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Introduction

1.1 Thermal diffusion

Ludwig-Soret effect [55, 101] describes the occurrence of a mass flux caused by a temper-
ature gradient in a multi-component system. One early application of the effect was the
separation of isotopes [37, 12, 13]. Understanding of the Soret effect is helpful for exploring
the mechanics of crude oil extraction and its reservoir characterization [15], and also benefits
the research of the global circulation of see water. The Soret effect is utilized for the polymer
characterization by thermal field flow fractionation (TFFF). The recent studies on the Soret
effect of the bio-systems, like protein and DNA solutions, might reveal the mechanism of
mysterious life phenomenon [8, 73].

In a binary fluid mixture with non-uniform temperature profile, the thermal diffusion
behavior can be described by the mass flgyof component. containing both contributions
stemming from the concentration and from the temperature gradient [18]:

Jn = —pDUc— pc(1—c)D7OT (1.1)

whereD denotes the collective diffusion coefficielty the thermal diffusion coefficienp
the mass density, arcthe concentration of componehin weight fractions. In a stationary

state where the diffusion flov, vanishes, the Soret coefficiest is given by
Dt 1 Oc
St D c(l1—c)OT (1.2
Typically the Soret coefficierS in simple liquid mixtures lies in the rand®° < Sy < 103
K~ [114, 64], while in polymer, micellar solutions and colloidal dispersiaf$ < Sy <
1072K~11[47, 44, 66, 42, 24, 65]. The larger value % in the macromolecular solutions is

mainly caused by the slower diffusion of the systems.
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Figure 1.1: The main contributions for the thermal diffusion behavior

Despite the discovery of the effect by Ludwig [55] and the first systematic investigations
by Soret [101, 102] dated back roughly 150 and 130 years, respectively, there is so far no
fully microscopic understanding for this effect in liquids, which makes it difficult to predict
the Soret effect even for simple fluid mixtures. in the beginning and in middle of tHe 20
century the research was mainly concentrated on gases and simple fluids mixtures [107].
From last decade, with the improvement of experimental technique, especially the application
of modern optical methods, studies on complex systems such as polymers [93], micelles [66,
71], colloidal dispersion [71, 65], magnetic fluids [59] and bio-macromolecule [24] became
possible and attracted more and more interest. More recently, with the development of new
simulation techniques and microscopic theories, reasonable predictions of Soret coefficients
for low molecular weight mixtures became possible [38, 62, 70, 121, 77].

As can be seen in Fig.1.1, thermal diffusion in fluid mixtures can be differentiated into
several contributions. The above features, known as physical parameters, like mass, size,
density of the component and moment of inertia are easily accessed and explicit, and rules of
thumb was obtained for these contributions. While contributions from chemical interactions,
including the short-range (solute-solvent and solute-solute) interactions and long-range (such
as the interaction between the charged particles), are for most case implicit, and rarely can be



1. INTRODUCTION

assumed to be additive. There are as well other physical parameters like thermal expansion,
surface tension, surface charge density, thermal conductivity correlate to thermophoresis.
Thermal diffusion in fluid mixtures can also be distinguished by highly dilute solution and
concentrated solution. In dilute solution, the specific interaction between the solute particle
and solvent molecules at surface dominates thermal diffusion behavior. The changing of
the surrounding environment (temperature, pressure, ionic strength, pH) may dramatically
influence the Soret effect. While for concentrated solution, solute-solute interaction play an
important role. Experiments, theories and computational simulations has been performed to
probe the contributions from these features.

1.2 Experimental methods for measuring the Soret

coefficient

According to the purpose, the instruments for measuring the Soret coefficient can be separated
into two class. One kind of instrument is to achieve the goal of large separation. An example
is thermogravitational columns. While another kind of instruments is developed mainly for
the analysis purpose. In the following discussion, we will discuss only analytical methods.
Diffusion cells: Diffusion cell is a traditional experimental method for measuring the
Soret coefficient [28, 113, 57, 61, 35]. The cell is heated from above and cooled from below
to avoid convection. In the earlier work compositions was analyzed layer by layer, nowa-
days an optical beam deflection technique is used to determine the concentration gradient
[52, 118]. The time to reach diffusion equilibrium is determined by the gap between the
two plates. For a typical gap distance of 2 mm, it takes for simple low molecular mixtures
several minutes to reach the steady state, while for macromolecular systems such as polymer
solutions and colloidal dispersions, the required time can be 10 hours or more. Haugen uti-
lized the diffusion cell with deflection beams of two different wavelength [41]. This allows
using the dispersion of the light the investigation of ternary systems. Putnam and Cahill [79]
built a beam defection setup with micrometre-scale gap, which speeds up the measurement
time by a factor around 300, and the measurement on the mixture of dodecane and 1,2,3,4-
tetrahydronaphthalene compared well with benchmark values obtianed for the system [75].
Thermal diffusion cells have been used to investigate low molecular mixtures [119, 52,
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54] and polymer solutions [36]. Recently, this technique was also used by Rinakeor

charged micelle and some colloidal systems [71, 42].

Thermal field flow fractionation; Thermal field flow fractionation (TFFF or thFFF) is
used for separation or analysis for polymer solutions and colloidal suspensions. For the low
molecular weight mixtures the TFFF method is less suitable due to the required high tempera-
ture gradient. Itis built on the basic principle of field-flow fractionation techniques, for which
an external field is applied on a laminar flow of the investigated solution within a relatively
narrow channel. In the case of TFFF, a temperature gradient is applied perpendicular to the
flow channel and causes a concentration gradient versus the flow profile due to the Soret ef-
fect. A so called micro-thermal field-flow fractionation-TFFF) has been developed, which
needs only luL sample and can shorten the measurement time to 10 minutes for colloidal
systems [43]. The Soret coefficient for polymers [34, 90, 91], cross linked microgels [3], and
most recently colloids [2] in solution have been reported by TFFF. So far the TFFF has not

been validated in a benchmark test.

Thermal lens method: In a thermal lens experiment the laser beam itself is used for
heating and detection simultaneously. The local heating of the laser beam on a partially
absorbing medium creates a concave lens, if the refractive index decreases with increasing
temperature. An exception is the thermal lens in water which changes a converging lens to
a diverging lens with temperature around -0°@L[31]. Due to the Soret effect in binary or
multi-component mixtures a concentration lens will be created additionally that changes the
profile of the transmitting laser beam. Under the assumption of a gaussian laser profile the
changing of the profile can be probed by measuring the change in the central-beam intensity.

An advantage of the thermal lens method compared to the diffusion cell is the short equi-
libration time due to small distances in the order of the focal beam width, which makes it
possible to investigate slow diffusing systems, such as polymer blends and colloidal disper-
sions. For polymeric systems with typical diffusion constants of the dbder10~/ cn?
s~ this leads to an equilibrium time af < 100ns for a focal beam width of 100 nm. The
main disadvantage of the method is its sensitivity to convection, astigmatism of the beam
and the fact that no single scattering vedjaran be selected, as in the case of the grating

experiments.

So far the thermal lens method has not been validated in a benchmark. The thermal lens
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method has been used to study the thermal diffusion behavior of ferrofluids [1] and ionic sur-
factant systems [88]. These studies showed agreement with forced Rayleigh scattering and
beam deflection measurements, respectively. In contrast, Voit did not find agreement with
other methods. For one of the benchmark mixtures n-dodecane/1,2,3,4 tetrahydronaphtha-
lene, Voit found a 40% too small value [112], which was probably influenced by convection.

In order to minimized the influence of convection, fairly thin cells have to be used, which

leads on the other hand to a very low signal to noise ratio.

Microfluidic fluorescence: Microfluidic fluorescence is a recently developed optical
technique to measure the thermophoresis of large bio-molecule and colloids [25, 23]. The
temperature difference is created by a focused infrared laser with a wavelength 1480 nm,
which is strongly absorbed by water in a fin thickness water chamber. The temperature
profile is detected by measuring the fluorescence of a temperature dependent dye, and the
concentration of the solute particles is calculated from an average of the image stack. This
method allows the direct observation of the temperature driven diffusion process. The cham-
ber thickness is so small that the thermal convection can be avoided. The disadvantage is that
the method is limited to fairly large molecules or fluorescence labeled system, which dissolve
in water. Thermal diffusion behavior of colloidal dispersions such as polystyrene bead (40
nm-2 um) [24] and DNA [23] was investigated using this technique.

Holographic grating technique: A holographic grating technigue named Thermal Dif-
fusion Forced Rayleigh Scattering (TDFRS) has been developed and extensively applied on
the studies of thermal diffusion behavior of simple fluid mixtures [19, 70, 49, 64], polymer
solutions [17, 44, 81], micellar solutions [66] and colloidal dispersions [16]. The principle
and experimental detail for this technique will be described in the next section. The ad-
vantages of the method are the small temperature differen2@ K) and the small fringe
spacing 20 um) which keeps the system close to the thermal equilibrium and allow also
the investigation of slow system such as polymer and colloids. On the other hand it works
also for low molecule weight mixtures. one limitation is that it works generally only for bi-
nary systems. Only for special ternary mixture where one of the components diffuses much
slower, an investigation is possible. For aqueous systems the addition of a small amount of in-
ert dye, which converts the optical grating in a temperature grating, can sometimes influence
the thermal diffusion behavior [16, 66].



1. INTRODUCTION

Photo-
multiplier HeNe 633 nm N

excitation [Q |

ti mod function 8
multi mode |
fibre e\ w2 |
= |

E spatial filter

L\

........

Mono
ode fibre

Argon 488 nm

Pockels

Figure 1.2: Schematic drawing of a thermal diffusion forced Rayleigh scattering (TDFRS)

setup

1.3 TDFRS setup

Since 1978, the first time Thyagarajan and Lallemand observed a signal contribution due
to the thermal diffusion in a forced Rayleigh scattering experiment, the optical holographic
grating technique had been improved [50, 115, 84] and applied to study thermal diffusion

behavior in simple and complex fluids.

1.3.1 Setup

The main components of a TDFRS setup are similar to a standard forced Rayleigh scattering
(FRS) experiment as described in many publications [76, 49, 48]. The setup used in this work
is sketched in Fig. 1.2. The experiment is mounted on a optical table with tuned damping. An
argon-ion laser operating at 488 nm is used as writing beam. Its beam is spatially filtered and
expanded to a diameter of 5-10 mm. The polarization is perpendicular to the optical table.
The beam is split into two beams of equal intensity . The glued polarizing prism are used to
refine the polarization for better contrast. A mirror is mounted on piezo ceramics, which is
used for phase stabilization and phase modulation of the grating. The half wave plate and the
Pockels cell are for shifting the grating by 180For a better mechanical stability all optical
components in the dotted frame are mounted on a separate breadboard which is placed on
passive isolators. The writing beams are reflected by two prisms. The optical path length of
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two separated beam is equal with in 0.5 cm. By changing the distance of the two prism on
the angle it is possible to vary the grating vector g.

The anglef between the two writing beams is typically in the order of 2-4Such a
small angle is difficult to measure, therefore we image the interference grating directly on
a CCD camera by using the flip mirror M1. The created fringe spacing is compared to a
reticle with a 25um scale. This procedure allows the determination of the grating vector
gq=4msin(6/2)/A with a accuracy of 0.5 %. The mirror M2 in front of the CCD camera
reflects the grating of the writing beams directly on the photomultiplier. By selecting one of
the interference stripes the real excitation function can be measured directly. This function is
used for iterative correction.

The sample cell is mounted inside a brass holder and can be adjusted in z-directions
orthogonal to the optical axis. The quartz cell (Hellma) for TDFRS measurement have a layer
thickness 0.2 mm, and the cell can be sealed tightly by Teflon stoppers. The temperature
of the brass holder is controlled by a circulating water from a thermostat (Lauda) with an
uncertainty of 0.02C. By using an external temperature sensor mechanism, the thermostat
controls the temperature in the cell.

The diffraction efficiency of the grating created in the sample cell is read by a He-Ne
laser with a wavelength 632.8 nm at the Bragg-angle condition. A pinhole and bandpass
filter in front of the detector separate the diffracted beam from unwanted stray light. As
shown in Fig.1.2, a single mode fiber is directly connect to the photomultiplier tube operating
in photon counting mode. For the first experiment we used a home-made counter card, later
we used a commercial one from National instruments. At high count rates aéwe?,
the respond of the photomultiplier is not linear any more, therefore a calibration of the non-
linearity efficiency of the photomultiplier is necessary [48].

1.3.2 Count rate linearization of photomultiplier

As already mentioned in Sec.1.3.1, at high intensity the counting system does not respond
linearly. We applied a linearization procedure according til€r [48]. We measured in-
tensity once by the photomultipliers(v;) a second time by attenuating the intensity by a
neutral density filtewn(vr /ap). ap is the true attenuation factor. We calculate the ratio of

7
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3.2

v, [ Hz

Figure 1.3: The apparent attenuation faatoas a function of count rate. The measurement
was done with a neutral density filter with nominal optical density 0.6. Solid line is the fit of
a to Eq.1.6

the count rater (vy) by

)
= v /a0)’ (1.3)

The measured counter ratg relates to the real counter rateas

a(vm)

00
Vm = vt/ vre rTdt = ye tmin (1.4)
Tmin

whereTmin is the minimum time, at which two pulses can be distinguished as two events. In

our case/, Tmin < 1, thus Eq.1.4 can be inverted to be
Vi = Vm(1+ VmTmin). (1.5)

We can take place Eq.1.5 into Eq.1.3 and thus it yields

Vm(Vr) o
= ~ . 16
Vm(Vr/ao) 1+ VmnTmin (1.6)

a(Vm)

Tmin @ndag can be obtained by fitting the Eq.1.6 to experimental data.
In the calibration process, we use He-Ne laser with a power of 5 mW or 25 mW as light
source. To control the power of the laser, a grey wheel filter or a combination of neutral
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Figure 1.4: Sketch of the dn/dc interferometer

density filters were used to adjust the primary laser intensity. The filters with an optical
density of 0.3 or 0.6 was used for attenuation. A typical measurement using an attenuate
filter with an optical density 0.6 is shown in Fig.1.3. Obviaugleviates from its hominal

value at count rate above 1E6 Hz. We repeated the procedure 6 times and obtained an average
value fortnin=(2.10+0.14) E-8 Hz.

1.3.3 Contrast factors

The contrast factorsd n/d T)cp and(d n/d c)tp taken at the wavelength of the readout
laser need to be measured in separate experiments. For this purpose, we use two different

interferometers.

Refractive index increment with concentration

A sketch of(d n/d c)-interferometer is shown in Fig. 1.4(a). The laser beam is split into

two beams by beam splitter. One beam passes the measurement cell and the other one passes
the reference cell. Both of them are reflected by the mirrors and interfere at the photo diode.
Ideally the phase of the reference beam stays always constant. This is not always the case due
to unavoidable temperature fluctuations. Typically the phase changes by 0.0198 in 2 hours
which is a typical time for one measurement. To determine the phase difference between the
two beams, the voltage across the piezo is linearly periodically ramped with an amplitude

of Uy, which corresponds to a mirror displacementAof2 and a 2t phase shift. During
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the periodic mirror scan, the intensity at the photo diode is obtained. The phase angle is
determined by

U
|diode:A(1+005(@*€0))+B7 (1.7)

whereA andB are constants.

The phase differencg between two beams is determined by the wave-vector of the laser
light, k=2m/A, and the optical path difference between the two interferometer &rms

@ =2ks (1.8)
The change of can be stemmed from changes of both k and s:
d(@) = 2s-dk+ 2k-ds (1.9)

Since the laser is very stable, the first term of Eq.1.9 is ignored . For differential interferom-

eter the path differencgés=1-dn, | is the thickness of the measurement cell. Thus
d(@) = 2k-ds= 2kl-dn, (1.10)

and

My _ (21 2(29) = (2k1) Y

( ang
Jc Jc

) (1.11)

The precise thicknedsneeds to be determined in a separate calibration run.

Refractive index increment with temperature

Figure 1.4(b) shows a sketch of tden/d T-setup. Two foil polarizers are used to adjust the
intensity. The laser beam is split into two beams. One beam goes through the beam splitter
to the measurement cell and is reflected at the back window of the measurement cell. The
reflected beam at the front window (b) and at the back windowc( d) are superposed at
the photodiode. The main contribution of the reflections stem fa@andd due to the large
refractive index difference~{ 0.5) to air compared to the smaller refractive index difference
atb andc (~ 0.01) at the inner window, which is in contact with the liquid.

The main difference to théd n/d c)-setup is that théd n/d T)-instrument does not
contain any moving parts. The optical path difference depends on the change of the refractive

10
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indexn andny, and the lengtt andl,, of the sample and the window, respectively
ds=d(nl)+d(2nylw). (1.12)

The temperature derivative of refractive index is obtained by,

on 1 Jdo Nw dlw .Iw_dnw n ol

ST aT 271 ot 271 ot 1 ar (1.13)

For this setupn,=1.457. Thermal expansion coefficieat,/dT anddl /0T are 5.1E-7 and
7.5E-7, respectivel2- (/) - (dny/dT) is measured to be 2.45E-6 K

1.3.4 Data analysis
Heterodyne signal

The measured intensityin the TDFRS experiment contains contributions from the electric
field amplitude of diffracted beaifs, the coherent electric field amplitudig and incoherent
electric field amplitudé;,c, and can be writen as:

| =| Ec+ Es€? > +E2, = E2 + 2EsE.cosp+ E2 + E2, (1.14)

whereg is the phase shift between the signal and the coherent background. The homodyne

(Shom) and heterodyneS,e¢) signal can be expressed as follows

1
Som= §(|<p+ |(p+rr) = E32+ Ecz"‘Ei%c (1'15)

1
Shet = 5 (lg —lgin) = 2EcEscosp (1.16)

The background from incoherent scattering can be completely suppressed by heterodyne sig-
nal detection. Due to the signal and background level in actual TDFRS experiment, the
heterodyne detection is always superior to the homodyne [84].

Working equations

Temperature grating: First of all, an optical grating is excited by the interference of two
writing beams operating at the wavelength488 nm. The dye with strong adsorption at

11
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this wavelength converts the optical grating into a temperature grating. The evolution of the

temperature grating can be described as

AT (x.t) 02

whereDy, is thermal diffusivity and the source ter8x;t) is given by
3%0=é?&®=%+%®@‘ (1.18)
p

Herea is an optical absorption coefficier@, the specific heat at constant pressui,t)
intensity of the writing beam. Eq. (1.17) is solved by

T(%,t) = To+ Tm(t) + Ty ()€, (1.19)

whereTy is the initial sample temperature afg(t) = alot/pc, is the mean sample temper-
ature. The amplitud@y(t) of the temperature grating is expressed as a linear response for
arbitrary excitations(t) = a(pcp) g (t):

T = [ ds e o (1.20)

Tih = (Do) "1 is the decay time for the heat diffusion, after which a stable temperature
grating is reached.

Concentration grating: In TDFRS setup, the build-up of the concentration grading
driven by a temperature grating due to the Ludwig-Soret effect in a fluid mixture can be

evaluated from a one-dimensional diffusion equation

ac(x,t 92 92
ét ) = Dﬁc(x,t) +Drco(1— Co)?T(t,X) (1.21)
with the solution
c(X,t) = Co + Cq(t)e™ (1.22)
where
t !
G (t) = —PDrco(1 - co) / At Ty (t)e 1)/, (1.23)

T is the decay time for the collective diffusion.

12
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In analogy to the concentration grating, the refractive index grating can be expressed as

x.) ~ o = g% = [T o Taft) + ()1 pea(0)]€™ (124)

wheren is the refractive index at the readout wavelength (633 nm).
TDFRS analysis equation: The heterodyne diffraction signghe(t) is proportional to
the refractive index modulation depth:

Combining Eq.1.19, 1.20, 1.23, 1.24, 1.25, the heterodyne signal can be evaluate
Chet=1—e VM _ A(T— 1) r(1—eVT) — (1 — &7/ )] (1.26)

A is the ratio of the steady-state amplitudes of the concentration gréiibg- ) to the
thermal contributior{y,(t — o):

et — o) oan on.
A= ot =) _(%)p,T(ﬁ)p,

¢Srco(1—co) (1.27)

Due to the factiy, < 1, EQ.1.26 can be simplified as

an an

—1_etmm_ (2~ Z7
o= 1—e V0 — (T2 r(S)

peSrCo(1—Co)(1—eY/T) (1.28)

Eq.1.28 is used to fit the experimental heterodyne diffraction signal. The two contrast factors
(@ n/d T)cp and (0 n/0d c)1p are obtained separately (cf. Sec.1.3.1) and the transport
coefficientsDy,, D, D1, and Soret coefficiersr can be determined.

Excitation function and iterative correction

The derivation of Eg.1.28 assumes an ideal excitation function of the thermal grating, how-
ever in practice it is not realized due to the finite switching time of the Pocket cell. In Fig.1.5
one can see the actual excitation function measured for different sample time. Generally, the
excitation takes 1(us to rise up to almost 1 and the plateau is reached after 160 ms.

Fig.1.6(a) shows the data of a measurement (solid curve) and the least-squares fit accord-
ing to Eq.1.28. In Fig.1.6(b) the residuals are plotted. Systematic deviations are found. The
large residuals arise from a non-ideal excitation function and can be correct for an iterative
method developed by Wittko anddler [115].

13
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Figure 1.5: Measurements of the real excitation with various sample time
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Figure 1.7: Corrected data of Fig.1.6.

In brief, we measured the TDFRS sigidgl(t) and excitation functiosg. s; can be sep-
arated into a contribution from the ideal excitatigrand its deviatiords;. If the deviations

are smallZ;/(t) is a function depends linearly on the parametgrandt

Znot = Fx[sg,t] = B8t t] + Fx[00,t], (1.29)

wherex indicates the parametefs 7, and ;.

The iterative loop start like this: Firso[s,,t] ~ {5t (1) is fitted to Eq.1.28 without con-
sidering the deviation. The parametggsare obtain forl:xo[%,t], therefore we can calculate
Fuo[dsg,t] according to Eq.1.29.

In the second step, a better functﬁ@[%,t] is obtained by considering the tefigp[dsq,t],
which accounts for deviations

Falsy,t] = et — Fol0%,t]. (1.30)

x1 is obtained by fittingle[éq,t] to Eq.1.28, and is used to calculatgd[dsq,t] in the next
loop. After sufficient iterations, we can get a functiam[§q7t], which agrees with the fitting
curve without systematic deviations (in Fig.1.7), and the corresponding parameters
andT, are used to calculate the thermal diffusion coefficent translation diffusion coeffi-
cientD and thermal diffusivityDy,, respectively.
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Figure 1.8: The adsorption spectrometry for qunizarin (a) and Basantol yellow (b)

1.3.5 Influence from the dye

As it has been mentioned in Sec.1.3.1, small amount of inert dye should be added into the
solution mixture to convert the optical intensity gradient into a temperature gradient. The
requirement for the dye is, that it should have a strong adsorption at the wavelength of the
writing beam =488 nm), while at the same time it is transparent at the wavelength of read-
ing beam =633 nm). The qualified dye candidates should also be physical and chemical
inert for the measured mixtures, and should not show photo bleaching. After an extensive
examinations over 30 kind of possible dyes, two organic compounds was selected out and
proven to be suitable for the TDFRS measurements. They are quinizarin (in Fig.1.8 (a)) ap-
plied for non-polar or organic mixtures and basantol yellow (in Fig.1.8 (b)) working in polar
or agueous solutions.

It is worth to notice that basantol yellow is a kind of organic salt and its adsorption band
is very sensitive to the pH value of the surrounding environment. In Fig.1.9, we can observe
that at low pH conditions, the peak shifts to the low wavelength region and the requirement
for the TDFRS measurement can not be fulfilled.

Although the amount of the dye (generally less tH&n* wt) in the solution can be
neglected. Wittko and &hler studied the influence of quizarin and found that the average
values are not changed by the addition of the dye []. We studied the contribution of basantol
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Figure 1.9: The pH dependence of the adsorption spectrometry for basantol yellow.
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Figure 1.10: Diffusion coefficient (a), concentration amplitude (b) and thermal diffusivity (c)
of Basantol yellow in water as a function of the optical density=a488 nm. Solid lines are
linear fit to the data.
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yellow to the concentration signal, by determining the amplitude of the concentration signal
A, the diffusion coefficienD, and the thermal diffusivitpy, as function of the dye content
(see Fig. 1.10). At an optical density of 2 chpwhere the TDFRS measurement was carried
out, A¢ is around 0.01. For strong TDFRS concentration signal the dye contribution is in the
orders of 1%, but at low concentration the influence of the dye needs to be considered.

1.4 Experimentally studied systems

1.4.1 Simple liquid mixtures

Since the discovery of the Ludwig-Soret effect around 150 years ago, the thermal diffusion
behavior for simple fluid mixtures especially for binary liquid mixtures had been extensively
studied. Here we call them 'simple’ fluid mixtures in contrast to the micellar systems and
colloidal dispersions discussed later, which often show a complex phase behavior.

For the studies of thermal diffusion behavior, the simple fluid mixtures can be classified
into associated and non-associated fluid mixtures. For non-associated mixtures, most of them
belonging to organic compounds, the interactions and its orientation between the molecules
are weak, so that they can be used to study the contribution from chemical parameters. Based
on the data base on the studied non-polar system, some rules of the thumb were obtained
[114]. Typically, the components with larger mass and density prefer moving to the cold
side, and Soret effect becomes stronger with decreasing solubility. By studying the isotope
effect on the mixture of benzene and cyclohexane, Debuschewite{a@]proposed that the
Soret coefficient can be split into the additive contributions stemming from the difference in
massdM and moment of inertidl

Sr =S+ aydM + b al. (1.31)

o M and?d | were initially defined as relative difference [19]

M1 — M3 l1—12
M= — "% = , 1.32
M1+ M2 li+12 ( )
and laterd M andd | denoted the absolute differences [116]
OM=M;1—My, dl=I1—1I,. (1.33)
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The architecture effect was also investigated by Polyadtal. for heptane and its isomeric
compound in benzene. They found that the alkane with highest degree of branching tends to
move to the cold side, while all other heptane isomers move to the warm side. Typically, the
Soret coefficient of non-associated mixtures has not strong dependence on the compositions
and the temperature.

For associated fluid mixtures, including aqueous solution and mixtures with specific in-
teractions such as hydrogen bond formation, the thermal diffusion behavior depends strongly

on the temperature and the concentration.

1.4.2 Complex fluid mixtures

Complex fluid mixtures refer to these systems with large molecules, such as micellar so-
lutions, polymer solutions and colloidal dispersions. Often those systems show a complex
phase behavior. Those particles perform Brownian motion and hydrodynamic interactions
become important. Due to their large structure length scale compared to the surrounding
solvent, the number density of their translational degrees of freedom is many orders of mag-
nitude smaller than that for an ordinary, molecular material.

Polymer solutions Polymers are macromolecules with a number of repeated unit seg-
ments. In several cases, polymers in solution exhibits random chain conformation. The
flexibility of the chain makes not only inter-polymer but also intra-polymer interaction very
important. The thermal diffusion behavior of polymer in organic solvents were first system-
atically studied by Schimpét al. with TFFF [90, 89]. The studies on 17 polymer-solvent
systems show that the thermal diffusion behavior of polymer is dominated by the nature of
the monomer and solveny for a infinite diluted solution becomes independent of the de-
gree of polymerization. This rule was confirmed later by Rossmaniéth. with TDFRS for
the system polystyrene in ethyl acetate [84]. Recently, Rauch @mteKshowed that the
molar mass independence of the thermal diffusion coefficient at infinite dilution break down
for polymers with less than 10 repeating units [82]. Non-equilibrium simulations predict that
Dt should become independent of the molar mass, when the chain length is around two to
three times of the persistence length [121]. For most case, polymers in organic solvents tend
to enrich in the cold side and correspond to positive Soret coefficient. Studies also show
that thermal diffusion of a polymer might be related to thermal conductivity, density and
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activation energy [J.

Thermophoresis of polymer chains in agueous/associated solutions is complex due to
the strong interaction (such as hydrogen bond) existing between the solvent, and the polymer
show a complex thermal diffusion behavior. Cledml. studied polyethylene Glycol (PEG) in
water [11] with TFFF. The independence ruld®f on the mass of the polymer was extended
to this aqueous system for the PEG polymer and oligomers with molecular weight larger than
trimer. Poly(ethylene oxide)(PEO) in the mixture solvents water/ethanol was investigated by
Kita et al. with TDFRS [17, 47]. Water is a good solvent for PEO, while ethanol is a poor
solvent. Dilute polymer solution (5 g/L) was prepared to avoid the interaction between the
polymers. It was found that the Soret coefficient of PEO changes the sign from negative to
positive with increasing water content, which has also been proven later by a simple lattice
model with statistical mechanics method. The sign change composition consists with the
composition where the hydrogen bond network breaks, which indicates the strong influence
from the environment on a single polymer chain. This was the first time that a sign change
of Sr for polymer was observed experimentally. Later, a sign change of the Soret coefficient
of PEO water/ethanol mixture (water mass fraction 0.8-0.85) was also observed with tem-
perature [47]. Poly(N-isopropylacrylamide)(PNiPAM) in water shows coil-globule transition
with increasing temperature. Experimentally it was shown that the Soret coefficient of PNi-
PAM is enhanced at th@ temperature, where the coil-globule transition occurs [&]for
PNiPAM in ethanol shows a sign change with increasing temperaturea 8ém positive
to negative, and the sign change is independent of the concentration in the investigated con-
centration range from 0.2 g/L-5 g/L [44]. The study for PNiPAM resolved in various alcohols
reveals the correlation between the Soret coefficient and the Hildebrand solubility parameter

(also known as cohesive energy density) [45].

Micelle solutions Amphiphilic molecule, which have both hydrophobic part and hy-
drophilic part, in the solution, will form micelles with a variety of structures and proper-
ties depending on temperature and concentration. lonic surfactant sodium dodecyl sulphate
(SDS) in water has been studied by Piaezal. with a thermal lens and a beam deflection
setup (a kind of diffusion cell) [71]. The inverdgS; of SDS displays a linear function with
the SDS concentration, and the slope decrease with the addition of salt. This indicates the
strong influence from the electrostatic interactions. SDS and a non-ionic surf@eadaaiecyl
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maltoside (MD) and a mixture of both were investigated in water in a temperature range 5-35
°C [42]. The Soret coefficient for all three systems increases with increasing temperature.
However in the studied temperature range, DM micelles show a positive Soret coefficients,
and SDS micelles show a negative Soret coefficient, while for the 1:1 molar mixture of DM
and SDS, a sign change 6f is observed with increasing temperature. It is found that the
Soret coefficienSr and thermal diffusion coefficieft of the micelles follow a exponential
law and a linear increase with increasing temperature, respectively,

e =

whereSy the high-T thermophobic limitT  the sign change temperature afigindicat-

)]s (1.34)

ing the strength of the temperature effect; linear dependence on temperature was found for
thermal diffusion coefficient

Dr=A(T-T%), (1.35)

whereA is a system-dependent amplitude. As a quite universal rule, this was confirmed later
by other complex systems like polymers, colloids and bio-molecular suspensions.

Rigid colloidal dispersions and bio-molecules dispersion8s a model system, a mag-
netic colloidal dispersions made &850, were extensively studied with different experi-
mental methods [110, 111, 6, 1]. The magnetic colloids can either be charged stabilized
or be sterically stabilized by a surfactant layer. In the most cases the magnetic particles in
water showed a negative Soret coefficient, while a positive Soret coefficient was obtained
in organic solvent. Putnam and Cabhill studied a charged polystryrene (PS) particles with
diameter 26-:5 nm in water using a micro-scale beam deflection setup. A negative Soret
coefficient was found for the PS particles [79]. Charged silica particles with radius 11 nm
was investigated by Ruscoat al. by thermal lens setup. A negative Soret coefficient was
detected and found to decrease with increasing salt content [88]. Duhr and Braun studied a
charged polystyrene sphere in water with various particle diameters by microfluidic fluores-
cence [24]. They found that the Soret coefficient is proportional to the surfac&area?,
while the thermal diffusion coefficient is proportional to the diam&er] a. The dimen-
sion dependence is explained qualitatively by a relationship bet&eand the Gibbs free
enthalpy of the particle. Besides spherical colloids, rod-like boehmite collgiddgOH) in
ethanol/water mixtures were studied [16].
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There have been numerous studies of the thermal diffusion behavior for bio-molecules.
For instance the influence of temperature, ionic strength, salt species and pH on the thermal
diffusion behavior of lysozyme solutions has been studied by thermal lens method [73]. The
Soret coefficient of lysozyme decreases with increasing ionic strength, and increases with
increasing temperature. A sign changé&pbccurs from negative to positive with increasing
temperature. The pH and the salt species influence the temperature dependgnoalpf
slightly. A microfluidic fluorescence study on DNA in water shows that DNA molecules tend
to migrate to the cold side[23, 8].

1.4.3 Close to the critical point and other scaling laws

Close to the critical point the dynamics of the system is slowed down and large concentration
fluctuation exist.

In 1956 Thomaes showed that the Soret coefficient of nitrobenzene/n-hexane close to the
critical point [104]. Roughly 20 years later Giglio and Vendramini [35] found experimentally
for the mixture aniline/cyclohexane that the Soret coefficient diverges with a scaling low
SrO(T —TC)‘¢ when the critical temperature is approached. The critical exponent was
determined ag=0.73. Later Wiegand foundi=0.68+0.03 by TDFRS measurement [114].

Lately, Engeet al. [29] studied the thermal diffusion behavior of a polymer blend poly(di-
methyl siloxane) (PDMS) and poly(ethyl-methyl siloxane) (PEMS) close to the critical point.
Approaching the critical temperatufig the polymer blend performs a crossover from mean
field to Ising behavior. The Soret coefficient of PDMS follows the mean field scaling law
with Sr 0 719, while in Ising regime a$r 0 €267 holds, with the reduced temperature
e=(T-To)/Te

Rauchet al. demonstrated for the system polystyrene/toluene that the thermal diffusion
coefficientDt decays sharply when the glass transition is approached$8tlecreases with
the concentration of polystyrene as

Sroc o7’ (1.36)
In the diluted regime the Soret coefficighitincreases with the molecular weidtitas,
Sr OmO93 (1.37)

and above the overlap concentratidhSy becomes mass independent.
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1.5 Theoretical descriptions and simulations

1.5.1 Selected theories

The simplest way to look at the thermophoretic motion is to treat the system as an ideal gas.
For more complex systems, as already explained in Sec.1.1 the thermophoretic motion can
be conceptually be separated into two contributions: one stemming frogintjle particle
contributionand one stemming from thiateraction contributionbetween the interacting
particles. In the following we will briefly sketch the present theories according to this line:
ideal gas approach, single particle contribution and interacting particle contributions.

Ideal gas approach:Generally, one can describe the thermophoretic motion of a highly
diluted colloidal suspension analog to an ideal gas. Thus the mass flow of the dilute solution
of particles is driven by the number density gradiém)and the temperature gradient¥),

J = —D(On+nS:0OT). (1.38)

In the stationary staté@ = 0, a temperature modulatiofT (r) induces a relative change in
densityAn/n= —S;OT. In the absence of interactions, the particles form an ideal gas with
an osmotic pressurp = nkT, and the stationary state p=const. This relation leads to an

explicit expression for the current,
n
Jo=—Do(On+ ?DT), (1.39)

whereDo =kT/(67na) is the Stokes-Einstein’s diffusion coefficient for a particle with radius

ain a solvent with viscosity). Thus one finds
1
==, 1.4
S=7 (1.40)

However due to the absence of interaction in the derivation, this ideal-gas theory rarely agrees
with experimental results.

A similar approach was used by Brenner [9] to describe the thermophoretic motion of
highly diluted, inert Brownian particles. He found that the thermal diffusion coeffiéent

only depends on solvent properties as

Dr = aB, (1.41)
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with the solventexpansion coefficieft= (1/p)(d(1/p)/0T) and thermometric diffusivity

a = k/pcp, wherek, p,c, are the thermal conductivity, density, specific heat and specific

volume. This simple approach only predicts qualitative features of the thermal diffusion.
Single particle behavior: Wirger [117] showed for solid nano-particles using a mechan-

ical force balance concept thgt is determined by the difference of the heat capacity of the

solute particleey, and the solvents
Sr = a +nkVp(Cp —Cs). (1.42)

with the thermal expansion coefficiemt= —(1/n)(dn/dT) and the osmotic compressibility

K = (1/n)(dn/dP). This expression is in general larger than the ideal gas \&lue 1/T.

Using Eq. 1.42itis possible to explain the positive Soret coefficients of magnetic particles in

organic solvents and the negative Soret coefficient in agueous suspensions [110, 111, 6, 1].
Many publications, which focus on the single particle behavior analyze the thermal diffu-

sion behavior of ionic colloids. For instance Morozov [59, 60] derives an expression for the

Soret coefficient considering the force balance of electrical and viscous force acting on the

particle. He introduces two characteristic dimensionless parameters: the surface potential of

the particleys and the ratio of the double laydy thickness to the particle radias\ =dgy/a.

Finally, he calculates the velocity of the thermophoretic motieau(A, ) as function of

those characteristic parameters and expresses the Soret coefficient as

3Re

Sr= _mu(A7wS>7 (143)

whereg is the volume fraction of the colloids amgl is the Bjerrum length. Probably due to
the approximations made in the derivation experimental data are under estimated by a factor
of two.

Ruckenstein [87] expressed the thermophoretic velocity for this double layers on the basis
of Navier-Stokes equations and thermodynamic relations. Piazza and Guarino [72] used the
thermoporetic velocity to calculate the Soret coefficient
3 4m§a)2 R

T 1425 1.44
S + 7 13k2 (1.44)

with k the inverse Debye lengtlg the surface charge. They explained their experimental
data for SDS micelles, but in general the quadratic dependerfgeanf the Debye screening
length could not be confirmed by experiments [22].
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Later, Parola and Piazza [67, 68] used a similar microscopic approach to derive a micro-
scopic expression for the Soret coefficient of neutral and charged colloids in dilute suspen-
sion. In the Debye-Eickel approximation they found

227 1

TS =14+ +—

kT ea(l+ka)?’ (1.45)

where the "ideal-gas contribution” has been added and with the colloidal cEgraed the
permittivity €. For infinitely thin double layers, this expression agrees with Morozov [59],
but this expression has the sarie? found before, which could not be comfirmed by experi-
ments. Also the 2 dependence was not found experimentally.

Lately, Dhontet al. [22] derived an expression for the thermal diffusion coefficient of
charged colloids in water. The theory is based on the force balance on the Brownian time
scale and thermal dynamics in terms of reversible work for the formation of a solvation layer
and electrical double layer. This approach covers thin as well thick double layers, and the
Soret coefficient is given by

2 4
di) 1 /4nlio 1 Ka dine 2
T - 14- SARG I Tl i
ér +4( e (1+ka)® I3 dinT +Ka

amZo\® 1 a\*dinQ
+< e > 1+ka (IB) dinT”’ (1.46)

whereQ is the total charge on the surface. Thus the dependence of the Soret coefficient on

the Debye-Hickel screening lengthpy = k1 is obtained, and confirmed by experimental
studies of polystyrene beads and SDS micelles as well.

Further, it is worth to point out the8 depends o@?, which was also found experimen-
tally. Thea? dependence has also been found by Duhr and Braun by an heuristic argument
[24].

Semenov and coworkers [93, 97, 95, 96, 92, 94], derived expression for the thermal
diffusion coefficient of molecules, polymers and colloids. Basically, they supposed that a
temperature-dependent pressure gradient is the driving force for thermal diffusion process.
The derivation of the thermophoretic mobility (thermal diffusion coefficient) follows three
steps: 1. calculate the temperature around the component; 2. derive the excess pressure dis-
tribution around the component; 3. derive the expression for solvent velocity profile around
the component, the component thermophoretic velocity and the thermal diffusion coefficient
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by the Navier-Stokes equatiopAu = —[IN, wheren is the viscosityu is the velocity of the
liquid and—0O is the local pressure gradient around the solute particle.

By neglecting the difference between thermal conductivity of the solute particle and the
solvent, the thermal diffusion of polymer has been derived as [92]

8 arré(AmAs)®®

D+ = —
T 27 nvo ’

(1.47)

wherear = d(Invp)/dT is the cubic thermal expansion coefficieAt, and As are the the
monomer-monomer and solvent-solvent Hamaker constapis, the radius of a monomer,

Vo is the specific volume occupied by a solvent molecule. The thermal diffusion of a particle
is derived as [97]

I3 arr3(ApA)°S

4 r]vo(n+2) ’ (1.48)

T=

where A, is the Hamaker constant for the particle, amdis the radius of the a solvent
molecule.

A practical problem with this approach is that the Hamaker constants calculated from the
experimentaDy values are several times smaller than the tabulated ones, which is equiva-
lent to overestimate the thermal diffusion coefficient. Further mbreis very sensitive to
the choice of the radius, because the dependence is quadratic. Often it is not clear which
radius such as the van der Waals radius, the radius determined from the molar volume, the
hydrodynamic radius or the radius of gyration should be used.

Interacting colloidal dispersions: Bringuier and Bourdon [10] propose an expression
for the thermal diffusion coefficient in terms of the temperature derivative of the total internal
energyU (see their eq.(13)), based on similar arguments put forward by van Kampen [108].
In the case of concentrated dispersidhsontains the interactions from all particles, while
in the case of a highly diluted suspensldneduces to a single-particle contribution. So for
instance in the case of a highly diluted suspension of charged colloids the Soret coefficient
Sr is given by [22]

2
ay .1 (47TI§J) 1 KR
T =14- . 1.49

s 4\ e (1+kR)* 13 (1.49)

This result agrees with E®f? for thin and thick double layers [22].
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Dhont developed a theory for the thermal diffusion behavior of interacting colloidal par-
ticles [20, 21]. He integrated the Smoluchowski equation for systems with spatially varying
temperature and determined microscopic expressions for the collective part of the thermal
diffusion coefficient. If the interaction potential between the colloidal particles are known,
the concentration dependence of the thermal diffusion coefficient can be be calculated. The
temperature dependence of the potential of mean-force is shown to give rise to sign changes
of the Soret coefficient on changing the temperature and/or concentration under appropriate
conditions. Detailed expression 8f andD+ are given in chapteP?.Hui please, give the
chapter with the colloidal paper the label Chap:colloids

Fayolleet al. [30] derive an expression for charged particles in an electrolyte solution.
There derivation uses a similar argumentation as van Kampen [108]. They apply their the-
ory to a charged micellar system, and reproduce quantitatively the data [71] as functions of

salinity and micelle concentration.

1.5.2 MD Simulations and Lattice model calculations

MD simulations: In last decade non-equilibrium simulation methods have been developed
and applied to study the thermal diffusion of simple fluid mixtures. Molecular dynamics
(MD) simulations have been proved to be a powerful tool in studies of transport properties in
liquid, and several MD algorithms have been developed [40]. To perform the MD simulations,
the cross-interaction potential parameters, indicating the interaction between components of
different species, were needed and play an important role. In many MD studies, Lorentz-
Berthelot rule[62, 63, 69%;; = ,/€&j andajj = (0 + 0j)/2 or its modified version[33, 32]

&j = (1—kij)\/&&j andaij = (1—lij)(0i + 0j)/2 were used, where ando are Lennard-
Jones parameters for potential depth and diamlejexndl;; are cross-interaction parameters.
Lorentz-Berthelot rule usually results in a cross-interaction, which is weaker than the average
value of the pure-component interaction.

Hafskjold et al. performed non-equilibrium molecular dynamic (NEMD) simulations on
isotope mixtures with various density and mass ratios [39]. The simulation results showed
that the lighter component tends to migrate to the warm side, which agrees with the gen-
eral rule obtained from the experiment. Additionally, the study shows that the flux of ki-
netic energy is dominated by lighter components, while the energy transfer by interactions

27



1. INTRODUCTION

is dominated by heaver components. This explains from the view of energy the mass effect
on the Soret coefficient. Reitht al. [83] and later Galkro [33] investigated the thermal
diffusion sensitivity on a large range of molecular parameters like mass, inertia, interaction
strength ratios, diameter ratios, cohesive energy density (Hildebrand solubility parameter)
and cross interaction parameters. EMD and NEMD simulation (dynamical and stationary)
were performed by many groups on realistic mixtures. The studies were initially carried
on non-associated fluid mixtures argon/kryton [69], methane/n-decane [100] , n-pentane/n-
decane [70, 32] and benzene/cyclohexane [120], and lately on the associated fluid mixtures
methanol, ethanol, acetone and dimethylsulfoxide (DMSO) in water [62]. Compared to the
experimentally obtained Soret coefficient, the results from MD simulation for associated and
non-associated mixtures show not only comparable amplitude but also consistent sign change
composition. Simulations were also performed on dilute polymer solutions. Zétaal

[121] used reversed non-equilibrium molecular dynamics (RNEMD) simulation method to
investigate the influence of chain length, chain stiffness and solvent quality. A bead-spring
model was used for describing the polymers, and the solvent qualities were represented by
solvent-monomer interactions. They found that polymers tend to move to the cold side in
good solvent. The experimentally known chain-length independenbe wfas reproduced,

and it was found that flexible chains achieve consiapat shorter chain lengths than rigid
chains.

Luettmer-Srathmann used a two-chamber Lattice model approach to determine the Soret
coefficient of ethanol in water [56], PEO in water/ethanol [47] and lately also for alkanes in
benzene [77]. The interaction parameters used in the model are adjusted by comparing with
other properties of the mixture such as density, thermal expansion coeféibieht the case
of ethanol/water and PEO/ethanol/water the signh change could be predicted. For the alkane

mixtures quantitative agreement was found.

In a simple two-dimensional Ising kinetic model calculation [85] it was shown that a
strong cross-interactiom{ > & andgjj > €jj) can lead to a sign change of the thermal diffu-
sion. By increasing the cross-interaction parameter fromagig(j) to 1.25max:i, &j;) the
slope of the concentration dependenc&othange from possible to negative. The lattice cal-
culation [56, 62] could only reproduce the sign change if the cross-interaction were stronger
than the pure-components interactions, while the full MD simulation reproduces sign change
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also if the Berthelot mixing rule is applied. The possible reason is that the lattice model only

depends on the interaction potential and kinetic effects are completely ignored.

1.6 Outline of the thesis

The aim of this thesis is to gain a better understanding of the thermal diffusion behavior in
liquid mixtures. Generally, we follow two approaches. First, we study systematically Soret
coefficients in simple low molecular weight mixtures, which are accessible by molecular
dynamic simulations. Secondly, we perform measurements on colloidal suspensions which
can be described by analytical theories. Finally we investigate also micellar systems, which
show a rich phase behavior. Therefore the thesis is organized as follows:

In Chapter 1 we present Soret coefficients for a aqueous mixture, which show a sign
change of the Soret coefficient with concentration. We investigated two systems, acetone/water
and dimethyl-sulfoxide(DMSO)/water. Both systems had been studied by NEMD simulations
[85, 62] and a sign change has been predicted for both systems at a water weight fraction
around 80%. Our experimental are in good agreement with the simulation results.

In Chapter 2, we discuss the thermal diffusion behavior of a sterically stabilized colloidal
dispersion octadecyl coated silica particl& &€ 27 nm) in toluene. We performed tem-
perature and concentration dependent measurements. Additionally we performed dynamic
light scattering measurements to characterize the interaction potential between spherical sil-
ica particles. The obtained results are compared with the theoretical expression given by
Dhont [20, 21]. Our experimental study confirms the theoretical expressions derived for hard
spheres.

In the last two chapters we investigate the thermal diffusion behavior of more complex
systems, non-ionic surfactants in aqueous solution. First, in Chapter 3, we study the system
CioEs(decyl octaethylene glycol ether) in wat€ioEg shows a fairly simple phase behavior
and forms mainly elongated micelles in solution. The study shows that the thermal diffusion
behavior of this system is independent of the choice of the dye and the collective diffusion
coefficient agrees with the results obtained by dynamic light scattering measurements.

In order to investigate the influence of different micelle shapes in the thermal diffusion
behavior, we investigate in Chapter 4 the thermal diffusion behavior s3I hexaethylene
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glycol monododecyl ether) in water.;§Es has a rich phase diagram and forms spherical as
well as elongated micelles at ambient temperatures. Surprisingly, we found for this system
a second slow mode in the concentration part of the TDFRS diffraction signal. To clarify
the origin of this second mode we investigated alsgE4Jtetraethylene glycol monohexyl
ether), GE,4 (tetraethylene glycol monooctyl ether);4Es (pentaethylene glycol monodo-
decyl ether), GgEg (octaethylene glycol monohexadecyl ether). The origin of the slow mode
of the TDFRS signal will be tentatively interpreted in terms of a ternary mixture of neutral
micelles, dye-charged micelles, and water.
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Experimental investigation of

the Soret effect in

acetone/water and

dimethylsulfoxide/water

mixture

Abstract
The thermal diffusion behavior of acetone/water and dimethyl-
sulfoxide(DMSO)/water mixtures has been experimentally investigated
by a transient holographic grating technique named thermal diffusion
forced Rayleigh scattering (TDFRS). For both systems has been a
sign change of the Soret coefficieBt with varying water content
predicted by simulations [C. Nieto Draght al, J.Chem.Phys.122,
114503(2005)] . The sign change $f could be confirmed by the ex-
periment and the agreement between the experimental and simulation

data was in the entire concentration range reasonable.
2.1 Introduction

A temperature heterogeneity in a fluid mixture induces a mass flux, which results in a concen-
tration gradient. This effect is known as Ludwig-Soret effect.[55, 101] For a binary mixture

in a temperature gradieniT, the enrichment of one compondiit is characterized by the
Soret coefficientr, as

1 Oc

&:‘Mﬁ' (2.1)

The sign of the Soret coefficient indicates the direction of the thermophofekialfhough

the Ludwig-Soret effect has been discovered 150 years ago, there is still no microscopic
understanding for the effect in fluid mixtures.[114]

In the past, the thermal diffusion behavior of simple fluid mixtures has been studied ex-
tensively [11& , 26, 52, 27, 19, 7]. Organic liquid mixtures have been used in a benchmark
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test, to establish reference data.[74] Recently, a special focus has been on the dependence of
Sr on parameters such as mass and moment of inertia.[126], E8r many associating lig-

uids, where the specific interactions, such as hydrogen bonding or electrostatic interactions,
exist, sign changes @& with composition have been observed.[52, 78, 116, 106]

Molecular dynamics (MD) simulations have become an important tool in the investigation
of thermal diffusion behavior in Lennard-Jones model fluids and small-molecule liquids.[38
, 33, 6% ] Lately, the simulation techniques for non-equilibrium properties have been im-
proved, which have led to a reasonable agreement between simulations and experiments for
associating and non-associating liquid mixtures [70? §5 Simulations and also a two-
chamber lattice model calculation have shown that the relation between the cross interactions
and the pure interactions influence whether the sign of the Soret coefficient changes with
concentration.[85, 56, 121] Lately, Nieto-Draghial. [62] predicted also a sign change for
the associating liquid mixtures acetone/water and water/dimethyl sulfoxide(DMSO), which
so far has not been confirmed by experiments.

In the present paper, we investigate the Soret coefficient of acetone and DMSO in water
for different concentrations by thermal diffusion forced Rayleigh scattering (TDFRS). The
experimental results are compared with the recently published simulation data and the in-
fluence of different parameters such as the hydrogen bond capability, mass and moment of

inertia are discussed.

2.2 Experiment

2.2.1 Sample preparation

Acetone was purchased from Laborchemie Handels-GmbH (puf§/9%) , and DMSO

was ordered from Sigma-Aldrich (puriy99.9%). We used deionized water (Milli-Q). All
substances were used without further purification. The mixtures were prepared as follows:
First a tiny amount (roughlyt0—>wt by weight) of the dye basantol yellow? [], was dis-
solved in the solvents. For each solution the optical density was adjusted to 213t
wavelength oA = 488nm. Samples for the TDFRS measurements were prepared just before
the measurement to avoid evaporation. The solutions were filtered directly byt 4ier
(Spartan) into the sample cells. The temperature was controlled by a circulating water bath
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and all measurements were performed at 298+ 0.02K.

2.2.2 Data analysis and set-up

The thermal diffusion behavior of the solutions was investigated by thermal diffusion forced
Rayleigh scattering (TDFRS). A detailed description of the set-up can be found else®vhere[
]- In brief, a grating is created by the interference of two laser bgams 488 nm). A tiny
amount of inert dye, which has a strong absorption bard-at488 nm, was added into the
solution to convert the optical grating into a temperature grating. Both grating contribute
to the refractive index grating, which is read out by the diffraction of a third laser beam
(A =633nm). The heterodyne diffraction signgle; is evaluated by the equation,

an\ 1 /an 2
=1+ (22 N sc(l-c (1—e*qD‘), 2.2
Gatt) =1+ (52)(5) sre@-o 2.2
with the refractive index increment with concentration at constant pressure and temperature
(dn/0x), the derivative of the refractive index with temperature at constant pressure and
concentratior{dn/dT) and the collective diffusion coefficiet.

2.2.3 Refractive index increments

The refractive indices of the mixtures were measured with an Abbe refractometer. The refrac-
tive index incrementdn/dx) was determined from the derivative of a fifth order polynomial

fit of the refractive index data. We used the molar fraction of water as concentration vari-
able. (dn/0T) was directly measured by an interferometer. The contrast fatfor&Ix)
and(dn/dT) are shown in Fig.2.1 and 2.2, respectively. For the acetone/water mixture, the
slope of refractive index changes from positive to negativesat 0.4, while (dn/dx) of
DMSO/water constantly decreases with DMSO concentra{idn/dT) value of both solu-

tions decreases with decreasing water content.

2.3 Results and discussion

For both aqueous solutions we performed TDFRS measurements in the entire concentration
range. In Fig.2.3 the Soret coefficiésitis shown as function of molar fraction of aceton and
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Figure 2.1: Refractive index (a) and derivative of the refractive ind¢gn/dx) (b) on the
molar fraction of water for the mixture acetone/watl; (lashed line) and DMSO/watex (

solid line).
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Figure 2.2: The refractive index increment with temperat@te/dT) as function of the

molar fraction of water for acetone/watd)and DMSO/water4).

DMSO, respectively. In the water rich region the Soret coefficient of ace®priecreases

with increasing acetone concentration and reaches a minimum at a molar fractien0d.

For higher acetone concentrations{0.5) Sy increases Withaceton Typically, the error bars

do not exceed the symbol size, but for concentrations argen@.5 the uncertainties became
larger due to the low value of the refractive index incremni@mt/dx), which leads to a small
amplitude of the concentration part of the TDFRS-signal (cp. Eq. 2.2). The Soret coefficient
of DMSO in water decreases with DMSO concentration and reaches almost a plateau or
wide minimum forx > 0.6. Both systems show a sign change of Soret coefficient with
concentration. Similar to other agueous solutions such as methanol-water [106] and ethanol-
water [52, 118, 26, 47], the sign change occurs in the water rich region at approximately
x = 0.11for acetone and around= 0.2 for DMSO.

In Fig.2.3, we plot the simulation data obtained by boundary driven reverse non-equilibrium
MD by Rousseaet al. [85, 62], which are also obtained at ambient temperature and pressure.
Also the simulations results show a sign change from positive to negative with decreasing wa-
ter content. Compared to the experimental results the simulations predict the sign change at
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Figure 2.3: Soret coefficient of acetone (a) and DMSO (b) as a function of the molar fraction.

B andA: data from TDFRS measurement.simulation results from [62]
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Table 2.1: Some parameter of the solvents: mad&fs absolute mass difference to water
(AM), radius of gyrationRy), z-component of the moment of inertia, Hildebrandt parameter

(8), Sf = Sr = 0 and the concentratiohl—x%‘fer), where the hydrogen network breaks
down.

component M[?]/ AM  Ry[?]/ u[?]/ I, 5?1 (I—Xwawe) (1—x29)
amu. amu. A Debye gA% Mol MPal/2 atSt
water 18.02 0.615  1.85 1.71 47.9
methanol ~ 32.04 14.02 1552  1.70 20.7 29.6 0.15
ethanol  46.07 28.05 2259  1.69 63.1 26.0 0.14 0.08[14]
acetone  58.08 40.06 2.746  2.88 103.3 20.2 0.11 0.p6[
DMSO  78.13 60.11 2.840  3.96 120.6 245 0.20 0210]

a slightly lower water content. Although in the case of DMSO it is hard to decide, because
there are very few simulation data around the sign change concentration. Nevertheless, even
taken into account the limited number of points the difference in the sign change concentra-
tion is quite small. It is worth to notice that simulation predicts pronounced larger values for
the Soret coefficient of acetone than for the other three mixtures, which is also confirmed by
the experiment. For acetone/water mixtures (in Fig.2.3a), the simulation data are consistent
with experimental data for the high and low water content. The minimum of the Soret co-
efficient aroundk = 0.5 is not reproduced in the simulations. For the system DMSO/water
(in Fig.2.3b), the simulation data agree with our experimental data within the error bars for
molar fractions above > 0.3, while the simulation data overshot the experimental data by a
factor of four.

Acetone and DMSO show similar molecular structures. While the central atom of acetone
is carbon, it is sulphur in the case of DMSO. Compared to acetone DMSO has a larger mass,
size, dipole moment and moment of inertia (compare Tab. 3.1). RecerithieKand co-
workers [116] wrote the Soret coefficient as a sum of three contributions:

Sr=ayAM + b Al +S2. (2.3)

whereAM = M; — M, andAl = 11 — |, are the absolute difference in mass and moment of
inertia of the two components, respectively. The third contribut®nyeflects the chemical
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differences of the molecules.

It is difficult to apply this equation to associating fluids because they show a rather pro-
nounced concentration dependence in contrast to non-associating ligdidsufthermore,
the chemical contribution might will be quite different indicated by difference in properties
such as the hydrogen-bond capability and dipole moment. The four agueous systems listed
in Table 3.1 show a similar trend. For high water content the water molecules migrates to
the warm side, while for lower water content the migration is reversed (cp. Fig. 2.4). This
implies that only in the case of high water content the heavier component moves to the cold.
With increasing water content the Soret coefficient decays linearly, changes sign between
Xwater= 0.1 — 0.2, and passes through a more or less shallow minimum and reaches a final or
plateau value. The first three systems show a linear correlation with the Hildebrandt parame-
ter d as it also has been observed in simulations for Lennard-Jones fluid[83], but the system
DMSO deviates from the other systems. On the other hand the concentration dependence for
DMSO is similar to methanol and ethanol, while acetone shows a unusual dependence on the
composition with a pronounced minimum.

The two studied systems here belong to the class of associating systems and exhibit non-
ideal thermodynamic and dynamic properties due to the existence of strong hydrogen-bond
interaction between different componefity[ Simulation results [85, 121] and also lattice
calculations [56] show that the pronounced concentration dependence of those mixtures are
strongly related to the cross interactions. Thus it was found that for a binary mixtures, if
the cross interaction of the two components is stronger than the average value of the pure
components, the minority component accumulates always on the cold side. As in the case of
the mixture PEO/ethanol/water[47] there is a correlation between the concentration, where
§F changes sign and the concentration, where the hydrogen bond network of pure water
breaks by the addition of a second component (cp. Table 3.2).PL# This indicates that
thermal diffusion is quite sensitive to changes in the fluid structure.

2.4 Conclusion

In this paper, we have presented Soret coefficient for acetone and DMSO in water mixtures.
The Soret effect of both systems shows a strong dependence on the composition. Similar
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Figure 2.4: Soret coefficient of methanal)( ethanol ), acetone M) and DMSO ¢) in
water as function of — Xyater.

to other two associated systems, methanol/water and ethanol/water, we found that Soret co-
efficient of non-water component of the studied mixtures decreases with decreasing water
content and changes sign, when the molar fraction of the non-aqueous component is between
10% and 20%. The data for acetone show the most pronounced minimum, while the other
three systems behave very similar. Our experimental data compare well with the previously
published simulation data.
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Thermal diffusion behavior of

hard sphere suspensions

Abstract

We studied the thermal diffusion behavior of octadecyl coated silica
particles R, = 27 nm) in toluene betweeb5.0°C and50.0°C in a vol-

ume fraction range df%to 30%by means of thermal diffusion forced
Rayleigh scattering. The colloidal particles behave like hard spheres
at high temperatures and as sticky spheres at low temperatures. With
increasing temperature, the obtained Soret coeffictentf the silica
particles changed sign from negative to positive, which implies that the
colloidal particles move to the warm side at low temperatures, whereas
they move to the cold side at high temperatures. Additionally, we ob-
served also a sign change of the Soret coefficient from positive to neg-
ative with increasing volume fraction. This is the first colloidal system
for which a sign change with temperature and volume fraction has been
observed. The concentration dependence of the thermal diffusion coef-
ficient of the colloidal spheres is related to the colloid-colloid interac-
tions, and will be compared with an existing theoretical description for
interacting spherical particles. To characterize the particle-particle in-
teraction parameters, we performed static and dynamic light scattering
experiments. The temperature dependence of the thermal diffusion co-
efficient is predominantly determined by single colloidal particle prop-
erties, which are related to colloid-solvent molecule interactions.
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3.1 Introduction

Colloidal particles are small enough to exhibit thermal motion commonly referred to as
Brownion motion. Being just very large molecules in solvent, colloidal particles show many
physical phenomena that are also found in ordinary molecular systems. Consequently, col-
loids have been used frequently to study fundamental questions in physics. Therefore, it is
expected that they are also a suitable model system to illuminate the microscopic mechanism
underlying the Ludwig-Soret effect, which was discovered already 150 years ago[55, 101].
This effect, also known as thermal diffusion, describes the diffusive mass transport induced
by a temperature gradient in a multi-component system. In a binary fluid mixture with non-
uniform concentration and temperature, the mass figwf component 1 contains contribu-

tions stemming from gradients in concentrataordin temperature,

Jnm=—pDOwW— pw(1—w)D7OT (3.1)

Herep is the mass density of the homogeneous mixtDrés the translational diffusion co-
efficient,w is the weight fraction of component 1 abg is the thermal diffusion coefficient.
The Soret coefficienSr is defined assr = Dy/D, which is proportional to the ratio of the
concentration- and temperature-gradient in the stationary state

_ 1 |Ow|
St = w(l—w) |OT |

(3.2)

A number of studies show that interactions play an important role for the thermal diffu-
sion behavior, where long ranged repulsion between charged micelles and colloids have been
considered [71, 59, 80].

Conceptually, thermal diffusive behaviorlifyhly dilutedandconcentratedolutions can
be differentiated. In dilute solutions, where colloid-colloid interactions can be neglected, the
thermal diffusion coefficient of the colloids is determined by the nature of the interactions
between single colloidal particles and solvent molecules (and possibly other solutes like ions
that form a double layer around the colloids). Structural changes of the surrounding solvation
layer due to temperature changes and/or changes of the solvent composition may induce a
sign change of the thermal diffusive behavior of single colloidal particles. One example is

the sign change of Soret coefficient of poly(ethylene oxide) in ethanol/water as function of

41



3. THERMAL DIFFUSION BEHAVIOR OF HARD SPHERE SUSPENSIONS

the solvent composition[47]. Here, a sign change is observed at a weight fraction of water
where hydrogen bonds break by adding ethanol. For concentrated solutions, colloid-colloid
interactions affect the thermal diffusive behavior of the colloidal particles. A pronounced
concentration dependence of the Soret coefficient has been found in experiments [66, 71] and
is predicted by theory [20, 21].

In recent years, modern optical techniques have been developed which allow the investi-
gation of complex fluids with slow dynamics such as polymer solutions and blends, micellar
solutions, colloidal dispersions and bio-molecules[80, 93, 16, 42, 23, 24, 82]. The main is-
sues of interest were the derivation of scaling laws and to understand the sign change of the
Soret coefficient for macromolecular and colloidal systems on the basis of existing theories
for molecular fluids.

In the past few years several theoretical concepts have been proposed to understand sin-
gle particle and colloid-colloid interaction contributions to the thermophoretic motion of col-
loidal particles[30, 10, 67, 68, 20, 21]. Bringuier and Bourdon proposed a relation between
the Soret coefficient in terms of a mean-field potential energy, which gives in principle access
to both the single-particle as well as the colloid-colloid interaction contributions. In rare cases
for which the mobility of the particle is known, a comparison with experimental data is possi-
ble. While the majority of the theoretical approaches give expressions for the single particle
contribution, the work by Dhont gives explicit expressions for the contribution of colloid-
colloid interactions to the thermal diffusion coefficidd. These interaction contributions
lead to a concentration dependence of the thermal diffusion coefficient. According to this
theory, a sign change of the Soret coefficient as a function of temperature and concentration
is possible for appropriate interaction parameters.

This paper is concerned with experiments on thermal diffusion of a colloidal hard-sphere
model system. The experimental data will be compared to the above mentioned theoreti-
cal predictions for hard spheres. This paper is organized as follows: in Section II, we will
summarize the relevant part of theory by Dhont. In Section IIl we briefly describe the exper-
imental details and summarize the working equations. In Section IV, we will present thermal
diffusion forced Rayleigh scattering (TDFRS) and light scattering (DLS and SLS) results.
Finally, the results from experiments are compared to theory as far as the interaction contri-

butions are concerned.
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3.2 Theory

3.2.1 The interaction potential between colloids

The interaction between silica particles coated with octadecyl chains in various organic sol-
vents has been extensively studied{88, 109]. The same type of colloidal particles are used
in the present study. At low temperatures, the octadecyl chains grafted to the surface of the
colloidal particles give rise to a very short-ranged, attractive interaction potential. The range
of the attractive component of the interaction potential is very much smaller as compared to
the size of the core of the colloids. At high temperatures, the depth of the attractive potential
vanishes, where the colloids interact through a hard-core potential.

The interaction potential at lower temperatures for such "sticky spheres” can be written

as,
o0 forR< 2a
V(RT)=1q gT)B2L forza<R<2a+A (3.3)
0 for2a+A<R

wherea is the radius of the colloidal spherd’js the distance between the centers-of-mass

of the spheres is the depth of the attractive potential alids the range of the attractive po-
tential. The rang@ is approximately equal to the length 0.3 nm of the octadecane molecules.
The depthe of the attraction is in this case related to the quality of the solvent for the octade-
cyl brush. In particular, the depth of the attraction is temperature dependent, since the quality
of the solvent changes with temperature. The temperature dependencarobe described

by [86]

L(& —1)kgT forT <6
gy =] Hr Dkl forT< (3.4)
0 forT >0

where L is proportional to the overlap volume fraction of two brushes éni$ the 6-
temperature of the chain-solvent combination.

According to eq.(3.4) for the depth of the attraction, the potential (3.3) reduces to the
hard-sphere potential above tBdemperature,

o forR<2a
V(RIT) = (3.5)
0 forR>2a
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The interaction parametetsand 8 can be obtained from static and dynamic light scat-
tering. Static light scattering probes the second virial coeffidnt

B, = /Ow(l—exr(f\%))rzdr — W[l + %FD(&)}, (3.6)
where
Fo(Be) = (1+Be—exp{Be})/Be . (3.7)

with B = 1/kgT (ks is Boltzmann’s constant). For high temperatures, wiftge= 0, this
reduces to the well-known hard-sphere re&ilt= 4Vys, whereVys is the volume of a col-
loidal particle. Dynamic light scattering probes the collective diffusion coefficient which is

equal to [21]
D =Dg[1+ ¢(1.45+ 4.50?;—2&)([3 ), (3.8)

to leading order in concentration. Herg,is the volume fraction an®g is the Einstein
translational diffusion coefficient of a non-interacting colloidal sphere.

3.2.2 Thermal diffusion of interacting colloids

According to the theory by Dhont[21], the additive contribution to the interacting part of the
thermal diffusion coeﬁicierIDtTﬁ?n‘{, which arises from colloid-colloid interactions, consists of

two contributions,
" .
DY =Dr + Dy, ¢9)
where D7) accounts for a possible temperature dependence of the colloid-colloid pair-
interaction potential, an®(? is the remaining contribution. The latter contribution is the

only contribution that would remain in case the pair-potential would be temperature indepen-

dent. It should be mentioned tha{'(3 is related to the interaction contributi@y i to the

thermal diffusion coefficienDt defined in Eq. 3.1, as,
Drint = VeI 5o/ [@(1— @)] . (3.10)

This relation is derived in appendix 3.7. By integration of the Smoluchowski equation, it is
found that,

DI =DM [1+afg+ 0(97)] (3.12)

44



3. THERMAL DIFFUSION BEHAVIOR OF HARD SPHERE SUSPENSIONS

and,

i [ NI
DY = Do’ atg+ 0(¢P)], (3.12)
where py is the number density of colloidg is the volume fraction of colloids, and?
andal are the leading-order virial coefficients fagro) and DQ), respectively. The Smolu-
chowski equation approach leads to explicit expressions for these virial coefficients in terms
of the pair-interaction potential for colloid-colloid interactions and hydrodynamic interaction

functions.

For the case of a hard sphere, the pair-interaction potential is temperature independent, so
that,

at=0. (3.13)
A calculation ofa? for the hard-sphere potential then leads to,

piheo — DoprN [1-0.350+ &(¢?)] . (3.14)

Hence, from eq. 3.10, to leading order in colloid concentration,

Do1-0.3 Do
Dt = Drint + DT sing= T T{p&p + D sing~ T (1+0.65¢) +Dtsing, (3.15)

whereDr sing is the single particle contribution to the thermal diffusion coefficient, that is,
the diffusion coefficient that one would measure at infinite dilution where colloid-colloid
interactions are absent. The single particle contribullging relates to specific interactions

of the colloidal interface and solvent, which is generally temperature dependent. From the
well-known leading order concentration dependence of the translational diffusion coefficient
D = Do(1+ 1.45¢) [4], the Soret coefficient for hard-spheres is thus found to be equal to,

Dt 1 1-0.35¢ D sing 1

~ = (1-0.80¢) + Sr sing(1— 1.45¢) ,

ST T T (1—g)(1+145p)  Do(1+145¢) =T
(3.16)

whereSr ging is the single-particle contribution to the Soret coefficient.
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3.3 Experiment

3.3.1 Synthesis

Silica-core particles were synthesized by the hydrolysis and condensation of tetraethylorthosil-
icate(TEOS) following Siber[103]. These particles were rendered organophilic by a grafting
procedure with octadecyl alcohol according to van Held@eh[ The dispersion was puri-

fied from the excess octadecy! alcohol by vacuum distillation followed by repeated cycles of
centrifugation and re-dispersion, first in chloroform and cyclohexane and then in toluene to
prepare the final stock solution with a volume fraction of 10.75%. The concentration of these
solutions was determined by drying a small volume of dispersion to constant weighitGat 50
from which the volume fraction of the dispersions was obtained using the density of the par-
ticles. The density of the particles was determined from the density of a dispersion with a
concentration of 0.186 g cn. This was done by weighting 1 chof the dispersion as well

as the solvent toluene. Assuming additivity of volumes of solvent and particles, which is a
good assumption for these colloidal dispersions, a density of the particteslof3 g cn3

was obtained.

Elemental analysis was performed by the Central Division of Analytical Chemistry (ZCH)
of the Forschungszentrurilich on a LECO CHNS-932 analyzer. The sample was dried for
overnight at 50 C under vacuum. An average carbon content of 1% whs obtained, which
is attributed to 13 v alkyl chains. However the amount of alkyl chains on the surface might

be lower than this value, because of trapping of alkyl chains within the core of the pafticle [

].

3.3.2 Sample preparation

For TDFRS measurements, the colloidal samples were prepared as follows. For samples
with a volume fraction below 186, a certain amount of the stock dispersion was diluted by
adding toluene, while for the higher concentrated samples, part of the stock dispersion was
concentrated by carefully evaporating the toluene under a nitrogen flow. Thirteen different
concentrations of colloidal dispersions were prepared. The colloid content varies between 1
% and 30% in volume. Each solution was filtrated directly into an optical quartz cell with 0.2
mm path length (Hellma) through afsm PTFE membrane filter. The colloidal samples for
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the TDFRS measurements were always prepared one day before the measurement to deposit
the possible dust in the solution.

The thermal diffusive behaviour of octadecane/toluene mixtures was also studied. The
octadecane (Aldrich, purity99.5 %) and toluene (Fluka, purit99.0 %) were used without
further purification. The process to prepare a sample for TDFRS measurement is the same as
that of the colloidal dispersion.

0.8 T

T

-----10% colloids/toluene
fffff Toluene (quinizarin)
— 10% colloids/toluene(quinizarin)

o
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Figure 3.1: Absorption spectra of colloidal suspensions in toluene. Solid ling ddlloids
in toluene with quinizarin. Dashed line: Toluene with quinizarin. Dotted line%déblloids

in toluene without quinizarin. The concentrations of quinizarin in these samples is the same.

A trace amount of quinizarin (Aldrich purity 96 %, less tharm 1@y weight fraction) is

added and used to create a temperature grating by absorption from an optical grating. Ab-
sorption spectra were measured with a Carry 50 spectrometer and a rectangular quartz cuvette
with a path length of 1 mm (Hellma). Fig.3.1 shows the absorption curves. Comparing the
absorption curves with colloids (solid line) and without colloids (dashed line), one finds no
shift of the absorption band to other wavelengths. We can therefore assume that the dye is
homogenously distributed in the dispersion and does not adsorb at the colloidal surfaces as
in the case of boehmite[16]. The additional apparent absorption at low wavelengths is due to
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Figure 3.2: Concentration and temperature dependencién T of suspensions with

toluene as the solvent.

the light scattering of the colloidal particles, which is shown by the spectrum of the colloidal
suspension without dye (dotted line). The contribution of the scattered light to the total ab-
sorption is around 1% at the wavelength of 488 nm, but it does not influence the prerequisite
of the TDFRS experiments (strong absorption at 488 nm, negligible absorption at 632.8 nm).

3.3.3 Thermal diffusion forced Rayleigh scattering (TDFRS)

The experimental setup of TDFRS has been described in detail elsewhere [114, 66]. In brief,
an interference grating was written by an argon-ion laser operating at the wavelength of
A=488 nm. The grating was read out by a He-Ne lasex=432.8 nm. The intensity of
the diffracted beam was measured with a photomultiplier. The TDFRS measurements were
carried out in a temperature range from 15.0 to S@OThe temperature of the sample cell
was thermostatically controlled by circulating water bath with an uncertainty of°@02

To calculate the Soret coefficieBt and the thermal diffusion coefficieftt from TD-
FRS data, the refractive index incremedty/dT anddn/dw of the colloidal dispersion are
required. These increments are measured separately by using a Michelson interferometer at a
wavelength of 632.8 nm[50]. Fig.5.2 shows the increnggntd T, measured at different tem-
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Figure 3.3: Temperature dependenciegfdw for suspensions with toluene as the solvent.
The solid line shows a linear fit of the data.

peratures as a function of the colloid concentration of the dispersion. As can b&sgém,
varies linearly with concentration within the investigated range. In Fig.3.3, the increment
dn/dw decreases slightly with increasing temperature.

The refractive index increments were also determined for the octadecane/toluene mix-
ture with a weight fraction 5 % octadecan2n/dT was found to be equal te5.51- 104,
—5.52.1074, —5.54.104, —5.57-10 * and—5.59- 104 K1 for 15, 20, 30, 40 and 5€C,
respectively, andn/dw is equal to -0.076.

In the TDFRS experiment, the heterodyne signal intensity of the read out laser is propor-

tional to the amplitude of the refractive index gradiént(T,w) as [50],

on on
An(T,w) = (d'l') AT + (dw) Aw . (3.17)
The normalized total intensitghet(t) to the thermal signal is related to the Soret coefficient
as,
an\ "/ an 2
_ il il _ _ Dt
Zhet(t) = 14 ((ﬂ) (M) Srw (1 —w) (1 e ) . (3.18)

The Soret coefficiensr in eq.3.18 is defined as the Soret coefficient of component 1. A

positive sign ofSy implies that component 1 moves to the cold side.
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3.3.4 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) was carried out in the angular range<36 < 135 with a
Kr-ion laser (wavelengtil = 647.1 nm). An ALV-5000E correlator was used to measure the
auto correlation function. The samples for the DLS experiment were prepared and cleaned in
the same way as those for the TDFRS measurements and filtered directly into a cylindrical
cell with an inner diameter of 8.5 mm. The sample cell was placed in a thermostated bath
with a temperature uncertainty of 2C. Before data acquisition we stabilized the sample
cell for at least 30 minutes.

The measured auto correlation function of the scattered light intecy@tm,t) is related
to the normalized field correlation functigi) (q,t) through the Siegert relation,

g2 (@.t) = B(1+Bld" (@1)?) . (3.19)

whereB andf3 are the baseline and a constant related to the coherence of detection, respec-
tively. Measured correlation functions were fitted to a second cumulant approximation,

Ing® (t) = —Tt+ %tz , (3.20)

wherer is the decay rate ang is the second cumulant. The second cumulant accounts for
the polydispersity of the colloids pz/FZ equals the relative standard deviation of the size
of the colloids. If the fluctuation of the scattering light intensity is due to the translational
diffusion motion of colloids, the decay rate is related to the mass diffusion coeffiRiant

D=IlimF/q?. (3.21)
a0

For the small colloidal spheres studied in the present paper, the asymptotic value for the
collective diffusion coefficient for small wave vectayds attained for all scattering angles.

For the sticky-sphere potential in Eq.3.3, the mass diffusion coeffiflestrelated to the
interaction parameters as given by Eq.3.8. This allows to determine interaction parameters
by dynamic light scattering.

For very small colloid concentrationB, is equal to the Stokes-Einstein diffusion coeffi-
cientDg = kg T /6119Ry, (With g the shear viscosity of the solvent aRglthe hydrodynamic
radius of a colloidal sphere), which allows for the characterization of the (average) colloid-
particle size.
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3.3.5 Static light scattering (SLS)

Static light scattering (SLS) was carried out in the angular range<30 < 150° with a
Helium-Neon laser (632.8 nri®, = 20 mW). The cylindrical quartz cells had a diameter of 2
cm. The temperature stability and filtering procedure was the same as in the DLS experiment.

Data were corrected for solvent background and converted into Rayleigh ratios as follows,

lsolution—| 2
ARy — solut||on tol <nsolv> Rl (3.22)
tol Neol

wherelsoution andli) denote the scattered intensities corresponding to solution and toluene
reference, respectivelyso, andny denote the refractive index of solvent and toluene. The
Rayleigh ratio of toluene was taken to Bg) = 1.3526x 10° cm1. We investigated six
concentrations between= 0.58and 4.29 g/L. Scattering data were analyzed using the linear
approximation by a Zimm plot,

Ke 1 o°Ry?
rRe = M—W (l+ 3 + 2AsC, (3.23)

whereK = 2rn?(dn/dc)?/A§Na andc is the colloid concentration in g/IRy the radius of
gyration. A, is the second virial coefficient, which relates to the leading virial coeffidsent
for the osmotic pressure as,

B2 = AMG/Na (3.24)

whereMyy is the mass anbla is Avogadro’s constant.

3.4 Results

3.4.1 Characterization and phase behaviour of the colloidal dis-
persion

Fig.3.4a shows the TEM image of the investigated colloidal particles. It is obvious that
the particles are not perfectly spherical. The size distribution of the radius is displayed in
Fig.3.4b. This distribution renders and number-average radissRyfzy >=14.3+5.8 nm.
Additionally we performed DLS measurements to characterize the colloidal dispersions
in the same temperature range as for the TDFRS measurements. The volume fraction of the
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Figure 3.4: (a) TEM image of the colloidal particles. (b) size distribution of the colloidal

particles

Table 3.1: Temperature dependence of characteristic parameters for colloid/toluene disper-
sions. The parameters were obtained by DLS using a volume fraction of colloids around

0.25%. _
T < Dg>/byextrapolation <R,> u2/I? Ry

(°C) (10 “cmés 1) (nm) (nm)

15.0 1.30/1.38 26.5 0.12 15.0
20.0 1.39/1.49 26.5 0.11 15.7
30.0 1.61/1.70 26.7 0.13 14.5
40.0 1.85/1.85 26.5 0.13 14.3
50.0 2.05/2.20 27.4 0.15 13.6

colloids for DLS measurements is 0.25 %, at which concentration colloid-colloid interactions
can be neglected. By analyzing DLS data, colloidal parameters, such as the self diffusion co-
efficient Og), hydrodynamic radiusR;,) and the polydispersity indexi /FZ) were obtained,

which are shown in Tab.3.1. The diffusion coeffici@ntincreases with increasing tempera-
ture, which is due to the decrease of the viscosity. The average hydrodynamic«dgius

is found to be temperature independen®, >= 26.5+ 0.4nm. This result deviates signifi-
cantly from< Rrgpm >. The difference can be understood by the different statistical weights
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in obtaining averages from the two methods. For DLS, the contribution to the measured
scattered intensity of each colloidal particle proportional to its volume squared. Hence, for
a polydisperse system the large colloidal particles will contribute significantly more to the

detected scattered intensity. The radius obtained from TEM pictures, however, is a number-

averaged value. One can calculate the number-averaged Rydfusm the DLS result[105]
by

Ry =< Ry > /(14 tp/T2)° (3.25)

The calculatedRy in Tab.3.1 shows good agreement with the TEM result.
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Figure 3.5: Experimental phase diagraih. turbidity. [J, gel. Lines are drawn to guide the

eye.

The phase diagram was measured experimentally by slowly cooling down dispersions
with varying concentration. The boundary between stable and turbid phases was measured
by observing the sharp decrease of the intensity of a through-going beam, and the gel line was
obtained by observing the sample by eye. The obtained phase diagram is shown in Fig.3.5.
In the high temperature regime the dispersion is stable. With decreasing temperatures, the
attractive force between the particles increases, and the dispersion becomes turbid. Further
cooling down leads to a gel phase for volume fractions above 5 % within the investigated
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Figure 3.6: (a) Translational diffusion coefficient in dependence of concentration at various
temperatures. The solid lines are linear fits to the data. The dotted line is the theoretical
concentration dependence of hard sphef2s: Do(1+ 1.45¢)[4]. (b) Dependence ofe

(M) andB; (O) on the temperature. The dashed lines are guides to the eye.

temperature range. Thermal diffusion experiments are always done at the temperature range
at least 15-20C higher than the unstable region.

In order to characterize the attractive potential between the colloids, DLS and SLS mea-
surement were performed. DLS measurements were performed for the colloidal dispersion
in a concentration range=1.8-13 % and a temperature range 15260 As displayed in
Fig.3.6(a), the translational diffusion coefficient increases linearly for all temperatures with
increasing volume fraction. With a particle radiusaof 27 nm (which is the radius relevant
for scattering experiments) and a width of the interaction potenti0.3 nm (which is the
thickness of grafted octadecyl layer onto the surfaces of the colloids) [86, 109] we determined
the attractive potential paramei@e by fitting the data according to Eq.3.8 for DLS. As can
be seen from Fig.3.6l8¢ decreases with decreasing temperature. As expected, the depth of
the attractive interaction increases on approach of the gas-liquid phase transition line from
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Figure 3.7: Typical normalized TDFRS signals of colloidal suspensions with a volume frac-
tion of 10% at different temperatures. The inset give the signal for the measuremerit@t 50
as a function of time on a log scale.

the stable region in the phase diagram. With increasing temperature, the attractive potential
vanishes, which makes it more difficult to determBe from dynamic light scattering and
leads to large error bars.

Additionally, we performed SLS measurements in order to determine the second virial
coefficient. The data were analyzed using the linear approximation by Zimm (Eq.3.23). The
so determinedh; parameter was converted By according to Eq.3.24. The rati®y/Vus
increases with temperature and reaches the plateau vadderdiard spheres at temperatures
above abouB0°C (see Fig.3.6(b)).

The light scattering experiments thus show that attractions can be neglected at tempera-
tures above80—50°C.

3.4.2 Thermal diffusion measurements

TDFRS measurements were performed in the concentration range betéeandl30% for
different temperatures between 4G and 50°C. Typical normalized heterodyne TDFRS sig-
nalshet(t) are displayed as function of time in Fig.3.7. The volume fraction of the colloidal
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dispersion igp =10 %. The inset shows the sighal measured &&with a logarithmic time

scale. The rapid increase §fe(t) is due to the establishment of the temperature gradient,

and the following slower variation reflects the formation of a concentration gradient due to
thermal diffusion. The signaj,e((t) has been normalized to the thermal plateau. As can be
seen, the concentration part of the signal decays at lower temperatures and increases at higher
temperatures. Sinc@(/dw) > 0, this implies that the colloids move at low temperatures to

the warm and at high temperatures to the cold side.
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Figure 3.8: Concentration dependence of (a) the Soret coefficient and (b) the thermal dif-
fusion coefficientDr. The temperatures are AG(M), 20°C(0), 30°C(a), 40°C(V) and
50°C(#). The solid lines represent the fit of data according to Eq.3.16 and Eq.3.15, respec-
tively.

Fig.3.8 presents the Soret coefficient and the thermal diffusion coefficient as a function
of the volume fraction at various temperatures. B8tlandDt show a weak concentration
dependence in the low concentration regime, while a pronounced decrease is observed in the
high concentration regime. As can be seen there is a sign change with increasing concen-
trations atT = 30°C andT = 40°C. The errors displayed in Fig.3.8(a) correspond to one
standard deviation. High uncertainties occur for low concentrations, where the amplitude of
the concentration part of the signal is rather small.
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Figure 3.9: Dependence of (a) the Soret coefficient and (b) the thermal diffusion coefficient
as a function of temperature at various volume fractions.

The Soret coefficienBr and the thermal diffusion coefficiebt; versus temperature are
plotted in Fig.3.9 for various concentrations. Both coefficients increase with increasing tem-
peratures, and the strong temperature dependence eventually leads to a sign change from
negative to positive between 3C and 45°C. The sign change temperatufé increases
with increasing volume fraction (see Fig.3.10), which might be an indication for a stronger
interaction between the colloids. Sign change of the thermal diffusion coefficient with vary-
ing temperature has also been found for several other systems. For example, PEO in the
mixture of water and ethanol [47], PNiPAM/ethanol solution [44], SDS , and several bio-
macromolecule solutions [42]. In all aqueous systems the Soret coefficient increases with
temperature, while for the system PNiPAM/ethaBpldecreases with increasing tempera-
ture.

3.4.3 Thermal diffusion of free octadecane in toluene

The surfaces of our colloidal particles are grafted with octadecyl chains. The interface be-
tween the colloidal material, the octadecyl brush, and pure solvent is probably the dominant
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Figure 3.10: The temperatufe™ at which the sign change of the thermal diffusion coefficient
occurs as a function of volume fractiol: from polynomial fit of Sy in terms of volume

fraction. O): from linear fit of Dt in terms of volume fraction.

factor for thermal diffusion of single colloidal particles [98, 99]. In order to get a better in-
sight in the single particle diffusive behavior of the colloids, one might learn from the thermal
diffusive behavior of free octadecyl chains dissolved in toluene, which is the solvent used for

the colloids. The octadecane concentration is 5 wt%.

As can be seen from Fig.3.11, the Soret coefficient and thermal diffusion coefficient are
negative within the entire temperature range under consideration. Free octadecyl chains there-
fore tend to migrate to the warm side. For our colloids, however, colloidal particles migrate
for higher temperatures to the cold side. It thus seems that the confinement of the octadecyl
chains due to grafting has an appreciable effect and/or there are other reasons for a single
colloidal particle, independent of the grafted brush, to migrate to the cold side at high tem-
peratures.
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Figure 3.11: Dependence 8f (a) andDrt (b) of octadecane in toluene versus temperature.

The solid lines are guides to the eye.

3.5 Discussion

As we have mentioned in Sec.3.2, the expressions for the Soret coefficient and thermal dif-
fusion coefficient given in Dhont'’s theory only account for the contributions due to colloid-
colloid interactions. To compare the experimental data with theory, the single particle con-
tribution St sing @and Dt sing Should be added to these expressions. Since we do not have an
analytical expression to calculate the single particle contribution, a comparison with theory
can only be based on the concentration dependence at a fixed temperature.

In Fig.3.8, one can observe a strong concentration dependen8e dodD+. This con-
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Figure 3.12: (a) The experimental Soret coefficidlly &nd its single [J) and interaction
contribution @) as function of temperature. (b) Shows the corresponding plot for the thermal
diffusion coefficient. The volume fraction of the colloidal dispersiopis 10 % The solid
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centration dependence is related to colloid-colloid interactions. The interaction parameters
are independently determined by static and dynamic light scattering experiments. In the in-
vestigated temperature range, even at the low temperatures the attractive contributions are
still quite weak. As a result, the colloids can be regarded as hard spheres. The solid lines
in Fig.3.8 show the fits of our experimental data to the theoretical expressions Eq.3.16 and
Eq.3.15, respectively. Fitting was performed in the low concentration rapgel2 %). As

can be seen, the theory is confirmed within experimental error. It should be mentioned that
the slope oDt andSr as a function of concentration is rather small, which is, however, in
accordance with theory. The slope is so small, that more accurate measurements would be
needed to quantitatively confirm the theory. It seems not feasible to do accurate experiments
to an extent that the theoretically predicted slope can be verified quantitatively. It would
be worthwhile to perform experiments close to the phase transition line, where attractions
become important. The concentration dependence for such sticky spheres is expected to be
more pronounced as compared to hard spheres.

In the high concentration regime, for all temperatures, ItlandSy of the colloids de-
crease markedly with increasing concentration. The decred3gafidS; at high concentra-
tions was also observed by Rawgttal.[81, 82] and Zhangt al. [119] for the Polystryrene/toluene
solution. In Rauch’s work, the decay bf- with concentration was interpreted by the increase
of the local viscosity, which is due to the approaching of the glass transition. In our case the
drop of Sr and Dt might have a similar reason, because at the higher concentrations we
are closer to the gelation boundary. In Fig.3.8(a), we observe for concentrated dispersions
(@ > 15 %) that Sy follows a scaling lawsr 0 20095 ¢~0-00%for all temperatures. Com-
pared to the scaling laBr o« C~19 for polystryrene/toluene, the exponent is two orders of

magnitudes smaller.

The single particle contributionSr sing and Dt sing @s obtained from the fit are plotted
in Fig.3.12. From this figure one can see that the single particle contributios tond Sy
increases with temperature and changes sign from negative to positive. The single particle
contribution is probably mainly determined by the interface interaction between the colloid
and solvent[98, 1]. It seems therefore appropriate to compare the thermal diffusion behavior
of the surface material, octadecane, in toluene. Comparing the Soret coeffic@rictade-
cane (see Fig.3.11(a)) withr sing, we find that both parameters increase with temperature,
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however in the studied temperature raiggeof octadecane is negative and does not change
sign.

Fig.3.9 shows that the thermal diffusion behavior of the studied colloidal system has a
strong dependence on the temperature. At low temperatures the colloids move to the warm
side, while at high temperature the colloids prefer the cold side. Increasing the tempera-
ture improves the solvent quality, while at low temperatures we are closer to poor solvent
conditions. Also for polymers it was observed by experiment[36, 17], simulations[121] and
by lattice model calculations[56], that under poor solvent conditions the solutes tend to ac-
cumulate in the warm region. Bot® and Dt increase with the temperature. The linear
temperature dependence@f that is found seems to be quite universal for many systems
and was interpreted by a semi-empirical expresgign= A(T — T*), whereT is the sign-
change temperature adds a system-dependent amplitude[42]. Sometimes the temperature
dependence dDr is related to the thermal expansion coefficient of solvert[fibut there
is no quantitative theory to predict the amplitude.

Since the thermal diffusion behavior of the colloidal system consist of a single and a
colloid-colloid interaction part, and both contributions depend on the temperature, it is worth
to investigate the two effects separately. While the colloid-colloid interaction p&it ahd
Dt displayed in Fig.3.12 is almost temperature independent, the single parts show a pro-
nounced increase with temperature. Therefore, we conclude that the temperature dependence

is mainly caused by the single particle contribution.

For all investigated concentrations we observed a sign change with temperature. Although
a sign change with temperature and concentration has also been predicted by the theory of
Dhont[21], the physical origin might be different in our case. As we have seen, our sys-
tem is close to a hard sphere system, so that the observed sign change with temperature is
not caused by a temperature dependence of the interaction potential between the colloidal
particles, but is probably a single particle contribution. This hypothesis is supported by our
study of octadecane in toluene, which shows also a pronounced temperature dependence (see
Fig.3.11), although we could not observe a sign change in the investigated temperature range.
Therefore, we conclude that sign changeSpfand D+ of the studied colloidal system with
temperatures is not caused by varying attraction between the particles but due to changes of
the colloidal interface structure.
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3.6 Conclusion

The thermal diffusion behavior of alkyl coated spherical colloidal particles dispersed in
toluene was investigated by thermal diffusion forced Rayleigh scattering (TDFRS). The ther-
mal diffusion behavior of this colloidal system presents a pronounced dependence on both
concentration and temperature. Negative thermal diffusion coefficient were observed in the
low temperatures regime, which means the colloidal particles tend to concentrate on the warm
side, while a positive thermal diffusion coefficient was found in the high temperature region,
which corresponds to the migration of the colloids to the cold side. The sign change of the
thermal diffusion behavior with increasing temperature was observed for every studied con-
centration. For 30C and 40°C we also observed a sign change with increasing volume frac-
tion. To our best knowledge, this is the first time that a sign change of the thermal diffusion
coefficient for spherical colloids has been observed not only in dependence of concentration
but also in dependence of temperature.

According to the light scattering measurement and the phase diagram, we know that the
attractive potential increases with decreasing temperature. However in the studied temper-
ature range, the colloids exhibit predominantly hard sphere behavior. Due to experimental
limitations like the occurence of condensation, lower temperatures can not be reached and
therefore the range of strong attractions is unaccessible. Strongly attractive colloids will be
studied in the future with a similar system but with different coating density, rendering the
phase transition line at higher temperatures.

The experimental results were compared to theory, where the single particle contribution
is treated as a fitting parameter. For the first time the theory by Dhont has been tested. In the
intermediate concentration range we found a weak concentration dependence of the thermal
diffusion coefficient, in accordance with theory. The effects of temperature are dominated by
the single particle contribution, for which there is not a suitable theory available yet.

Single particle thermal diffusion was studied by investigating the thermal diffusion of the
coating material in toluene. It turns out that octadecane tends to migrate to the warm side and
shows a negative Soret coefficient. The combination of the positive colloid-colloid interaction
contribution and the negative single particle contribution may explain the sign change of the
thermal diffusion of the colloids with increasing temperature.
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3.7 Appendix: Conversion of D tTheoto Dy

The experimentally determindd need to be converted for comparison with the theory by
Dhont [21]. Dhont defineB!®° by the following flux equation,

% pn = DO?py + DYeO2T | (3.26)

wherepny=N/V is the number density of the colloidbl andV are total number of colloids
and the volume respectively.
Experimentally, the fitting function for the TDFRS heterodyne signal is derived from,

ow

T DIw+w(1—w)D0?T (3.27)

which is equal to,

‘;—? =D%p+ ¢(1— @)DT0%T (3.28)

where thew and @ are weight fraction and volume fraction respectively. The volume fraction
can be obtained by,

(p:vo.ﬂ

VR (3.29)

where theV) is the geometric volume of a single colloidal particle. The mass conservation

equation Eq.3.26 can thus be written as,

IpN

V0. - = VODPpy 4 VODIeA2T | (3.30)
that is,
%‘tp = D%+ VoDWeo2T | (3.31)

Comparison of Eq.3.31 and Eq.3.28 yields,

VODtheo
Dr=-<""T . 3.32
T o(1-9) (3:32)

Actually, DI'*° contains two contributions
DY®°= DT + DYShg (3.33)
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theo qrigi i id i i heo i i
whereDY'{i; originates from colloid-colloid interactions am!f’sing is the single particle con-

tribution. Theory predicts that for hard spheres,

PN

h
DEI',?nc; =Do T

(1—0.35¢) (3.34)

to leading order in volume fraction. If we replace m@eom Eq.3.32 by Eq.3.33 and Eq.3.34,

we obtain,
_ DopnVe ;- —_ Do(1-0359) .
DT = (0(1— (p)T (1 0~35§0) + DT,smg - T(l— (P) + DT,smg~ (3-35)
Hence,
Do
Dr = —(1+0.65¢) + D7 sing , (3.36)

again to leading order in volume fraction.
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Abstract
We studied the thermal diffusion behavior ofgEg (decyl octaethylene
glycol ether) in water by means of thermal diffusion forced Rayleigh
scattering (TDFRS). We determined the two diffusion coeffici@hts
D and the Soret coefficiel®r in a concentration range from= 5 %wt
to 25 %wt in a temperature range froiin= 20 °C to 40 °C. The ob-
tained Soret coefficientSr were positive for all temperatures and con-
centrations. Additionally, we also performed dynamic light scattering
experiments in the same temperature range in order to compare the mea-
sured diffusion constants and characterize the system. Special attention
was paid to the tiny amount of inert dye which needs to be added for
absorption and thermalization of the light energy. The influence of an
organic dye and an organic coloured salt on the experimentally deter-
mined transport properties has been studied. The results show that all
coefficients are independent of the choice of the dye for this particular
surfactant system.

4.1 Introduction

Surfactants are widely used as emulsifying agents and detergents and have been investigated
thoroughly ? ?]. Those systems often exhibit interesting physicochemical properties. Espe-
cially nonionic surfactants of the general typgks, wheremindicates the number C-atoms

in the hydrocarbon chain, amtepresents the number of ethylene oxide units (-QCHb) -

OH, have been studied intensively [58? ]. Due to alteration ofm andn, head-group
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interactions and micelles size can be changed systematically. The delicate balance of alkyl-
chain/water repulsion and repulsion between adjacent headgroups within the micelle, together
with surface curvature and limitations due to alkyl chain packing lead to specific characteris-
tics of GyE,, as structural changes of the micelles, phase separation, critical phenomenon, and
so on [5& ]. Furthermore, the addition of electrolytes and nonelectrolytes have a large effect
on the phase behavior of nonionic surfactants because of their effect on the water structure
and their hydrophilicity.

So far many properties of the nonionic surfactant systems have been investigated but
there is limited knowledge on the thermal diffusion behavior for nonionic micellar solutions.
Thermal diffusion describes the thermal diffusion current in the presence of a temperature
gradient. In an binary fluid mixture with non-uniform concentration and temperature, the
mass flowd, of one component contains both contributions stemming from the concentration
and from the temperature gradient [18]:

Jn = —pDOW— pw(1—w) D7OT. 4.1)

D denotes the collective diffusion coefficiebty the thermal diffusion coefficieng the mass
density, andv the concentration in weight fractions. In a stationary state where the diffusion
flow Jn, vanishes the Soret coefficieBt is given by
1 Dw

w(l—w) 0T’
In recent years, considerable experimental effort has been devoted to the thermal diffusion

_Dr
Sr=g5 = (4.2)

of complex molecular systems, such as micellar phases of soluted surfactants, colloidal sus-
pensions, and polymer solutions [72, 53, 681]. The Soret coefficient has been measured
as a function of various parameters, such as charge, temperature and concentration of the
diffusing particles, and the salt content [72]. For aqueous systems it turned out that hydro-
gen bonds can change the thermal diffusion behavior significantly by reversing the’sign [
]. All experiments show that specific interactions and surface effects have a strong impact
on thermodiffusive behavior. Also, the formation of micelles is dominated by interfacial ef-
fects. Therefore, it is expected that the shape of the micelles has an influence on the thermal
diffusion behavior.

In the past, mainly ionic surfactant systems have been investigatell Recently, strong
interaction effects for the Soret coefficient of an ionic micellar system have been observed,
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where the salt concentration dependence of the Soret coefficient for the micellar system is
reversed going from very dilute to higher surfactant concentrations [72]. There is, however,
very little knowledge about the thermal diffusion behavior of nonionic surfactants except for
some preliminary studies orgE, in a thermal diffusion cell in the group of PiazZa][ Due

to the fact that the surfactant has a lower density than water and moves to the cold side, the

measurements were complicated by convection.

Convection problems can be effectively avoided by the so called Thermal Diffusion Forced
Rayleigh Scattering (TDFRS) method. In the experiment rather small temperature differ-
ences of severglK are sufficient to obtain a reliable measurement signal. A drawback of
the method might be the fact that a tiny amount of dye is needed to convert the electric field

energy by absorption into thermal energy. The chosen dye should show a strong optical ab
sorption at the writing wavelength, but only a weak absorption at the readout wavelength of
the otherwise transparent liquids. Ideally, the dye is inert, which means that the dye should
not show any photobleaching and does not contribute to the diffraction signal. For organic
mixtures it has been shown that the addition of an organic dye leads only to a very weak
contribution, which does not influence the mean values but leads to slightly asymmetric error
bars [115]. In the case of aqueous systems it is much harder to find an inert dye. Typically,
the water soluble dyes change their properties and are dependent of pH, ionic strength and
other parameters. For the investigation of the surfactant system we used two different dyes:
basantol yellow P ], a tri-valent metal organic salt which is directly soluble in water, and
alizarin, an organic dye which becomes soluble only in the presence of the surfactant. Both
organic compounds probably change the balance of the hydrogen bond formation and it is
expected that the phase behavior of the micelles is influenced. Especially for electrolytes
there are numerous studies for surfactant systénts? ? ? ? ?]. Depending on the nature

of the anion the two-phase boundary either shifts to lower or higher temperatufeBlie

to the fact that the added dye is a tri-valent salt we expect a change of the phase behavior by
addition of the dye. In order to study the influence of the dye we performed all measurements
with both dyes.

In this paper we describe thermal diffusion measurements of the surfagtfiatiCwater
in a concentration range from = 5 — 25 %wt at 20,30 and 40C. Additionally, we also
performed dynamic light scattering measurements to characterize the system.
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Figure 4.1:(dn/dT),, , of C10Eg in water as a function of the surfactant weight fraction at
20° (W), 30° (@) and 40 (A). The samples contained the same small amount of basantol
yellow [? ] as used in the TDFRS experiment.
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4.2 Experiment and data analysis

4.2.1 Sample Preparation and contrast factors

C10Es ([CH3(CHy)o-(OCH,CH,)gOH], decyl octaethylene glycol ether; purity98%; M.W.
=510.72) was purchased from Fluka BioChemika, Japan. The surfactant was used without
further purification. The alizarin was purchased from Riedel-d&aHand basantol yellow we
obtained from BASF.

In order to prepare the samples for the TDFRS experiment a small amount of dye needs
to be added to the samples. The dye has an absorption band at the wavelength of the writing
beam Ay, = 488nm and is transparent at the read-out wavelemgth; 633nm. The absorp-
tion coefficient ai\,, was adjusted to a value = 1.5— 3 cm2. This low absorption leads to
a weight fraction of less thah0~° basantol yellow. The weight fraction of the alizarin is of
the same order of magnitude.

If we used basantol yellow as the dye, we first prepared an aqueous solution with the
desired absorption using deionized water (Milli-Q). Then the surfactant was added and stirred
at least for 4 hours at room temperature. In the case of the organic dye alizarin, we added
the dye and the surfactant at the same time. The mixture was then also stirred at least for 4
hours at room temperature to mix all components thoroughly. After preparation the solutions
were filtrated by a 0.4%m filter (Spartan) directly in the sample cells. The sample cells for
the TDFRS experiment were Quartz cells (Hellma) with a layer thickness of 0.2 mm. For the
light scattering experiment we used cylindrical glass cells with an inner diameter of 8.5 mm.
The optical path length of the cells for tén/JT )w,, experiment was 10 mm.

The temperature derivative of the refractive indéx/dT),, , was determined at, =
6328 nm, using a scanning Michelson interferometer [5]. Figure 5.2 sr(dan)W‘p
of Cy1oEg in water as a function of the weight fraction. The refractive index increments
(dn/ow), 1 were determined with an Abbe refractometer at three different temperatures
T =20, 30 and 40C to (dn/dw), +=0.134, 0.132 and 0.130, respectively.

4.2.2 TDFRS and DLS

The TDFRS experiment operates as follows: A grating, created by the interference of two
laser beamsA, = 488nm), is written into a sample. A small amount of dye, dissolved in the
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sample, converts the intensity grating into a temperature grating (thermal grating), which in
turn causes a concentration grating by the effect of thermal diffusion. Both gratings contribute
to a combined refractive index grating, that is read out under Bragg condition by another laser
of different wavelengthX; = 6328 nm). Analyzing the time dependent diffraction efficiency
the transport coefficients (mutual diffusion coefficienthermal diffusion coefficierDt and
Soret coefficienSr) can be obtained, requiring neither external calibration nor absolute in-
tensity measurement. Other characteristic features of TDFRS experiments are the elimination
of convection due to the low temperature modulation of seyekaland the short equilibra-
tion times of the order of milliseconds, as well as the simultaneous yielding of the transport
coefficients in one single measurement. A more detailed description of the set-up can be
found elsewhereq ?]

The dynamic light scattering (DLS) measurements were carried out in the angular range
20° < 8 < 120°. A Kr-ions laser was used as the light source (wave leAgth647.1 nm).
An ALV-5000E correlator was used to measure the correlation function of scattered light.
The cylindrical sample cell was placed in a temperature controlled bath with a temperature
stability of T = £0.1°C, the temperature of which was controlled with an uncertainty of 0.1
°C. The sample solutions were kept at measured temperature for at least 30 minutes to ensure
equilibrium before starting data acquisition.

4.2.3 Data analysis

The normalized heterodyne diffraction intensity of the TDFRS experiment for a binary mix-
ture is given by:

-1
Chet(t) = 1+ <g¥> (dn) - Srw(1—w) (1— e‘qut> (4.3)

wp ow

The quantitiegdn/dT),, , and(dn/dw), ; do not follow from the TDFRS experiment and
have to be determined separately.

4.3 Results and Discussion

Figure 5.8 shows the phase diagram for decyl octaethylene glycol eibEgjn water [? ],
which shows in the displayed temperature range no two-phase region. In the literature it is re-
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Figure 4.2: Schematic phase diagram qblEg [? ] in water. The different regions are
abbreviated in the following way: micellar solution (L), hexagonaj)(ldnd the solid of
pure GoEg (Scioeg. The solid circles represent the concentrations and temperatures where

TDFRS measurements have been performed.
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Figure 4.3: Soret coefficient, thermal diffusion coefficient and diffusion coefficient ¢4
(w=0.15) in water at different temperatures containing basantol yell@)y &nd alizarin

(m). For comparison the diffusion coefficients were also determined by DLS measurement
without dye (A\) and with basantol yellow®).
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Figure 4.4: Diffusion coefficient of {gEg in water for different surfactant concentrations
(w=0.05(l),w=0.15(®), w=0.25(A)) in dependence of temperature. The open symbols
refer to DLS experiment while the solid symbols refer to the TDFRS measurements. In both
experiments the solutions contained basantol yellow.

74



4. SORET EFFECT IN A NONIONIC SURFACTANT SYSTEM WITH A SIMPLE PHASE BEHAVIOR

ported that there is a critical temperature aro86dC, but no critical concentration is given

[? ? ]. TDFRS experiments were carried out in the micellar solution phase which are indi-
cated by solid circles in the phase diagram. In the investigated temperature and concentration
range GoEsg in water forms probably only spherical micelles, but it might be expected that

at higher concentrations close to the hexagonal phase also cylindrical micelles are formed. 4.
The experimental temperature and concentration range is far from the critical temperature so
that the diffusion of the micelles is still not dominated by the critical slowing down.

One crucial aspect is the addition of the dye. It needs to be scrutinized that the dye does
not change the phase behavior of the surfactant system. As already mentioned in Section 4.1,
especially due to the addition of an electrolyte as in the case of basantol yellow, the phase
behavior of the surfactant system can be changed significahtly Another complication
might come from the hydrophobic/hydrophilic hybrid nature of basantol yellow which might
act as a cosurfactant. Therefore, we made also measurements with alizarin as organic dye
and compared the results obtained for the diffusion coefficient by the TDFRS experiment
with DLS measurements, which were also performed without dye. The results for a surfac-
tant concentration ofv = 0.15 are displayed in Fig. 4.3. The Soret coefficients show a very
weak temperature dependence, while the thermal diffusion and diffusion coefficient increase
with temperature. The obtained results are independent of the chosen dye. The diffusion
coefficients agree with the diffusion coefficients which were obtained from DLS experiment
with and without dye. These results indicate that the added dyes do not have any significant
influence on the diffusion of micelles, which implies the size and the structure of micelles are
not modified by the addition of dyes in the experimental condition. This is also confirmed
in Fig. 4.4, which shows the diffusion coefficients foigEg for different concentrations
(w=0.05,0.15,0.25) in dependence of temperature measured by DLS and TDFRS. The so-
lutions for the DLS measurements contained the same amount basantol yellow as the TDFRS
sample. The diffusion constants increase with temperature and the values obtained with the
different methods agree within the error bars. The error bars refer to one standard deviation.
Nevertheless, the diffusion coefficients determined by DLS seem to be systematically lower
than the values obtained by TDFRS. This is probably caused by the different weighting of
the two methods. The TDFRS signal is weighted by the mdssf the micelle, while the
DLS correlation function is weighted by the square of the migs of the micelle.
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Figure 4.5: Normalized heterodyne sigggd; measured for ggEg (w=0.15T = 20°C; top
figure) and GoEg (w = 0.05, T = 30 °C; bottom figure) in water. The solutions contained
either basantol yellow@) or alizarin @) as dye. In the lower figure the inset shows the
enlarged diffraction signajhet for the aqueous {3Eg with basantol yellow.
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The Soret coefficient of {gEg is Sr=0.032+ 0.005 which is obtained from averaging
over all data points shown in Fig. 4.3. The positive sigrspfcorresponds to that the con-
centration gradient is established with the migration of micelles towards the cold side of the
fluid. Here we use the sign notation 8¢ as follows: In a binary mixture of A and Eg of
A is positive if A moves to the cold side. Therefore, the sign does not depend on the density
of two components. In the case of the SDS (sodium dodecyl sulfate) micelles, the Sgn of
is also positive [72]. The value & of Cy1oEg has the same order of magnitude with SDS
micelles, although we can not directly compare the magnitudes because of a huge contribu-
tion of electrostatic forces on thermal diffusion behavior for SDS systems. So far, there are
no data for the Soret coefficient of nonionic micelle systems for comparison. It is desired, for
example, to study other nonionic surfactants in the same family,#&%.Cindeed, ongoing
research shows interesting features in regard to the choice of dye and to the dependencies
of temperature and surfactant concentration. For instang&g@n the micellar phase show
a dramatic changes in their thermal diffusion behavior. The use of dye, alizarin, induces
ca. 30-folds intensity of TDFRS signal in comparison with the dye basantol yellow (Fig.
4.5). Furthermore, GEg solution with basantol yellow showed a two-mode behavior. At the
present stage, we do not discuss this point. But it needs to be pointed ouidBaisCa well
characterized system which forms only spherical micelles while other surfactants often show
a transition to more elongated micelles. It suggests that a modification of interactions at the
interface leads to a structural change of micelles which may have a relation with the thermal
diffusion behavior to a great extent. To clarify these system dependence behaviors we will
report the experimental results for several nonionic surfactant systems in the future.

4.4 Conclusions

The presently investigated surfactanpEg in water which shows the same behavior on ther-
mal diffusion independently of the nature of the added dye by means of TDFRS and DLS
experiments. On going research shows that this is not a general feature. Another nonionic
surfactant G;Eg shows a drastic change in thermal diffusion behavior with the choice of the
dye. To clarify under which circumstances the behavior remains stable or is changed will be
object of future research.
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We studied the thermal diffusion behavior of Eg (hexaethylene gly-

col monododecyl ether) in water by means of thermal diffusion forced
Rayleigh scattering (TDFRS) and determined Soret coefficients, ther-
mal diffusion coefficients and diffusion constants at different tempera-
tures and concentrations. At low surfactant concentrations the measured
Soret coefficient is positive which implies that surfactant micelles move
towards the cold region in a temperature gradient. FpEglwater at

a high surfactant concentration wf = 90 wt% and a temperature of

T = 25°C, however, a negative Soret coeffici@twas observed. Since

the concentration part of the TDFRS diffraction signal for binary sys-
tems is expected to consist of a single mode, we were surprised to find
a second, slow mode for;gEg/water system in a certain temperature
and concentration range. To clarify the origin of this second mode we
investigated also , §E4 (tetraethylene glycol monohexyl ether)gk;
(tetraethylene glycol monooctyl ether),;£Es (pentaethylene glycol
monododecyl ether), gEs (octaethylene glycol monohexadecyl ether)
and compared the results with the previous results fgE&(octaethy-

lene glycol monodecyl ether). Except fogE; and GoEg a second
slow mode was observed in all systems usually for state points close to
the phase boundary. The diffusion coefficient and Soret coefficient de-
rived from the fast mode can be identified as the typical mutual diffusion
and Soret coefficients of the micellar solutions and compare well with
the independently determined diffusion coefficients in a dynamic light
scattering experiment. Experiments with added salt show that the slow
mode is suppressed by the additiomgf,c) = 0.02mol/L sodium chlo-

ride. This suggests that the slow mode is related to the small amount of
absorbing ionic dye, less thdi®> by weight, which is added in TD-
FRS experiments to create a temperature grating. The origin of the slow
mode of the TDFRS signal will be tentatively interpreted in terms of a

ternary mixture of neutral micelles, dye-charged micelles, and water.
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5.1 Introduction

Surfactants in solution are used extensively in the production of food, pharmaceuticals, cos-
metics, detergents, textiles, and paints, and are also important in enhanced oil recovery. Sur-
factant systems often exhibit interesting physicochemical properties due to the difference in
chemical composition of the head and tail groups of the surfactant molecules. In the past
three decades nonionic surfactants of the general tyji&, Gvherem indicates the number

of C-atoms in the alkyl chain (the tail), amdepresents the number of ethylene oxide units (-
OCH,CHy)s-OH in the head group, have been studied intensively [58]. In agueous solutions,
these surfactants form a variety of structures including spherical or elongated micelles, lamel-
lae, and inverted micelles. The boundaries between different phases as well as the structure
of the micelles in the micellar phase are determined by the hydrophilic/hydrophobic balance
of CnEy in water, which depends on temperature and concentra2i68]

Diffusion in a multi component fluid may be driven by composition, temperature, or pres-
sure gradients. For mixtures subject to a temperature gradient at constant pressure, thermal
diffusion, also known as Ludwig-Soret effect, leads to the formation of a concentration gra-
dient. In the case of a binary mixture the flulg, of one of the components in response to
the temperaturel, and concentrationyy, gradients may be written as [107]

J1=—-D(pOwy + pwy (1—wq) SrOT), (5.1)

whereD is the translational mass diffusion coefficieBt, the Soret coefficient, and the
total mass density. The thermal diffusion coefficiBntis related to the Soret and diffusion
coefficients througlbt = DSy. In the steady state of the system, where the Jluxanishes,
the Soret coefficient describes the ratio of concentration and temperature differences along
the direction of the gradient. We use the sign convention that the Soret coefficient is positive
if the first named component is enriched in the colder region [51]. Thermal diffusion has
important applications, for example, in the separation of solutes. The effect is related to
chemical and physical properties such as the mass of the molecules, the structure of the
solutes, and chemical interactions. However, the microscopic mechanism of the effect is not
yet completely understood, especially for complex systems .

In recent years, considerable experimental effort has been devoted to the thermodiffusion
of complex molecular systems, such as micellar phases of soluted surfactants, colloidal sus-
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pensions, and polymer solutions [72, 53,,81, 112 ]. Experiments P 72] and theoretical
calculations P 30] on the thermal diffusion behavior of micellar systems have mostly been
carried out for ionic surfactant systems. Experiments yielded positive Soret coefficients of
the micelles for all systems studied. Piazza and Guarino also investigated how the addition
of salt changes the Soret effect and found that, in the dilute regime, the Soret coefficient
decreased with increasing salt content [72], while the opposite is true for higher surfactant
concentrations. They interpreted their findings in terms of the Debye screening length using

an interfacial tension mechanism proposed by Ruckenstein [87].

Recently, we studied the thermal diffusion behavior of the non-ionic surfactgyiigC
in water in a thermal diffusion forced Rayleigh scattering (TDFRS) experiment [66]. The
obtained Soret coefficientS were positive for all temperatures and concentrations and
the diffusion coefficients determined by TDFRS agreed with those obtained by dynamic
light scattering (DLS). In the concentration and temperature range investigated in that work,
CioEg/water forms primarily elongated spherical micell@s][and undergoes no structural
transitions. In the present work we focus on the systeptgiwater, which exhibits rich
phase behavior and the coexistence of spherical and elongated micelles in a certain temper-
ature and concentration range [? ]. We studied systematically the dependence of the
transport coefficients on temperature, surfactant concentration, and salt concentration. Sur-
prisingly, we found for this surfactant system a second mode in the TDFRS experiment in a
certain temperature and concentration range. Since such a two-mode behavior has not been
observed in micellar solutions before, we investigated several other surfactant systems in or-
der to clarify the origin of the second mode. Surprisingly, we found for this and several other

systems a second mode in the TDFRS experiment, which has not been observed before.

The paper is organized as follows: in the next section, Sec. 5.2, we present the working
equations that are used to analyze the TDFRS experiments and explain an iterative procedure
to correct for inadequacies of the electronic instrumentations. In the experimental section
(Sec. 5.3) we describe briefly the sample preparation, the experimental apparatus and the
determination of refractive index increments, which are necessary for the evaluation of the
diffraction data. We discuss also the choice of dye, which is necessary to create a temper-
ature gradient. In Sec. 5.4 we present thermal diffusion results for {piesMvater system
for a range of temperatures and concentrations. For a very high surfactant concentration,
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where the surfactant forms inverted micelles in water, we observe a negative Soret coefficient
for the surfactant, which is uncommon for micellar solutions. For lower surfactant concen-
trations, the Soret coefficients ofi§Eg/water are positive. For a certain temperature and
concentration range, we observed an unusual second mode in the TDFRS signal. Results of
our investigation of several other surfactant systemd&4CCgE4, Ci2Es, and GgEg), also
presented in Sec. 5.4, allow us to relate the appearance of the mode to the distance from the
boundary to the two-phase region. Furthermore, experimentg sy @ith added salt show

that the origin of the second, slow mode is ionic in nature. In Sec. 5.5 we summarize our

results and present a tentative interpretation of the origin of the slow mode.

5.2 Working equations

5.2.1 TDFRS

The diffraction efficiency of the optical grating created in a TDFRS experiment changes with
time, t; a thermal grating is formed first and induces at later times a concentration grating.
When the total intensity of the diffracted beafRe:(t), is normalized to the thermal signal the
Soret coefficientSr, and the diffusion coefficienD, may be determined from the amplitude
and the time constant dfe(t), respectively,

-1
Znet(t) = 1+ <g¥> ( on )T.psrwl(l—wl) (1—e—q2D‘). (5.2)

w,p 0W1

The partial derivatives in Eq. (5.2) represent the increments of the refractive imdeikh
temperatureT, and mass fractiony; at constant pressurg, and are measured separately.
The scattering vectog, is also determined independently.

Equation (5.2) describes a TDFRS signal with a single mode decay. In some of the ex-
periments on micellar solutions a second, slower mode was also observed. The two-mode
TDFRS signals were well described by the following expression for the normalized hetero-
dyne intensity

-1
Zhet(t) = 1+ (Z?) ( on )T’pwl(l—wl) (5.3)

wy.p \OWL

(sTf X (1— e*qZth) + Sre x (1— e’qustD ,
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Figure 5.1: Measured excitation function in comparison with an ideal excitation function.
The inset shows an enlargement of the plateau.

where the subscripté ands stand for fast and slow mode, respectively, and where the decay
times and the amplitudes of the two modes have been expressed in terms of two diffusion
coefficientsDt andDs, and two amplitude coefficientSr+ andSrs, respectively. Our results
presented in Section 5.4 show that the fast-mode observed in solutions with two-mode decay
is very similar to the single mode observed in solutions with one-mode decay. This suggests
that the coefficient® s andSr¢s may be identified with the typical mutual diffusion and Soret

coefficients of the micellar solutions.

The theory for TDFRS experiments assumes a step function for the excitation of the
thermal grating. In actual experiments, this ideal excitation function is often not realized due
to the limited rising time of the optical grating. Wittko andHler [115] developed a method
that takes this non-ideality into account: In the course of an experiment, one measures both
the TDFRS signal and the rise of the intensity in one of the fringes of the optical grating
(see Sec. 5.3.4). This rise in the intensity represents the actual excitation function of the
thermal grating. The measured TDFRS signal and the measured excitation function are then
deconvoluted in an iterative process to yield the "ideal” TDFRS signal. We extended the
approach of Wittko and &hler [115] to the case of a two-mode decay and included error
estimates and the corresponding weights in the fits to the measured signals. Fig. 5.1 displays
a typical excitation in comparison with the ideal step excitation function. The rising time
for the optical grating to reach 98% of the final intensity value is on the order pfs2énd
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is followed by a slower increase of the intensity. The final value of the intensity is reached
after 0.5 s. Since the characteristics of the excitation function may change with time, it is

necessary to measure the excitation function frequently between measurements.

5.2.2 DLS

The auto correlation function of the scattered light intengi®) (q,t) is related to the nor-

malized field correlation functiog® (g,t) by

9?1 =B(1+819Y @) ) (5.4)

whereB andf are the base line and a constant related to the coherence of detection, respec-
tively [? ]. Measured correlation functions were analyzed by the cumulant method to obtain
an average decay raffe

In|g® () |= 7ﬁ+%t2—§t3+m (5.5)

wherey; is the i-th cumulant angdlz/r_2 gives the normalized dispersion of the distribution.
When the fluctuation of the scattered light intensity is due to the translational diffusive motion
of the solute molecules, the decay rités related to the translational diffusion coefficient
throughD = I /cf.

5.3 Experiment

5.3.1 Sample Preparation.

Ci12Es (hexaethylene glycol monododecyl ether ; purity98%) was ordered from Nikkol
Chemicals, Tokyo. gE4 (tetraethylene glycol monohexyl ether; purity98.3%) was pur-
chased from Bachem AG, Switzerland.;2Es (pentaethylene glycol monododecyl ether ;
purity > 98%), CgE4 (tetraethylene glycol monooctyl ether ; purity 98%) and GgEsg
(octaethylene glycol monohexadecylether; putit98%) were purchased from Fluka Bio-
Chemika, Japan. All surfactants were used without further purification.
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Figure 5.2:(dn/dT),, , of C12Es in water as a function of the surfactant concentration at
20°C (m), 25°C (@), 30°C (A), 35°C (v), 40°C (#). The samples contained the same small
amount of basantol yellow typically used in the TDFRS experiment. The open symbols refer
to a measurement;gEg (W = 0.05) without dye. The error bars correspond to one standard
deviation of the mean for repeated measurements. They barely exceed the symbol size.
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Figure 5.3: Schematic drawing of the TDFRS set-up. The two flip mirtddisandM2, and

the multimode fiber serve to measure the excitation function of the optical grating.

In order to prepare the samples for the TDFRS experiment a small amount of dye needs
to be added to the samples. In the experiments we used basantol y&lojw,d triva-
lent salt (Cobalt complex) which was provided by BASF. Basantol yellow is delivered as
an aqueous solution, which contains also small amount of 2-(2-butoxyethoxy-)ethanol and
2,2'-dihydroxydipropylether. Drying the powder before adding it to the surfactant solution
did not lead to a significant difference in the result. The optical densiy; atas adjusted by
addition of 0.001 wt% basantol yellow fio5 — 3 cm™.

For the experiments, we first prepared an aqueous dye solution with the desired absorption
using deionized water (Milli-Q). Then the surfactant was added and stirred for 4 hours at
room temperature. For most of this work, we used solutions with less than 30 wt% surfactant
(see Fig.5.8). However, for the,6Eg surfactant, experiments were also carried out at a high
surfactant concentration (90 wt%). After preparation, the solutions were filtered by a 0.45
um filter (Spartan) directly into the sample cells. For the TDFRS experiment we used Quartz
cells (Hellma) with a layer thickness of 0.2 mm. The sample cells were sealed tightly by a
Teflon stopper. In the light scattering experiment we used cylindrical glass cells with an inner
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diameter of 8.5 mm. The optical path length of the cells used to determine the refractive
index increment with temperatut@n/oT )y,p was 10 mm.

5.3.2 Refractive index increments

The quantitiegdn/dwi )y , for the surfactant systems were determined with a single mea-
surement cell by means of a scanning Michelson interferometer operating at a wavelength
of 632.8 nm [115]. In this way we obtainddn/dw, )y ,=0.130 at T=25C. Measurements
with an Abke refractometer between 20 and 40C confirmed this value and showed that
(dn/owr)r , is constant in the investigated temperature raf@gg dw; )1 ,= 0.131+0.001

Figure 5.2 shows the refractive index increments with temper&fimgdT),, , of C12Es
in water as a function of surfactant weight fraction at different temperatures. The samples
used for the(an/ﬁT)wp measurements came from the same batch as those samples measured
in the TDFRS experiment and contained the same small amount of basantol yellow. The
difference to a sample without dye is smaller than 1% (see open symbols in Fig. 5.2). For
the high surfactant concentrationwf = 90 wt% we measure@n/dT),, , = —3.71x 1074
K~ at25°C.

5.3.3 Dynamic light scattering

The dynamic light scattering (DLS) measurements were carried out for angles between 20
and 120. AKr-ion laser was used as the light source (waveleiAgth647.1 nm). Correlation
functions of scattered light were measured by an ALV-5000E correlator. The cylindrical
sample cell was placed in a thermostated bath, which was controlled with an uncertainty of
0.1°C. The sample solutions were kept at the measured temperature for at least 30 minutes

to ensure equilibrium conditions before starting data acquisition.

5.3.4 TDFRS

The experimental setup of TDFRS is sketched in Fig. 5.3. The interference grating was
written by an argon-ion laser operating at the wavelength 9488 nm. The grating was
read by a He-Ne laser at=632.8 nm. The intensity of the diffracted beam was measured
by a photomultiplier. A mirror mounted on a piezo crystal was used for phase shift and
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stabilization to obtain the heterodyne signal. The flip miividrin front of the cell was used

to image the diffraction grating on a CCD camera to determine the grating vector. The typical
grating vector in the experiments was aroung 3100cm~* which corresponds to a fringe
spacing around = 20 um. A second flip mirroM2 in front of the CCD camera was used to
record the excitation function. For the measurement of the excitation function a second fiber
(multi mode) was connected to the photomultiplier and the same recording equipment was
used as for TDFRS measurements.

The TDFRS measurements were carried out in a temperature range from 20.0%6.40.0
The temperature of the sample cell was thermostatically controlled by circulating water with
an uncertainty of 0.02C. Deterioration of the sample due to long heating and absorption
of carbon dioxide leads to changes in the absorption spectrum. Therefore, we measured the
absorption spectrum after each TDFRS experiment and discarded the samples when changes

were significant.

5.3.5 Dye influence on the TDFRS signal

In this section we study in more detail the influence of the added dye. Ideally, the dye is
inert, which means that there is no photobleaching and no dye contribution to the diffraction
signal. For organic mixtures, it has been shown that the addition of an organic dye results in
very small dye contributions to the signal (on the order of 0.5%). These contributions do not
influence the mean values of the transport coefficients but lead to slightly asymmetric error
bars [115]. In the case of aqueous systems it is more difficult to find an inert dye. Typically
the spectroscopic properties of dyes depend on pH, ionic strength and other parameters. We
investigated roughly 30 different water soluble dyes. Of those, only basantol yellow and
alizarin were inert with respect to the TDFRS experiment. Due to the strong pH-dependence
of the absorption spectrum of alizarin, and since alizarin is only soluble in the presence of
the surfactant, we preferred basantol yellow and employed it throughout the experiments
described here. Basantol yellow has already been used successfully in numerous studies on
polymer solutions? 46] and with another non-ionic surfactant system.[66] As it turns out,
this dye has a physical effect on the micelles of some of our non-ionic surfactant systems.
In order to separate these effects from potential spurious dye effects, we estimate in this
section contributions of the dye itself to the TDFRS signal. Later, in Sections 5.4 and 5.5,
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Figure 5.4: Excitation function®) in comparison with heterodyne sig gf of an aque-
ous solution of basantol yellow with various optical densities: 3.9%), 5 cn? (v),
5.5 cntt (<), 7 enmt (A), 10 entt (O, O). The inset shows the concentration signal for

the highest and lowest dye concentrations.

we investigate and discuss the effect of the dye on interactions between micelles.

As a first test, we measured the diffraction signal for five aqueous solutions of the dye.
For an inert dye, there should be no concentration contribution to the signal but only a thermal
contribution, which becomes identical with the excitation function at long times. Figure 5.4
shows a comparison of the excitation function for an aqueous solutions of basantol yellow
with various optical densities between 3.9 ¢hand 10 cm! at a wavelengtiA =488 nm.

The inset in figure 5.4 shows a clear concentration contribution to the signal for the highest
dye concentration. However, at typical dye concentrations, the amplitude of the concentration
signal is very low and typically below 1% of the total signal. From the time dependence of the
diffraction signal, we can also determine the thermal diffusivity of water. The extrapolated
thermal diffusivityDy, = 1.37 x 10~3 cn?s ™! for an optical density of 2 cm' at a temper-

ature of T = 25°C compares well with the literature value Bfy, = 1.45x 10 3cm?s 1 for

water [? ]. From the concentration contribution to the TDFRS signal in aqueous dye solu-
tions, we estimate that the contribution of the dye to the amplitude of the concentration signal
for a measurement of the surfactant in water is typically below 0.5%. Only for very lowest
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surfactant concentrations{ < 5 wt%) is the contribution of the dye around 5%. Due to the
smallness of the dye contribution to the TDFRS signal we neglect it in the following.

We also investigated the distribution of the dye in the micellar solutions. Etes,CgE4,
Ci0Es, Ci2Es, Ci2Eg, Ci16Eg We prepared aqueous solutions with surfactant concentrations
wy = 2.5% and for GE4 with w; = 5%, which are above the critical micelle concentration.
All solutions contained a typical amount of basantol yellow and were quenched 1y 5
the two-phase region. After the temperature quench we waited until the surfactant-rich und
the water-rich phase had formed. In the case of the long-chain surfactant systefs, C
Ci12Es, and GgEg/water, the color of the upper, surfactant rich phase was a deep orange and
that of the lower phase was colorless. For the shorter chain surfacgiis@gE,, and GoEg
the colors of the surfactant-rich and water-rich phase were a deeper and fainter orange, re-
spectively. For GEg we also tested the effect of salt on the distribution of the dye and found
that even an amount of salt that is sufficient to suppress the second mode (see Sec.5.4.3) does
not change the color of the phases. For tigEgsystems studied here, the dye distribution
between the two phases reflects the surfactant concentration; the dye is enriched in the sur-
factant rich phase and depleted in the water rich phase. The surfactant concentration in the
water rich phase decreases rapidly with increasing chain length of the alkyl chains of the sur-
factants P ]. Since the dye concentration in the water rich phase, as indicated by the color of
the phase, also decreases rapidly with alkyl chain length we conclude that the dye molecules
are attracted to the surfactant molecules. Nevertheless, the temperature grating in the TDFRS
experiment is not expected to be influenced by this attraction since, first of all, all experi-
ments were performed in the homogenous micellaphase with a homogenous surfactant
distribution. Furthermore, we did not observe a shift of the absorption band to longer wave-
length as has been observed for colloidal systems, where the dye molecules are preferentially
adsorbed on the colloidal surface [16]. This suggests that the constant exchange of surfactant
molecules between micelles and solution prevents the formation of stable adsorbates.

As will be discussed in Sec. 5.4.2, we investigated the effect of the dye on the phase tran-
sition temperature for the GEg/water system and found that the dye increases the transition
temperature for low surfactant concentrations. Since the change in the phase transition tem-
perature is generally not large and decreases with increasing concentration, we do not expect
a strong effect on the measured diffusion and Soret coefficients, except for dilute solutions
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very close to the phase boundary.

5.4 Results

In this section we present the TDFRS results feskg in water and compare them with re-

sults for other GEn/water systems. We start with a comparison of the measured diffraction
signals of G,Eg with those obtained recently forgEg [66]. In contrast to the previous mea-
surements we observed a second mode fgEEin water. Further analysis of the data shows

that the diffusion coefficients determined from the fast mode agree well with the literature.

In the following subsection we discuss TDFRS signals for four more non-ionic surfactant
systems to establish patterns in the occurrence of the second mode. In the last subsection we
discuss the influence of salt on the second mode.

5.4.1 Characteristics of C 12Eg in water

Fig. 5.5 displays normalized heterodyne signals fgsHg and GoEg. For both surfactants,
the signals are normalized to the thermal plateau, which is reached at aroupcs 50be
difference in the signals is quite striking. While in the case gjfifg the diffraction intensity
increases steadily before reaching its steady state plateau, in the casEgfie diffraction
signal passes through a maximum and decays to the final equilibrium value. This two-mode
decay of the TDFRS signal is characteristic fapEs solutions at higher temperatures and
lower surfactant concentrations (see Fig. 5.8) and was not observed for concentrations above
wy = 25 wt%in the investigated temperature range.

As an independent test of our TDFRS results, we performed dynamic light scattering
(DLS) experiments on {3Eg in water with and without added dye. We found that the addition
of the dye did not lead to significant changes in the measured values for the mass diffusion
coefficientD. Figure 5.6 shows DLS and TDFRS results for the diffusion coefficient eiE§£
for different temperatures as a function of concentration. In these experiments, the solutions
for the DLS measurements contained the same amount of basantol yellow as the TDFRS
samples. In the TDFRS experiments, the diffusion coefficients were derived from the fast
mode. The results presented in Fig. 5.6 show that the values obtained by the two different
methods agree within experimental error, where the error bars correspond to one standard
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Figure 5.5: Normalized heterodyne sigidgi; measured for GEg (wp = 5 wt%) at different
temperature§ = 20°C (), 25°C (0), 30°C (»), 35°C (V), and40°C (O) (upper figure)
and GoEg (w1 = 15wt%, T = 20°C (OJ)) (lower figure), respectively.
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Figure 5.6: Diffusion coefficient of GEg/water in dependence of surfactant concentrations

at different temperatureb = 20°C (H, [J), 25°C (@, O), 30°C (a, A), 35°C (v, V), and

40°C (4, O) determined by TDFRS (solid symbols) and DLS (open symbols). In the case
of two-mode TDFRS signals, the data presented in this graph were determined from the fast
mode. For both TDFRS and DLS measurements the solutions contained basantol yellow.
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Figure 5.7: Soret coefficielgr, diffusion coefficienD, and thermal diffusion coefficiemr

of C12Eg in water in dependence of the surfactant concentratiofor different temperatures
T=20°C (H, 0O), 25°C (@, 0), 30°C (A, A), 35°C (v, V), and40°C (¢, ¢). The

solid symbols refer to the fast mode and the open symbols to the second mode. The solid
line in the top graph is a guide to the eye for the decreasing Soret coefficient with increasing

concentration.
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deviation.

The diffusion coefficient data in Fig. 5.6 show a pronounced minimum at a weight fraction
of aboutw = 2.5 wt%. This is expected for mixtures near a phase boundan} [and
agrees with earlier observations on this and related nonionic micellar soluBofs P ?

]. For small surfactant concentrations, the diffusion coefficients decrease with increasing
temperature while the opposite is true for larger surfactant concentrations. In addition to the
vicinity of the phase transition, micellar growt® ] and the onset of entanglements between
micelles [? ] are believed to contribute to the complicated composition and temperature

dependence of the diffusion coefficients in micellar solutions.

Figure 5.7 provides a survey of the measured Soret coefficgntiffusion coefficients
D, and thermal diffusion coefficientdt of C15Eg in water as a function of the surfactant
concentrationw; at different temperatures. The data determined from the single mode in
solutions with one-mode decay and from the fast mode in solutions with two-mode decay
are represented by filled symbols in Fig. 5.7 and are also presented in Table 5.1. Since their
signals show the same characteristics they will be referred to collectively as “fast mode” data.
In the concentration range presented in Fig. 5.7, the fast mode Soret coefficients are positive
for all temperatures investigated. For concentrationgt% < w; <30 wt%, theSr values
decrease with increasing surfactant concentration. At its maximumwmear5 wt%, Sy
increases strongly with temperature. The temperature dependence becomes less pronounced
at higher concentrations and, at a concentratiomof 30 wt%, the Soret coefficient is tem-
perature independent within the experimental error. For concentrations smallér wié
the fast mode Soret coefficients are quite small and show little dependence on temperature.
Unfortunately, the data for very low concentrations are quite noisy due to the small amplitude
of the concentration signals so that it is difficult to discern the concentration dependence in
this range. Not shown in the figure is our result for a solution at high surfactant concentra-
tion, w1 = 90 wt%, where inverted micelles form. For this concentration, the Soret coefficient
Sr = —0.011+ 0.001is negative, indicating that the inverted micelles move to the warmer

regions of the fluid.

The coefficients determined from the slow mode of the TDFRS signal are represented by
open symbols in Fig. 5.7. The diffusion coefficients associated with the slow mode decrease
monotonically with increasing composition and approach zero as the amplitude of the slow
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modes vanishes nedf wt% While the values of the slow-mode diffusion coefficients are
comparable to those determined from the fast mode for low concentrations, they become
markedly smaller for concentrations larger thab wt%. Just as in the case of the fast
mode, the amplitude of the slow mode decreases with decreasing temperature and increasing
composition for intermediate compositions. However, the sign of the amplitude is negative
indicating that the species responsible for the mode is enriched in the warmer regions of the
fluid. In order to interpret the slow mode coefficients, we recall that TDFRS signals with
two-mode decays have previously been observed in ternary mixtures of a dilute polymer in
mixed solvents? ]. For ternary mixtures where cross effects between the two solutes can be
neglected, the heterodyne signal intensity may be express@d as [

on\* on D
zhet<t>:1+i;2(m> <0Wi>_r’p.w#iwi(1—wi)sﬂ><(1—9q Y. ©8)

W1,W2,p

wherei € {1,2} denotes the solute species. This expression reduces to Eq. (5.3), when the
composition variations of the index of refraction are not sensitive to the solvent species,
and when a prefactar= wy(1—w,)/wi(1—wj) is included in the definition of the second
amplitude coefficienGrs in Eq. (5.3). Our discussion in Sec. 5.5 suggests that the inclusion
of dye molecules in some micelles may be responsible for the slow mode. Such micellar
solutions may be considered ternary mixtures of regular micelles, dye-marked micelles, and
water. In this case, the index of refraction changes are indeed expected to be insensitive to
the micelle species, which justifies treating them as a common prefactor in Eq. (5.3). Since
the dye concentration is extremely low and constant, the dye marked micelles are dilute at
all surfactant concentrations. This implies that cross-diffusion contributions to the decay
times may be neglected and that the diffusion coeffici@htsand Ds may be associated

with the mass diffusion of the regular micelles in water and the self-diffusion of the dye-
marked micelles in the solution, respectively. While for high surfactant concentrations a
cross contribution to the amplitudes cannot be excluded, cross diffusion effects are expected
to be negligible for low surfactant concentrations. This implies that the amplitude coefficient
Srs is closely related to the Soret coefficient of the dye-marked micelles. However, since
the exact concentration of these micelles is not known, we have absorbed the parameter
Wo(1—ws)/wy(1—ws) in the value of the amplitud8rs. Thus, the measured values of the
Soret coefficients of the slow component differ from the actual values by a concentration
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dependent factor and only qualitative conclusions can be drawn about the thermal diffusion
behavior of this component.

5.4.2 Characteristics of some additional non-ionic surfactant
systems

To gain a better understanding of the second slow process in the diffraction signal of the
TDFRS experiment, we investigated other non-ionic surfactants in water. Fig. 5.8 shows the
phase diagrams for the six investigated surfactagts, €? ], CgE4 [? ], C10Es [? ], C12Es

[58], Ci2E [658? 1 and GgeEg [58] in water. The circles in Fig. 5.8 mark the tempera-
tures and concentrations of our measurements, where open and filled symbols indicate one
or two mode behavior, respectively. The shape of the micelles just above the critical micelle
concentration is highly dependent on surfactant type and solution conditions (concentration,
electrolyte level, temperature). The systems with the smallest surfactant molegllges C
and GE4 show a rather simple phase diagram with an isotropic micellar phase consisting of
spherical micelles and a two-phase region. FgyEg in the isotropic micellar phase {).the

shape of the micelles is somewhat elongatedl [n the case of GEs, C12Eg, and GgEg in

the Ly-phase, the spherical micelles change their structure with increasing concentration to
rod-like micelles which entangle at high concentratiohi [

There have been numerous studies of the effect of electrolytes on the phase separation in
micellar solutions? ? ? ? ? ? ?]. The addition of salts may shift the phase boundary
towards lower temperatures, as for example in the case of sodium chloride, or towards higher
temperatures, as for example in the case of potassium iodifle$ince basantol yellow is
a trivalent salt, we determined its effect on the phase separation,&tater and found
that it shifts the phase boundary Ay = 2.2°C for a surfactant concentration wf= 5 wt%.

The addition ofL0~2 M sodium chloride to the surfactant mixture with dye brings the system
back to the original phase separation temperature. The temperature shift induced by basantol
yellow is more pronounced at lower surfactant concentratiaiis~ 5°C for w = 2.5 wt%)

but is still reversed by the addition of the same amount of salt.

The TDFRS results for all investigated non-ionic surfactant systems of the tyfpede
summarized in Fig. 5.9, where we present the normalized heterodyne diffraction signals for
these systems at a surfactant concentratiomcf 2.5 wt% for three different temperatures.
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Figure 5.8: Schematic phase diagram fgEE[? ], CgE4 [? ], C10Es [? ], C12Es [58], Ci2Es

[58? ] and GgEg [58] in water. The different regions are abbreviated in the following way:
water (W), micellar solution (1), isotropic solution not fully miscible with water or surfac-

tant (Lp), hexagonal (H)), lamellar (Ly), bicontinuous cubic (Y), coexisting phase (W),

solid surfactant phase (S) and close packed spherical micelle phasé&he two-phase re-

gion for CgEg/water is indicated only by a dotted line, since only the cloud point temperature
is available in the literature?[]. The dashed line in the phase diagram efEg/water refers

to the percolation line given by Strey and Pakuszh [For C2Es/water we determined also

the phase separation temperature at two surfactant concentratipran also for the same
solutions containing basantol yellowl), sodium chloride ¢) and basantol yellow+sodium
chloride (0). The open and solid circles mark the concentration and temperature range where
YOFRS experiments have been performed. Depending on the system, temperature, and con-

centration either one-mod@{ or two-mode behavior@) has been observed.
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Figure 5.9: Normalized heterodyne signégils; measured for gE4, CsE4, C12Es, Ci2Eg and

Ci6Es in water at different temperature$ & 20 °C (), 30 °C (0), 40°C (»)). For all
systems, the surfactant concentration was= 2.5 wt%.
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Except for GE4 and GoEg all surfactant systems show typical two-mode behavior: a positive
concentration signal at shorter times followed by a slower process with negative amplitude,
which is due to an inversion of the grating. The surfactaptg in water shows the most
distinct behavior: the second mode is so slow that the system had not reached the steady state

after 5 seconds.

5.4.3 Characteristics of the surfactant solutions in the presence
of salt

In order to investigate the effect of ion concentration we performed TDFRS experiments
on surfactant solutions with added sodium chloride, a simple uncolored salt. Figure 5.10
shows the normalized heterodyne diffraction sigfial for C12Eg and GgEg in water at a
surfactant concentration ef; = 2.5 wt% and a temperature df = 40 °C for several salt
concentrations. For both surfactant systems, the second mode becomes weaker and finally
disappears with increasing salt concentration. In Fig. 5.11 we present the results for the
fast and slow-mode diffusion coefficients of £Es/water at a surfactant concentration of

wy = 2.5wt% and a temperature @f= 40°C as a function of salt concentration. The results
show that the fast-mode diffusion coefficients are almost independent of the salt content,
while those determined from the slow mode decrease with increasing salt concentration until
the slow mode disappears for higher salt contemtg € > 0.02 mol/L). The addition of salt
decreases the magnitude of b&ts determined from the fast and slow mode with increasing
salt content. Experiments with potassium chloride added to the surfactant solutions yielded
results similar to those obtained with added sodium chloride.

5.5 Discussion

We have presented results from experiments on aqueous solutions of six non-ionic surfac-

tants of the type GEn, wherem andn indicate the number of repeat units in the alkyl tails

and ethylene oxide head groups, respectively. Most of the measurements were performed on
solutions with surfactant concentrations of less than 30 wt%. In this concentration range, the

surfactants form nearly spherical or elongated micelles depending on the surfactant, the con-
centration, and the temperature. We also investigated one solution with very high surfactant
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Figure 5.10: Normalized heterodyne sigdgl; measured for §Eg and GgEg in water at a
temperature of = 40°C. For both systems, the surfactant concentrationwgas 2.5 wt%
and the solutions contained basantol yellow as dyeEgwas studied for different sodium
chloride concentrationsyac (0.0 mol/L (O), 0.00092mol/L (M), 0.0018mol/L (), 0.0037
mol/L (A), 0.018 mol/L (), 0.023 mol/L (), 0.037 mol/L (), 0.053 mol/L @)). Ci6Es
was studied with (0.149 mol/L€)) and without salt Q).
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Figure 5.11: Diffusion coefficienf), derived from the fast®) and second slowd) mode
for CyoEg/water fv1 = 2.5wt%, T = 40°C) in dependence of sodium chloride concentration.
The solid line represents the mean diffusion constant for all salt concentrations. The dashed

line is a guide to the eye.

concentration corresponding to inverted micelles.

Thermal diffusion forced Raleigh scattering (TDFRS) and dynamic light scattering (DLS)
experiments were carried out to investigate thermal and mass diffusion in the surfactant sys-
tems. For typical micellar solutions, one expects the concentration part of the signal in a
TDFRS experiment to consist of a single mode with positive amplitude (see bottom panel of
Fig. 5.5.). Such single mode signals were indeed observed for part of the micellar solutions
investigated in this work. The values of the Soret coefficients determined from these signals
are positive and the mass diffusion coefficients agree with those obtained from dynamic light
scattering (DLS) within experimental errors. For other solutions, however, we observed a
second mode in the TDFRS concentration signal (see top panel of Fig. 5.5). The second
mode always had a negative amplitude and a long decay time, corresponding to a negative
Soret coefficient and a small mass diffusion coefficient. DLS experiments on the same sys-
tems showed no second mode and yielded mass diffusion coefficients that agree well with
those obtained from the fast mode of the TDFRS signal.

The TDFRS signals at surfactant concentratian= 2.5 wt% presented in Fig. 9 are
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representative of the behavior of the different surfactants. For the temperatures and concen-
trations investigated in this work, only single mode TDFRS signals have been recorded for
CsE4 and GoEg, only two-mode signals for {3Es5, and both one and two mode signals for
CgE4, Ci2Eg, and GgEg. In general, the thermodynamic states associated with two mode
behavior (indicated by open circles in Fig. 5.8) are closer to the miscibility gap than those
associated with single-mode behavior (shown as filled circles). This suggests that single-
mode signals will be observed in all micellar solutions at sufficiently high concentrations and
low temperatures. For the systemyEg/water only single mode behavior has been observed

in this work, however, the high phase transition temperature prohibits measurements closer
to the phase boundary, where two-mode behavior may be found. For the smallest surfac-
tant, GE4, a careful investigation of states near the phase boundary revealed no two-mode
behavior.

Our results presented in Sec. 5.4.1 show that the fast mode observed in solutions with
two-mode decay is very similar to the single mode observed in solutions with one-mode
decay. The diffusion coefficients extracted from these modes agree within experimental error
with our DLS results for the same solutions. Furthermore, the Soret coefficients extracted
from the fast and single modes show similar temperature and composition dependence. This
confirms that the fast mode coefficiem$ andSr¢ introduced in Sec. 5.2 may be identified

as the typical mutual diffusion and Soret coefficients of the micellar solutions.

To investigate the temperature and composition dependence of the typical transport co-
efficients in detail, measurements were performed on the systieBy/@ater, for surfactant
concentrations between 0.5 wt% and 30 wt% and temperatures betwéé€ha&@l 40°C.

In agreement with literature results, the value®dfiave a minimum near the critical phase
separation concentration of about 2.5 wt% (see Fig. 5.6). The temperature and concentration
dependence of the diffusion coefficients is believed to reflect both the distance to the phase
boundary and the changes in micellar structure with composition and temperat@®e?|

? ? ]. The Soret coefficientSr and the thermal diffusion coefficienBr derived from the

fast mode and single modes are positive as has been observed before for ionic and non-ionic
surfactant solutions.?[ 72, 66] They have their maximum values and their largest tempera-
ture dependence near the concentration, wbeseat a minimum (see Fig. 5.7). An increase

in the thermal diffusion coefficients with temperature has also been observed in solutions of
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poly(ethylene oxide) (PEO) in wateP[] and may be associated with the approach to the
lower critical solution temperature. Just as in the case of PEO in water, the ethylene oxide
groups of the surfactants form hydrogen bonds with the water molecules, which leads to a
decrease in solubility at higher temperatures. Our results for the solution with high surfac-
tant concentrationw; = 90 wt%) showed, for the first time, a negative value for the Soret
coefficient of a micellar solution. At this high surfactant concentration the micelles in solu-
tion are inverted so that the water and ethylene-oxide chains are on the inside of the micelles
and the alkyl chains are on the outside. Since the water concentration is low, the hydrogen
bond formation between ethylene-oxide chains and water molecules may not be the dominant
factor in determining the Soret effect anymore. Furthermore, the difference in surface struc-
ture between regular and inverted micelles may contribute to their different thermal diffusion
behavior [98].

A second, slow mode has not been observed before in micellar solutions and its origin is
not immediately clear. Slow modes have been observed, however, in light scattering experi-
ments on polyelectrolyte solutions at sufficiently high polyelectrolyte and sufficiently low salt
concentrationsq ? ]. In these solutions, the slow moving species has been identified with
temporal aggregates of macroior’s? ?]. The origin of the aggregation in polyelectrolyte
solutions is attributed to a net attractive interaction between polyions in solutions above a
minimum polyion concentrations. For smaller concentrations, on the other hand, the charged
chains repel each other which prohibits aggregat®f |. Two-mode TDFRS signals have
previously been observed only in experiments on ternary mixtures consisting of a polymer at

low concentration in a mixed solveri |.

As in the case of the polyelectrolyte® [], we find that addition of salt decreases the
amplitude of the slow mode until it is completely suppressed at sufficiently high salt concen-
trations (see Fig. 5.10). The only source of free ions in our experiments is the dye basantol
yellow, a trivalent salt, that is added in small amounts to the micellar solutions when TDFRS
experiments are performed. Temperature quench experiments into the coexistence region of
micelle rich and water rich phases show that the dye is enriched in the micelle rich phase and
present in the water rich phase only in proportion to the low surfactant concentration. This
leads to the conclusion that the dye molecules associate with the surfactant molecules.

Cloud point experiments on the systenpEg/water show that the presence of the dye
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increases the phase transition temperature (see Fig. 5.8). This effect is reversed, and the
original phase boundary restored, when salt, in an amount sufficient to suppress the slow
mode, is added to the dye-containing micellar solutions. The addition of salt by itself has
very little effect on the phase boundary. These results show that the dye stabilizes the micelles
in solutions and that this stabilizing effect is related to the ionic nature of the dye. Since an
increase in the phase transition temperature is associated with a decrease in the attractive
interactions between the micelle€s [? ], one concludes that the dye molecules introduce a
repulsive interaction between the micelles.

The experimental results for the slow mode of the TDFRS signal may tentatively be in-
terpreted in terms of a ternary mixture of neutral micelles, charged micelles and water, if
one assumes that at least part of the dye molecules are incorporated into micelles. This is
a reasonable assumption, since the dye molecules may act as cosurfactants and nucleate the
growth of micelles. In general, one would expect an equilibrium between dye molecules in-
corporated in micelles and dye molecules in solution, where the activity constant depends on
composition, temperature, and type of surfactant. While micelles that contain dye molecule
are negatively charged, they will not interact with each other through electrostatic interactions
since their separation is much larger than the Debye screening length. Hence, the aggrega-
tion mechanism that gives rise to the slow mode in polyelectrolyte solutions does not apply
to our micellar solutions. The diffusion coefficients associated with the slow mode decrease
monotonically with increasing composition and approach zero as the amplitude of the slow
modes vanishes. The temperature and composition dependence of the slow-mode diffusion
coefficients is closely correlated with the viscosi®yj [of the micellar solutions and suggests
that the size of the dye-charged micelles does not change much with composition. This size is
typically around 5 to 6 nanometers and falls in the range of the size distribution of the regular
micelles, which are quite polydisperse. This would explain why a slow mode is not observed
in the DLS experiments. The Soret coefficients derived from the slow modes are negative,
indicating that the dye-charged micelles are enriched in the warmer regions of the fluid. This
is consistent with our finding that the presence of the dye introduces a repulsive interaction
between the dye molecules.

While the discussion presented here is tentative, our results suggest that it may be in-
teresting to investigate in a more systematic way nonionic surfactants that are doped with
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varying amounts of charge carrying surfactant molecules.
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Table 5.1: Soret coefficient§y, thermal diffusion coefficientD, diffusion coefficientD
for CioEg/water containing basantol yellow as dye. In the presence of a second mode all

coefficients were determined from the fast mode.

Sr/K1

T/°C 20 25 30 35 40

Wy
0.005| 0.035 + 0.003| 0.025 + 0.001| 0.036 =+ 0.010
0.015| 0.020 4+ 0.002| 0.012 =+ 0.002
0.025| 0.014 + 0.001] 0.028 + 0.002
0.050| 0.021 4+ 0.002| 0.059 4+ 0.003| 0.115 4+ 0.020| 0.1277 4+ 0.013| 0.294 + 0.013
0.101| 0.033 + 0.003| 0.060 4+ 0.006| 0.078 4 0.008| 0.097 + 0.010| 0.110 £ 0.016
0.150| 0.036 4+ 0.002| 0.051 + 0.007| 0.060 + 0.004| 0.065 + 0.003| 0.066 =+ 0.007
0.201| 0.034 £+ 0.002| 0.042 + 0.004| 0.045 + 0.004| 0.051 + 0.002| 0.053 + 0.010
0.248| 0.030 + 0.002| 0.036 + 0.002| 0.037 + 0.006| 0.037 + 0.005| 0.037 + 0.004
0.304| 0.023 4+ 0.001| 0.033 4+ 0.004| 0.030 + 0.003| 0.029 + 0.002| 0.031 <+ 0.007

D7 /10 “cmPs 1K1

T/°C 20 25 30 35 40

W1
0.005| 0.414 4+ 0.063| 9562 + 5.081| 0.520 + 0.107
0.015| 0.145 4+ 0.020| 2.641 + 1.355
0.025| 0.074 4+ 0.008| 0.140 =+ 0.008
0.050| 0.084 + 0.009| 0.238 =+ 0.012| 0.393 + 0.059| 0562 + 0.034| 0.842 + 0.023
0.101| 0.148 + 0.022] 0.267 =+ 0.025| 0.341 + 0.017| 0.419 + 0.036| 0.476 =+ 0.050
0.150| 0.178 4+ 0.011| 0.265 4+ 0.034| 0.329 + 0.025| 0.373 + 0.016| 0.388 + 0.037
0.201| 0.192 4+ 0.009| 0.268 + 0.026| 0.299 + 0.028| 0.369 + 0.015| 0.391 + 0.066
0.248| 0.198 4+ 0.011] 0.264 + 0.016| 0.296 + 0.048| 0.325 + 0.045| 0.328 + 0.038
0.304| 0.185 + 0.011] 0.286 =+ 0.038| 0.281 + 0.034| 0.294 + 0.026| 0.313 + 0.069

D/10 “cnPs T

T/°C 20 25 30 35 40

Wy
0.005| 6,18 4+ 109 | 662 + 088 | 808 =+ 259 | 620 £+ 107 | 578 =+ 0.64
0.015| 557 4+ 085 | 449 + 094 | 360 + 0.16 | 3.88 £+ 051 | 3.02 + 0.24
0.025| 543 4+ 035 | 494 4+ 013 | 356 + 015 | 267 £+ 0.06 | 2.22 £+ 0.13
0.050| 412 4+ 021 | 406 4+ 007 | 342 + 0.16 | 3.18 £+ 0.07 | 287 £ 0.10
0.101| 445 4+ 028 | 443 4+ 014 | 430 £+ 025 | 434 £+ 010 | 435 £ 0.23
0.150| 493 4+ 020 | 517 + 016 | 551 + 008 | 573 £+ 006 | 592 + 0.20
0.201| 571 4+ 013 | 635 + 020| 6666 + 014 | 731 £+ 019 | 734 + 0.14
0.248| 669 + 0.16 | 737 4+ 008 | 808 + 014 | 882 + 021 | 883 + 0.36
0.304| 798 4+ 0.08 | 868 + 014 | 944 + 025 | 10.12 £+ 0.18 | 10.23 £+ 0.25
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