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Abstract

We studied the thermal diffusion behavior of the nonionidattant GG, (n—Octyl —D—
glucopyranoside) in water for different concentrationsMeenw=0.25 wt% andv=2.0 wt% in
a temperature range from=15°C to 60°C using the classical and infrared thermal diffusion
forced Rayleigh scattering (TDFRS) setup.
The purpose of the present paper is the investigation otiertal diffusion behavior of sur-
factant systems around the critical micelle concentratoong, which is independently deter-
mined by surface tension measurements. In the classicaRHQRe surfactant solutions show
in the presence of a light absorbing dye a pronounced chantpe thermal diffusion coeffi-
cient O7) and the Soret coefficiensf) at thecmc This result agrees with a recent thermal
lens study [Santost al,, Phys. Rev. 2008 77, 011403], which also showed in the presence
of dye a pronounced change of the thermal lens matter sigoahd thecmc We found that
this change becomes less pronounced, if the dye is abseright gaource is used, which is
not absorbed by the dye. At higher concentrations we obdextemperature dependent sign

change ofSr as it has also been found for solutions of hard spheres aghagncentrations.
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Introduction

Surfactant molecules, which show amphiphilic propertias tb their hydrophilic head and hy-
drophobic tail, form micelles in water, when the concemvrabf the monomer is above a critical
micelle concentrationcfng. The size, shape and structure of the micelles depend arentna-
tion, temperature and the molecular structure of the stafaé-2 Surfactant solutions are of great
interest due to their often complex phase behavior and thaensive application:” Over the
last years sugar surfactant systems have been investiggpedimentally and theoreticalfy11
These biocompatible surfactants have frequently beentosstddy the dissolution and formation

of biological membranes and the stabilization of proteifrd5
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Figure 1: Molecular structure @#—CgG;.

Thermal diffusion describes the mass transport of compisraue to a temperature gradient.
As a result of this process a formation of a concentratiodigrda can be observed. In the steady

state when the mass flux vanishes, the concentration gtasligien by

vw=-Srw(1-w)vT. 1)

The Soret coefficiensr = D1/D is defined as the ratio of the thermal diffusion coefficiBatand

the translational diffusion coefficiem. w is the weight fraction of the component with higher
molar mass. Due to the fact that the Soret coefficient is salgiproportional to the translational
diffusion coefficientSr is larger for slow diffusing systems like heavy and largeypaérs and col-
loids compared to low molecular weight mixturts21in contrast, the size and shape dependence

of Dt is not so pronounced: for instance, it is well known tBatis independent of the molecular



mass and shape for diluted solutions of polyn@ra. similar tendency has recently been observed
for higher alkane%3

Several experimental techniques have been used to stuttyetmeal diffusion behavior of surfac-
tant systems. Piazz al. investigated an ionic surfactant, sodium dodecyl sulp{Bixs), in wa-

ter using a beam deflection and thermal lens séfef3 They found thaSy increases with increas-
ing salt concentration due to the strong influence of inteeflar interactions. They investigated
also the nonionic surfactaft-dodecyl maltoside (£Gz), which has the same hydrophobic tail
as SDS and two glucose rings as head groupGg-micelles showed a strong tendency to move
to the cold region, which might be caused by the interactiothe surface of micelles with the
solvent via hydrogen bonds. Nirgj al. studied a series of nonionic surfactants in water in a wide
temperature and concentration range using the thermalsthff forced Rayleigh scatteringD-
FRS technique?6:27 For their measurements a small amount of an ionic dye (Ba$arllow) is
added in order to create a sufficient temperature gradidr@nieasurements show that the addition
of the dye influences the thermal diffusive behavior cornsibly, therefore the infrared—-TDFRS
(IR-TDFR$ setup has been developed to avoid the addition of dye foe@episystems?

Santoset al. investigated the Soret coefficient of potassium laurateatenand found an abrupt
change of the matter lens signal at trac2° Unfortunately, an evaluation & was not possible
due to the presence of the dye which complicated the analyhisrefore, it remained unclear to
which extend the&mcis also visible in the thermal diffusion, diffusion and Soceefficient. To
clarify these observations the thermal diffusion behagfanicellar systems with a higtmcneeds
to be investigated without the addition of dye.

Among the wide range of surfactants we found nonionic suggastants with a fairly high
cmg such as+Octyl B—D—glucopyranoside, in the following referred to ag3z.3° The B—form
has a linear molecular structure which is shown in Figure tidifonally, ana—L—form exists,
which differs in the linkage between the hydrophilic head #re hydrophobic chain of the alkyl
glucoside31-32put this less commoua-form will not be considered in the present work.

Many properties such as the phase and structural behaveomtiuence of salt, but also the so-



lute/solvent interactions have been studied for aqueolusisas of GG;.31-33.34From previous
studies on aqueous systeth8®we know that the solute/solvent interaction and the cajtpibd
form hydrogen bonds often influences the thermal diffusiehavior. Pastoet al.33 determined
the number of water moleculeydration numbey, surrounding the g5, molecules. They found
a hydration number of 16 for monomers below titeg which is decaying exponentially above
thecmcto 8 for concentrations around 1.5 wt%, while at the same timeaggregation number
increases from 545 to 104:5 when increasing the concentration from 0.85 to 1.5 wt% y&igo
observed a slight shift of themcto lower concentrations when adding salt. Based on theaitses
they assumed spherical micelles at low micellar concaantratwhich turn to more asymmetric
forms (i.e., elliptical forms) at higher concentrations.

In this work, we determine themcof CgG; in water in a temperature range betwdes15°C and
40 °C by surface tension measurements and study the thermasidiff of the system using both,
the classical TDFRS as well as the IR-TDFRS. The classicd#R® has been used to study
the system in the presence of dye as it was also done in the byo8antoset al.2° Therefore,
we had also to investigate to which extent ttracis shifted in the presence of the trivalent dye
Basantd?Yellow. In order to gain a better understanding of the infeenf the dye on the trans-
port properties we performed experiments with the IR-TDMRBout and also in the presence of

dye.

Experiment and data analysis

Sample preparation and characterization

n—-Octyl B—D—glucopyranoside (abbreviated ag3z, C;4H,50¢, M = 29238 gmolt) was pur-
chased from Glycon Biochemicals (Germany) with a purity 8f596. A phase diagram of the
aqueous surfactant system® — GG, (without dye) was recorded by Nilssat al.3! and is
shown in Figure 2.

All samples are prepared by weighting with the accuracy eflihlance £0.0001 g) using
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Figure 2: Phase diagram ofG;,, redrawn from Nilssomt al.31

deionized Milli-Q water. In the classical TDFRS setup wediaetiny amount of the ionic dye
Basantd? Yellow (BASF).36 The optical density was adjusted to 2 ¢nat a wavelength of =488 nm
using a Carry 50 spectrometer. For the absorption measuatswe use cells with a thickness of
1 mm. For the IR-TDFRS and classical TDFRS measurementsuttfi@ctant solutions are di-
rectly filtered into the sample cell by a PTFE (Roth) filtertwé& mesh size of sm. The Hellma
sample cells used for both TDFRS experiments have a thiskofés2 mm.

For conversion of the molar fractions into weight fractioms used a density of &G, of
1.13 g/cn®, which is an approximation by Stubenrausthal, 37 based on data by Nilssat al.3!
atT =25°C.

Determination of the critical micelle concentration

The critical micelle concentration has been determinedurfase tension measurements, which
were performed with a Kriss digital tensiometer K10T. Corition series of the £, /water
mixture atT=15°C, 20°C, 30°C and 40°C have been measured. The dye-containing mixtures
have been studied dt=23 °C and 30°C, respectively. The temperature was controlled with an
accuracy ot0.1 K.

The trend of the surface tension versus the logarithm of dimeentration can be described by the

Langmuir—Szyszkowski—equatiéhbelow thecmc(Figure 3). Above themg the surface tension
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Figure 3: Surface tensiory) of the binary system kD / CgG; as function of the concentration
at T=30 °C. The continuous line marks the fit with the Langmuir-Szgszski equation at low
concentrations, the linear fit (dashed line) was drawn ferdbven highest concentrations. The
intersection point marks thamc

is almost constant, thus this range can be fitted linearlg. iltersection of both curves marks the

cmc

Classical TDFRS and IR-TDFRS measurement

The IR-TDFRS® and the classical TDFRS setup have been described elsewhere in detail. In
both setups an optical grating is written into the samplertgrsecting two laser beams with a
wavelength of 980 nm or 488 nm, respectively. Due to a weaératisn band of water at 980 nm
no dye is required for agueous systems in the IR-TDFRS se@igntrarily we need to add a
small amount of dye in the classical TDFRS to achieve a safftibsorption at 488 nm. In both
setups the optical grating is converted into a temperatatng, which results in a refractive index
grating. This grating diffracts a He—Ne laser beam a633 nm.

Especially for aqueous mixtures, it has turned out thatdiffecult to find an inert dye, which
does not influence the experiment. Water soluble dyes oft@mge their absorption behavior
with pH or temperature?-4%In complex systems the addition of dye can also influence tiase
behavior and microstructure of the micellar system and thisiv thermal diffusion behavidt?

For all experiments, the sample cell is thermostated in asboa copper holder for at least



half an hour. The temperature of the holder is controlled biy@ilating water bath (Lauda E300
thermostat) with an accuracy @f0.02 K. The classical TDFRS and IR-TDFRS measurements
are performed in a concentration range betweggz1=0.25-2.0 wt% and =15°C to 40°C, and

for chosen samples in a temperature range up @360

Data analysis

The normalized diffraction signdle; is described by

a1 (20) " (2) @

-Srw(l—w)(l—e‘qut),

whereq is the scattering vector. The refractive index increm@ht/ow) pT at constant pressure
and temperature has been measured with a refractometesn(A#ar). Five measurements are
done for each concentration to reduce the error bars.

For the determination ofdn/dT),, at constant pressure and surfactant weight fraction ar-inte
ferometer has been used. In general,(i#®/JT) ,,, measurements ofgG, solutions as function
of surfactant weight fraction were done betwderil5 °C and 40°C. For a few weight fractions
we performed measurements uplite60°C. ((?n/(?T)IQW decreases reciprocally proportional with
increasing temperature.

According to Rosef? and Prestof® it should also be possible to determine the critical micelle
concentration from the variation of the refractive indexhwgoncentration. However, measuring
the refractive index as function of concentration we foundabnost perfect linear concentration
dependence, which makes it impossible to determinethe To our knowledge, the refractive
index measurements are not favored for ¢hec determination of @G, in H,O which shows a
fairly high cmc Instead, Strop and Brung¥rused refractive index measurements for the determi-
nation of the surfactant concentration in solution for amgesystems with lowmcvalues, namely

polyoxyethylene(8)dodecyl ether {§Eg, Ceme= 100uM 4°%) andn—dodecyl{8—D-maltopyranoside



(C15Gy, Ceme = 230uM46). They found a linear relationship between the change ofefractive
index with surfactant concentration in the measured canagon range. But they expect, that this

method can also be applied for higlncsystems using lower-sensitivity detectors.

Results and discussion

Surface tension measurements

As already described we determined the critical micelleceotration by surface tension measure-
ments. The temperature dependence ofciineis shown in Figure 4. We studied two different
batches of @G;: an old batch (rectangles) (Glycon, 2005) and a new ondésiy¢Glycon, 2008).
We found systematically largeamcvalues for the new batch, however this difference could be
explained with a changed workup method in the productiorcgss (notice by manufacturer).
Anyway, the temperature-dependence of ¢hecis qualitatively the same for both batches. To

avoid misunderstanding, we performed all TDFRS measureswéth the new GG, batch.
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Figure 4: Thecmcfor CgG,/water was determined by surface tension measurementswith,

o) and with dye ¢ , m) for the old 0, m) and the new surfactant batch,(e ), and compared with
literature values by Aoudia and Zatfa(5x). The error bars are in the order of the symbol size.
Inset: cmcas function of the inverse temperature in Celsius. The ahbhe is a linear fit to the
data points.

For both batches we observe a decay of ¢he with increasing temperature. This can be

explained with a decreasing hydrophilicity of the surfattaolecules with increasing temperature
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due to the decreasing ability to form hydrogen bonds. Tyjyiche cmcof nonionic surfactants
passes through a minimum and increases at higher tempesaagairtt’-48 In the investigated
temperature range up =40 °C we did not observe the minimum and the final increase, but
Aoudia and Zan# observed a shallow minimum arouiie42 °C for the same surfactant system.
A fit of our data (dashed line in Figure 4) shows, that we careekp similar temperature for the
minimumcmc The position of the minimum is determined by the size of thachgroup, which

is fairly large in the case of the sugar surfactant. Also féfecent polyoxyethylene glycol mono—
dodecylethers GE; with oxyethlyene chain lengths ¢f= 4, 6 and 8 a shift of the minimum from
T=40°C to T=50°C has been observed.

To investigate the influence of the ionic dye Basd#¥allow on thecmcwe performed mea-
surements with a concentration of Basafitd@llow of c= 1.5x 10~ M (full circles and full rect-
angles in Figure 4), corresponding to the dye-concentratidche TDFRS experiments. At this
rather low concentration we do not see a significant influefd@asantd?Yellow. Pastoret al.
found a change of themcof CgG, in water of 10-15% adding 0.05 M Cagdr ZnCh.33 Since the
dye concentration in our experiments is about two ordersagmiude smaller we would expect

only a change of themcin the sub-percent range, which is in agreement with ourtesu

Thermal diffusive behavior around the cmc

Below thecmg the surfactant molecules in solution are in equilibriunthvihose adsorbed at the
water/air interface. Above themcalso micelles are formed in the solution. Therefore, we will
observe the thermal diffusion behavior of the individuafactant molecules below theng while
above theemcwe have additionally a thermophoretic motion of the micellEhis might also lead
to a pronounced change of the thermal diffusion or Sorefficteit.

For the surfactant system under study the determined Soeéfiaients correspond to an averaged
value. We can not differentiate between the contributiemshing from the @G, molecules and
micelles, as it can be done for a polymer in a solvent mix#rtn the latter case the diffusion

process of the solvent mixture and the polymer can be diffexted, because the time constants of



the two processes differ by more than one order of magnitiédethe micellar solution the time
constants of the single molecules and the micelles are se that we can not separate the two pro-
cesses in the experimental signal. Therefore, we obseltyeaaraveraged value, which describes
the thermal diffusion motion of £5, in water and depending on the location in the phase diagram
the signal can be a superposition of different contribigioA detailed analysis of the different
contributions in a phenomenological approach suggest&hbyoset al. is not possible?®

In the following we compare the results of both TDFRS setapsder to determine the influence
of the dye. In Figure 5 we show the temperature dependendeedboret coefficient, the ther-
mal diffusion coefficient and diffusion coefficient for a galewith a surfactant concentration of
w=0.6 wt% where we found themcat T=23 °C. In the plot we display data obtained with the
IR-TDFRS and the classical TDFRS. In the latter case the Esngpntain BasantBlvellow as
dye. Additionally, we performed measurements with the IBFRS in the presence of dye.

The diffusion coefficienD and the thermal diffusion coefficieB increase continuously with
temperature. None of the diffusion coefficients shows aceatile change at themc The dif-
ference ofD obtained with the different setups is almost negligiblaa@lighD obtained with the
classical setup is systematically larger, which mightcatk smaller micelles or attractive inter-
actions. In our case the addition of the dye leads to chargeelles, which repel each other and
which should lead to slower dynamié%20 Surprisingly, in our case the diffusion becomes faster,
when the micelles are charged (middle chart in Figure 5)s Wight be explained by an inhomo-
geneous heating of the dye-containing micelles, whichdea faster movement.

The temperature dependent slopd&gfmeasured with the classical TDFRS is larger than the one
measured without dye in the IR-TDFRS. We assume that thesdpearporated into the micelles
and the interfacial energy of the micelles changes. Thigraption is supported by the fact that
the molar fraction of the dye molecules and micelles is irstiae order of 5x 10~ mol/L, if we

take into account the aggregation numbers determined hgrRasal .33 The incorporation of the
dye into the micelles influences also the diffusion coeffiti@he reason could be either that the

interaction energy changes due to a modified interfaciaiggnar that the shape is modified. The
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Figure 5: Comparison dbr, Dt andD as function of the temperature fa=0.6 wt% in the IR &
(without dye), o (with dye)) and the classical TDFR$Q J. Bottom: above themtwe observe
largerSr—values in the classical TDFRS than in the IR-TDFRS. Inddpetof the method or the
presence of the dye we find the same Soret coefficients bementtof T=23 °C within the error
bars of approximately 10%.
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latter we will have to confirm by neutron scattering experitse

Below thecmcall Soret coefficients agree within their error bars &ds temperature indepen-
dent (cf. Figure 5). For temperatures abovedhewe observed, that the Soret coefficient for the
classical setup is larger compared to the IR setup.In tresidal TDFRS the incorporation of the
dye in the micelles probably induces a stronger local hgatimich modifies the thermal diffusion
behavior strongly. This was probably also the reason |ggtdirthe abrupt change of the thermal
lens signal of the aqueous potassium laurate solution witigG red?® We suspect that it is really
necessary to create the thermal grating with the absorbavghngth, because recent experiments
on a nonionic surfactant with Basarftddellow as dyé! showed that homogeneous illumination

with a blue laser in the IR-TDFRS does not have the same effect

0.65 wt% O.G/Wt% 0.55 wt%
/
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Figure 6: The Soret coefficier@r as function of temperature determined with the IR-TDFRS
without dye. For all concentrations (0.55 wt% ), 0.6 wt% (©), 0.65 wt% (1)) the cmt lies
betweenr=15°C and 40°C. The dashed lines are guides to the eyes and the arrows Ineamtt

for the various concentrations.

In Figure 6 the temperature dependence of the Soret coeffisiglotted for three different
concentrations, which have themts in the investigated temperature range. For each contientra
we marked themtby an arrow. For none of the concentrations it is possibleeterthine the
cmtfrom the Soret measurements. In this plot we display alséRR&DFRS measurement for a
concentration of 0.6 wt%, which had already been displag&dgure 5 (bottom chart), but without

the measurement of the classical TDFRS, which gives a abtelazation of thecmt We conclude

12



that the temperature dependent measureme8 obtained by the IR-TDFRS does not show an
unmistakable change in the shape of the curve in order tordite thecmt In order to see a clear

effect some dye needs to be added and a light source has tedientsch is absorbed by the dye.

2'5;' cmc at 40 °C E
. 20} o ]
o I ! ]
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Figure 7: The Soret coefficiel® at constant temperature versus concentration &C2@) and
40°C (»). All measurements have been performed with the IR-TDFRBowt dye. The vertical
lines mark theemcat 20°C (dashed) and 40C (dotted). The solid lines are guides to the eye.

In contrast, we are able to determine ttracby plotting the Soret coefficient over the sugar
surfactant concentration as shown in Figure 7. For both ézatpres the slope of the Soret co-
efficient changes clearly at tleenc While the slope at 20C changes from zero to negative, the
positive slope at 40C (dotted vertical line) becomes more pronounced aboverie For both
temperatures below th@ncthe concentration dependenceSyfis less pronounced. The measure-
ments with the classical TDFRS setup do not give a bettecatidin of thecmc For clarity the
data have not been displayed. The obtaioredvalues are in good agreement with the results from

the surface tension measurements.

Results for higher concentrated solutions

We also investigated the thermal diffusion behavior fohleigsurfactant concentrations. Figure 8
shows the thermal diffusiob, diffusionD and Soret coefficiersr as function of concentration

for different temperatures.
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Figure 8: The thermal diffusioB, diffusionD and Soret coefficiertsy as function of concentra-
tion for different temperatures & (o), 20°C (0), 25°C (<), 30°C (2), 40°C (v).
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For all temperatures the thermal diffusion coefficiBrtdecreases with increasing surfactant con-
centration and with decreasing temperature (cf. top of fei@). For the three lower temperatures
of T=15°C, 20°C and 25°C a sign change occurs at a concentratiows9.9 wt%, 1.0 wt% and
1.6 wt%, whileDt stays positive at higher temperatures. The decayiobecomes weaker for
higher concentrations. As can be seen in the middle partgpir€i8 the diffusion coefficierid
decreases for lower concentrations, while abovecthethe diffusion is almost independent of the
concentration.

In the bottom part of Figure 8 the concentration dependehtieedSoret coefficient is shown for
different temperaturesSy passes through a maximum f6=20 °C andT=40 °C before it is de-
caying almost linearly above a concentrationnof1.0 wt%. By decreasing the temperature this
decay becomes steeper. For the two highest temperatur&s 80d 40°C we did not observe a
sign change in the investigated concentration range, lsieitpected that it will occur at higher
concentrations.

The decay of the Soret coefficient at high concentrationmisde be a typical phenomena and
has also been found for polymer solutiShsnd colloidal dispersion®? In the semidilute con-
centration range the Soret coefficient of the polymericesysshows an asymptotic scaling law
with concentratiorsr = Co-C~9-65 whereas the exponent changes from -0.65 to -1 approadhéng t
concentrated regime. For the colloidal system an asyngppativer law for the Soret coefficient
Sr in dependence of the volume fractignof the formSr = @ - 909995 has been found. For the
investigated sugar surfactant system the exponent is ngideature independent but decreases
from -0.42 to -1.44 with decreasing temperature.

Figure 9 shows the temperature dependen&e-oD andSy up to a concentration @¥=2.0 wt%.
The temperature dependenceSfis negligible small for concentrations below tbeng for in-
stancen=0.5 wt%, and becomes more pronounced for higher concemtsaf2.0 wt%). For suffi-
ciently high concentrations we observe a sign chandg dfom a negative value at low tempera-
tures towards a positive value at higher temperatures. iGimechange temperature as well as the

slope of the temperature dependenc&pincreases with increasing concentration.
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The sign change from negative to positievalues is a typical behavior of aqueous polymer
and colloidal system$2:°3Sugayaet al.>3 found for aqueous dextran solutions that the temperature
dependence was concentration independent. They wereaasbleft the sign change temperature
towards lower temperatures by adding urea, which functiasea hydrogen bond breaker so the
system becomes more "thermophobic” and dextran moves totheside. We observe the same
trend with increasing temperature when the hydrogen bonddton is weakened. An increase
of the sugar surfactant concentration leads to more sugiames interacting via hydrogen bonds

and results in a more "thermophilic behavior".

CONCLUSION

We measured the diffusion coefficients and the Soret coefi@f the non ionic sugar surfactant
CgG for different concentrations and temperatures. Spediahtdn has been payed to the region
around the critical micelle concentration, which has beeteminined independently by surface
tension measurements.

As expected we find a slower diffusion for the micelles coregao the single sugar surfactant
molecules. Although the surface tension measurementsatalihat theemcis not influenced
by the presence of the dye, we find a pronounced influence afiyteen the thermal diffusion
measurements. Below thlencthe results for all methods give identical results indregtthat
the dye diffuses as the sugar surfactant molecules fredlyeirwater. Above themcwe find a
much larger value of the Soret coefficient with the classseip compared to the IR-TDFRS.
This effect might be explained by local heating of the dyeatéd micelles. A similar mechanism
might also have led to an abrupt change of the matter lensisigrithe work by Santost al.29
Nevertheless, we find also a change in the slope of the caatent dependence of the Soret
coefficient determined with the IR-TDFRS without the dyeolaelnd above the critical micelle
concentration (cf. Figure 7). One hypothesis in understanthe change of the thermodiffusion

behavior near themcis that the thermo-diffusive motion arises from unbalansteglsses localized
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in a thin layer close to the molecule/particle surface, Whecprimarily determined by the nature
and strength of particle/solvent interactions. Followthgs concept, it seems to be natural to
expect a change in the Soret coefficient once micelles aneefby because part of the surfactant
molecules are hidden in the inside of the micelles, so thatlttect interaction with the solvent is
screened.

At higher surfactant concentrations abavel.0 wt% a sign change has been observed. With
increasing temperatures the sign change shifts towardehigpncentrations and with increasing
concentration the sign change occurs at higher tempesaturbe behavior is in analogy with
results for concentrated polymeric and colloidal systentsgart of the behavior can be explained
by the balance of the hydrogen bond formation. We expectatsinilar behavior can also be

observed for other surfactant systems.
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