid. Measurements for two
different polymer concentrations showed a larger magnitude of the Soret coefficient for the smaller
polymer concentration. The temperature dependence of the Soret coefficient was investigated for
water-rich polymer solutions and revealed a sign change from negative to positive as the
temperature is increased. Thermodiffusion experiments were also performed on the binary mixture
water/ethanol. For the binary mixtures, the Soret coefficient of water was observed to change sign
at a water mass fraction of 0.71. This is in agreement with experimental results from the literature.
Our results show that specific interactiofisydrogen bonds between solvent molecules and
between polymer and solvent molecules play an important role in thermodiffusion for this
system. ©2004 American Institute of Physic§DOI: 10.1063/1.1771631

I. INTRODUCTION Thermal diffusion in gas mixtures is well described by

o o the Chapman-Enskog thedhFor very simple gaseous sys-
The presence of a temperature gradient in a fluid mixturge g it js even possible to calculate the thermal diffusion

generally induces mass flows, which create concentratioyeficient byab initio methods.® In gas mixtures, where
gradients in the m|;<ture. This process is known as th&nq interactions between molecules are dominated by hard
LudWIQ-Soret eﬁegil.' In a binary mlxturg,'the slze of the sphere repulsion, it is predicted and experimentally observed
effect is characterized by the Soret coefficient, which relateg, o+ 1o heavier component migrates to the cold jisi-
the gradignt of the concentration to the gradient of the tems o S;).5 Analogous results are also typically observed for
perature in the steady state liquid mixtures, such as polymer solutions and colloidal sus-
1 Ve pensions, where the solute is much heavier than the solvent
Sr=-— Co(l—Co) VT (1) molecules. For instance, the well studied system of polysty-
0 0 . i
rene (PS in a good solvent shows a positi& value of

HereT is the temperature; is the mass fraction of compo- PS®-1% However, in a few cases, negati® values have
nent 1,c, its equilibrium value, an@ indicates the gradient. been found for the heavier component in liquid mixtures of
The Soret coefficient defined by E@) is properly called the  components with large differences in molecular mass. Giglio
Soret coefficient of component®f. It has a positive sign and Vendramini reported a negative Soret coefficient for
when component 1 migrates to the cold side and a negativgoly(vinyl alcoho) in water'* Recently, we found a negative
sign when component 1 migrates to the warm side. In & for poly(ethylene oxide(PEO in water/ethanol mixtures
binary mixture, the Soret coefficient can be expresse§ras with high ethanol conterit:*® while we observed a positive
=(D+/D), whereDy is the thermal diffusion coefficient and S; in pure water. lacopini and PiazZZaalso found a sign

D is the ordinary translational diffusion coefficieht. change of the Soret coefficient in recent thermophoresis ex-
periments on protein solutions.
¥Electronic mail: s.wiegand@fz-juelich.de; http://www.fz-juelich.deliff/ Sign changes of the Soret CO_EffICI?h'[ are V\(G” known for
personen/S.Wiegand/ a number of small-molecules fluid mixtur€sMixtures of
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water and ethanol, for instance, have been studied carefullyary system of PEO in water/ethanol mixtufesbtained by
by several author®?'In a mixture with high ethanol con- a holographic grating method, called thermal diffusion
tent S; of ethanol is negativéethanol molecules migrate to forced Rayleigh scatterind DFRS. These data showed, for
the hot sid¢ whereas at low ethanol conte®; of ethanol is  the first time, a change in sign of the Soret coefficient of a
positive (ethanol molecules migrate to the cold gideebus-  polymer in solution. In order to understand these results, a
chewitz and Kbler investigated benzene/cyclohexane mix-two-chamber lattice model for thermodiffusion in liquid mix-
tures with different isotopes and found that mass differencetures was developed:*>* The model qualitatively agrees
yield a constant contribution to the Soret coefficient whilewith the experimental observations that the Soret coefficient
chemical differences are responsible for sign changes of thef PEO is positive for water-rich solutions and changes sign
Soret coefficient? Recently, the first molecular dynamics as the ethanol content of the solvent increases. The model
simulations of the Soret effect in aqueous solutions werglso predicts a sign change of the polyme®svalue with
performed that agree quantitatively with experimentalchanging temperature. We include here a comparison be-
data?3* tween experimental and theoretical results for the Soret co-
Thermal diffusion in liquid mixtures is not well under- efficient of PEO in water/ethanol mixtures and for the Soret
stood theoretically® For liquids with specific interactions coefficient of water in binary mixtures of ethanol and water.
such as hydrogen bonds it is often not even possible to pre- In the first experimental studies on the PEO/water/
dict the sign ofS; correctly. Prigogineet al!® argued that ethanol system, measurements were performed on PEO in
entropic as well as energetic effects have to be taken intgure water and in mixed solvent of fairly high ethanol
account in order to understand thermodiffusion in mixturesconcentrations® The reason for this restriction was that the
of associating fluids. For colloids in solution, Bringuier and effect of the solvent concentration gradient became signifi-
Bourdon derived expressions for Soret coefficients using théant in the intermediate concentration range, which made the
kinetic theory of Brownian motiof® They find that particle ~data analysis difficult. Since the determination of the Soret
movement towards |0W_temperature regions is Strengthené@peffiCient of PEO in the entire water/ethanol COITIpOSitiOI’\
or reversed by a temperature dependent interaction potentid@nge is expected to provide insight into the underlying
Dhonf”?® recently developed a microscopic approach tomechanisms, we have refined our data analysis so that we are
thermodiffusion of colloids in solution including hydrody- now able to investigate thermal diffusion for all solvent com-
namic interactions. Dhont relates the thermal diffusion coefPositions. In this work, we determine two Soret coefficients
ficient D+ to an effective potential for interactions between and two mass diffusion coefficients from each TDFRS mea-
the colloidal particle. He shows that the thermal diffusionSurement on PEO in mixed solvent. One pair of coefficients
coefficientD has a temperature independent contribution /S @ssociated with the solvent water/ethanol, the other is as-
which is always positive, and a temperature-dependent corgociated with the polymer in the mixed solvent. We present
tribution, which depends on the interparticle potential andexperimental TDFRS data for the Soret coefficient of PEO in
may change the sign of the thermodiffusion coefficient. water/ethanol mixtures for solvent compositions in the range
These concepts have yet to be extended to thermodiffusion #f 0-05<w<1, wherew is the mass fraction of water and for
polymer solutions, where single-particle properties andPOlymer concentrations of 5 g/L and 1 g/L of PEO, respec-
polymer-solvent interactions become important. tively. We also performgq temperature dependen_t measure-
Because of its importance in industrial applications,_me”ts of Fhe Soret coefficient of the polym(_ar and find that an
studies of the Ludwig-Soret effect in mixtures of three oriNcrease in temperature can change the sig§ofin order

more components have also been carried®i The deter- 10 further investigate thermodiffusion of the solvents, we per-

mination of Soret coefficients and mass diffusion constantformed TDFRS experiments on the binary system water/
in those mixtures is still subject to discussion. Even for ter-£thanol. We compare the results of the binary system with

nary mixtures, different definitions of the thermal diffusion those attributed to the solvent in the ternary systems PEO/
coefficient exisBL =33 In general, care has to be taken with water/ethanol and find good agreement between the corre-

the choice of reference frame and one should recover tha0nding Soret coefficients. B _
standard definition of the coefficients in the binary limits. In . ' N€ Paper is organized as follows: in the following sec-

the case of a ternary system of a polymer with two solvents'f'on’ Sec. I, we present the working equations for binary and

two processes are expected to be significant in determinin§rnary mixtures that are used to analyze the TDFRS experi-
the thermodiffusion of the polymer. In response to the tem” ents. In Sec. lll we briefly describe sample preparation and

perature gradient, a gradient in the solvent compositior?Xpe”memal apparatus. Experimental results for refractive

builds up rapidly. The polymer then migrates in response tdndex increments of the binary and ternary mixtures are im-

both the temperature and the solvent composition gradientg.Ortant for the evaluation of the TDFRS experiments and are

Thus the composition of the solvent mixture plays a key roleg_resenteol in Sec. I\;A'h Reslultsdonh thermodiffusion inptgt(a)/
in the thermal diffusion behavior of the polymer. In fact, a inary system water/ethanol and the ternary system

different S; value of PS was observed for PS in mixed Sol_Water/ethanol are presented and discussed in Secs. IVB and
vents corresponding to good and a poor solvent conditioné,vc’ respectively. We summarize our conclusions in Sec. V.

respectively. This implies that, in addition to the temperatur
gradient, the concentration gradient of the solvent mixtur(j" INTERPRETATION OF THE TDFRS SIGNAL

affects the concentration gradient of S. In a TDFRS experiment, an intensity grating is created
We recently reported thermal diffusion data for the ter-by the interference of two laser beams. A trace amount of dye
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in the solution absorbs energy and converts the intensity an
grating into a temperature grating. The spatial variation of 9T

_[on an\ [an
. _ “at), 0 law/ T low
the temperature induces mass flows through the Ludwig- 0 P.w 0 P.T
Soret effect. Both temperature and composition modulatiori2) ternary system
an
laser. In the Appendix we derive expressions for the normal- aT oW/ + C’
ac) . loc

contribute to the spatial modulation of the index of refrac-
tion, which is detected by Bragg refraction of an additional (3” :(’7_”) (‘7_”)
1 a P,W,c, oW 1
ized heterodyne signal intensity, of the read out laser. For
a binary mixture, an an
A%, ®
1 P,T,w

(anldcy)p

=1—-e Yth— —— 777 —
ghet l1-e (ﬁn/aT)P'c:LClO(l l'-:10)

wherew and ¢ are the mass fractions of water and PEO,

5 respectively. In practice, we approximaten(ow), by
XSp(1-e 9P, @ (anlow),.

wherery, is the time constant of the temperature gratimgs

the index of refractionP is the pressureg; is the mass

fraction of component 1G,, its equilibrium value, and where |Il. EXPERIMENT
g is the wave number of the intensity grating. For a ternary

mixture, The experimental setup for TDFRS has been described
in detail in Ref. 37. In brief, the interference grating is writ-
(&n/&cl)p;,c2 ten by an argon ion laser operating at the wavelength of
{he=1—e Vi Wclo(l_clo) =488 nm. The grating is read out by a He-Ne laseiat
Prc1:C2 =632.8nm. In the TDFRS measurements a rectangular
(9n/3C3)p 1.6, quartz cell with a path length of 0.2 mfrlellma) was used.

X Sy7(1— e 9Dty — Coo(1—Cyp) The intensity of the diffracted beam was measured by a pho-
tomultiplier. A mirror mounted on a piezocrystal is used for
phase shifting and stabilization to obtain the heterodyne sig-

— a— 02Dyt
XSpr(l-e ), 3 nal. The TDFRS measurements were carried out at a tem-

wherec, andc,, are the mass fraction of compondnand ~ Perature of 22.00°C, where the temperature of the sample
its equilibrium value, respectively, and whebg; and D, cell was controlled by circulating water from a thermostat
are the diagonal elements of the matrix of diffusion coeffi-With an uncertainty of 0.01°C. o

cients. In analogy to binary mixtures, cf. E.), we have PEO was polymerized from ethylene oxide in tetrahy-
defined Soret coefficientS, for each component from the drofuran by anionic polymerization at 60°C. The weight-
ratio of mass fraction and temperature gradients in the steadjnd number-averaged molecular weight of PEO g

(anldT)p e, c,

state, where the mass flows vanish =2.65x< 10° g/mol andM,=2.36x 10° g/mol, respectively,
determined by GPC. The index of molecular weight distribu-
1 Ve, tion is M,/M,=1.1. Deionized wate(milli-Q) and ethanol
Ser=— Ceo(l—Cio) VT (4 (Riedel-de Hae, HPLC-gradg were used as solvent. The

water content of ethanol was 0.11 wt % determined by Karl

The expressions for the normalized heterodyne signal-isher titration. A detailed description of the sample prepa-
Egs. (2) and (3), for binary and ternary mixtures, respec- ration is presented in Ref. 16. In this study, water/ethanol
tively, show that a single diffusive process with time constantmixtures of different compositions and solutions of 5 g/L
7=1/(g?D) is expected for binary mixtures, while two dif- PEO in such mixtures were prepared with trace amount of
fusive processes with time constants=1/(q°Dq;) and7,  the dye Basantol Yellow 21BASF). The sample solutions
=1/(q°D,,) are expected for the ternary system of a poly-were filtered directly into the cell through 0.22m mem-
mer in mixed solvent. Our experiments on PEO in water/brane filter(Millipore).
ethanol do indeed show a two-mode decay of the si(ges The absorption spectra of the dye in solutions of PEO/
Sec. IV Q with time constants on the order of 19s for the  water/ethanol and of water/ethanol, respectively, agree well
faster process, associated with solvent diffusion, and' K0 over the entire composition range of water/ethanol solutions;
for the slower process, associated with diffusion of the poly-an example is shown in Fig. 1. The peak at 460 nm indicates
mer. Hence, the typical time constants of the diffusive pro-strong absorption of light at the wavelength 488 nm of the
cesses are well separated on the time scale of the experimeatgon ion laser used to write the intensity grating. Absorption

The amplitudes of the decay modes of the normalizecht 632.8 nm is negligible, which implies no contribution of
heterodyne signal are a product of contrast factoosnbina-  the dye to the signal read by the He-Ne laser. In our earlier
tions of derivatives of the index of refractipand Soret co- work on mixtures with high ethanol content we used qui-
efficients. In Sec. IVA, we describe the determination ofnizarin as a dyé>!® The results for the mass and thermal
contrast factors from separate measurements. In order to eadiéfusion coefficients of the present study for ethanol-rich
notation, we introduce the following definitions: solutions agree well with the previous results, implying that

(1) binary system the results are independent of the choice of dye.
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FIG. 1. Absorption spectra of Basantol Yellow 215 dissolved in PEO/water/
ethanol and in water/ethanol, respectively. The solid curve corresponds to a
water/ethanol mixture with a mass fraction=0.2 of water. The dashed

curve corresponds to a solution of 5 g/L PEO in water/ethanct 0.2). 00 012 0:4 0:6 0:8 1f0
The two curves coincide with each other.

mass fraction of water w

FIG. 3. (9n/ow), and (@n/dT), of water/ethanol as a function of mass
fraction of waterw.

IV. RESULTS AND DISCUSSION

A. Contrast factors The values of {n/ow), at 20 °C represented by the solid

Refractive index increments with respect to the concentine correspond to measurements with the sodiditine as
tration and the temperature for the systems of PEO/watethpulated in the CRC handbodk.
ethanol and water/ethanol are shown in Figs. 2 and 3, respec- Values for the contrast factors are presented in Tables |
tively. (dn/dc), was measured at room temperature using and II. For the PEO/water/ethanol systemm/dc), does not
scanning Michelson interferometer operating at a wavelengtdepend strongly on water content far<0.2 and increases
of 632.8 nm® (dn/JT); of PEO/water/ethanol was mea- with increasing water content fov>0.2. On the other hand,
sured at 632.8 nm in the temperature range 293.65-296.66r water/ethanol mixtures, the sign ofir{/ow), changes
K.® Figure 2 presentsdfi/dc); and (@n/dT); of 5 g/L PEO  atw=0.19 from positive to negative with increasing water
in the solvent mixture as a function of the mass fraction ofcontent.
water for the water/ethanol solvent. The deviation of
(onl/ac), from the fitted function(solid line) is less than B, The binary system water /ethanol
1.5%. Figure 3 showsdh/ow), and (@n/dT), of water/

ethanol mixtures as a function of mass fraction of water Figure 4 shows the Soret coefficiedt, diffusion coef-

ficient D, and thermal diffusion coefficienD; of water/

ethanol mixtures as a function of mass fraction of water

Closed squares represent our experimental results obtained
T T T T T T from a least squares fit to E(R) of the normalized hetero-

1

TABLE I. Refractive index increment with respect to the mass fraction of
PEO in water/ethanol,df/dc),, and refractive index increment with re-
spect to the temperaturér{/dT), of 5 g/L PEO in water/ethanol. Here,
0.10 4 corresponds to the mass fraction of PEO in the mixed solventaodrre-
sponds to the mass fraction of water solvent.

012 4

(dnfdc)

0.08 |- : : : : : ] w (én/ac), w 104(an/aT), IK™2
1.0 4 0.050 0.0836 0.049 —4.0353
0.100 0.0838 0.101 —3.9983
20k | 0.150 0.0836 0.150 —3.9487
= 0.200 0.0854 0.194 —3.8751
5 0.250 0.0904 0.250 —3.7885
S 3.0F T 0.300 0.0927 0.300 -3.7121
= F 1 0.400 0.0964 0.400 —3.4967
~ 40} 4 0.500 0.0993 0.500 —3.2834
! ! ! ! ) ! 0.600 0.1053 0.600 —2.9595
0.0 0.2 04 0.6 0.8 1.0 0.700 0.1123 0.700 —2.4804
mass fraction of water w 0.800 0.1175 0.800 —1.7532
0.900 0.1242 0.900 —1.1650
FIG. 2. (9n/dc), and (@n/dT), of 5 g/L PEO in mixed water/ethanol sol- 1 0.1341 1 —0.9434

vent as a function of mass fraction of water for the water/ethanol mixture.
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TABLE II. Refractive index increment with respect to temperature T T — 51 00' Jmol
(onlaT), of water/ethanol mixturesv represents the mass fraction of water. 0.001 | Ews ™ mo
= = & oy e
w 104(an/dT) /K w 104(an/aT) o /K 5 0000 yg<- 3600 Jimol . e A
0 —4.0688 0.5504 ~3.1284 T Re, =g L
0.0468 —4.0394 0.6000 —2.9606 ? A\ N\ \ 4 //
_ _ n N L8
0.1000 4.0015 0.6483 2.7585 m 0001 | n . - 7
0.1514 —3.9420 0.7000 —2.4629 w0 S e » //
0.2000 —3.8707 0.7502 —2.1226 2 B A -
0.2499 —3.8029 0.8000 —1.7538 8= - 2761 J/mol
0.3000 —3.6962 0.8495 —1.4167 -0.002 , , . ,
0.3511 —3.5976 0.9002 —1.1514 0.0 0.2 0.4 0.6 0.8 1.0
0.4000 —3.4954 0.9491 —0.9889
0.4499 —3.3899 1 —0.9378 mass fraction of water w
0.5000 —3.2317

FIG. 5. Mass fraction differentiadw/ 5T= —w(1—w)S; of water in binary
water/ethanol mixtures as a function of mass fractionf water. The sym-
bols correspond to experimental data: this wolk), Kolodner et al. at

dyne signal obtained in our TDFRS experiments on watergo °C(A_). Th_e Iim_as are (_:alculated from the_twp-chamber lattice model at
’ - - . .20 °C with mixed interaction parameters as indicated.
ethanol mixtures. For comparison, Fig. 4 includes experi-
mental results reported by Kolodnet al,'° Zhanget al,?°
and Dutrieuxet al,?! which are restricted to mixtures of high (on/ow), is zero atw=0.19 so that the modulation of the
water content. The figure shows that our experimental resultsoncentration does not lead to a modulation of the index of
on water/ethanol mixtures are in good agreement with theefraction, cf. Eq(A8). This leads to a small signal-to-noise
literature datd® **°We observe a sign change 8f atw ratio of the heterodyne signéh.(t) for lower water contents
=0.71, which agrees well with the work by Kolodreral™®  and is the origin of the relatively large errors in this regime.
and Zhanget al?° Recent molecular dynamics simulations of  As explained in more detail in Sec. IV C, the fast mode
the Soret effect in water/ethanol mixtures also agree with oubbserved in our TDFRS experiments on the ternary system
results?*#*The evaluation of TDFRS experiments on water/ PEO/water/ethanol is associated with thermodiffusion prop-
ethanol mixtures is difficult for mixtures near=0.19 since  erties of the solventwater/ethangl The open circles in Fig.
the contrast factor becomes very small. As Fig. 3 indicates4 represent results obtained from the fast mode for the ter-
nary system, where the error bars represent one standard de-
viation. In general, the results from measurements on binary

10| ] and ternary mixtures agree well. As for the binary mixtures,
v sl i o small contrast factors lead to large uncertainties of the results
% [ b ; B o 343 ] for low water concentrations. This effect is also most likely
T 0 “ the reason for the deviations between the values of the Soret
3 sk ‘R’gg ] coefficients of water determined from measurements on the
- Aa 1 binary and ternary systemsat=0.3 and 0.4. In the experi-
'10_' ] mentally investigated range the analysis of the fast mode
: t : : t : measured for the ternary mixture give the same values
151 ] (within experimental errgrfor Sy, Dy, andD of water as
K obtained for the binary mixture. However, this behavior can-
mE 10 3 @A‘ ] not persist for solvent mixtures very near the pure limit. For
e ! i} ::@2‘ 1 PEO in water, for example, the Soret coefficient of water has
a3 os} b . the same magnitude as the Soret coefficient of PEO. Hence,
! i § &4 ] in the limit where the ethanol content goes to zero, the Soret
0.0 : : : : : coefficient of water has a value about 30 times its typical
08 . value in ethanol water mixtures. The analysis of the fast
x 04 I § mode of the ternary mixture and the evaluation of the binary
NE M| % % 5 ¥ g | measurements revealed negative valueS;adf water in the
S 00 o "'A‘ rangew>0.71. For the binary mixture, this corresponds to
'g oal !bg 1 water molecules migrating to the hot side and ethanol mol-
a T o ] ecules migrating to the cold side. We discuss the effect of the
08| A polymer on the thermodiffusion of the solvent in the follow-
00 02 04 06 08 10 Ing section.

mass fraction of water w In Fig. 5 we present values for the mass fraction differ-
ential Sw/6T=—-w(1—w)S; of water in binary water/
FIG. 4. Soret coefficien$;, diffusion coefficientD, and thermal diffusion  athanol mixtures. We compare experimental val(@gm-

coefficientD of water/ethanol as a function of mass fraction of watefor . .
binary system in this workM), fast mode of ternary system in this work bols) with results from the two-chamber lattice mOﬁé’Pfor

(O), Kolodneret al. at 20 °C(A), Zhanget al. at 25 °C(0J), and Dutrieux j[hree different values of the interaction enermgdescribing
et al. at 22.5°C(V). interactions between ethanol and water. In the lattice model

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Sign change of Soret coefficient 3879

for water/ethanol mixtures, sites of a simple cubic lattice are - T 1
either occupied by water or ethanol or remain void, to ac- 1.0 | w=0.5 1
count for compressibility. Interactions between occupied ]
nearest neighbor sites are described by interaction energie: 4

Ty
R ©O000000000000000000000

8

and evaluated in random mixing approximation. Hydrogen § §
bonding is not taken into account for water/ethanol mixtures. N : 10t
To determine Soret coefficients, two lattices at slightly dif- & 06r ¢ T
ferent temperatures are considered and all possible lattice 2 i 09l
occupations consistent with a given total particle number are VE 04l ¢ 1
evaluated. The dashed line in Fig. 5 corresponds to the value~"

. . = 0.8
€ys= — 2761 J/mol, i.e., the geometric mean of the water- - -]

water and ethanol-ethanol interaction energies. As discussec 10% 10° 102 10" 10°
in more detail in Ref. 35, this choice does not lead to a I e —

RO o 0.0 0.5 1.0 1.5 2.0 25
change in sign of the Soret coefficient of water. The value
€ws= —3600 J/mol(solid line) was determined from a fit to tis
tabulated density datd*® while e, =—5100 J/mol was T T T 1
chosen to yield a good fit to the mass fraction differential at 121 w=08 |
very high water concentrations. In agreement with the obser- I o T
vations by Nieto-Draghet al,?® we find that the mixed in- 101 Rl 0ae eI ~

teraction has to be stronger than the interactions between theg
pure components in order to describe a sign change of theﬁ 08
Soret coefficient with a simple lattice model. The compari- 2 I
son with experimental data shows that a single mixed inter- 'g i
action energy is not sufficient to describe the Soret effect — I i 1.0}
over the whole concentration range. This is to be expectedss 0.4 -

1.2t

since our model does not currently take hydrogen bonding in ’ 1
water/ethanol mixtures into account. Figure 5 shows that the ~ 02f © 0.8 0% 10° 10% 107 100 ]
experimental values for the mass fraction differential vary = 1
most rapidly in the concentration range betwa&en 0.6 and a0 0.5 14 5 20 28
w=0.8. This is a concentration range of large structural ti's

changes in the liqui#* In an NMR study, for example, it has 1.8 — T
been reported that the strength of hydrogen bonds formed I
among water molecules in pure water=t 1) is enhanced by |
addition of ethanol up tav=0.82, whereas the hydrogen- 14 L
bond network is disrupted by further addition of ethanol and =
disappears around/=0.61? Similarly, a dielectric relax-
ation measurement on water/ethanol showed large structura
changes in the concentration range betwaen0.82 andw
=0.64. In summary, when ethanol is added to water, the =
hydrogen-bond network between water molecules remains,;
intact up to a concentration of 18% ethanol by weight ( |
=0.82). Further addition of ethanol leads to the destruction g4 °©

ized

(normal

0.8

0.6 -

1

.-4 I-3 .-2 - : 0 _-
of the hydrogen-bond network, which is complete at a mass T LA L
fraction of aboutw=0.6.** 0.0 05 1.0 1.5 2.0 25
t/s

C. Ternary system of PEO /water/ethanol FIG. 6. Typical normalized TDFRS signals of 5 g/L PEO/water/ethanol at

For the ternary system of 5 g/L PEO in Water/ethanms'olve'nt compositionsv=0.5, 0.8, and 0.9. The insets show the semiloga-
. . . . . rithmic plots.

mixtures we present in Fig. 6 typical normalized heterodyne
signal intensities as a function of time after the intensity
grating has been switched on at tine 0. The three graphs
correspond to three different solvent mixtures with massponding to the establishment of the temperature gradient
fractionsw=0.5, 0.8, and 0.9 of water. The insets show thehas been omitted for clarity. The solid and dashed lines rep-
same data in semilogarithmic representation. The linear plotesent the signal contributions of the fast and slow modes,
include data from the rapid increase &f.(t) as the tem- respectively, and were obtained from a least squares fit to Eq.
perature modulation is established on the time segle  (3) for the normalized heterodyne signal.

which is less than 1 ms. For later times, two modes are The graphs of the heterodyne signals in Fig. 6 show two
observed on typical time scales af,~10"%s and 7,  well separated modes. The slow mode reflects the growth of
~10"1 s, respectively. This can be seen most clearly in thehe concentration modulation of the polymer in the mixed
semilogarithmic plots of{n(t), where the signal corre- solvent, while the fast mode reflects the growth of a concen-
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e3f T coefficient D+ of PEO is almost constant in the range
ozl ] <0.7 and increases with increasing water content vior
. . >0.7. Our value foDt in pure water agrees well with the
T o1 /’. value D;=5.5x10"8 cn?s 'K~ recently reported by
S 00— S‘P 1 Chan et al** for polyethylene glycol in water at 25°C,
01} §0cc0 o 2 o % - where theDt value was found to be independent of the
o2l ] molecular weight of polyethylene glycét.

T T The diffusion coefficienD of PEO as a function of wa-

' ) ) ) ' ter content of the solvent decreases ¥+ 0.25, remains
fairly constant for 0.25xw<0.7, and increases for G<Av.
Comparing the variation dD with the variation of the sol-
vent viscosity we find that the self-diffusion coefficient is

w
[=]
T
1

D1107c¢m?s™
N
o
L]

% ¢ inversely proportional to the solvent viscosity for mixtures
%§ §§° ] with higher water contentsy>0.4, and for mixtures with
10} €30 5 o o & s very low water contentsyw<0.15. In the intermediation
T T T S T composition range, the diffusion coefficient is somewhat
08 1 smaller than expected from the viscosity variation.
::x [ 5] For PEO in pure waterny=1.0) the Soret coefficient is
e 041 i positive in agreement with results from the literatté?#°
S o2 | ] As the water content of the solvent decreases, the values of
Z | o | St decrease sharply and change sign at a compositiam of
Q 0.0 o =0.83. The Soret coefficients continue to decrease with de-
8oo®%n o 5 4 o & ] creasing water content until they reach a minimumwat
g2l L L L L =0.6. Upon further addition of ethanol, they increase slowly
60 02 04 06 08 10 through the remaining concentration range. The solid line in

fraction of wat - .
mass fraction of waterw the graph of Soret coefficients represents theoretical results

FIG. 7. Soret coefficienS;, diffusion coefficientD, and thermal diffusion  from the two-chamber lattice mod® The calculated values
coefficientD; of PEO in water/ethanol as a function of water content of the for S; are positive for high water content of the solvent,
sol\_/entw. The open and closed symbols corresp_onq to a polymer con(:endecrease rapidly as the ethanol content is increased Change
tration of 5 g/L and 1 g/L, respectively, the solid line represents values !
calculated from the two-chamber lattice modREf. 15. sign, and go through a minimumot shown in qualitative
agreement with the experimental data. The lattice model
treats short chains in exact enumeration and takes only hy-
tration modulation within the solvent mixture. As discusseddrogen bonding between water molecules and the polymer
in Sec. IV B, the analysis of the fast mode in experiments onnto account. In order to achieve quantitative agreement be-
the ternary system leads to results for the thermal and masaeen theory and experiment, the model has to be extended
diffusion coefficients that agree with the results obtainedo include hydrogen bonding between solvent molecules and
from measurements on the binary system in the experimenenger chains.
tally investigated range. Far=0.5 and 0.9, the amplitudes For lower water contentw<<0.25), the values o are
of the signal contributions from the fast and the slow modesomewhat smaller than reported by us previol$iyn our
have the same sign, whereas Yo 0.8 the amplitudes have earlier work on ethanol-rich mixtures, the heterodyne signal
opposite signgthe contribution of the fast mode increaseswas fit to a single decay modef. Eq. (2)] since the contri-
with time while the contribution of the slow mode decreasedutions from the fast mode are quite small and were assumed
with time). For the fast mode, the negative amplitudenat to be negligible. In this paper we evaluate the signal with a
=0.5 and the positive amplitudes wt=0.8 and 0.9 corre- two-mode equation, Eq3), even when the the contribution
spond to positive and negative values of the Soret coefficieraf the fast mode is small. In this way, the amplitude of the
of water, respectively. For the slow mode, the negative amslow-mode contribution is systematically smaller by 6%—
plitudes atw=0.5 and 0.8 and the positive amplitudevat 10% than the amplitude of the only mode evaluated in our
=0.9 correspond to negative and positive values, respegrevious work:®
tively, of the Soret coefficient of PEO in the water/ethanol Figure 7 includes experiment8} data for two different
mixed solvent. polymer concentrations, 5 g/L PEO and 1 g/L PEO. For di-
Values for the mass diffusion coefficients and the Soretute solutions of PS in toluene, the Soret coefficient of PS
coefficients were obtained for fast and slow modes from a fitvas observed to decrease linearly with increasing concentra-
of experimental heterodyne signals to E8). Transport co- tion of PS2 Our results follow a similar trend; the mag-
efficients for the solvents as obtained from the fast modesitude of the Soret coefficient is larger for the lower concen-
have already been presented in Fig. 4. In Fig. 7, we showration of PEO for all solvent compositions, even whgxds
results for the Soret coefficie®;, the mass diffusion coef- negative. The sign change 8f appears to occur at the same
ficient D, and the thermal diffusion coefficiem+=DSy, composition of the solvent mixture, i.e.,\&t=0.83 for each
for PEO in mixed water/ethanol solvent as obtained from thesample. This behavior might change if we increase the PEO
slow modes of the heterodyne signal. The thermal diffusiorconcentration further, so that PEO-PEO interactions become
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0.20 T T T T T 0.002 | PEOwater/ethanol —o— slow mode -
05 © © © © O o w=1.00] —o— fast mode
: ] —o— remainder
L = - < 0001
- 0.10 R ° ° PY o w=0.90 ] '
[ ] ~
X 005} o o w=0.85- ~
o o © O g m w=0.82] © 0.000
» 000|—0— g = o D x
s ; o o w=0.80 | ©
005 o 1 1 1 1 1 ] -0.001
T T T T T — ol water
- 06} o © < w=1.001 water/ethanol mixtures - gthanol
\¢ o Lo 1 -0.002 ! ! . L
"0 04l b 0.0 0.2 04 0.6 038 1.0
e - ° o o w090 mass fraction of water  w
5 02r o ¢ °* w=0.85]
o b 9 w=0.82 ] FIG. 9. Mass fraction differentialgc, /ST of the binary mixtures water/
= 0.0 w=0.80 ethanol,c e {w,(1—-w)}, and the ternary mixtures PEO/water/ethargl,
Q" [ ] e{c,w,(1-c—w)}, as a function of solvent composition. Closed and open

'0-21 5 2'0 2'5 3'0 3'5 4'0 45 symbols represent data for the binary and ternary systems, respectively. The
o lines are guides to the eye.
temperature / 'C

FIG. 8. Temperature dependence @f and S; of 5 g/L PEO in water/ . . . .
ethanol for five mass fractions of water for water/ethamok0.80, 0.82,  Pehavior observed for PEO in water/ethanol solutions, since

0.85, 0.90, and 1.0. water is an excellent solvent for PEO while ethanol is a poor
solvent.

In order to investigate further the effect of solvent com-

as important as the PEO-solvent interactions. position on thermodiffusion of the polymer we present in

The temperature dependencd®f andS; for a polymer  Fig. 9 the Soret coefficient data for both binary and ternary
concentration of 5 g/L PEO has been investigated for fivesystems in the form of mass fraction differentials. The dif-
different solvent compositions. The results presented in Figferentials are calculated from the Soret coefficients according
8 show an increase @ andS; with increasing temperature to 6c,/6T= —c,(1—c,) ST, cf. Eq.(4). They have the op-
for all compositions measured. As the water concentration oposite sign of the corresponding Soret coefficients and hence
the solvent increases, the slope&fas a function of tem- are positive if the corresponding component is enriched in
perature decreases, while the slopedf increases. The the warmer regions of the fluid. For the ternary system, the
larger temperature dependence @f in water reflects an slow mode is associated with the polymer, the fast mode is
increase in the mass diffusion coefficiéht which is related associated with the solvent. The “remainder” is obtained
to a decrease in the viscosity. A sign chang®efandS;is  from the condition that the three concentration differences
observed for the compositione=0.80, 0.82, and 0.85, add up to zerogc+ dw+ 8s=0, wherec, w, ands=1-c
where the temperature at which the sign change occurs de-w are the mass fractions of the polymer, water, and etha-
creases with increasing water content. For very high watenol, respectively. For our system, the fast mode and the re-
content,w=0.9 and 1.0, a sign change has not observed imainder turn out to be related to the water and ethanol sig-
the temperature range of the experiment. Lattice model calals, respectivelysee below. The differentials change sign
culations also predict sign changes of the Soret coefficientat the same solvent composition as the corresponding Soret
with temperaturé® Unfortunately, the experimentally ob- coefficients, i.e.w=0.83 for the polymer anav=0.71 for
served positive slope d&; as a function of temperature is the binary system and the fast mode in the ternary system.
realized in the model only for lower water contents in theFurthermore, the “remainder” of the ternary system changes
temperature range of the experiments. We hope that an egign atw=0.59. The data suggest to differentiate three con-
tended model, as discussed above, will resolve this discregentration regimes, region iy<<0.59, region II, 0.5%w
ancy and also lead to a better understanding of the change #10.83, and region Iliw>0.83. For ternary solutions with
temperature dependence with solvent composition. In addihigh water contentw>0.83, PEO and the remainder are
tion, experiments that probe the solvent quality, such as lightnriched in cooler regions of the fluid, just as ethanol is for
scattering studies to determine the radius of gyration and thieinary mixtures. Conversely, for low water contents,
second virial coefficient for the PEO/water/ethanol system<0.59, PEO and the remainder as well as ethanol in binary
may lead to a better understanding of the temperature depemixtures are enriched in warmer regions. In the intermediate
dence of the Soret coefficient. composition range, 0.83w>0.59, the polymer and the re-
mainder do not have the same thermodiffusive behavior but
migrate to warm and cold regions, respectively. Furthermore,
in the center of region Il, the Soret coefficient of water

In our earlier work we discussed in detail the correlationchanges sign. A comparison of the boundaries of region I
between solvent quality and thermal diffusitf®® In gen-  with the concentration range, G:&v<0.82, where large
eral, we expect the Soret coefficient to be positive for a polystructural changes take place in binary ethanol water
mer in good solvent, and we expe8f to decrease, as the mixture'~*3(see Sec. IV B suggests that the formation of
solvent becomes poorer. This agrees qualitatively with thénydrogen bonds plays a major role in the Soret effect.

D. Discussion
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The data for the fast mode in ternary mixtures are seeponents change sign in the composition range where water/
to follow closely those of water in binary solutions. While ethanol mixtures undergo large structural changes.
this cannot be true for all concentratioftee fast mode van-
ishes asw—1) preliminary calculations with the two- \v. CONCLUSION

chamber lattice model show that the deviations become large )
The Ludwig-Soret effect for ternary PEO/water/ethanol

only for w>0.9. Hence, we tentatively identify the fast ) . .
mode of the ternary system with a water signal and the sre.2nd binary water/ethanol mixtures was studied by TDFRS.

mainder” with ethanol. Under this assumption, it appears':Or the ternary system, the signal decays with wo decay

that the thermodiffusive behavior of water molecules is nottimes corresponding to the establishment of a concentration

sensitive to a replacement of ethanol molecules by a F,E@radient of the solvent followed by the establishment of the

chain. This is not unreasonable given that water forms hyg:oncentratlon gradient of the polymer in the solvent mixture.

drogen bonds with both PEO and ethanol. The sign of the Soret coefficient of PEO is positive in the

In earlier work!>35% we related the Soret effect of a solvent composition range&>0.83, i.e., the polymer mi-

polymer in dilute solution to the internal energy difference Ofgrates ta the colder regions of the fluid as is typical for poly-

two chambers at equal temperatures, separated by a semipg]r(-ar solutions. In contrast, the sign 8 is negative in the

<O0. ie. i -
meable membrane that allows only solvent molecules toangew 0.83, i.e., the polymer migrates to the warmer re

. gions of the fluid, which is very unusual. A comparison of
move freely between the chambers. If a chamber contammﬁ1 e )
ermodiffusion in the binary and ternary systems shows that

only solvent mplgcules has a lower internal energy than fhe largest changes in the Soret coefficients occur in both
chamber containing polymer and solvent, then the polymer

. . . : S in th ncentration ran where water/ethanol mix-
will be enriched in the warmer regions when the fluid jg CA5€S the concentration range, where water/ethano

subject to a temperature gradient. Applied to the intermediat't[aures undergo large structural changes. Hydrogen-bond for-

concentration region Il, this suggests that the replacement Orpation plays a major role both in the solubility of PEO in
' . ) . water/ethanol solutions and in the thermodiffusion of PEO.

ethanol molecules by a PEO chain leads to an increase in the
internal energy. Since hydrogen bonds lower the internal en-
ergy contribution of a molecule dramatically, one may con-ACKNOWLEDGMENTS
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ered and with added NacCl, are very complex systems, the
similarity in the temperature dependence of the Soret coeffiaApPPENDIX: DERIVATION OF THE WORKING
cient suggests that similar factors determine thermodiffusioEEQUATIONS
in the protein solutions and the PEO/ethanol/water system. In e . —
both systems, hydrogen bonds play an important role. Fur- The diffusive transport of heat and matter in a fluid mix-

thermore, lacopini and Piazza correlated the temperatur?nr:jalff_K1 Cir?g:epc;?%rg;t'smgggilrg\’;: %Jl\?vvgi;r:ﬁzt\g?xvﬁqe_
variation of the Soret coefficient with the solubility of the P '

protein and found that an increase in solubility correspondgxeOl reference frame and denote the mass ﬂoWS]JQQyJ

to an increase in the Soret coefficient. This agrees with oue{l""’K}' The flow of componenk is related to the other

0_ _sK-1 10 o . e
earlier work!>3>where we found that negative Soret coeffi- flows byvyJe=—2j_,v;Jj, wherev; is the partial specific

. . . . volume of componeni. If the mean volume velocity can be
cients for a polymer are associated with marginal solvents : . ST
. . ) . . ‘Neglected, as is typical for liquid mixturéshe law of mass
while an increase in solvent quality leads to an increase in ;
- conservation can be expressed as

the Soret coefficient.

From previous observations that the thermal diffusion px 0
coefficient Dy is independent of the molecular weight for ot —V-J, (A1)

dimers, trimers, and chains up to several hundred repeat , . e
units*®=*® we conclude that the thermal diffusion processWhere pi 1 the mass density of componekt Diffusion

takes place on short length scales, which may be comparab?é’efﬁdents are defined through the phenomenological equa-

to the length scale~£10~1° m) of heat transport. This sug- 1°NS

gests that the sign change of the system can also be observed K-1

experimentally for short PEO chains, which are also more P=— 2 DyjVpj—DyVT. (A2)
easily investigated by computer simulations. Furthermore, =1

we expect that the first solvation shell of the PEO molecule§he (K —1)? mass diffusion coefficientd,; are complicated
determines the thermodiffusive behavior. This agrees witlttombinations of the Onsager mass transport coefficients and
our observation that the Soret coefficients of all three comthermodynamic derivativesDue to Onsager’s reciprocal re-
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K-1

lations, onlyK(K—1)/2 of these diffusion coefficients are an an
independent. The prime on the symlo|; indicates that nq(t)=<ﬁ) Tq(O)+ > (5) Cig(l)-
D7 is a nonstandard form of the thermal diffusion coeffi- Picjt k=1 KIPT e
cients, which we employ temporarily. Inserting the current (A8)
(A2) into Eq. (A1) for the mass flow, we obtain the thermo- The contribution of the temperature modulatiomigt) has
diffusion equations a much smaller time constantf) than the concentration
K1 modulation. It is customary, to take the long time limit of this
%: 2 ijVij+ D/ V2T, (A3) contribution, using the temperature modulation of Eb)
- M= limT (t)(a ) (&n) (A9)
ng = lim — = —
Setting the flows to zero in EGA2) we obtain for the ratio Sl TN gy oot Pic)
of mass fraction and temperature gradients in the volume- _' : )
fixed reference frame and evaluate the normalized heterodyne signal
- Ng(t)
Ve ‘< [ o 4 , {ne=—tr- (A10)
vT o — (D" )miDjr, (Ad) Nq
VT j,m=1 ﬁpm

TP APi ) In order to describe TDFRS experiments for binary mix-

where the mass fraction, of componentk is given byc, tures_,K=2, we solve the diffusi_on equation for the mass
= p/p, With p the mass density of the liquid, wheReis the density of component 1 as obtained from E43) for the

pressure, and whereD('!) is the inverse of the matrix of geometry of the experiment

mass diffusion coefficient®,; . dpy #pq 9T
. . . !
In a TDFRS experiment, two interfering laser beams cre- =D — >+ D1T—z(9x , (Al11)

ate an intensity grating, which is converted into a tempera-

ture grating through the absorption of energy by a tracavhere we have dropped the subscripts on the mutual diffu-

amount of dye. Since the effect of concentration gradients ogion coefficientD. The expression for the temperature, Eq.

the temgerature profiléDufour effec is small in liquid  (A5), suggests a solution fgr;(x,t) of the fornf?

mixtures; the temperature as a function of position and time _ igx

can be calculated from a heat equation. In the experiments, PXt) = Prot prg(H)E, (A12)

the time variation of the gratings is described by a series oWherepy, is the equilibrium value op, . Solving Eq.(A11)

step functions(on/off) in time. We will focus on the signal Wwith this ansatz and E4A5) we find

generated after the grating has been switched on at time /
: - . O¢D;1r

=0. In this case, the spatial modulation of the temperature prg(t)=— (

——girl-e N —n(1-e )},
for timest>0 can be described BY 7= 1n)D f

(A13)

To(1)eP=0(1—e mm)e'd, (A5)  for timest>0, wherer=1/(q?D) is the time constant of
mutual diffusion. In a typical TDFRS experiment, the life-

whereq is the wave number of the grating and the oIOtICaItime of the temperature grating, is much smaller than the

g;lfhlg ﬁ\ ?(ra?]"s?tl;%fﬂt]:eall:ssé:Sga?nrngaidﬁ)géi;?gﬁrénolggii i time constant of diffusionsy,<7. With this approximation,
of the dye, and the heat capacity and thermal diffusivity o?[he mass density modulatignq simplifies to
the liquid. The time constant of the temperature gratifgs T s
related to the thermal diffusivity through,=1/(q?Dyy). p1g(=—0o—5~(1-e ""). (A14)
The spatial variation of the temperature induces mass ) ) _
flows through the Ludwig-Soret effect. The resulting spatialll Order to obtain the modulation of the mass fractegnof

!

modulation of the composition may be represented as component 1, which is used in the evaluation of the hetero-
dyne signal, we insert the modulation of the mass density,
5ck=ck(x,t)—ckozckq(t)e‘qx, (AB) Eq. (A14), into the relation
: - : i dc,

where §cy is th.e devu’?lyon of the mass fractiap of com Clq(t):(_) p1g(t) (A15)

ponentk from its equilibrium valuec,,. Both temperature dp1 TP

and composition modulation lead to a spatial modulation Ofand obtain

the index of refraction, which is detected by Bragg refraction

of an additional laser. Cig(t)=—0(C19(1—Cyp) Sir(1—e Y7, (A16)
sn=n(x t)_noznq(t)eiqx (A7) where, the Soret coefficier8; has been identified from

Egs.(4) and (A4) applied to binary mixtures=2). Intro-
where én is the deviation of the index of refractionfrom  ducing the usual thermal diffusion coefficieDt through

its equilibrium valueny. The heterodyne signal intensity of 1 ac
the read out laser is proportional to the amplituggt) of DT=—<_1> DiT, (A17)
the refractive index modulation, Cio(1=C10) \ dp1/ 7
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we recover the relation between the Soret coefficient and thdiagonal. In this case, Eq$4) and (A4) applied to ternary

thermal and mutual diffusion coefficients mixtures (K= 3) yield for the Soret coefficients
D+ 1 JCy DI;T
Si=S;r=—. (A18) :—(— = (A26)
7D ST Cko(1—Cko) \ Ipxk TGk Dk

Finally, the normalized heterodyne signal intensity for a bi-
nary mixture, as presented in @), is obtained by inserting
Eqg. (A16) into Eq. (A8) for K=2 and evaluating EqA10)
with Egs.(A9) and(A8).

Thus, if conditions(A22) and (A24) are satisfied, the Soret
coefficients of the ternary mixture are simply related to the
thermal and mutual diffusion coefficients through

For a ternary mixture, there are two independent mass _ Dyt
flows. For the geometry and temperature distribution of the ™ D_kk (A27)
TDFRS experiment, Eq$A3) take the form

where, in analogy with Eq(A17) for binary mixtures, we

Ip1 _ D #py +D & p; Y T (AL9) have defined the following unprimed thermal diffusion coef-
gt Mg T TRy T AT g2 ficients:
dpa  Ppr - Ppp , PT _ 1 8Ck) ,
e ! Dyrp=——7——| — Dy+. A28)
at D21_Z(?X +D22_2_(9X + DZTa_XZ' (AZO) kT Cko(l_CkO) apk T'P’Cj#k kT (
As for the binary mixture, we look for solutions in the form With Egs.(A25) and (A26), the amplitudes of the mass
Pk(X,t)=pko+qu(t)ein, ke{1,2, (A21)  fraction modulations in a ternary mixture have the simple
form
wherep,q is the equilibrium values of, . An investigation i
of the solutions of the coupled differential equatidie9) Crg(1) = = O Cro(1— Cyo) Scr(1—e H7kk). (A29)
and(A20) shows that the modes decouple completely if therinally, the normalized heterodyne signal intensity for a ter-
diffusion coefficients satisfy nary mixture, as presented in E8), is obtained by inserting
|D12,|D2y| <|D 11— Dol (A22)  Ed.(A29) into Eq.(A8) for K=3 and evaluating EA10)

) S ~with Egs.(A9) and (A8).
This condition is expected to hold for a polymer in mixed
solvent, sincga) the off-diagonal elementd,, ,i #k of the
diffusion coefficient matrix are typically much smaller than *C. Ludwig, Sitzungsber. Preuss. Akad. Wiss., Phys. Math. 2. 539

; 50 ; : F i (1856.
the dlagonal elemen@” ! and(b) the diffusion coefficient 2Ch. Soret, Arch. Sci. Phys. N&, 48(1879; C. R. Acad. Sci. 11191, 289

of a polymgr 0,y is typically much smaller than the diffu-  (1880: Ann. chim. Phys22, 239 (1881.
sion coefficient of small-molecules fluids. Under the assump-3we use the following sign convention f& andD+: In a binary mixture
tion that the off-diagonal diffusion coefficients can be ne- of A andB, Sy of A (the first named componeris positive, if A moves

glected, the solution to EqA19) is given by to the cold side. This implies th&; of B is negative, becaud® migrates
to the warm side. The same holds @y . This definition is independent
KT —y of the density of the two components.
pkq(t) = oD—( l-e Tkk), ke {1,2}, (A23) 4W. Kohler and S. Wiegandihermal Non-equilibrium Phenomena in Fluid
kk Mixtures (Springer, Berlin, 2002

s — .
where Thk= 1/(q2Dkk): and where we have assumed again E.evl?l.ﬁ)?kGigcgt‘}and P. MazuNon-equilibrium Thermodynamid®over,
that the time constant of the thermal grating is much smallefsy & Grew and T. L. IbbsThermal Diffusion in GasefCambridge Uni-

than the time constants of diffusiony,<< 7. versity Press, Cambridge, 1952
In the transformation from the mass density to the mass'J- J. Hurly and M. R. Moldover, J. Res. Natl. Inst. Stand. Techbof
fraction modulation, mixed partial derivatives of the form 8667 (2000.

. . T. G. Heijmen, P. E. S. Wormer, P. E. S. , A. van der Avoird, R. E. Miller,
((9Ck/&pj)-|—’p’pk,kij are encountered. One of these deriva- ghq R Moszynski, J. Chem. PhyELO, 5639 (1999).

tives is proportional to the mass fraction of the polymer,lZG- Meyerhoff and K. Nachtigall, J. Polym. S&7, 227(1962.

; ; e O. Ecenarro, J. A. Madariaga, J. L. Navarro, C. M. Santamaria, J. A.
which is very small. The other depend_s on th.e qqmposmon Carrion, and J. M. Saviron, Macromolecul2d 4968(1994.
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