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Thermophoresis of cyclic oligosaccharides in polar solvents
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Abstract. Cyclodextrins are cyclic oligosaccharides which are interesting as drug delivery systems, because
they can be used as containers for pharmaceutical substances. We studied the Ludwig-Soret effect of a-,
B-, v- and methyl-g-cyclodextrin in water and formamide by infrared thermal diffusion forced Rayleigh
scattering (IR-TDFRS). In water the Soret coefficient, St, of a-, 8- and y-cyclodextrin increases with
increasing temperature and shows a sign change from negative to positive around 7" = 35°C, while St
of methyl-S-cyclodextrin is positive in the entire investigated temperature. In formamide St-values of
all cyclodextrins coincide and show a slight decrease with temperature. We discuss the obtained results
and relate the St-values to the different hydrogen bonding capabilities of the cyclodextrins and the used
solvents. It turns out that the change of St with temperature correlates with the partition coefficient,
log P, which indicates that more hydrophilic substances show a more pronounced temperature sensitivity
of St. Additionally we obtained a surprising result measuring the refractive index contrast factor with
temperature, (On/907T).,p of cyclodextrins in formamide, which might be explained by a complex formation

between cyclodextrins and formamide.

PACS. PACS-key discribing text of that key — PACS-key discribing text of that key

1 Introduction

Thermodiffusion is the migration of molecules under a
temperature gradient. For binary fluid mixtures the flux,
J, of the solute can be described as [1]

J =—pDVc— pc(l —c)DrVT (1)

where p is the density. The second term expresses the ther-
mal diffusion along the temperature gradient, VT, with
the thermal diffusion constant, D, and the first term de-
scribes the Fickian diffusion along the resulting concentra-
tion gradient of the solute, V¢, with the diffusion constant,
D. In a stable temperature gradient a steady state with
J = 0 is reached. The resulting concentration difference,
Ac, at an applied temperature difference, AT, is propor-
tional to the ratio of Dt and D, which defines the Soret
coefficient of the solute

DT 1 AC
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A larger St implies a larger concentration gradient for a
given temperature gradient. Note also that St is larger
for slow diffusing compounds such as colloids or small
molecules in porous media due to the slower diffusion.
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There are many practical applications which are influ-
enced by thermodiffusion in different areas such as pe-
troleum reservoirs [2], solar ponds [3], polymer fraction-
ation [4], biopolymers [5] and prebiotic evolution [6]. An
extended discussion about the various application areas
can be found in the recent review by Kohler and Morozov
[7].

Cyclodextrins (CDs) are cyclic oligosaccharides. The
glycopyranose units (6, 7 or 8 in a-, 8- and 7-cyclodextrin
respectively) are linked by a-(1,4) glycosidic bonds. The
molecules arrange in a torus-like shape with the hydroxyl
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Fig. 1. Schematic drawing of the formation of an inclusion
complex formed by cyclodextrins.



2 Eguchi, K. et al.: Thermophoresis of cyclic oligosaccharides

Table 1. Properties of a-, 8-, v and methyl-8-cyclodextrin.
My is the molecular mass. The octanol/water partition coeffi-
cient log P given in this table is the average of two incremental
calculation methods, Consensus and ChemAxon. Details about
the calculation of Ngon, — Ngee can be found in the text.

number
cyclo- of glu- Mw / log P Naon
dextrin cose g/mol o8 Nace
units
a 6 973 -11.65 6
8 7 1135 -13.61 7
¥ 8 1297 -15.82 8
methyl-3 7 1303 -6.28 -11.9

groups at the outer edges to form a hydrophilic exterior
while the cavity is lined with apolar parts of the molecule
to form a hydrophobic interior [8]. Due to the formation of
this ’sub-micron heterogeneous environment’ small com-
pounds can enter the cavity and form inclusion complexes
with the CD (fig. 1). The cavity diameter varies depend-
ing on ring size which leads to differences in the complex
formation for the various CDs [9].

The propensity for complex formation is used in phar-
maceutical industry to enhance solubility and controlling
speed of uptake of drugs [8]. In this context a better un-
derstanding of the thermodiffusion behaviour of CDs and
their drug-complexes would be advantageous. It is unclear
if or how thermodiffusion contributes to the transport pro-
cesses in the human body. The idea of controlled move-
ment of drugs into certain, e.g. inflamed, areas of the bod-
ies is attractive, but maybe not realistic. A more feasible
application would be to tune the complexes so that they
show no thermophobic behaviour which might lead to a
depletion of the drug complexes in areas of inflammation.
Another interesting aspect of CDs is the possibility that
the interior of the ring and the CD or the attached side
groups can be varied independently. This makes it possi-
ble to do systematic experiments to differentiate draining
and non-draining effects in aqueous systems, which makes
it possible to validate, whether concepts derived for non-
polar systems are applicable for aqueous mixtures [10].

The theoretical understanding of the thermophoretic
behavior of non-polar systems [7] is much more compre-
hensive than for aqueous mixtures. For non-polar sub-
stances systematic studies of isotopic and other mixtures
identified three contributions to the Soret coefficient stem-
ming from differences in the molecular masses and mo-
ments of inertia and an additional chemical contribution.
Due to the specific interactions, e.g. hydrogen bonds, the
chemical contribution is the dominant factor for aque-
ous systems, which changes with temperature and influ-
ences the thermodiffusion of aqueous mixtures. To de-
scribe this temperature dependence Iacopini and Piazza
[11] proposed an empirical equation

s =st fi-eo (T2 1)) @

0

with fitting parameters S$°, T™ and Tj. In principle Tj is a
measure of the temperature dependence, if S§° and T are
fixed. Note that only under these circumstances Tp-values
can be compared. At very high temperature the enthalpic
chemical contributions are negligible and the entropic con-
tribution dominates the behavior, so that we expect that
S$° is determined by differences in physical parameters
e.g. moment of inertia and mass.

Lately, it has been shown, that this empirical corre-
lation breaks down, if the solute concentration becomes
too high [6]. For diluted aqueous solutions the empirical
behavior might be understood by a free energy concept as
suggested by Wang et al. [12]. The basic idea is that at low
temperatures the system forms hydrogen bonds to mini-
mize its free energy, so that the water molecules enrich at
the cold side, while at higher temperature the entropy is
maximized by breaking up the hydrogen bond networks,
which leads to an enrichment of water on the warm side.
As a consequence the Soret coefficient St of the solute
molecules increases when hydrogen bonds break [13]. An-
other possibility is to add an ingredient with a strong affin-
ity to water, so that the bonds open [14]. The strength of
a hydrogen bond network in a mixtures is influenced by
the donor and acceptor sites. Recently, it has been shown
that St depends linearly on the difference of donor and
acceptor sites of the solute molecule belonging to a ho-
mologous series [15]. Hydrogen bonding certainly plays an
important role in aqueous CD solutions.

Cyclodextrins can form hydrogen bonds (HB) with water
via their hydroxyl groups which act as HB donor sites or as
acceptor via the oxygens (see fig. 2, left). The donor and
acceptor sites are indicated by red and blue arrows, re-
spectively. There are different ways of counting donor and
acceptor sites, we follow in our analysis the work by Maeda

Fig. 2. Sketch of the investigated cyclodextrins and chemical
structure of unmethylated (left) and methylated (right) gly-
copyranose units. Red and blue arrows show hydrogen bond
donor and acceptor sites, respectively. In methyl-8-CD 55% of
the hydroxyl-H are substituted with methyl group. These sites
will not form hydrogen bonds (grey arrow). Further explana-
tions are in the text.
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et al. [15]. So that we count the hydroxyl groups only as a
donor cite and ignore that the oxygen atom might serve as
an acceptor. The free electron pairs of the ether oxygens
can act as HB acceptors, but due to the low polarity the
bonding is weak in the order of 20 kJ/mol (correspond-
ing to 5 kcal/mol) [16,17]. We count the oxygen ether
only as one acceptor, because due to steric hindrance it
is unlikely that it can bind two water molecules. In the
used methyl-S-cyclodextrin 55% of the hydroxyl groups
are methylated and hence unable to form hydrogen bonds
with the solvent (fig. 2, right). The difference Ny — Naee
is listed in table 1. Note that a different way of counting
donor and acceptor sites will not change the sequence of
the compounds.

In this work we studied the Ludwig-Soret effect of a-,
B-, -, and methyl-g-cyclodextrin in water and in for-
mamide by infrared thermal diffusion forced Rayleigh scat-
tering (IR-TDFRS). The un-methylated CDs a-, -, and
~-cyclodextrin are chemically very similar and differ only
in the number of their glycopyranose units and accordingly
in their molecular weight and partition coefficient log P,
which is a measure for the hydrophilicity (see Table 1).
In methyl-8-CD 55% of the hydroxyl-H are substituted
with methyl, which results in a similar molecular weight
to 7-CD, but drastically changes the interaction with the
surrounding solvent.

2 Experimental section
2.1 Thermal diffusion forced Rayleigh Scattering

We used infra-red thermal diffusion forced Rayleigh scat-
tering (IR-TDFRS), a laser-induced transient grating tech-
nique [18]. Two laser beams create a holographic grat-
ing within the sample. The inherent absorption of water
in that range converts the laser light into a temperature
grating [19]. Due to thermodiffusion eventually a superim-
posed concentration grating is created. Both the temper-
ature and the concentration grating result in a refractive
index grating that is read out by Bragg diffraction of a
third laser beam. The IR-TDFRS has been especially de-
veloped for aqueous systems, because the water soluble
dyes often change the behavior as function of pH, so that
it is not possible to use a suitable dye as it is done in the
classical TDFRS, which has been developed to its present
status in the group of Kohler [20]. Also the investigation
of surfactant systems is altered by the addition of the dye,
which can act as co-surfactant and then leads to changes
of the phase behavior [21,22]. A detailed description of
the used IR-TDFRS can be found in the paper by Blanco
et al. [23].

The total heterodyne scattering intensity Cpet (), assum-
ing an ideal excitation with a step function, is given by

G (= 1= exp (=)~ a7 = ma) @)

Tth
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with the steady state amplitude A
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where ¢ is the mass concentration of the solute, 7, the
heat diffusion time, (9n/dc), ; and (9n/9T),, , are refrac-
tive index contrast factors with respect to mass concen-
tration at constant pressure and temperature, and refer-
ring to temperature at constant pressure and mass concen-
tration, respectively. The Soret coefficient, St = Dt /D,
can be expressed as ratio of the thermal diffusion co-
efficient, D, and the collective diffusion coefficient, D.
Whereas the diffusion coefficient D = 1/(¢?7) can be
calculated from the diffusion time, 7 (cf. eq. 5), using
the magnitude of the grating vector ¢, which is given by
q = (47/Ay)-sin(6/2). Here 0 is the angle between the two
writing beams and A, is the wavelength of the laser beam.
The transport coefficients are determined by fitting eq. 5
to the measured heterodyne signal and deconvoluting the
excitation function [24,25].

2.2 Sample preparation

Investigated substance were a-cyclodextrin (a-CD, Tokyo
chemical industry, > 98.0%), 8-cyclodextrin (3-CD, Tokyo
chemical industry, 99.0%), y-cyclodextrin (y-CD, Tokyo
chemical industry, > 98.0%), and methyl-5-cyclodextrin
(methyl-8-CD, Tokyo chemical industry). All of them were
dissolved in distilled and deionized water (Millpore) and
formamide (Sigma-Aldrich, >99.5) with a concentration
of (1.00 £+ 0.01)wt%. To ensure homogeneity of the mix-
ture all CD solutions have been stirred for one hour at
room temperature. Approximately 2 mL of the prepared
solutions were filtered through a 0.2 pm filter (Whatman
Anotop 10) before filling them into an optical quartz cell
(Hellma) with an optical path length of 0.2 mm. At least
two measurements with different cells and freshly prepared
samples were done for each system.

2.3 Contrast factor measurements

The refractive index increments with the mass concentra-
tion (On/dc), r was measured by an Anton Paar RXA
156 refractometer, with an accuracy of 0.00002 nD and
a temperature control of AT = £0.03K. The refractome-
ter uses the sodium line with a wavelength of 589.3 nm,
which is roughly 40 nm shorter than the HeNe-laser of
632.8 nm used as read-out beam in the IR-TDFRS. This
causes a small systematic error in the refractive index in-
crement in the order of 0.5-1% [26,27]. For each CD in wa-
ter and formamide, the refractive index has been measured
for at least six concentrations around 1 wt%. The refrac-
tive index increments with temperature (On/9T), . was
measured interferometrically [28]. Measurements were ei-
ther performed around the desired temperature or contin-
uously in the entire temperature range between 10-60°C.
We measured the contrast factors by heating and cooling
the solutions with a typical rate of 1 mK/sec.
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3 Results
3.1 Contrast factors

In figure 3 (On/0c), r is shown, which corresponds to the
slope of the linear interpolated refractive index as func-
tion of concentration. For both solvents the refractive in-
dex contrast factors with concentration show only a weak
temperature dependence. For evaluation of the IR-TDFRS
measurements the measured (On/dc),r and (On/0T), .
values at the respective temperatures were taken or the
value was interpolated from the neighboring values. The
error bars represent the standard deviation of multiple
measurements. The optical contrast for the aqueous sys-
tems is two to three times higher than for the formamide
solution. The error bars correspond to less than 0.5% and
up to 17% for water and formamide solutions, respectively.
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Fig. 3. Contrast factor (9n/dc)r, as function of temperature
in water and in formamide. Open and solid symbols refer to

For the aqueous CD solutions (0n/0T'),, . shows a strong the aqueous and formamide solutions, respectively (a-CD (red

linear decrease with temperature, while the variation of
the refractive index with temperature in formamide is
much weaker (see fig. 4). In the investigated temperature
range (On/0T), . of the aqueous solution changes by a
factor four and we find identical values for cooling and
heating the sample. In contrast to the aqueous solution
we observe an unusual behavior of (9n/9T), . for freshly
prepared CD/formamide solutions (see inset of fig. 4). For
all four solutions we find a minimum between 16 and 20°C
shifting to higher temperatures with increasing number of
glycopyranose units. The absolute variation between the
local minimum and maximum of (9n/0T).,, lies between
2.7-107SK~! and 4.2 - 107K~! and the relative change
of (On/0T)., is between 0.7 and 2.3%. It turns out that
the minimum becomes weaker when the sample ages or
is preheated overnight. There are differences between the
different CDs. In the case of the y-CD the minimum dis-
appears completely with time or temperature, while for
both 3-CDs a shallow minimum remains. The very shallow
noisy minimum can be observed around 30°C and is within
the typical measurement uncertainty of 0.5%. According
to these temperature- and time-dependent changes in the
solutions, measurement results for the fresh solutions dif-
fer between cooling and heating cycles.

3.2 IR-TDFRS experiments

The thermal diffusion of (1.00 £+ 0.01) wt% a-, B-, -,
and methyl-g-cyclodextrin in water and in formamide was
measured in a temperature range from 10 to 55°C. The re-
sults are shown in fig. 5. In water, the Soret coeflicients of
a-, (-, and ~y-cyclodextrin show a temperature dependence
as described by eq. 3. There is a sign change around 35°C
and they reach the same S7 value at high temperatures.
In comparison, methyl-/-cyclodextrin is much more ther-
mophobic with a predicted sign change outside the mea-
sured range and a much higher S3°. The fitting parameters
are summarized in Table 2. In formamide, the behaviour
does not follow eq. 3, but shows a decline of the Soret co-
efficient with increasing temperature. The error bars are

triangle up), 8-CD (blue triangle down), v-CD (green square)
and methyl-8-CD (orange circle)).
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Fig. 4. Contrast factor (9n/0T).,p as function of temperature
in water and in formamide. We used the same symbols as in fig.
3. The inset magnifies the measurement results in formamide.
The additional half filled symbols mark the corresponding sys-
tems, which have been preheated over night at 50°C.
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Table 2. Fitting parameters and their uncertainties according
to Eq. 3 shown as solid lines in fig. 5.

St /

cyclo-

T /° Ty / K
dextrin 1073K! /°c o/
«@ 6.50 £+ 0.41 32.4 + 0.3 29.7 + 1.7
B 6.42 + 1.83 35.5+ 0.9 30.0 + 6.7
% 6.95 + 0.59 34.6 + 0.3 29.8 4+ 2.2
methyl-3 11.8 = 0.3 -3.33 £ 3.18 | 12.5 + 2.8

much larger than for aqueous solutions. The uncertain-
ties are typically 8% in water and 13% in formamide. The
larger uncertainties for formamide solutions might be un-
derstood by the lower optical contrast with concentration
and the weaker absorption of the laser light by formamide.
Additionally we have a variation of (9n/9T), . in the or-
der of 2.3%.

4 Discussion
4.1 Contrast factor (0n/0T), .

While the aqueous solutions show the typical decay of
(On/0T),,. with temperature, which is related to the lower
density at high temperature, the temperature dependence
of (On/IT)p,. in formamide solutions is unusual and has
to our best knowledge never been observed. Note that the
effect is small with a relative amplitude in the order of
2.3%. The inset in fig. 4 shows a decrease of (0n/9T), . in
the temperature range between 16 and 20°C, which would
suggest the formation of cavities leading to a more pro-
nounced temperature decrease than caused by the temper-
ature raise. From X-ray diffraction studies it is known that
CDs form inclusion complexes with small molecules such
as dimethylformamide [29] and formic acid [30], but to our
best knowledge the kinetics of such inclusions has not been
investigated. From the size of the molecules one would ex-
pect very fast kinetics, but our measurements suggest that
the process takes several days if the solution is stored at
room temperature or it can be accelerated by heating the
sample. An explanation might be another, slower, complex
formation that blocks the CD cavities from the formamide.
A stacking of two or more CDs at temperatures around
20°C might lead to blocked empty CD-cavities that can
only be filled up when the stacks break at higher tem-
peratures or over time. To clarify the involved processes
further quantitative studies are necessary, which are be-
yond the scope of this work. Due to the small relative
error (2.3%), which is smaller than the uncertainty of the
steady state amplitude A (ca. 14%), it will not influence
the evaluation of our IR-TDFRS results. Nevertheless it
would be interesting to understand the mechanism, which
leads to this unusual behavior of (On/0T)p...

4.2 IR-TDFRS measurements

The upper graph of figure 5 shows the Soret coefficient
of the CDs in water and in formamide. While all aque-
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Fig. 5. The Soret coefficient St and the thermal diffusion
coefficient Dt of a- (red triangle up), - (blue triangle down),
~- (green square), and methyl-3- (orange circle) cyclodextrin
in water and formamide as function of temperature. For better
readability the bottom plot shows only a comparison of the
diffusion coefficient of D for methyl-8-cyclodextrin in water
and formamide as function of temperature. Open and solid
symbols refer to the aqueous and formamide solution.

ous solutions show the typical temperature dependence
for systems dominated by hydrogen bonds (see eq.3), this
is not the case for solutions in formamide.

For aqueous systems the Soret coefficient of methyl-5-
CD deviates strongly from that of the un-methylated CDs.
This change in behaviour is caused by reduced hydrogen
bond interactions between the methyl-5-cyclodextrin and
the water due to the partial methylation, which reduces
number of potential hydrogen bonds more than a factor
two. The observed increase of St is comparable to obser-
vations made by Sugaya et al. where the addition of urea
to an aqueous solution led to a similar increase of the
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measured St [14]. Also Kishikawa et al. observed a sim-
ilar behavior of St for pullulan in water and DMSO[13].
In that experiment the addition of urea (up to 5M, which
corresponds to a 28 wt% urea solution) lead to a replace-
ment of water as solvent and the observed shift in St due
to the weaker solute solvent interaction of urea.

In the case of cyclodextrins in formamide we also mea-
sure higher Soret coeflicients than in water and the tem-
perature dependent St of methyl-5-CD in formamide is
equal to those of the other CDs in formamide . The strength
of interactions is already weak in comparison to that with
water, so that the methylation does not lead to such a
pronounced change. Despite the fact that the number of
hydrogen bonds formed by formamide is comparable to
water [31], the water hydrogen bonds are expected to be
stronger due to the larger polarity of water compared to
formamide.

Additionally to the already mentioned uncertainties
we also observe instabilities of the measured signal of IR-
TDFRS at long times (0.5 sec). These instabilities in the
intensity of the refracted beam points towards fluctua-
tions in the concentration grating that overlays the laser-
induced temperature grating, but the cause is unclear, but
might be related to the minimum observed for (9n/9T),...
One explanation might be the formation of complexes
mentioned before that leads to this atypical behaviour.
The scattering of the measurements in formamide pre-
vents an analysis of subtle changes in the behaviour be-
tween different cyclodextrins.

The center graph in fig. 5 shows the temperature de-
pendence of the thermal diffusion coefficient Dr. As in
the case of ST we observe an increase of Dt by using for-
mamide as solvent instead of water. Surprisingly Dt and
its temperature dependence for methyl-3-CD is very sim-
ilar in water and formamide. The difference of the Soret
coefficients of methyl-5-CD evident in the upper graph
of fig. 5 is due to the Fickian diffusion (bottom fig. 5)
which is slower in formamide than in water and consistent
with the higher viscosity of formamide. Compared to [-
CD in water the hydrogen bonds interactions in the two
other systems S-CD/formamide and methyl-8-CD/water
are weakened. It is expected that the two last named sys-
tems show the same trend, but at the present stage it is
unclear why this leads to identical Dr-values. Note that
Dr increases for methyl-8-CD in water and formamide,
although St of methyl-3-CD in water increases, while St
of methyl-3-CD decreases slightly in formamide.

4.3 Solute-solvent interactions in water

It is evident that interactions with the solvent have a
strong impact on the thermodiffusion behaviour of the so-
lute, especially in water, which can strongly interact due
to hydrogen bonds. Unfortunately, solute-solvent interac-
tions in liquids are difficult to predict on a microscopic
level. In the following discussion we will look for corre-
lations between the thermodiffusion behaviour measured
for the four cyclodextrins and two parameters describ-
ing the solute-solvent interaction: the difference between

-10

don
Fig. 6. St at 20°C (concentration (1.00 £ 0.01) wt%) versus
the difference of donor and acceptor sites of the substances.
Cyclodextrins (- (red triangle up), - (blue triangle down),
~- (green square), and methyl-3- (orange circle) CD) were mea-
sured for this work, crown ethers (blue triangles), ethylene gly-

col oligomers (black squares) and glycerol (green diamond) are
reproduced from ref. [15].

donor and acceptor sites in the solute molecule Ngop-Ngee
and the octanol/water partition coefficient log P, which
are a measure for the hydrophilicity of a compound. Both
values are listed in table 1 and will be explained in the
following paragraphs.

A direct way to estimate the capability of a substance
to interact with water is to count potential donor and
acceptor sites in the molecule. A hydroxyl group, for ex-
ample, would count as a hydrogen bond donor, because
a hydrogen bond can be formed by the partially posi-
tive hydrogen, an ether oxygen with its free electron pairs
and partial negative charge would be counted as hydrogen
bond acceptor (see fig. 2). This method does not take into
account the polarization strength and hence the relative
strengths of the hydrogen bonds. Nevertheless, Maeda et
al. [15] followed this approach and found for homologous
groups a linear correlation between measured Soret coef-
ficient of a solute dissolved in water and the difference
between its HB donor and HB acceptor sites. The val-
ues for the investigated cyclodextrins fit reasonably well
with their findings (see fig. 6). Why the Soret coefficient
should dependent on Ng,,-Ngee is not obvious, because
the surrounding water should be equally capable of form-
ing hydrogen bonds with donor as well as acceptor sites of
the solute molecule. A possible explanation is the forma-
tion of intramolecular hydrogen bonds, so that one donor
and one acceptor site block each other against hydrogen
bond formation with the surrounding solvent. The differ-
ence between donor and acceptor sites would therefore
give a better estimate of the potential HB sites open to
the solvent than the sum of them. This could be tested by
investigation of substances where intramolecular hydrogen
bonds are impossible due to sterical hindrance.

The partition coefficient P or, more commonly, its log-
arithm, log P, are a measure for the relative difference
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of solubility for a solute in two different solvents. Most
commonly used is the octanol/water partition coefficient,
because it is a good measure for hydrophilicity /hydropho-
bicity of a chemical substance and therefore an important
parameter for drug compounds [32]. In a system where a
solute can diffuse freely between two phases, P is the ra-
tio of its equilibrium concentration in octanol over that in
water, so a smaller (or negative) log P signifies stronger
hydrophilicity. The hydrophilicity decreases from -, (-,
a- to methyl-5-CD. In figure 7 the log P values of the
CDs are plotted versus ASt, the difference of the Soret
coefficients at 10 and 50°C (cf. fig. 5). We have chosen
the St-values at these two reference temperatures as a
measure for the temperature sensitivity of the systems in
the investigated range. ASt increases from methyl-5-, a-,
B- to v-CD in the same way as the hydrophilicity. So the
compound with the lowest hydrophilicity shows the weak-
est temperature dependence.

The isotopic contribution to the Soret coefficient is tem-
perature independent and the cyclodextrins are not charged,
the measured temperature dependence of St is due to the
chemical contribution [33], that is to say the interactions
between solute and solvent. In water, these interactions
are dominated by hydrogen bonds, which are sensitive to
temperature changes. We can assume that at 50°C the
hydrogen bonds in the system, those between solute and
solvent as well as the HB network of the water, are signif-
icantly weakened. This reduces the chemical contribution
of St leading, in the case of the investigated cyclodex-
trins, to a rise in the Soret coefficient with rising temper-
ature. So for these substances, as well as all substances
for which the temperature dependence of St can be de-
scribed by eq. 3, the chemical contribution to St due to
the formation of hydrogen bonds is negative. As explained
in the introduction this temperature dependence can be
understood under the assumption that the formation of
hydrogen bonds minimizes the free energy of the system
at low temperatures. This should certainly be the case for
the formation of hydrogen bonds between solute and sol-
vent. So it seems reasonable that in our investigation the
systems which show the highest compatibility with water
(lowest log P-value) reacts most strongly to temperature
changes (high AST).

In conclusion this study confirms that hydrogen bonds
play an essential role in the thermophoretic behaviour of
aqueous systems. The systematic study of cyclodextrins
give a clear correlation between the change of the Soret
coefficient with temperature and the logarithm of the par-
tition coefficient.
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