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Results on thermodiffusion of pdigthylene oxide and colloidal boehmite %-AIOOH) 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(giblylene oxidgin ethanol/water
mixtures is negative, i.e., the pdéthylene oxidgmolecules 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 ofeffoflene oxidg

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 oxidg © 2003 American Institute of Physic§DOI: 10.1063/1.1563601

I. INTRODUCTION does not depend on the latter, and the thermodiffusive behav-
- _ _ ior does not change either.

Thermal diffusion or the Ludwig—Soret effect is the  \when investigating thermal diffusion of rodlike boeh-
transport of mass due to a temperature gradient. In polymehite colloids (y-AIOOH) in ethanol/water mixtures, we ob-
solutions and colloidal suspensions partial demixing may oCserved the unusual phenomenon of colloids moving to higher
cur, as the heavy polymer molecules or the colloids migrateemperatures, which is the opposite of what is usually found.
to lower temperatures. In equilibrium the two oppositely di- By convention, the sign of the flux due to thermodiffusion is
The magnitude of the Ludwig—Soret effect is characterizetﬁ,wer temperaturebAs this system suffered from a number
by the Soret coefficien®r. Although a generally accepted of gisadvantagetsee Sec. Ill A 2, we looked for a simpler
is still lacking, there is some qualitative understanding of the, ethanol/water mixtures showed the same effect. Negative
underlying principles. In particular, it was shown for colloi- thermodiffusion of polymers was also observed by Giglio
dal suspensions that thermal diffusion strongly depends ognq viendramini, in the system pélnyl alcoho)/water® As
the composition of the solute—solvent mterfécq for colloids it was observed in magnetic fluids by Turek

Addltloqal effepts may arise when c_onSIdeflng polymersgt 516 |n liquid mixtures such as ethanol/water, a sign change
or colloids in a mixture of solvents subjected to a temperays tne Soret coefficient has also been obsefved.
ture grad_ient. Due to thermal diffusion, a solvent composi- Our data were measured using a transient holographic
tion gradient may build up. If the polymer under consider-g aiing technique called thermal diffusion forced Rayleigh
ation has a different affinity for the different solvents, thescattering (TDFRS. Since its development in the late
polymer molecules will experience an affinity gradient in geyentie&® TDFRS has established itself as a sensitive tool
addition to the temperature gradient. Rue and Sctfistpid- study thermal as well as ordinary diffusion, and was ap-
ied polystyrene in mixtures of good and bad solvents. Theyjjaq syccessfully to solvent mixturésand polymers in
indeed found an enhancé if the better solvent moved t0 4| tion1! The principle of TDFRS is analogous to ordinary
the cold wgll, and a diminisheS in the opposite case. Van ¢,ceq Rayleigh scattering: an intensity grating is created by
Astenet al” studied thermal diffusion of polystyrene in mix- 14 interference of two laser beams. By adding a small
tures of the good solvent tetrahydrofuran and the thetas,nt of absorbing dye to the sample, the intensity grating
solvent cyclohexane. They found that the Soret coefficienfs conyerted into a temperature grating, which is in turn con-
was largely unaffected by the addition of cyclohexane. Thi§ eteq into a composition grating by the effect of thermal
was explained by preferential solvation of the polystyreneyis,sion. Both the temperature and the composition grating
molecules by tetrahydrofuran independent of the bulk sol¢qonyinyte to a refractive index grating, which is read by an
vent composition. Therefore, the solute—solvent interface,ygitional laser beam. The advantage of TDFRS lies in its
high sensitivity and the small temperature differences that
dElectronic mail: s.wiegand@fz-juelich.de occur(of the order ofuK), thereby avoiding convection and
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allowing a theoretical description of the experiment using 9 52 2
linear irreversible thermodynamics, which is presented inthe  — cy(x,t)=D — Co(X,t)+ Dico— T, (1)
next section. The rest of the paper is organized as follows: IxX X

The experlm_ent section contains information _abo,mwhereco(x,t) denotes the local concentration of the polymer
sample preparation, the setup used for thermal diffusion  — . .
. ) - . andc, its average concentratioif, the temperatureD the
forced Rayleigh scattering, the determination of refractive” e .
: o . . _ordinary diffusion constant of the polymer, abyg its ther-
index and refractive index increments, and data analysis. Fi- e . . S
. . al diffusion constant. A sinusoidal temperature gradient is
nally, we present and discuss data from a systematic study o

the thermodiffusive behavior of pdlgthylene oxidg in assumed

ethanol/water as a function of solvent composition. Repre- T(t):?+ATeiqx0(t) )

sentative data of the more complicated system boehmite/ ’

ethanol /water are also presented. where AT denotes the amplitude of the grating agdhe

wave vector.d(t) denotes Heaviside’s unit step function.

Il. THEORY Equation(1) can now be solved, the result being as follows:
In this sectioq we will review the equations u_nderlyir_lg co(x,t)=€0+Aco(t)eiqx &)

the TDFRS experiment. For a thorough mathematical deriva-

; < 12 ; ; ; —

tion we refer to Kdiler.= The following convention will be Acy(t)= _COATS]_(l_efqut)’

adopted: Species “0” denotes polymer, “1” denotes water,
and “2” ethanol. For polymer one may also read colloid.  with the Soret coefficien;=D+/D.

In principle there are three processes that have to be Usually the heterodyne TDFRS signal is studied, due to
taken into account. First there is the diffusion of heat, whichits higher sensitivity and its robustness against perturbations
in our experiment occurs on a time scale of the order 6110 and experimental imperfectiod$The heterodyne signal in-

s. Second, in a ternary system consisting of a polymer in &ensity {,,(t) is proportional to the amplitude of the refrac-
mixture of solvents two different diffusive processes are extive index gratingAn(T,c;), which can be expanded to first

ACo(t)l, 4

pected to occur, opposing thermal diffusion. Only in the ab-order as

sence of cross diffusion, that is, the occurrence of a flux of

the one component engendered by the concentration gradieﬁtel(t)“An(T'CO)

of one of the other components, these two diffusive fluxes an an

can be interpreted as the diffusion of polymer molecules and, =||— AT+| —

on a much shorter time scale, the diffusion of solvent mol- (&T (aco) T

ecules. In our experiment we cannot exclude cross diffusion. P Pritizo
In fact, the affinity gradient diffusion of Rue and Schirpf wherep denotes the pressure apg the chemical potential
and the concept of diffusion of a polymer with preferentially of the ith component. Normalizing the total signal to the
solvating solvent shell of Van Asteat al2 are two examples thermal signal and combining Eq) and (4), Zy(t) can
of cross-diffusive processes. On the other hand, in our exaow be written as
periments only one diffusive process is seen, on a time scale

l - - . . . an _l an B 2
of Fhe order of ;O S, c.0|nC|d|ng with the time scale on Lo =1+ _) (_) Srco(1—e 90t
which polymer diffusion is expected to occur. Therefore, in JaT b dcg BTk o
this paper we will interpret this process as such. For a thor- ' ” (5)

ough discussion of diffusion in multicomponent mixtures we N
refer to the book by Cussl&t.The fact that we only observe The quantities ¢n/dT), ¢, and (n/dco)p, 1, dO not fol-

one diffusive process may be explained by TDFRS experilow from the TDFRS experiment and have to be determined
ments on plain ethanol/water mixtures which have shown useparately. Special care must be taken with respect to the
that the contribution of solvent thermal diffusion to the refractive index incremenﬁh/&co)pmﬂj#o, as it contains an
TDFRS signal is negligible in the investigated concentrationextra contribution which is due to the preferential solvation
range(see Sec. IV A of the polymer by one of the two solvents. The refractive
Thermal diffusion in multicomponent mixtures is dis- index increment can be written as
cussed in the Appendix. It is shown that a ternary system can
be described using three different thermal diffusion coeffi- (‘9_”) a_”) &) (3_”)
cients, two of which play a role when describing polymer dco dCo dco acy '
. . vaij¢o pyTij¢0 PvT’Mj p.T.co
thermal diffusion. Each of these two accounts for the thermal (6)
diffusion of the polymer against one of the two solvents. In
this paper we will not try to separate the total signal into twowhere the second term on the right-hand side stems from
contributions, and employ one single thermal diffusion coef-preferential solvation. A composition change of the preferen-
ficient instead. tially solvating solvent shell due to the imposed temperature
Starting point is therefore the one-dimensional diffusiongradient might affect 4n/dco)p,r,,, - However, this is a
equation for the diffusion of polymer molecules in the limit second-order  effect that enters Eq.(4) as
of low concentrations, in the presence of a temperature grg-9°n/dco,dT)Aco,AT, and can therefore, in our first-order
dient treatment, be neglected.
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Preferential solvation can be studied by means of static 1.4 T L ——
light scattering*~1° The excess Rayleigh ratidR(q) of a 1ol Dottt )
polymer in a single solvent can be writenas 7 boehite in ethanol + 9.95 %w H,0
10 _~\ boehmite in ethanol + 19.95 %w H, O]
Ke =M, 1 ! 2RZ | +2A 7 08
AR(g)  Mw'[ 1T 30RG | +2A., (7) :
. <« 06
where K=4x?n,,(dn/dc)2/(N,\g) denotes the optical
constant, withN,, Avogadro’s number and, the wave- 0.4 .
length of the light source used,, is the weight averaged 025
molar mass of the polymeR denotes the radius of gyration 0.0 i
of the polymer, andA, the second virial coefficient. When ' . . . b
the polymer is dissolved in a binary solvent mixture, Eg). 400 450 500 550 600 650 700

can still be used, bu#l,, andA, have to be replaced by their A/nm

apparent Valu.eM w.app anclAz'aEp' ._FIG. 1. Absorption spectra of suspensions of boehmite particles in ethanol/
.A comparison (?f the “true” molar mass, as measured Ir].Water. Solid line: 0.00% wt kD. Dashed line: 9.95% wt 0. Dotted line:

a single solvent, with the apparent molar mass, measured #9.95% wt HO. The quinizarin content of these three samples is identical.

a solvent mixture, gives the extra contribution to the refrac-Compared to the absorption spectrum of quinizarin in ethahatk solid

ive index incremen referentiall lvatin Iven line) the boehmite suspensions show strong enhancement of the p_eak at 520
tive inde crement due to preferentially solvating solvent nm, and an extra peak at 561 nm. The strength of both absorption bands

dcq an an de_cr_eas_es with water content. The eff_ect may be caused by adsorption of
(?_ (9_ = (3_ quinizarin at the surface of the boehmite particles.
C c C
0 P.T.uj UpTe 0 P.T.Cix0
% My app 2 1 8 As a reference, we also studied the behavior of PEO in
M, ' ®) pure water. Samples were prepared as described previously.

PEO easily dissolves in water under gentle shaking. As qui-

If, in addition (’?n/‘?cl)P'Tyco 1S I_<nown, the preferennally_s_ol- nizarin is insoluble in water, basantol yellow 21BASF)
vated solvent can be determined. The true second virial cQyas ysed as dye.

efficient can be calculated vid,= Ay apd My app/ M) -

2. Preparation of boehmite samples

. EXPERIMENT . . . . . .
A dispersion of boehmite needles in demineralized wa-

A. TDFRS ter, coded ASBIP13, was prepared according to Buiing.
Transmission electron microscopy yielded an average length
of 251 nm(polydispersity: 40% and an average thickness
Poly(ethylene oxidg (PEO was synthesized by anionic of 8 nm. This dispersion was transferred to absolute ethanol
polymerization of ethylene oxide in tetrahydrofuran at(Riedel-de Hae, HPLC gradg by azeotropic distillation.
60°C. It was characterized using GPCM(=2.36 The dispersion was ultrasonicatébnorex RK514hifor 10
x10° gr.mol !, M,=2.65x10° gr.mol ). All samples min, to completely redisperse the particles. The obtained
contained 5.8 0.1 gr.L."! PEO. Five different solvent mix- stock contained 5.34 gr.l! boehmite. The dispersion was
tures were studied, the water content varying between 5%ompletely stable over several months. No formation of flocs
and 25% by weight. Three samples were prepared of eaobr sediment was observed. Some quinizarin was added to the
solvent mixture using calibrated 5 ml flasks. Demineralizedstock solution. Samples were then prepared as follows: a
water was used as well absolute ethafRiedel-de Hae, certain amount of the stock dispersion was diluted with dem-
HPLC gradé¢. The water content of the ethanol was 0.11%ineralized water and absolute ethan@iedel-de Hae,
by weight(Karl Fisher titration. PEO does not dissolve very HPLC grade such that the boehmite concentration of the
easily in ethanol/water. Therefore, closed samples wersample was 4.23 gril}. Six different solvent mixtures were
heated carefully with a heat gun, and shaken vigorously untistudied, the water content varying between 0% and 25% by
all PEO had dissolved. Most samples were stable over aeight. Only one sample was prepared per solvent mixture.
period of weeks. However, samples containing 5% wt wateSamples were filtered before use through a &0 PTFE-
showed signs of flocculation after several days. The precipifilter (Millipore). As sample cells the same quartz cuvettes
tated polymer could easily be redissolved by heating andvere used as for the pdithylene oxide samples. The
shaking. Samples were filtered before use through a 0.4Boehmite samples were always prepared the day before
um PTFE-filter (Millipore). Quartz cuvettes with a path- measurement.
length of 0.2 mm(Hellma) were used as sample cells in the After addition of quinizarin the color of the boehmite
holographic experiment. Spurious amounts of quinizarinsamples changes from orange to pink within several hours.
(Sigma-Aldrich were added to achieve an optical density of This may be due to adsorption of quinizarin on the surface of
1-2 cm L. the boehmite particles. Absorption spectra were measured
To check the influence of solvent thermodiffusion, someusing a Perkin EImer Lambda 2 spectrophotometer and rect-
plain ethanol/water mixtures were also studied. Sampleangular quartz cuvettes with a path length of 0.5 cm
were prepared as described above. (Hellma). Examples are shown in Fig. 1. Compared to the

1. Preparation of poly(ethylene oxide) samples
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spectrum of pure quinizarin in ethanol, the boehmite suspen- - - r - T - 7T
sions show strong enhancement of the peak at 520 nm, and 1or N
an extra peak at 561 nm. The strength of both absorption
bands decreases with water content. However, the require- 09F
ments that the dye should fulfillstrong absorption at 488

ssssesse

nm, negligible absorption at 632.8 fithare still met. 08F g 20} /"" 17

15}
07¢ 8 10}

C'hel

3. Setup and measuring protocol

The experimental setup has been described in detall I
elsewheré® Therefore, only a brief description will be given 0.6}
here. The interference grating is written by an argon—ion
laser (Spectra Physigs operating at a wavelength of,, . .
=488 nm. The refractive index grating is read by a helium— 0 200 400 OO 800 1000
neon laserSpectra Physigs operating at\,=632.8 nm. A t/ms
photqmultlpller tUbe(Thom Em) mea}gures the mtenglt-y. of FIG. 2. Typical normalized TDFRS signals of solution of delyhylene
the diffracted laser light. The two writing beams are initially oxide) in ethanoliwatef5 (O), 10 (A), 15 (vV), 20 (0), 25 (O) % wt
vertically polarized. A Pockels celLeysop is used to rotate H,0). The inset shows the raising diffraction signal of getpylene oxide
the polarization of one of the writing beams by 180°. Thisin pure water.
corresponds to a phase shift of the refractive index grating of
180°. Compared to switching the grating on and off, this

o5t ¢
0.0}

0 500 1000 1500 2009-

o
o

procedure has the advantage of stronger contrast and hence 2a0\ Y (an\ "1/ an
stronger signal intensity. . ﬁ) %) CoSt, (12
To separate the heterodyne from the homodyne signal, ! P 0 P T

we proceed as follows: Using a mirror, mounted on a piezo a,=q?D (13)
translator(Piezo Systeme Jepahe phase of the interference
grating is shifted by 180 deg. Subtraction of the two phaseThis procedure avoids the use of step functions during fit-
shifted signals gives the pure heterodyne signal. The piez8Nd.
mirror can also be used for the phase stabilization of the
interference grating*

As quinizarin is not bleached, the experiment can beC- Contrast factors

repeated until the desired signal quality is reached. In the  The temperature derivative of the refractive index
case of the poliethylene oxidgsamples 2000 measurementS([yn/aT)pc_ was determined at 632.8 nm, in the temp-
|

were averaged. The intensity of the argon laser beams jugrature range 293-298 K, using a scanning Michelson

before hitting the sample was about 30 mW. As for theinterferometei‘.g Figure 3a) shows @n/ﬂT)p,cj of the

boehmite samples, 1000 measurements were averaged at 4

mW laser power. Lower laser light intensities give the samd 8;%:)”?;]5 tc:axrlr?keﬁ:}f(lﬁeﬁ/:tif/uengtfl2Ee0:esf?;\c/:(tair\;taCiz:jne_x
results. All measurements were performed at room temper%f boeh.mite in upre ethanol was measured as well. It was
ture, at a wave vector of 4:610° m~1. P '

found that ¢n/aT),, ¢ =4.05< 1004 KL,
B. Data analysis Refractive index increments?(w/ﬁco)pmc_#o were mea-
sured at room temperature with our own sé-?upso operat-
ing at 632.8 nm. Samples were prepared as described previ-
I2>tusly. Figure 8) shows Gn/aco)p,T,C#O of the
poly(ethylene oxidg samples as a function of solvent com-
position. It is seen that&@/aco)pmcjio does not depend
) strongly on solvent composition. The refractive index incre-

FO=[6(t)— o(t—t")]F(t) ment of boehmite in pure ethanol was measured as well. It

— 71
F[O(t—t")— O(t—2t")]F4(1), (99 Wwas found that_«ﬂn/gco)p,T—O.10Q4 ml.gr-. . .

o _ _ The refractive indexn of solutions, containing 5 gr.L:
wheref(t) denotes Heaviside's unit step functiéfh. andF,  poly(ethylene oxidg and varying water content, were mea-
are some functions representing the d&taandF, are then  syred using an AbbeefractometerAtago-Kibler) operating
subtracted as follows: at 589 nm and 293 K. The temperature was kept constant to

y=F,(t)—F(t+t). (10)  Within 0.1 K. Samples were prepared as_described previ-
ously. Figure &) shows a plot oh as a function Offﬁm,Hzo-
atan/acl)pmco was calculated from a fourth-order polyno-
mial fit to the data, which is shown as the dotted line in Fig.

Figure 2 shows typical decaying and increasing diffrac-
tion signals of TDFRS measurements. The measureme
starts at=0. Att=t’ the phase of the interference grating is
shifted over 180°. The data(t) can be represented by the
following expression:

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

y=ap+a;exp —at—ast?). (1) 3(c). It is seen that whemby, 1,0=0.193, @Nn/dc1), 1.c, iS
Sr andD can then be determined from the fitted parameter@pproximately zero, that is, apm4,0=0.193 the solvent
as follows: contribution to the refractive index increment
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FIG. 4. TDFRS signal of an ethanol/water mixture containing 17.88% wt
£ 1364 water. The solid line connects the data points. It is seen that the concentra-
tion contribution to the total signal is negligible. For comparison the inset
shows the normalized diffraction signal for PEO in a ethanol/water mixture
1.363 - v v L L (15% wt H,0).
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IV. RESULTS AND DISCUSSION
FIG. 3. (@ (&n/aT)p,ci of the polyethylene oxidesamples as a function of
solvent composition. The solid line is a second-order polynomial fit to the
data.(b) @: (dn/dco), c, of the polyethylene oxidgsamples as a function

of solvent composition. 4/ 9Co)y, ., depends only weakly on solvent com- ) o " athanol/water mixture. The slow contribution due to
position. A: (an/dcy),, ' (c) Refractive indexn of poly(ethylene oxidg

samples at constant polymer concentration as a function of solvent comp(}—hermal diffusion is small compared to the f_aSt contribution
sition. The solid line is a fourth-order polynomial it to the data. The dotteddU€ to temperature, about 1% of the total signal. Therefore,
line represents the derivativep(dn/dcy)p e, At ¢miuo=0.193,  the assumption that the contribution of solvent thermal dif-
p(dn/dcy), =0, that is, at this composition preferential solvation does notfusion to the total heterodyne signal is negligible, made in
contribute to the total refractive index incremenh(dcy),, .., [see Eq(6)]. deriving Eq.(5), is justified. In a study of the thermal lens
effect in ethanol-water mixtures, Arnaud and Georges ar-
rived at the same conclusiéfHowever, at mass fractions of
yater higher than 25% the neglect of solvent thermal diffu-
sion is no longer justified.

To interpret our results on polymers and colloids, knowl-
edge about the direction of the thermodiffusion flux in the
solvent mixture is required. A recent international study, in

D. Static light scattering which a number of different measuring methods were com-

Poly(ethylene oxide samples for static light scattering pared, showed clearly that ethanol diffuses to higher tem-

were prepared as described previously. Cylindrical quartz CLperaturefst,haIthouglllh uncerft?rl]ntle?fgjcftthe values were large be-
vettes with a diameter of 20 mrtHellma) were used as cause of the smafiness ot the € '

sample cells. All cuvettes were made dustfree by rinsing
them with freshly distilled acetone for at least 15 min usingB. Boehmite samples

an acetone q fountam. Stat:L\I/lgg(t)ozcEat_tenng mea;t:lrements Figure 5 shows typical results for TDFRS measurements
were carried out using an Instrument. Mea- o hoehmite dispersions. Figuréab shows the result of a

sKuremenlts WeSre perfloarrzneq aft rOO”I‘ terRE)erature USING A easurement on a boehmite dispersion, containing 4.06%
rypton laser(Spectra Physigsof wavelengthy, in vacuum water by weight. The direction of the thermodiffusive flux

equal to 647.1 nm at 150 mW output. Data were taken eVer¥an now be found as follows: Figure@ shows that the

57 ranging from 30°-150°. Data were correpted for SOIVe_mthermaI contribution and the concentration contribution to
background and converted into Rayleigh ratios as follows: ' ofractive index grating are in phasen(aT), . is nega-
i

| sorutio @) — ! son [ Moy 2 tive as always. It seems reasonable to assume that
( ) refs (14 (anldco)p T, Hiso is positive, as the rotationally averaged re-
fractive index of boehmite i83°=1.65, the refractive index
wherel soutions sov, @ndl e denote the scattered intensities of water isn§°:1.333, and the refractive index of ethanol is
of solution, solvent, and reference respectivaly, andn,,;  n3°=1.3622% Therefore, AT positive implies a negativa c
denote the refractive index of solvent and reference. Toluengsee Eq.(4)], which is the same as saying that the thermod-
was used as a reference, the Rayleigh ratio of which wasfusive flux is directed to lower temperatures. Figuré)s
taken to be 1.2%10°° cm L. shows the result of a measurement on a boehmite dispersion

A. Ethanol /water mixtures

Figure 4 shows a typical result of a TDFRS experiment

(an/aco)pyT##o can be neglected. This was used to measur
the true molar mass of our pdBthylene oxidg

AR(q)=

I ref Nyef
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13— v T T 1.0x107 . .
1.2+
8.0x10° | .
14+ "_t/)
5 o’ 6.0x10%
& 40t g
= 40x10®
0.9F . | o .
(a) .
0.8 L s L L 2.0x10° 7
0 1000 2000 3000
t/ms 0.0 Lt ) ;
T T : T 0.0 0.1 0.2 0.3
1.00} 1 ¢m, H,0
095 i FIG. 6. Diffusion constanD of boehmite particles as a function of water
’ content. The solid line is a quadratic fit to the data.
L& 0.90
0.85} 1 C. Poly (ethylene oxide ) samples
b . : . .
0.80 L ) , (,) Figure 2 shows the normalized heterodyne diffraction
0 1000 2000 3000 signal of a series of TDFRS measurements on (ebhylene
t/ms oxide) samples in several ethanol/water mixtures. Samples

i 0 0 i i i
FIG. 5. (a) TDFRS signal of a boehmite dispersion containing 4.06% wt Contame_d 54) to 25% 3O by weight. The dlrectu_)n c_’f the
water. The temperature and concentration contribution to the refractive inthermodiffusive flux can be found as before, taking into ac-
dex grating are in phase. The boehmite particles move to lower temperagount that (9n/ﬁT)p . IS negative and @(n/aco)p T 20 is

G Toa

lor 1 this, case, the temperatre. and concentation coniriution to ROSIIVE: It tuMs out that the flux is directed to higher te-
refractive index grating are 180° out of phase. This implies that with in-P€ratures. This result is independent of solvent composition.
creasing water content the boehmite particles start moving to higher temThe inset of Fig. 2 shows the result of a TDFRS measure-
peratures. ment on polyethylene oxidg in pure water. In this case
(an/dT), ¢ is negative anddn/dc), 1 is positive, implying
that the flux is directed to lower temperatures, in agreement
with results obtained by Kirkland using thermal field flow

. . 23 .
containing 5.52% water by weight. Thermal and c:OnCentmfractlonatlon. Pure ethapol at room tempera‘gure is a floccu-
tion contributions to the refractive index grating are clearly!@nt for poly(ethylene oxidg therefore, experiments to de-

180° out of phase. This implies that the thermodiffusive fluxtermine the direction of the thermodiffusive flux in pure eth-

is in this case directed to higher temperatures. Further in@no! are difficult. o
Figure 7a) shows the diffusion constai®, calculated

crease of the water content does not change this picture. . X )
The sign change of the thermodiffusive flux within a according to Eq(13). Figure 7b) shows the thermal diffu-
sion constanD+. It is seen that the error iDt is consider-

narrow composition range was qualitatively reproducible. .
Unfortunately, it proved to be very difficult to quantitatively able, about 20%. . .
The results of the static light scattering measurements on

reproduce the location of the transition. Moreover, because o :
P oly(ethylene oxidg in ethanol/water as a function of sol-

of the adsorption of quinizarin on the surface of the boehmitd® . . .
. . . ] o vent composition are summarized in Table I. Shown are the
particles, it is not unlikely that upon irradiation by the laser

beams the local temperature around the particles is high apparent molar masdd,y, qpp, the radius of gyratioms, and

. :‘F e second virial coefficiem,. The molar mass, measured
than average. The transition phenomenon seems to be suffi-

: . . t =0.2 nd the molar m m red with GP
ciently interesting to deserve further study. Unfortunatelythea $mp,0=0.20, & d the molar mass measured GPC

experimental difficulties kept us from doing so. A detailed (see Sec. Il A ], agree within 5%, which is reasonable. The

experimental study would require a major change of the eX_second virial coefficientsA, are positive, indicating that

periment by using, e.g., a laser wavelength in the absorptioﬁthanovwater_ mixtures are good splver_1ts for P""'W'e”e
range of water so that no dye needs to be added. oxide). In Fig. 3b) the refractive index increments

The diffusion coefficients that follow from fitting Eq. (an/ﬁC)P'T#i are s'hown. Itis seen that .th.e contribution of
(11) to the data are shown in Fig. 6. It is seen that the diffu-Preferential solvation todn/dc)y 7, is limited to 6% or
sion coefficient of the boehmite rods in ethanol/water has #€Ss.
maximum. Using the values foﬁ(]/(QT)pyci and (In/dco), 1 From the apparent molar masses and @g. it follows
mentioned in Sec. Il C, the Soret coefficiéhtand the ther- _that thg contribution of preferential solvation to .the refractive
mal diffusion coefficienD of boehmite rods in pure ethanol INdex increment {c;/dco)p 1, (IN/3C1)p7.c, IS always
were calculated. It was found th&=0.14 K !, andD;  negative. As {n/dc,), 1 ¢, is positive whendpy o< 0.20
=7.2x10 % cn?.s LKL, [see Fig. &)], it follows that (9C1/dCo)y,1,,,, is Negative as
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2,0x10” r r qualitatively by the model of Van Astehwhich states that
(a) thermodiffusion of a polymer molecule in a solvent mixture
is determined by the properties of the interface, preferentially
solvated solvent—bulk solvent. However, the explanation in
terms of an affinity gradient which was used by Rue and
1,0x107} 1 Schimpf? may explain our results as well. However, it
should be realized that what matters is not the affinity of the
5,0x10° } ] polymer for each solvent separately, but rather how prefer-
ential solvation changes with solvent composition. It would
therefore be interesting to study thermodiffusion in systems
like poly(methyl methacrylatein acetonitril/1-chlorobutane,
(b) as the preferentially solvating solvent changes with increas-
5,0x10°} | ing acetonitril content from acetonitril to 1-chlorobutafie.
Another interesting system would be p@thylene oxidgin
ethanol/water at low ethanol content, as it has been estab-
. lished that the sign of the Soret coefficient changes at
“1ox107y + + + ' ém e10n=0.289°
Recent calculations carried out on the system
poly(ethylene oxidgin ethanol/water have yielded a deeper
-1,5x10° . L understanding of the thermodiffusive behavior of polymers
0.0 0.1 0.2 0.3 in solvent mixtures. These calculations agree qualitatively
¢ with the experimental results, i.e., the bad solvent ethanol
m, H,0 solvates the poliethylene oxidg which moves to higher
. , ) temperatures. Moreover, it was found that polymer thermod-
FIG. 7. (a) Diffusion constantD of poly(ethylene oxidg as a function of . . . . . .
water content. The solid line is a linear fit to the ddts. Thermal diffusion |ffu3|on_|n a so_lvent mixture depends in a com_pllcated way
constantD+ as a function of water content. It is seen that the error in theON the interactions of the three components simultaneously,
data is considerable. and cannot be understood on the basis of simple models as
proposed by Van Astérand Rue and SchimpfThe results
of these calculations will be published elsewh&&

1,5x107 |

D/cm?2s”

0,0

-1

2
DTlcm s

well. This implies that polgethylene oxidgeis preferentially
solvated by the component(_ﬁthano}, though ethano_l isthe \y CONCLUSIONS
poorer solvent. However, it is known that preferential solva- o ]
tion cannot be understood on the basis of the solvation prop- e present data on the thermodiffusive behavior of poly-
erties of the individual solvents, and that the size of the solers and colloidal particles in ethanol/water mixtures. Data
vent molecules relative to each other and the affinity of theVere measured using thermal diffusion forced Rayleigh scat-
solvents for each other also plays a rbidreferential sol- tering (TDFRS. The colloidal particles are ionically stabi-
vation by the poorer solvent has been reported in literaturdizéd boehmite §-AIOOH) rods. The sign of the Soret coef-
for example in the system pdipethyl methacrylaté ficient of this system changes from positive to negative with
benzene/methandf,where methanol is the poorer solvent. increasing water content, i.e., at sufficiently high water con-
In the binary solvent mixture ethanol/water at ethanolt€nt the colloidal particles move to higher temperatures. The
content higher thaw,, o= 0.289, ethanol moves to higher Polymer used in this study is pdlsthylene oxidg The sign
temperatures, whereas water moves to lower temperé)-f the Soret coefficient was negative for all investigated
tures. The polfethylene oxidg coils are preferentially sol- &thanol/water mixtures, whereas in pure water PEO the sign
vated by ethanol. Therefore, the thermodiffusive behavior ofS POsitive. To our knowledge this is the first time that nega-

poly(ethylene oxidg in ethanol/water can be understood tive and positive thermodiffusion has been observed for the
same polymer.
The system polfethylene oxidgethanol/water was also
TABLE |. Apparent molar masM,, 5, radius of gyrationRg, and true  investigated using static light scattering. This yielded the
second virial co«_efficien/lx2 of the polyethylene oxidgused as a function of  -gntribution of preferentially solvating solvent to the TDFRS
solvent composition. The value M., at ém,,0=20% was takento be the iy o1 40 therefore allowed the correct determination of the

true molecular weight. From the values of the second virial coeffiddgnt .. .
it follows that ethanol/water mixtures are good solvents for (lyylene Soret coefficient. It was found that at hlgh ethanol concen-

oxide). trations the preferentially solvating solvent is ethanol, in
spite of this being the poorer solvent for p@yhylene ox-
‘f:;:',\znd kanr’Irfl R/ Lo mA|2lm3 . ide). This unusual solvation behavior illustrates the complex-
0 g-mo nm oreme ity of the interactions between the three components, which
5.00 239 26.7 114 may also account for the observed sign change of the Soret
10.02 226 23.8 12.9 coefficient in the polymer solvent mixtures. As in ethanol/
;g:gg 3‘5‘2 gis 1421:8 water mixtures in the investigated concentration range etha-
24.99 259 348 16.7 nol moves to higher temperatures as well, the behavior of

poly(ethylene oxidgcan be understood by assuming a shell
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of preferentially solvating ethanol around the fdelhylene oT
oxide) coil, which determines the direction in which the coil J1=J12+ J13= = D1, 1102~ DraaCa
moves. Alternatively, a polgthylene oxidg coil can be

looked upon as if moving in a affinity gradient, established aT

by thermal diffusion within the solvent mixture. The polymer J2= = J12t Jo3= D1, 181Co~ DTv23C2C3F7_X’

molecule will then move into the direction of the thermody-

namically favored preferentially solvating solvent shell com- 3
3

JT
position. =—=J137J23= Dy 11C3+ DT,23CZC3&- (A2)

As in the binary case it makes sense to define that each flux
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APPENDIX: SORET COEFFICIENT In the approach of Kempétsthe thermal diffusion flux

IN MULTICOMPONENT MIXTURES of a component is written as

In our data analysis a single thermal diffusion coefficient
was used to describe the behavior of polymer molecules in a
binary solvent mixture, subjected to a temperature gradient. o )
However, it seems obvious that for the full description of This definition seems unnatural, as the requirement that the

thermodiffusion in a multicomponent mixture more than oneSUM Of all fluxes be zero does not follow directly from the
coefficient is needed. In the literature, a number of conflict-definition of the fluxes, but merely imposes a restriction on

ing approaches exists for the definition of thermal diffusiont€ values and signs of the thermal diffusion coefficients.
coefficients in multicomponent mixturé&:2In this Appen- In our analysis of the data, the polymer thermal diffusion

dix we will develop an approach to the definition of thermal fluX is approximated aslo=—DrCo(dT/dx). The thus-

diffusion coefficients in multicomponent mixtures, which, in d€fined polymer thermal diffusion coefficient is therefore a

the case of a ternary system, is identical to the definition ofV€ighted sum of two thermal diffusion coefficients

Larre et al*® Dt o=C1D1017C2D1, 02 (A5)
First, consider the simple case of a binary mixture of

particles 1 and 2, subjected to a temperature gradient. Due #énfortunately, we cannot recover the valuesdfy and

thermal diffusion we have two fluxed; andJ,. Assuming T.02:

continuity, the sum of fluxes should be zero, thatlis-J,

=0. Each of the two fluxes should be proportional to the

temperature gradienitT/dx and to the concentration of par- ;P- M. Shiundu and J. C. Giddings, J. Chromatogr7 1%, 117 (1995.

ticles ¢;. However, the definition of the thermal diffusion 32- é- \Ff:rf Ae‘;gnMWE-TSS(‘)'&“pr' ?;j‘sé'ncgﬁéﬁﬁ 4;’5;;;9?4’%'% e Part

coefficient asJ;=—Dr;c;/(dT/dx) has the disadvantage g. poym. phys34, 283(1996. ' ' o o

that for each of the two components a different thermal dif- “w. Kohler and S. WiegandThermal Non-Equilibrium Phenomena in

fusion coefficient is needed. This problem can be circum-_Fluid Mixtures(LNP 584, Springer, Berlin, 2002

; ; TS 5M. Giglio and A. Vendramini, Phys. Rev. LeB8, 26 (1977.
vented by using the following definition: ®1. Turek, J. $elina, C. Musil, M. Timko, P. KopansKy M. Konerackaand

oT JT L. Tomoo, J. Magn. Magn. Mate201, 167 (1999.
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