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Recent experiments for various amides and sugars showed a clear correlation of the tempera-
ture dependence of the Soret coefficient with the hydrophilicity, quantitatively described by the
logarithm of the 1-octanol/water partition coefficient logP . This coefficient is a measure for the
hydrophilicity/hydrophobicity balance of a solute and is often used to model the transport of a com-
pound in the environment or to screen for potential pharmaceutical compounds. In order to validate
whether this concept works also for other water soluble molecules we investigated systematically the
thermophoresis of mono- and poly hydric alcohols. As experimental method we use a holographic
grating technique called infrared Thermal Diffusion Forced Rayleigh Scattering (IR-TDFRS). Ex-
periments showed that the temperature dependence of the Soret coefficient of polyhydric alcohols
also correlates with logP and lies on the same master plot as amides and sugars.

I. INTRODUCTION

In the last decade Microscale Thermophoresis (MST)
gained a lot of interest as analytical approach to monitor
protein-ligand binding reactions in biological molecules
that are relevant in pharmaceutical applications[1]. The
success of this technique is due to the small sample
amount compared to calorimetric methods. It relies on
the sensitive changes in the thermodiffusion response
when the hydration layer around a solute is modified, for
example due to binding of a ligand. Although MST uses
the observed change in thermodiffusion as an indicator
of such modification, little is known about their causes
or mechanisms.
Thermophoresis, or thermodiffusion, is the movement

of molecules in a temperature gradient. The thermodiffu-
sive response of a solute is quantified by the thermal diffu-
sion coefficientDT describing the mass flux c(1−c)DT∇T
caused by a temperature gradient, which is opposed to
the Fickian mass flux −ρD∇c along the concentration
gradient ∇c with diffusion coefficient D. The resulting
mass flux of the solute ~j is

~j = −c(1− c)DT∇T − ρD∇c. (1)

When the temperature gradient is constant and a steady
state is reached, both contributions become equal and
the total flux becomes ~j = 0. Then, the ratio DT over D
is proportional to the concentration gradient that builds
up over the temperature gradient and defines the Soret
coefficient ST. A positive Soret coefficient indicates that
the solute accumulates on the cold side (thermophobic),
while a negative sign denotes accumulation on the warm
side (thermophilic). Even for simple molecules the un-
derlying microscopic processes are not well understood,
and systems are even more complicated in the case of
proteins: they can carry charges, show amphiphilic char-
acter, and vary between a colloidal and polymeric shape.
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In recent years the thermophoresis of many aqueous so-
lutions of biomolecules such as proteins [2–5] and other
water soluble molecules [6–15] have been investigated ex-
perimentally. A key factor in the investigation of aqueous
systems is the formation and the breaking of hydrogen
bonds. This influences the temperature dependence and
typically leads to an increase of the Soret coefficient with
increasing temperature, which can be described by an
empirical law [4]

ST (T ) = S∞

T

[

1− exp

(

T ∗ − T

T0

)]

, (2)

with the adjustable parameters S∞

T , T ∗ and T0. S∞

T

corresponds to the extrapolated Soret coefficient at high
temperatures, T ∗ is the temperature at which ST changes
sign and T0 describes its temperature sensitivity. It has
been shown to hold for a number of diluted aqueous sys-
tems [16], but fails for less hydrophilic solvents such as
ethanol [17], dimethyl sulfoxide [18] or ethylene glycol
oligomers [10], which cause micro heterogeneities in wa-
ter. Sugaya et al. [19] were the first emphasizing that
the addition of a component, which easily forms hydrogen
bonds like urea leads to breaking of hydrogen bonds sim-
ilar to that induced by an increasing temperature. Pre-
vious works by Niether et al. on the hydrophilic solutes
formamide and urea [13, 20] showed the typical temper-
ature dependence of ST for diluted solutions, while at
higher concentrations the temperature dependence fol-
lows the trend typically found for hydrophobic solutes.
A comparison with simulations of urea in water eluci-
dated that the change in slope of the Soret coefficient
with temperature can be explained by the strength of
interaction between urea and water [13].
In the past, two approaches have been used to describe

the hydrophilicity of a solute component and to relate
it to its thermophoretic behavior in water. One con-
cept is to consider donor and acceptor sites. For solute
molecules belonging to a homologous series it has been
shown that ST depends linearly on the difference of donor
and acceptor sites [10, 11]. Another good measure for
hydrophilicity/hydrophobicity of a chemical substance is
the partition coefficient P or, more commonly, its log-
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arithm, log P . Recent experiments for various amides
show a clear correlation of the temperature dependence
of the Soret coefficient with hydrophilicity [14]. Fur-
thermore it has been shown that the concept works also
for sugars, nonsteroidal anti-inflammatory drugs and cy-
clodextrins [21]. Note that this concept considers the
temperature sensitivity of the Soret coefficient and not
ST itself. According to Eq. 2 aqueous systems show
a stronger temperature dependence at low temperatures,
while at higher temperatures, corresponding to a decreas-
ing number of hydrogen bonds, S∞

T is approached. Com-
paring systems with different hydrophilicities it seems
reasonable to assume that those with the highest com-
patibility with water (lowest log P -value) react most
strongly to temperature changes.
There are only a few simulation studies and theoret-

ical considerations dealing with the thermophoresis of
aqueous mixtures [13, 22–25]. Already Prigogine et al.

[22] stressed the importance of strong cross interactions
between unlike molecules as reason for observed sign
changes in associated mixtures. Based on these early
considerations recent systematic simulations of Lennard-
Jones fluids [24, 25] confirm that the pronounced concen-
tration dependence of such mixtures is strongly related to
those cross interactions leading to an increase of the con-
centration dependent slope of ST. Only recently in the
group of Fernando Bresme, the influence of interactions
on the slope of the Soret coefficient with temperature
has been investigated in simulations [13]. It was demon-
strated that stronger interactions between urea and water
favour positive slopes, while weaker solute-solvent inter-
actions and aggregation of the components was observed
in connection with negative slopes.
As the Soret coefficient is the ratio of the two trans-

port coefficients DT and D it would be desirable to get
some information about each transport coefficient. This
is only to some extent possible for the diffusion coef-
ficient. While the prediction of D is well established
for large spherical particles or molecules by the Stokes-
Einstein equation D = kBT/6πηRh, with kB the Boltz-
mann constant, the dynamic viscosity η and the hydro-
dynamic radius Rh, the situation for small molecules is
less developed [26]. The understanding of liquid diffusion
depends primarily on rather crude hydrodynamic mod-
els and on activated-state models. Typically one relys on
empirical expressions [26–30], for example the Wilke and
Chang equation [27], which gives the diffusion coefficient
in cm2/s for small concentrations of the solute as

D = 7.4× 10−8

√
ψsolMsolT

ηṼ 0.6
(3)

Here Ṽ is the molar volume of the solute in cm3g−1,
η is the viscosity of the solution in centipoises, ψ is an
”association parameter”, which is 2.6 in the case of water
and T is the absolute temperature in Kelvin.
Recently Evans et al. [30] suggested an empirical

expression for the diffusion coefficient of small solute

molecules at high dilution,

D =
kBT

6πηfRH

, (4)

which introduces a micro-viscosity friction factor f into
the Stokes-Einstein equation. While f is equal to 1 un-
der no-slip conditions valid for large colloidal particles it
reaches 1.5 in the case of slip [26]. Evans et al. calculated

f = 1/(1.5 · α + 1/(1 + α)) with α = 3

√

Msolvent/Msolute

and the hydrodynamic solute radius they estimated as
RH = 3

√

3Msolute/4πρeffNA with an effective density ρeff.
The expression for the micro-viscosity friction factor goes
back to an old work by Gierer and Wirtz [31]. Note that
in the case of α = 1 the micro-viscosity friction factor
f = 2 and is larger than in slip case so that the expression
probably breaks down in the case of Msolvent =Msolute.
Due to the fact that proteins are rather complex sys-

tems, which can undergo structural changes and carry
charges it is rather difficult to separate the different ef-
fects and relate them to their thermophoretic behavior.
Therefore, we investigate the thermodiffusion of simple
uncharged water soluble molecules as a first step towards
understanding the underlying effects. Encouraged by the
clear correlation of the temperature dependence of the
Soret coefficient with the hydrophilicity in amides and
sugars, the idea was to expand the logP range towards
both positive (more hydrophobic) and negative (more hy-
drophilic) values using water soluble solutes, which can
be varied systematically in their chemical structure. For
that purpose we investigated systematically various aque-
ous solutions of alcohols with varying hydrophobicity and
polarity by infra-red thermal diffusion forced Rayleigh
scattering (IR-TDFRS). The first approach was to use
monohydric alcohols, but due to some experimental dif-
ficulties explained later in the result section, we moved
towards dihydric and polyhydric alcohols. It turned out
that the investigation of solute with larger positive logP -
values is complicated due to the formation of clusters
in solution. Figure 1 shows the chemical structure and
logP values of the investigated alcohols mannitol, ara-
bitol, glycerol, ethylene glycol, propane-1,3-diol, butane-
1,4-diol and 1-propanol.

II. METHODS AND MATERIAL

A. Sample preparation

The investigated substances, 1-propanol (∼ 99%),
methanol (∼99%), ethanol (∼99%), propane-1,2,3-
triol (glycerol) (∼99%), ethane-1,2-diol (ethylene gly-
col) (∼99%), propane-1,3-diol (∼98%), butane-1,4-diol
(∼99%), pentane-1,2,3,4,5-pentol (arabitol) (∼98%),
hexane-1,2,3,4,5,6-hexol (mannitol) (∼96%) were pur-
chased from Merck and Sigma-Aldrich and were used
without further purification. The solutions were pre-
pared with distilled and deionized water (Millipore), then
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signal below 1%. The measurements at low methanol
mass fractions also gave a low amplitude because A is
proportional to c and at low water content heating with
the infra-red writing laser is not effective. In order to ob-
tain reliable data for methanol/water, thermogravitional
column measurements are more promising as has been
demonstrated recently for ethanol/water mixtures with
low water content [12].

FIG. 3. Diffusion coefficient of 1-propanol, ethylene glycol,
glycerol, propane-1,3-diol, mannitol, arabitol and butane-1,4-
diol as function of temperature. Except for 1-propanol with a
weight fraction of 0.1 the weight fraction of the alcohols was
0.25. The inset shows the diffusion coefficients at 60◦C as
function of the molar mass of the alcohols. A data point for
glycerol (open diamond light blue) has been interpolated from
concentration dependent measurements at 25◦C [39]. The
same symbols as in figure 1 are used.

The next monohydric alcohol is 1-propanol, which has
a positive logP , indicating hydrophobic behaviour. Fig-
ure 2 shows the diffusion coefficient at 20 and 30◦C
determined from the time constant of the concentra-
tion part of the TDFRS signal as function of concen-
tration in comparison with data obtained by Großmann
and Ebert[35] at 25◦C using dynamic light scattering
(DLS). Note, that the slightly higher diffusion coeffi-
cients determined by TDFRS results from the differ-
ences in the statistical weighting of the two experimen-
tal methods [40]. Using van der Waals volumes we esti-
mate D ≈ 8.7× 10−6cm2s−1 for 1-propanol at 30◦C [41],
which is roughly 8% faster than D measured by TD-
FRS. Typical uncertainties of diffusion coefficient mea-
surements and the estimate using van der Waals volumes
are of the order of 10%, so that both values agree within
the error bars at the low mass fraction of 0.1. The low
measured diffusion coefficients and the minimum around
a mass fraction of 0.4 are a clear signature for cluster
formation. Großmann and Ebert estimated clusters with
eight 1-propanol molecules and 40 water molecules in the
hydration layer of the cluster. Based on the results for

1-propanol we expect for 1-butanol an even stronger ten-
dency to form clusters which makes it difficult to corre-
late the results with logP , as we expect that the partition
coefficient is determined by the groups that are in con-
tact with water. Therefore, it will be rather difficult to
get a quantitative estimate and, since it is expected that
cluster sizes change with temperature, the situation gets
even more complicated, therefore we continued with the
systematic investigation of dihydric and polyhydric alco-
hols.

2. Dihydric and polyhydric alcohol/water mixtures

Figure 3 shows the diffusion coefficient of various alco-
hols as a function of temperature. Except for 1-propanol,
which was measured at a weight fraction of 0.1, the
weight fraction of the alcohols was c = 0.25. As ex-
pected the diffusion becomes faster with increasing tem-
perature due to decreasing viscosity. The disproportion-
ate increase of the diffusion for 1-propanol with tempera-
ture is probably related to a breakup of clusters at higher
temperatures. The inset of Fig. 3 shows the molecular
weight dependence of D at 60◦, which is not monotonous
with increasing Mw.
Comparing the diffusion of propane-1,3-diol and glyc-

erol (c.f. Fig.3), we observe over the entire temperature
range a faster diffusion for glycerol although the mass of
glycerol is roughly 20% larger compared to propane-1,3-
diol. Our data agree well with the diffusion coefficient in-
terpolated from concentration dependent measurements
at 25◦C using the Gouy interferometric technique [39].
Su et al. observed that the diffusion of water in n-alcohols
slows down compared to n-alkanes taking into account
the different viscosities [42]. The authors assumed that
the hydrogen bonding between water and alcohols lead
to a longer residence time. Here we observe that glycerol,
which can form three hydrogen bonds with water, diffuses
faster compared to propane-1,3-diol, which can form only
two hydrogen bonds. According to Su et al. we would
expect the opposite trend, because glycerol has three OH
groups, while propane-1,3-diol has only two (c.f. Fig. 1).
The reason for the observed behavior might be related to
intramolecular hydrogen bonds, leading to a more com-
pact form of glycerol with a smaller van der Waals volume
and higher density compared to propane-1,3-diol (c.f. see
supporting information Tab. S1).

B. Soret coefficient measurements

1. Alcohol/water mixtures

The temperature dependence of the Soret coefficient of
the dihydric and polyhydric alcohol at a weight fraction
of c = 0.25 follows the empirical Eq. 2. None of the sys-
tems shows a sign change in the investigated temperature
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FIG. 4. Soret coefficient of 1-propanol, ethylene glycol,
propane-1,3-diol, butane-1,4-diol, glycerol, arabitol and man-
nitol as a function of temperature. For the different alcohols
we used the same colours as in figure 1.

range and the two largest alcohols, arabitol and manni-
tol, show the largest variation with temperature. ST of
1-propanol decays with increasing temperature. To de-
scribe the temperature dependence we use the following
exponential decay, which had been used before to de-
scribe hydrophobic systems [14] or hydrophilic systems
at higher concentration [20]

ST(T ) = S∞

T + S0
Texp

(

− T

T0

)

(8)

Note that 1-propanol might still form some clusters,
which have a different hydrophilicity compared to the
single molecule.

FIG. 5. Comparison of measured and calculated diffusion
coefficient using Eq.9 and the Eq.3 by Wilke and Chang of 1-
propanol, ethylene glycol, propane-1,3-diol, butane-1,4-diol,
glycerol and arabitol. Except for 1-propanol with a weight
fraction of 0.1 the weight fraction of the alcohols was 0.25.

IV. DISCUSSION AND CONCLUSION

A. Diffusion coefficient calculations

As mentioned in the introduction the prediction of dif-
fusion coefficients for small molecules is empirical and not
well understood [26]. We use the empirical approach by
Wilke and Chang [27] and a modified approach following
Evans [30]. While Evans et al. estimated the solute ra-
dius using the hard sphere approximation with a single
effective density, ρeff , for all solute molecules, we used
the density, ρmix, and viscosity, ηmix, of the mixture at
the investigated weight fraction to calculate the diffusion
coefficient with the following expression

D =

kBT

(

3 3

√

Msolvent

Msolute

2
+ 1

1+ 3

√

Msolvent

Msolute

)

6πηmix
3

√

3Msolute

4πρmixNA

(9)

The viscosity and density values have been taken from
literature ([43–45]) and are listed in the supporting in-
formation (c.f. section S3).
In figure 5 we compare the calculated diffusion coef-

ficients at 25◦C according to Eq.3 and Eq. 9 with the
interpolation to 25◦C of our measured diffusion coeffi-
cients. The best agreement within a few percent we find
for the larger polyhydric alcohols with Eq. 9. This is
not surprising because for larger molecules the Stokes-
Einstein equation should become valid. Butane-1,4-diol
shows the largest deviation for both empirical equation
in the order of 50%. This is larger than the deviations of
5-15% found for the other dihidric alcohols ethane-diol
and propane-1,3-diol. Here we can only speculate that
the larger deviation observed for butane-1,4-diol might
be related to its asymmetric shape. The deviations in
the order of 25% for 1-propanol and the overestimate
of the diffusion coefficient can be explained by the clus-
ter formation of the system. So we can conclude that
there is still an urgent need for better theories to de-
scribe the diffusion of small water soluble molecules and
small molecules in general.

B. Correlation with log P

One concept often used for drug compounds [46] is the
partition coefficient, P , which is defined as the ratio of
concentrations of a compound dissolved in the two phases
of a mixture of water and organic solvent at equilibrium.
The most commonly used organic solvent is 1-octanol.
The partition coefficient consists of the concentrations of
the solute and can be calculated by adding the contri-
butions of the different chemical groups present in the
molecule [47–49]. Depending on the database used the
obtained log-p values differ considerably, but the rela-
tive scale within one database provides reasonable val-
ues. We used the calculator Plugins of Marvin 16.5.2.0
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FIG. 6. Change of the Soret coefficient with temperature
∆ST = ST(50

◦C) − ST(20
◦C) plotted versus logP . The line

is a guide to the eyes.

to calculate the logP (see SI Sec. S5 ). As mentioned
in the introduction the temperature dependence of the
Soret coefficient, ∆ST(∆T) = ST(50

oC)-ST(20
oC), and

the partition coefficients, logP , of the solute molecules
are correlated. Figure 6 shows ∆ST(∆T) for the investi-
gated alcohols together with the previously investigated
water soluble molecules. It turns out that the alcohols fall
on the same curve as the previously measured systems,
so that the partition coefficient logP could potentially be
used to make predictions about the thermodiffusion be-
haviour of hydrophilic solutes. Unfortunately, we can not

expand the range towards more hydrophobic logP val-
ues as those systems, e.g. 1-propanol, tend to form clus-
ters in water. Under these circumstances we do not have
a good measure for logP . Most likely the hydrophilic-
ity of the cluster is determined by the chemical units in
contact with water and this will certainly change with
temperature and concentration. So we can conclude that
the correlation between the temperature dependence of
the Soret coefficient and logP works only for rather hy-
drophilic substances. For more hydrophobic substance it
would be interesting to perform experiments in 1-octanol,
which is not possible with the IR-TDFRS setup due to
the weak absorption of 1-octanol at the wavelength of the
writing laser.
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