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Negative thermodiffusion of polymers and colloids in solvent mixtures
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Results on thermodiffusion of poly~ethylene oxide! and colloidal boehmite (g-AlOOH! rods in
ethanol/water mixtures are presented. Data were obtained using thermal diffusion forced Rayleigh
scattering. The sign of the Soret coefficient of the boehmite rods changes from positive to negative
with increasing water content, i.e., at sufficiently high water content the colloidal particles move to
higher temperatures. The sign of the Soret coefficient of the poly~ethylene oxide! in ethanol/water
mixtures is negative, i.e., the poly~ethylene oxide! molecules move to higher temperatures, whereas
in pure water the sign is positive. To our knowledge this is the first time that a sign change has been
observed for polymers in solution. The analysis of the static light scattering on poly~ethylene oxide!
allows the determination of the preferentially solvating solvent. In the investigated concentration
range the preferentially solvating solvent is ethanol, in spite of being the poorer solvent for
poly~ethylene oxide!. © 2003 American Institute of Physics.@DOI: 10.1063/1.1563601#
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I. INTRODUCTION

Thermal diffusion or the Ludwig–Soret effect is th
transport of mass due to a temperature gradient. In poly
solutions and colloidal suspensions partial demixing may
cur, as the heavy polymer molecules or the colloids migr
to lower temperatures. In equilibrium the two oppositely
rected fluxes due to thermal and ordinary diffusion canc
The magnitude of the Ludwig–Soret effect is characteriz
by the Soret coefficientST . Although a generally accepte
theoretical framework for the Ludwig–Soret effect in fluid
is still lacking, there is some qualitative understanding of
underlying principles. In particular, it was shown for collo
dal suspensions that thermal diffusion strongly depends
the composition of the solute–solvent interface.1

Additional effects may arise when considering polyme
or colloids in a mixture of solvents subjected to a tempe
ture gradient. Due to thermal diffusion, a solvent compo
tion gradient may build up. If the polymer under consid
ation has a different affinity for the different solvents, t
polymer molecules will experience an affinity gradient
addition to the temperature gradient. Rue and Schimpf2 stud-
ied polystyrene in mixtures of good and bad solvents. Th
indeed found an enhancedST if the better solvent moved to
the cold wall, and a diminishedST in the opposite case. Va
Astenet al.3 studied thermal diffusion of polystyrene in mix
tures of the good solvent tetrahydrofuran and the the
solvent cyclohexane. They found that the Soret coeffici
was largely unaffected by the addition of cyclohexane. T
was explained by preferential solvation of the polystyre
molecules by tetrahydrofuran independent of the bulk s
vent composition. Therefore, the solute–solvent interf

a!Electronic mail: s.wiegand@fz-juelich.de
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does not depend on the latter, and the thermodiffusive beh
ior does not change either.

When investigating thermal diffusion of rodlike boeh
mite colloids (g-AlOOH! in ethanol/water mixtures, we ob
served the unusual phenomenon of colloids moving to hig
temperatures, which is the opposite of what is usually fou
By convention, the sign of the flux due to thermodiffusion
positive when the corresponding compound is moving
lower temperatures.4 As this system suffered from a numbe
of disadvantages~see Sec. III A 2!, we looked for a simpler
polymeric system, and discovered that poly~ethylene oxide!
in ethanol/water mixtures showed the same effect. Nega
thermodiffusion of polymers was also observed by Gig
and Vendramini, in the system poly~vinyl alcohol!/water.5 As
for colloids it was observed in magnetic fluids by Ture
et al.6 In liquid mixtures such as ethanol/water, a sign chan
of the Soret coefficient has also been observed.7

Our data were measured using a transient holograp
grating technique called thermal diffusion forced Raylei
scattering ~TDFRS!. Since its development in the lat
seventies8,9 TDFRS has established itself as a sensitive t
to study thermal as well as ordinary diffusion, and was a
plied successfully to solvent mixtures10 and polymers in
solution.11 The principle of TDFRS is analogous to ordina
forced Rayleigh scattering: an intensity grating is created
the interference of two laser beams. By adding a sm
amount of absorbing dye to the sample, the intensity gra
is converted into a temperature grating, which is in turn co
verted into a composition grating by the effect of therm
diffusion. Both the temperature and the composition grat
contribute to a refractive index grating, which is read by
additional laser beam. The advantage of TDFRS lies in
high sensitivity and the small temperature differences t
occur~of the order ofmK), thereby avoiding convection an
3 © 2003 American Institute of Physics
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8074 J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 de Gans et al.
allowing a theoretical description of the experiment us
linear irreversible thermodynamics, which is presented in
next section. The rest of the paper is organized as follow

The experiment section contains information abo
sample preparation, the setup used for thermal diffus
forced Rayleigh scattering, the determination of refract
index and refractive index increments, and data analysis
nally, we present and discuss data from a systematic stud
the thermodiffusive behavior of poly~ethylene oxide! in
ethanol/water as a function of solvent composition. Rep
sentative data of the more complicated system boehm
ethanol /water are also presented.

II. THEORY

In this section we will review the equations underlyin
the TDFRS experiment. For a thorough mathematical der
tion we refer to Ko¨hler.12 The following convention will be
adopted: Species ‘‘0’’ denotes polymer, ‘‘1’’ denotes wat
and ‘‘2’’ ethanol. For polymer one may also read colloid.

In principle there are three processes that have to
taken into account. First there is the diffusion of heat, wh
in our experiment occurs on a time scale of the order of 1024

s. Second, in a ternary system consisting of a polymer
mixture of solvents two different diffusive processes are
pected to occur, opposing thermal diffusion. Only in the a
sence of cross diffusion, that is, the occurrence of a flux
the one component engendered by the concentration gra
of one of the other components, these two diffusive flux
can be interpreted as the diffusion of polymer molecules a
on a much shorter time scale, the diffusion of solvent m
ecules. In our experiment we cannot exclude cross diffus
In fact, the affinity gradient diffusion of Rue and Schimp2

and the concept of diffusion of a polymer with preferentia
solvating solvent shell of Van Astenet al.3 are two examples
of cross-diffusive processes. On the other hand, in our
periments only one diffusive process is seen, on a time s
of the order of 1021 s, coinciding with the time scale o
which polymer diffusion is expected to occur. Therefore,
this paper we will interpret this process as such. For a th
ough discussion of diffusion in multicomponent mixtures w
refer to the book by Cussler.13 The fact that we only observ
one diffusive process may be explained by TDFRS exp
ments on plain ethanol/water mixtures which have shown
that the contribution of solvent thermal diffusion to th
TDFRS signal is negligible in the investigated concentrat
range~see Sec. IV A!.

Thermal diffusion in multicomponent mixtures is di
cussed in the Appendix. It is shown that a ternary system
be described using three different thermal diffusion coe
cients, two of which play a role when describing polym
thermal diffusion. Each of these two accounts for the therm
diffusion of the polymer against one of the two solvents.
this paper we will not try to separate the total signal into t
contributions, and employ one single thermal diffusion co
ficient instead.

Starting point is therefore the one-dimensional diffusi
equation for the diffusion of polymer molecules in the lim
of low concentrations, in the presence of a temperature
dient
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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]

]t
c0~x,t !5D

]2

]x2
c0~x,t !1DTc̄0

]2

]x2
T, ~1!

wherec0(x,t) denotes the local concentration of the polym
and c̄0 its average concentration,T the temperature,D the
ordinary diffusion constant of the polymer, andDT its ther-
mal diffusion constant. A sinusoidal temperature gradien
assumed

T~ t !5T̄1DTeiqxu~ t !, ~2!

where DT denotes the amplitude of the grating andq the
wave vector.u(t) denotes Heaviside’s unit step functio
Equation~1! can now be solved, the result being as follow

c0~x,t !5 c̄01Dc0~ t !eiqx ~3!

Dc0~ t !52 c̄0DTST~12e2q2Dt!,

with the Soret coefficientST5DT /D.
Usually the heterodyne TDFRS signal is studied, due

its higher sensitivity and its robustness against perturbat
and experimental imperfections.12 The heterodyne signal in
tensityzhet(t) is proportional to the amplitude of the refrac
tive index gratingDn(T,ci), which can be expanded to firs
order as

zhet~ t !}Dn~T,c0!

5F S ]n

]TD
p,ci

DT1S ]n

]c0D
p,T,m j Þ0

Dc0~ t !G , ~4!

wherep denotes the pressure andm i the chemical potentia
of the ith component. Normalizing the total signal to th
thermal signal and combining Eqs.~3! and ~4!, zhet(t) can
now be written as

zhet~ t !511S ]n

]TD
p,ci

21 S ]n

]c0
D

p,T,m j Þ0

STc0~12e2q2Dt!.

~5!

The quantities (]n/]T)p,ci
and (]n/]c0)p,T,m j Þ0

do not fol-
low from the TDFRS experiment and have to be determin
separately. Special care must be taken with respect to
refractive index increment (]n/]c0)p,T,m j Þ0

, as it contains an
extra contribution which is due to the preferential solvati
of the polymer by one of the two solvents. The refracti
index increment can be written as

S ]n

]c0
D

p,T,m j Þ0

5S ]n

]c0
D

p,T,cj Þ0

1S ]c1

]c0
D

p,T,m j

S ]n

]c1
D

p,T,c0

,

~6!

where the second term on the right-hand side stems f
preferential solvation. A composition change of the prefer
tially solvating solvent shell due to the imposed temperat
gradient might affect (]n/]c0)p,T,m j Þ0

. However, this is a
second-order effect that enters Eq. ~4! as
(]2n/]c0]T)Dc0DT, and can therefore, in our first-orde
treatment, be neglected.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



at

l

n
n

ir

in
d

ac
nt

-
c

c
a

5
a
e

%
y
e
n
r
te
ip

an
.4
-
e
ri
o

le

in
usly.
ui-

a-
.
gth
s
nol

ed
s
cs
the
: a
m-

he

by
re.

tes

fore

e
urs.

of
red

ect-
m

he

nol/

cal.

t 520
ands
on of

8075J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 Thermodiffusion of polymers and colloids
Preferential solvation can be studied by means of st
light scattering.14–16 The excess Rayleigh ratioDR(q) of a
polymer in a single solvent can be written as

Kc

DR~q!
5Mw

21S 11
1

3
q2RG

2 D12A2c, ~7!

where K54p2nsolv
2 (]n/]c)T

2/(Navl0
4) denotes the optica

constant, withNav Avogadro’s number andl0 the wave-
length of the light source used.Mw is the weight averaged
molar mass of the polymer.RG denotes the radius of gyratio
of the polymer, andA2 the second virial coefficient. Whe
the polymer is dissolved in a binary solvent mixture, Eq.~7!
can still be used, butMw andA2 have to be replaced by the
apparent valuesMw,app andA2,app.

A comparison of the ‘‘true’’ molar mass, as measured
a single solvent, with the apparent molar mass, measure
a solvent mixture, gives the extra contribution to the refr
tive index increment due to preferentially solvating solve

S ]c1

]c0
D

p,T,m j

S ]n

]c1
D

p,T,c0

5S ]n

]c0
D

p,T,cj Þ0

3F S Mw,app

Mw
D 1/2

21G . ~8!

If, in addition (]n/]c1)p,T,c0
is known, the preferentially sol

vated solvent can be determined. The true second virial
efficient can be calculated viaA25A2,app(Mw,app/Mw).

III. EXPERIMENT

A. TDFRS

1. Preparation of poly(ethylene oxide) samples

Poly~ethylene oxide! ~PEO! was synthesized by anioni
polymerization of ethylene oxide in tetrahydrofuran
60 °C. It was characterized using GPC (Mn52.36
3105 gr.mol21, Mw52.653105 gr.mol21). All samples
contained 5.060.1 gr.L21 PEO. Five different solvent mix-
tures were studied, the water content varying between
and 25% by weight. Three samples were prepared of e
solvent mixture using calibrated 5 ml flasks. Demineraliz
water was used as well absolute ethanol~Riedel-de Hae¨n,
HPLC grade!. The water content of the ethanol was 0.11
by weight~Karl Fisher titration!. PEO does not dissolve ver
easily in ethanol/water. Therefore, closed samples w
heated carefully with a heat gun, and shaken vigorously u
all PEO had dissolved. Most samples were stable ove
period of weeks. However, samples containing 5% wt wa
showed signs of flocculation after several days. The prec
tated polymer could easily be redissolved by heating
shaking. Samples were filtered before use through a 0
m m PTFE-filter ~Millipore!. Quartz cuvettes with a path
length of 0.2 mm~Hellma! were used as sample cells in th
holographic experiment. Spurious amounts of quiniza
~Sigma-Aldrich! were added to achieve an optical density
1–2 cm21.

To check the influence of solvent thermodiffusion, som
plain ethanol/water mixtures were also studied. Samp
were prepared as described above.
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As a reference, we also studied the behavior of PEO
pure water. Samples were prepared as described previo
PEO easily dissolves in water under gentle shaking. As q
nizarin is insoluble in water, basantol yellow 215~BASF!
was used as dye.

2. Preparation of boehmite samples

A dispersion of boehmite needles in demineralized w
ter, coded ASBIP13, was prepared according to Buining17

Transmission electron microscopy yielded an average len
of 251 nm ~polydispersity: 40%!, and an average thicknes
of 8 nm. This dispersion was transferred to absolute etha
~Riedel-de Hae¨n, HPLC grade!, by azeotropic distillation.
The dispersion was ultrasonicated~Sonorex RK514H! for 10
min, to completely redisperse the particles. The obtain
stock contained 5.34 gr.L21 boehmite. The dispersion wa
completely stable over several months. No formation of flo
or sediment was observed. Some quinizarin was added to
stock solution. Samples were then prepared as follows
certain amount of the stock dispersion was diluted with de
ineralized water and absolute ethanol~Riedel-de Hae¨n,
HPLC grade! such that the boehmite concentration of t
sample was 4.23 gr.L21. Six different solvent mixtures were
studied, the water content varying between 0% and 25%
weight. Only one sample was prepared per solvent mixtu
Samples were filtered before use through a 5.0mm PTFE-
filter ~Millipore!. As sample cells the same quartz cuvet
were used as for the poly~ethylene oxide! samples. The
boehmite samples were always prepared the day be
measurement.

After addition of quinizarin the color of the boehmit
samples changes from orange to pink within several ho
This may be due to adsorption of quinizarin on the surface
the boehmite particles. Absorption spectra were measu
using a Perkin Elmer Lambda 2 spectrophotometer and r
angular quartz cuvettes with a path length of 0.5 c
~Hellma!. Examples are shown in Fig. 1. Compared to t

FIG. 1. Absorption spectra of suspensions of boehmite particles in etha
water. Solid line: 0.00% wt H2O. Dashed line: 9.95% wt H2O. Dotted line:
19.95% wt H2O. The quinizarin content of these three samples is identi
Compared to the absorption spectrum of quinizarin in ethanol~thick solid
line! the boehmite suspensions show strong enhancement of the peak a
nm, and an extra peak at 561 nm. The strength of both absorption b
decreases with water content. The effect may be caused by adsorpti
quinizarin at the surface of the boehmite particles.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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spectrum of pure quinizarin in ethanol, the boehmite susp
sions show strong enhancement of the peak at 520 nm,
an extra peak at 561 nm. The strength of both absorp
bands decreases with water content. However, the req
ments that the dye should fulfill~strong absorption at 488
nm, negligible absorption at 632.8 nm13! are still met.

3. Setup and measuring protocol

The experimental setup has been described in de
elsewhere.18 Therefore, only a brief description will be give
here. The interference grating is written by an argon–
laser ~Spectra Physics!, operating at a wavelength oflw

5488 nm. The refractive index grating is read by a helium
neon laser~Spectra Physics!, operating atl r5632.8 nm. A
photomultiplier tube~Thorn Emi! measures the intensity o
the diffracted laser light. The two writing beams are initia
vertically polarized. A Pockels cell~Leysop! is used to rotate
the polarization of one of the writing beams by 180°. Th
corresponds to a phase shift of the refractive index gratin
180°. Compared to switching the grating on and off, t
procedure has the advantage of stronger contrast and h
stronger signal intensity.

To separate the heterodyne from the homodyne sig
we proceed as follows: Using a mirror, mounted on a pie
translator~Piezo Systeme Jena!, the phase of the interferenc
grating is shifted by 180 deg. Subtraction of the two pha
shifted signals gives the pure heterodyne signal. The p
mirror can also be used for the phase stabilization of
interference grating.11

As quinizarin is not bleached, the experiment can
repeated until the desired signal quality is reached. In
case of the poly~ethylene oxide! samples 2000 measuremen
were averaged. The intensity of the argon laser beams
before hitting the sample was about 30 mW. As for t
boehmite samples, 1000 measurements were averaged
mW laser power. Lower laser light intensities give the sa
results. All measurements were performed at room temp
ture, at a wave vector of 4.63105 m21.

B. Data analysis

Figure 2 shows typical decaying and increasing diffra
tion signals of TDFRS measurements. The measurem
starts att50. At t5t8 the phase of the interference grating
shifted over 180°. The dataF(t) can be represented by th
following expression:

F~ t !5@u~ t !2u~ t2t8!#F1~ t !

1@u~ t2t8!2u~ t22t8!#F2~ t !, ~9!

whereu(t) denotes Heaviside’s unit step function.F1 andF2

are some functions representing the data.F1 andF2 are then
subtracted as follows:

y5F1~ t !2F2~ t1t8!. ~10!

As the solute is usually polydisperse, the result is fitted t
second-order cumulant expansion

y5a01a1exp~2a2t2a3t2!. ~11!

ST andD can then be determined from the fitted paramet
as follows:
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21 S ]n

]c0
D

p,T,m j Þ0

c0ST , ~12!

a25q2D ~13!

This procedure avoids the use of step functions during
ting.

C. Contrast factors

The temperature derivative of the refractive ind
(]n/]T)p,cj

was determined at 632.8 nm, in the tem
erature range 293–298 K, using a scanning Michels
interferometer.19 Figure 3~a! shows (]n/]T)p,cj

of the
poly~ethylene oxide! samples as a function of solvent com
position. The temperature derivative of the refractive ind
of boehmite in pure ethanol was measured as well. It w
found that (]n/]T)p,cj

54.0531024 K21.
Refractive index increments (]n/]c0)p,T,cj Þ0

were mea-
sured at room temperature with our own setup19 also operat-
ing at 632.8 nm. Samples were prepared as described p
ously. Figure 3~b! shows (]n/]c0)p,T,cj Þ0

of the
poly~ethylene oxide! samples as a function of solvent com
position. It is seen that (]n/]c0)p,T,cj Þ0

does not depend
strongly on solvent composition. The refractive index inc
ment of boehmite in pure ethanol was measured as we
was found that (]n/]c0)p,T50.1004 ml.gr21.

The refractive indexn of solutions, containing 5 gr.L21

poly~ethylene oxide! and varying water content, were me
sured using an Abbe´ refractometer~Atago-Kübler! operating
at 589 nm and 293 K. The temperature was kept constan
within 0.1 K. Samples were prepared as described pr
ously. Figure 3~c! shows a plot ofn as a function offm,H2O .
(]n/]c1)p,T,c0

was calculated from a fourth-order polyno
mial fit to the data, which is shown as the dotted line in F
3~c!. It is seen that whenfm,H2O50.193, (]n/]c1)p,T,c0

is
approximately zero, that is, atfm,H2O50.193 the solvent
contribution to the refractive index incremen

FIG. 2. Typical normalized TDFRS signals of solution of poly~ethylene
oxide! in ethanol/water@5 (s), 10 (n), 15 (¹), 20 (L), 25 (h) % wt
H2O). The inset shows the raising diffraction signal of poly~ethylene oxide!
in pure water.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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(]n/]c0)p,T,m j Þ0
can be neglected. This was used to meas

the true molar mass of our poly~ethylene oxide!.

D. Static light scattering

Poly~ethylene oxide! samples for static light scatterin
were prepared as described previously. Cylindrical quartz
vettes with a diameter of 20 mm~Hellma! were used as
sample cells. All cuvettes were made dustfree by rins
them with freshly distilled acetone for at least 15 min usi
an acetone fountain. Static light scattering measurem
were carried out using an ALV 5000E instrument. All me
surements were performed at room temperature usin
Krypton laser~Spectra Physics! of wavelengthl0 in vacuum
equal to 647.1 nm at 150 mW output. Data were taken ev
5° ranging from 30°–150°. Data were corrected for solv
background and converted into Rayleigh ratios as follow

DR~q!5
I solution~q!2I solv

I ref
S nsolv

nref
D 2

Rref , ~14!

whereI solution, I solv, and I ref denote the scattered intensitie
of solution, solvent, and reference respectively.nsolv andnref

denote the refractive index of solvent and reference. Tolu
was used as a reference, the Rayleigh ratio of which
taken to be 1.2731025 cm21.

FIG. 3. ~a! (]n/]T)p,ci
of the poly~ethylene oxide! samples as a function o

solvent composition. The solid line is a second-order polynomial fit to
data.~b! d: (]n/]c0)p,c1

of the poly~ethylene oxide! samples as a function
of solvent composition. (]n/]c0)p,c1

depends only weakly on solvent com
position. n: (]n/]c0)p,m1

. ~c! Refractive indexn of poly~ethylene oxide!
samples at constant polymer concentration as a function of solvent co
sition. The solid line is a fourth-order polynomial fit to the data. The dot
line represents the derivativer(]n/]c1)p,c0

. At fm,H2O50.193,
r(]n/]c1)p,c0

50, that is, at this composition preferential solvation does
contribute to the total refractive index increment (]n/]c0)p,m1

@see Eq.~6!#.
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IV. RESULTS AND DISCUSSION

A. Ethanol Õwater mixtures

Figure 4 shows a typical result of a TDFRS experime
on an ethanol/water mixture. The slow contribution due
thermal diffusion is small compared to the fast contributi
due to temperature, about 1% of the total signal. Therefo
the assumption that the contribution of solvent thermal d
fusion to the total heterodyne signal is negligible, made
deriving Eq.~5!, is justified. In a study of the thermal len
effect in ethanol–water mixtures, Arnaud and Georges
rived at the same conclusion.20 However, at mass fractions o
water higher than 25% the neglect of solvent thermal dif
sion is no longer justified.

To interpret our results on polymers and colloids, know
edge about the direction of the thermodiffusion flux in t
solvent mixture is required. A recent international study,
which a number of different measuring methods were co
pared, showed clearly that ethanol diffuses to higher te
peratures, although uncertainties of the values were large
cause of the smallness of the effect.21

B. Boehmite samples

Figure 5 shows typical results for TDFRS measureme
on boehmite dispersions. Figure 5~a! shows the result of a
measurement on a boehmite dispersion, containing 4.0
water by weight. The direction of the thermodiffusive flu
can now be found as follows: Figure 5~a! shows that the
thermal contribution and the concentration contribution
the refractive index grating are in phase. (]n/]T)p,ci

is nega-
tive as always. It seems reasonable to assume
(]n/]c0)p,T,m j Þ0

is positive, as the rotationally averaged r

fractive index of boehmite isnd
2051.65, the refractive index

of water isnd
2051.333, and the refractive index of ethanol

nd
2051.362.22 Therefore,DT positive implies a negativeDc

@see Eq.~4!#, which is the same as saying that the thermo
iffusive flux is directed to lower temperatures. Figure 5~b!
shows the result of a measurement on a boehmite disper

e

o-

t

FIG. 4. TDFRS signal of an ethanol/water mixture containing 17.88%
water. The solid line connects the data points. It is seen that the conce
tion contribution to the total signal is negligible. For comparison the in
shows the normalized diffraction signal for PEO in a ethanol/water mixt
~15% wt H2O).
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containing 5.52% water by weight. Thermal and concen
tion contributions to the refractive index grating are clea
180° out of phase. This implies that the thermodiffusive fl
is in this case directed to higher temperatures. Further
crease of the water content does not change this picture

The sign change of the thermodiffusive flux within
narrow composition range was qualitatively reproducib
Unfortunately, it proved to be very difficult to quantitative
reproduce the location of the transition. Moreover, beca
of the adsorption of quinizarin on the surface of the boehm
particles, it is not unlikely that upon irradiation by the las
beams the local temperature around the particles is hig
than average. The transition phenomenon seems to be s
ciently interesting to deserve further study. Unfortunately
experimental difficulties kept us from doing so. A detail
experimental study would require a major change of the
periment by using, e.g., a laser wavelength in the absorp
range of water so that no dye needs to be added.

The diffusion coefficients that follow from fitting Eq
~11! to the data are shown in Fig. 6. It is seen that the dif
sion coefficient of the boehmite rods in ethanol/water ha
maximum. Using the values for (]n/]T)p,ci

and (]n/]c0)p,T

mentioned in Sec. III C, the Soret coefficientST and the ther-
mal diffusion coefficientDT of boehmite rods in pure ethano
were calculated. It was found thatST50.14 K21, and DT

57.231029 cm2.s21.K21.

FIG. 5. ~a! TDFRS signal of a boehmite dispersion containing 4.06%
water. The temperature and concentration contribution to the refractive
dex grating are in phase. The boehmite particles move to lower temp
tures.~b! TDFRS signal of a boehmite dispersion containing 5.52% wt w
ter. In this case, the temperature and concentration contribution to
refractive index grating are 180° out of phase. This implies that with
creasing water content the boehmite particles start moving to higher
peratures.
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C. Poly „ethylene oxide … samples

Figure 2 shows the normalized heterodyne diffracti
signal of a series of TDFRS measurements on poly~ethylene
oxide! samples in several ethanol/water mixtures. Samp
contained 5% to 25% H2O by weight. The direction of the
thermodiffusive flux can be found as before, taking into a
count that (]n/]T)p,ci

is negative and (]n/]c0)p,T,m j Þ0
is

positive. It turns out that the flux is directed to higher tem
peratures. This result is independent of solvent composit
The inset of Fig. 2 shows the result of a TDFRS measu
ment on poly~ethylene oxide! in pure water. In this case
(]n/]T)p,c is negative and (]n/]c)p,T is positive, implying
that the flux is directed to lower temperatures, in agreem
with results obtained by Kirkland using thermal field flo
fractionation.23 Pure ethanol at room temperature is a flocc
lant for poly~ethylene oxide!; therefore, experiments to de
termine the direction of the thermodiffusive flux in pure et
anol are difficult.

Figure 7~a! shows the diffusion constantD, calculated
according to Eq.~13!. Figure 7~b! shows the thermal diffu-
sion constantDT . It is seen that the error inDT is consider-
able, about 20%.

The results of the static light scattering measurements
poly~ethylene oxide! in ethanol/water as a function of so
vent composition are summarized in Table I. Shown are
apparent molar massMw,app, the radius of gyrationRG, and
the second virial coefficientA2 . The molar mass, measure
at fm,H2O50.20, and the molar mass measured with G
~see Sec. III A 1!, agree within 5%, which is reasonable. Th
second virial coefficientsA2 are positive, indicating tha
ethanol/water mixtures are good solvents for poly~ethylene
oxide!. In Fig. 3~b! the refractive index increment
(]n/]c)p,T,m i

are shown. It is seen that the contribution
preferential solvation to (]n/]c)p,T,m i

is limited to 6% or
less.

From the apparent molar masses and Eq.~8!, it follows
that the contribution of preferential solvation to the refracti
index increment (]c1 /]c0)p,T,m j

(]n/]c1)p,T,c0
is always

negative. As (]n/]c1)p,T,c0
is positive whenfm,H2O, 0.20

@see Fig. 3~c!#, it follows that (]c1 /]c0)p,T,m j
is negative as

t
n-
a-
-
he
-

-

FIG. 6. Diffusion constantD of boehmite particles as a function of wate
content. The solid line is a quadratic fit to the data.
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well. This implies that poly~ethylene oxide! is preferentially
solvated by the component 2~ethanol!, though ethanol is the
poorer solvent. However, it is known that preferential solv
tion cannot be understood on the basis of the solvation p
erties of the individual solvents, and that the size of the s
vent molecules relative to each other and the affinity of
solvents for each other also plays a role.16 Preferential sol-
vation by the poorer solvent has been reported in literat
for example in the system poly~methyl methacrylate!/
benzene/methanol,15 where methanol is the poorer solvent

In the binary solvent mixture ethanol/water at ethan
content higher thanfm,EtOH50.289, ethanol moves to highe
temperatures, whereas water moves to lower temp
tures. The poly~ethylene oxide! coils are preferentially sol-
vated by ethanol. Therefore, the thermodiffusive behavio
poly~ethylene oxide! in ethanol/water can be understoo

FIG. 7. ~a! Diffusion constantD of poly~ethylene oxide! as a function of
water content. The solid line is a linear fit to the data.~b! Thermal diffusion
constantDT as a function of water content. It is seen that the error in
data is considerable.

TABLE I. Apparent molar massMw,app, radius of gyrationRG , and true
second virial coefficientA2 of the poly~ethylene oxide! used as a function of
solvent composition. The value ofMw at fm,H2O520% was taken to be the
true molecular weight. From the values of the second virial coefficientA2 ,
it follows that ethanol/water mixtures are good solvents for poly~ethylene
oxide!.

fm,H2O/
% wt

Mw,app/
kg•mol21

RG/
nm

A2/
1024 mol•cm3

•r22

5.00 239 26.7 11.4
10.02 226 23.8 12.9
15.00 246 25.0 12.6
20.00 252 31.7 14.0
24.99 252 34.8 16.7
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qualitatively by the model of Van Asten,3 which states that
thermodiffusion of a polymer molecule in a solvent mixtu
is determined by the properties of the interface, preferenti
solvated solvent—bulk solvent. However, the explanation
terms of an affinity gradient which was used by Rue a
Schimpf,2 may explain our results as well. However,
should be realized that what matters is not the affinity of
polymer for each solvent separately, but rather how pre
ential solvation changes with solvent composition. It wou
therefore be interesting to study thermodiffusion in syste
like poly~methyl methacrylate! in acetonitril/1-chlorobutane
as the preferentially solvating solvent changes with incre
ing acetonitril content from acetonitril to 1-chlorobutane16

Another interesting system would be poly~ethylene oxide! in
ethanol/water at low ethanol content, as it has been es
lished that the sign of the Soret coefficient changes
fm,EtOH50.289.8

Recent calculations carried out on the syste
poly~ethylene oxide! in ethanol/water have yielded a deep
understanding of the thermodiffusive behavior of polyme
in solvent mixtures. These calculations agree qualitativ
with the experimental results, i.e., the bad solvent etha
solvates the poly~ethylene oxide!, which moves to higher
temperatures. Moreover, it was found that polymer therm
iffusion in a solvent mixture depends in a complicated w
on the interactions of the three components simultaneou
and cannot be understood on the basis of simple model
proposed by Van Asten3 and Rue and Schimpf.2 The results
of these calculations will be published elsewhere.24,25

V. CONCLUSIONS

We present data on the thermodiffusive behavior of po
mers and colloidal particles in ethanol/water mixtures. D
were measured using thermal diffusion forced Rayleigh s
tering ~TDFRS!. The colloidal particles are ionically stab
lized boehmite (g-AlOOH! rods. The sign of the Soret coe
ficient of this system changes from positive to negative w
increasing water content, i.e., at sufficiently high water co
tent the colloidal particles move to higher temperatures. T
polymer used in this study is poly~ethylene oxide!. The sign
of the Soret coefficient was negative for all investigat
ethanol/water mixtures, whereas in pure water PEO the s
is positive. To our knowledge this is the first time that neg
tive and positive thermodiffusion has been observed for
same polymer.

The system poly~ethylene oxide!/ethanol/water was also
investigated using static light scattering. This yielded t
contribution of preferentially solvating solvent to the TDFR
signal, and therefore allowed the correct determination of
Soret coefficient. It was found that at high ethanol conc
trations the preferentially solvating solvent is ethanol,
spite of this being the poorer solvent for poly~ethylene ox-
ide!. This unusual solvation behavior illustrates the comple
ity of the interactions between the three components, wh
may also account for the observed sign change of the S
coefficient in the polymer solvent mixtures. As in ethan
water mixtures in the investigated concentration range e
nol moves to higher temperatures as well, the behavio
poly~ethylene oxide! can be understood by assuming a sh
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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of preferentially solvating ethanol around the poly~ethylene
oxide! coil, which determines the direction in which the co
moves. Alternatively, a poly~ethylene oxide! coil can be
looked upon as if moving in a affinity gradient, establish
by thermal diffusion within the solvent mixture. The polym
molecule will then move into the direction of the thermod
namically favored preferentially solvating solvent shell co
position.
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APPENDIX: SORET COEFFICIENT
IN MULTICOMPONENT MIXTURES

In our data analysis a single thermal diffusion coefficie
was used to describe the behavior of polymer molecules
binary solvent mixture, subjected to a temperature gradi
However, it seems obvious that for the full description
thermodiffusion in a multicomponent mixture more than o
coefficient is needed. In the literature, a number of confl
ing approaches exists for the definition of thermal diffusi
coefficients in multicomponent mixtures.26–29In this Appen-
dix we will develop an approach to the definition of therm
diffusion coefficients in multicomponent mixtures, which,
the case of a ternary system, is identical to the definition
Larre et al.29

First, consider the simple case of a binary mixture
particles 1 and 2, subjected to a temperature gradient. Du
thermal diffusion we have two fluxes,J1 andJ2 . Assuming
continuity, the sum of fluxes should be zero, that isJ11J2

50. Each of the two fluxes should be proportional to t
temperature gradient]T/]x and to the concentration of pa
ticles ci . However, the definition of the thermal diffusio
coefficient asJ152DT,ici /(]T/]x) has the disadvantag
that for each of the two components a different thermal d
fusion coefficient is needed. This problem can be circu
vented by using the following definition:

J52DTc1c2

]T

]x
52DTc1~12c1!

]T

]x
, ~A1!

allowing the description of a binary system using one sin
thermal diffusion coefficient.

The total thermal diffusion flux of a single component
a ternary mixture is the sum of a series of fluxes of the ty
Jij , describing the exchange of one component against
other due to their different thermal diffusive behavior
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J15J121J1352DT, 12c1c22DT,13c1c3

]T

]x
,

J252J121J235DT, 12c1c22DT,23c2c3

]T

]x
,

J352J132J235DT, 13c1c31DT,23c2c3

]T

]x
. ~A2!

As in the binary case it makes sense to define that each
Jij is proportional to the productcicj , thereby limiting the
number of independent thermal diffusion coefficients nee
to describe the ternary system to three. This result is ident
to that of Larreet al.29 It is important to notice that if one o
the three concentrations is set equal to zero we recover
binary case, as we should.

If the system containsN components, the thermal diffu
sion flux of componenti can be written as

Ji5(
iÞ j

N

Jij52(
iÞ j

N

DT,ijcicj

]T

]x
. ~A3!

For the full description of such a system12N(N21) different
thermal diffusion coefficients are needed. Furthermore, i
important to notice that this definition guarantees that
sum of all fluxes( i 51

N Ji50.
In the approach of Kempers26 the thermal diffusion flux

of a componenti is written as

Ji52DT,ici~12ci !
]T

]x
. ~A4!

This definition seems unnatural, as the requirement that
sum of all fluxes be zero does not follow directly from th
definition of the fluxes, but merely imposes a restriction
the values and signs of the thermal diffusion coefficients

In our analysis of the data, the polymer thermal diffusi
flux is approximated asJ052DT,0c0(]T/]x). The thus-
defined polymer thermal diffusion coefficient is therefore
weighted sum of two thermal diffusion coefficients

DT,05c1DT,011c2DT, 02. ~A5!

Unfortunately, we cannot recover the values ofDT,01 and
DT,02.
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