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In recent years, the response of biomolecules to a temperature gradient has been utilized to monitor
reactions of biomolecules, but the underlying mechanism is not well understood due to the complexity
of the multicomponent system. To identify some underlying principles, we investigate the thermal
diffusion of small amide molecules in water systematically. We re-analyze previous measurements
of urea and formamide and compare the results with acetamide, N-methylformamide, and N,N-
dimethylformamide, amides with a lower hydrophilicity. It turns out that less hydrophilic substances
do not show the typical temperature dependence of water soluble macromolecules. Analyzing temper-
ature and concentration dependent measurements using an empirical expression originally derived for
nonpolar mixtures, we find that the so-called isotope contribution depends strongly on the hydrophilic-
ity of the solute. This can be qualitatively understood by comparing with molecular dynamic simula-
tions of Lennard-Jones fluids. The hydrophobic/hydrophilic balance also influences the structure in
the fluid and with that the thermal expansion coefficient, which correlates with the thermal diffusion
coefficient. Furthermore, we observe a clear correlation of the temperature and concentration depen-
dence of the Soret coefficient with the hydrophilicity, which can be quantitatively described by the
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partition coefficient log P. Published by AIP Publishing. https://doi.org/10.1063/1.5042051

I. INTRODUCTION

In recent years, MicroScale Thermophoresis (MST) has
gained popularity as a technique to quantify biomolecular
interactions. It is based on the thermophoretic behavior of
biomolecules and its sensitivity to non-covalent binding.'
While the effect can be used to precisely determine the dis-
sociation constant K4, which gives access to the change in
Gibbs free energy AG?, the reasons for the change in ther-
mophoretic behavior of the biomolecules upon binding are not
yet understood. For a systematic study of this effect, protein
systems are rather complicated: they require specific condi-
tions (pH, buffer) that can differ from system to system and
often undergo a folding process while the binding takes place
so that the chemical groups that are in contact with the solvent
change. Therefore, we are looking for smaller building blocks
of proteins such as amides, which often serve as model sub-
stances for peptide bonds, to identify some underlying princi-
ples. An additional advantage is the fact that the molecules are
uncharged and allow a systematic variation of the hydrophilic-
ity. While the hydrophilic amides form strong hydrogen bonds
(HB) with the water molecules, the more hydrophobic amides
lead to the spontaneous formation of empty water molecule
cavities capable of accommodating hydrophobic functional
groups.> One main objective of this work is to find out how
the change in hydrophilicity influences the thermodiffusive
behavior.
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While thermophoresis in fluids is not yet fully explained
on a microscopic level, the theoretical understanding of non-
polar binary systems has become quite comprehensive in
recent years.’ The reason why the thermodiffusion behavior
of a liquid mixture is so difficult to predict is its sensitiv-
ity to a large number of parameters.* For ionic particles,
the thermophoretic behavior is strongly influenced by the
charge so that the Soret coefficient becomes a function of
the Debye screening length>® and can also be expressed in
dependence of the surface potential.” For non-polar systems,
it has been shown that the Soret coefficient depends on the
mass and moment of inertia, as well as a chemical contribu-
tion that is due to non-specific interactions between solute and
solvent.®?

In aqueous and therefore most biological systems,
these interactions are dominated by hydrogen bonds. For
the temperature dependence of the Soret coefficient St in
aqueous solutions, an empirical equation was proposed by

Tacopini et al.,'?
T -T
Ty ’

with the adjustable parameters S+, T*, and T'y. S%" corresponds
to the extrapolated Soret coefficient at high temperatures, 7*
is the temperature at which St changes sign, and Ty describes
its temperature sensitivity. It has been shown to hold for a
number of biological systems'! but fails to describe the temper-
ature dependence of diluted solutions of ethanol,'?> dimethyl
sulfoxide,'? or ethylene glycol oligomers'# in water. A com-
mon feature of these aqueous solutions is the presence of
micro heterogeneity in the solution.'>'® For formamide, it
has been shown to hold only for dilute solutions and break

Sr(T) = S%"[l —exp( (1)
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down at higher concentrations.!” Recently, Niether er al.'®

related the empirical parameters in Eq. (1) with the number
and the strength of hydrogen bonds. Using a linear correlation
between those parameters, it was possible to reduce the num-
ber of adjustable parameters to two for cyclodextrins and their
complexes with acetylsalicylic acid.

Wittko and Kohler!® performed systematic concentration-
and temperature-dependent measurements of low molecular
weight mixtures. The majority of the systems they discussed
were non-polar, but they considered the system ethanol/water
in their description. The main outcome was the existence
of a temperature-independent fix point at a finite concentra-
tion, so they proposed an empirical ansatz to describe the
temperature and concentration dependent Soret coefficient
St(c, T),

St(e, T) = a(c)B(T) + S; )
with polynomial serial expansions for a(c) and B(T),

a/(c):a0+a1c+a202+a3c3+--~ s

B =1+by(T =To)+by(T —To)* +--- . 3

In their study, they used the molar fraction as concentration
variable ¢, T = 25 °C is an arbitrary reference temperature,
and S% is a temperature and concentration independent con-
stant, which could be expressed as S% = ay oM + b;61 with
the mass and moment of inertia difference 6M and 61 of two
non-polar components and the two adjustable parameters ays
and by.

Amides belong to the class of associating systems, which
have often been investigated by simulations and calcula-
tions.!329-2> For these systems, strong cross interactions
between unlike molecules are responsible for the observed
sign changes.?> Systematic simulations>>>* show that also the
pronounced concentration dependence of those mixtures is
strongly related to these cross interactions €. Artola and
Rousseau?* express €1p with a modified Lorentz-Berthelot

urea formamide acetamide N-methYI-
) formamide
d (0] (0] O (e}
HZNJJ\NHZ kNH2 )I\NHQ kNH
M 60 g/mol 45 g/mol 59 g/mol 59 g/mol
log P -1.3 -1.13 -1.03 -0.89

More hydrophilic

b) @ c)
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mixing rule €12 = kjp * y/€;1€2. The simulations demon-
strate that with increasing strength of the cross interactions
k1> compared to the like-interactions the concentration depen-
dent slope of St increases. Additionally, they introduce the
energy ratio ¥ ¢ = €x,/€1 as the second parameter. It turns out
that ¢ has almost no effect on the slope and might be con-
tributing to S% in Eq. (2), which accounts for mass or inertia
effects.!”

The considered amides are displayed in Fig. 1(a). This
substance class is characterized by an O=C—NR;,-group,
which can serve as a model for the peptide bond, an impor-
tant structure in proteins. Due to their polarity, the oxygen as
well as the amino-group (NH;) can act as a hydrogen bond
site with water. The investigated amides show a good solubil-
ity in water so that a wide concentration range is accessible
for measurement. Formamide is the simplest possible amide
with no additional groups. Urea has a second amino-group
and therefore more potential bond sites. Acetamide (AC),
N-methylformamide (NMF), and N,N-dimethylformamide
(DMF) can all be viewed as a methylated formamide. While
the hydrophobic methyl-group does not change the number of
potential hydrogen bond sites in the AC, in NMF and DMF
they block the amino-group partially or entirely. The parti-
tion coefficient P of a solute in two immiscible solvents is
given by the ratio of the solute in the two phases and is com-
monly expressed as the logarithm log P. The displayed log P
in octanol/water [Fig. 1(a)] is a physical property that is com-
monly used as a measure of hydrophobicity/hydrophilicity
of a substance. It is used as a parameter in the screening
for potential pharmaceutical compounds (Lipinski’s “Rule of
Five20). Exemplarily, Figs. 1(b) and 1(c) illustrate schemat-
ically the hydration of the most and least hydrophilic solutes
urea and N,N-dimethylformamide (DMF). Experimental stud-
ies and simulations support a good compatibility of urea with
the water network, where urea occupies roughly the vol-
ume of 2-3 water molecules and has strong intermolecular

N,N-dimethyl-
formamide

FIG. 1. (a) Chemical structure, molec-
ular weight, and log P values of the
amide systems in sequence of their
hydrophilicity. (b) Schematic view of
urea and (c) N,N-dimethylformamide
including hydrogen bonds formed with
the surrounding water.
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hydrogen bonds.?” DMF has typically only one hydrogen
bond'® so that the water molecules form a clathrate-like struc-
ture around DMF. A comparative study of pure formamide
(FA), N-methylformamide (NMF), and DMF found that the
possible number of hydrogen bonds decreases from four per
molecule in FA to one in DMF. There have been a few compar-
ative studies of amides.?®?° Papamatthaiakis ef al.>® find that
the isentropic compressibility of almost all amides shows a
minimum as a function of molar fraction, while in aqueous FA
solutions, the compressibility decreases monotonically. The
authors argue that both FA and water molecules have the abil-
ity to form hydrogen bonds so that in contrast to the other
amides the transition is continuous. The compressibility min-
imum observed for the more hydrophobic amides might be
rationalized by a clathrate-like water structure surrounding the
amide molecules at sufficiently high water content.’>3! In the
range of higher solute concentrations, however, the number of
water molecules is not sufficient to form a clathrate-like cage,
so that the compressibility increase monotonously toward the
value of the pure solute.

In this work, we measured the thermodiffusion behav-
ior of N-methylformamide (NMF), N,N-dimethylformamide
(DMF), and acetamide (AC) in water in a temperature range
between 10 and 70 °C and a concentration range between 2
and partially up to 70 wt. % by infra-red thermal diffusion
forced Rayleigh scattering (IR-TDFRS). Additionally, we re-
analyze the previously investigated aqueous solutions of the
more hydrophilic amides, formamide (FA)!7-*? and urea.> The
temperature and concentration dependence of the Soret coeffi-
cient St and its correlation with the logarithm of the partition
coefficient log P is discussed.

Il. METHODS AND MATERIALS
A. Thermodiffusion

Thermophoresis, or thermodiffusion, is the movement of
molecules in a temperature gradient. In a binary fluid mixture,
it can be described as a flux J of the solute molecules,

J = —pDVe - pe(1 = ¢)DyVT )

that is the sum of the thermodiffusion along the tempera-
ture gradient VT with the thermal diffusion coefficient Dt
and the Fickian diffusion along the resulting concentration
gradient V¢ with the diffusion constant D. In a steady temper-
ature gradient, both contributions become equal and the flux
becomes zero. In the steady state, the concentration gradient
over the temperature gradient is proportional to the ratio Dt
over D,

§p= D1 Ac (5)

This ratio is known as the Soret coefficient ST, a quantity that is
used to describe the thermophoretic behavior of a solute. Note
that a positive Soret coefficient signifies a thermophobic solute
(movement toward the cold side of the temperature gradient), a
negative ST, a thermophilic solute (movement toward the warm
side), and the absolute value how pronounced the resulting
concentration gradient is.

J. Chem. Phys. 149, 044506 (2018)

B. Thermal diffusion forced Rayleigh scattering

To measure the thermodiffusion, we used IR-TDFRS, a
transient grating technique.*3-** Two infra-red laser beams are
crossed inside the sample and create a holographic grating that
creates a temperature grating due to the inherent absorption of
water in that range.’> Thermodiffusion leads to migration of
the particles in that temperature gradient and a superimposed
concentration grating. Both, temperature and concentration
changes, give rise to changes in the refractive index of the
sample. The refractive index grating is probed by the Bragg
diffraction of a third laser beam, the read-out beam. The het-
erodyne scattering intensity {p.(¢) of the read-out beam is
measured and fitted with

Chet(r) = 1 = eXp(——) - At — )"

x {T[l - e):p(—é)] - Tth[l - exp(—%m)]}, )

with the lifetimes 7, = (Dy,g?) " and 7 = (Dg*)V of the
temperature and concentration grating, respectively. g, Dy,
and D denote the grating vector, the thermal diffusivity, and
the collective diffusion coefficient. Given that the temperature
and concentration dependence of the refractive index n are
known (see the supplementary material for details), the Soret
coefficient can be derived from the amplitude

-1
A=(a”) (@) Sre(l = ¢). )
p.T

dc),7\dT | .

C. Sample preparation

The investigated substances, acetamide (~99%),
N-methylformamide (99%), and N,N-dimethylformamide
(=99%), were purchased from Sigma Aldrich and were used
without further purification. The solutions were prepared with
distilled and deionized water (Millipore). The solutions were
filtered through a 0.2 um filter (Whatman Anotop 10) before
filling them into an optical quartz cell (Hellma) with an
optical path length of 0.2 mm. The concentration depen-
dence of the refractive index was measured for at least 7
concentrations each, within an hour after preparation. The
resulting functions were used to determine the concentra-
tions of subsequent samples and to check for changes in
older solutions. There were no significant changes of the
refractive index in the solutions when stored at room tem-
perature, even for long times (2 weeks or more). Slight con-
centration changes (<2%) were noted in some samples after
measurement due to evaporation at high temperatures during
measurement.

lll. RESULTS
A. Concentration dependence

First we use Eq. (2) to describe the temperature and con-
centration dependence of St. Figure 2 shows the concentration
dependence of St as a function of the weight fraction of all con-
sidered amide/water systems at various temperatures. Using a
simultaneous fit according to Eq. (2), we found a satisfactory
description of all studied systems. In the case of urea, NMF,



044506-4 Niether et al.

formamide

| 4 S acetamide 4
©

o

) L i
%) N

0.0 0.2 0.4 0.6 0.8
weight fraction ®

FIG. 2. Soret coefficient for all amide systems as a function of weight fraction
for different temperatures between 10° and 70°. The arrows mark the direc-
tion of increasing temperature. The lines are fits according to Eq. (2) with
the weight fraction as the concentration variable and 25 °C as the arbitrary
reference temperature.

and DMF, a cubic description of the concentration dependence
was required.

The temperature independent fix point, which corresponds
to a zero of a(c) could be observed for urea and FA. In the case
of AC, it was extrapolated since it is close to the solubility limit
but should lie only slightly above 0.6 weight fraction. In the
case of NMF, it is expected to be close to a weight fraction
of 0.7, while DMF, similar to the studied system dibrom-
methane in cyclohexane,19 seems not to have a temperature
independent fix point. For both systems, the polynomial fit
of St shows a maximum at low and minimum at high solute
concentrations.

Figure 3 shows b; and S% as a function of log P for five
amide systems [c.f. Eq. (2)]. The numerical values are listed
in Table 4 of the supplementary material. The parameter S%
has originally been introduced as a parameter to describe the
isotope effect since it does not show any temperature and con-
centration dependence, and the parameter b, is related to the

s S'; (nonpolar) "
Y AT
?2 Bt amides: (:‘9
% o4 /b v E"T Ezolid symk:)olls) 2 ;,_
24 e memeonrn 2.0y _(open symbols) |
/1 inciiiiaininiisti R
-1.5 -1.0 -0.5 0.0
log P

FIG. 3. S% values (solid symbols) and b; (open symbols) as a function of
log P for the five amides. The red and blue arrows mark the minimum and
maximum values of ST, and by, respectively. The shaded areas mark the range

found for nonpolar mixtures investigated by Wittko and Kohler.'?
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temperature dependence in first order. The shaded areas mark
the range of the values determined by Wittko and Kohler!”
for mainly nonpolar mixtures. S% of the amides is more ther-
mophilic (negative values) in comparison with the nonpolar
systems, but the spread of the data is similar. S% changes almost
linearly with log P (in the supplementary material we discuss
also the correlation with the Hildebrandt solubility parame-
ter). This suggests that S% is not solely determined by mass
and inertia effects. While the S%-Values of the five amides can
be related to their differences in mass and moment of inertia, an
extension to other aqueous ethanol and glucose mixtures fails
completely. For nonpolar mixtures, the chemical contributions
are fully expressed by a(c) and B(T) [c.f. Eq. (3)], but for polar
systems, this might not be possible due to the strong tempera-
ture dependence of the specific interactions. This seems also to
be reflected by the much wider distribution of b; of the amides
compared to the nonpolar mixtures. This hypothesis is addi-
tionally supported by the observation that the magnitude of
b1 of the two strong hydrogen bonding solutes urea and FA is
four times higher compared to the more hydrophobic amides.
A similarity of all mixtures, polar and nonpolar, is the negative
sign of by.

B. Temperature dependence

Compared to the non-polar mixtures, we observe for the
considered amide solutions a larger variation of the tempera-
ture dependence, which we would like to scrutinize in more
detail. Figure 4 shows the Soret coefficient St against temper-
ature at concentrations of 5 and 50 wt. % (open and solid sym-
bols, respectively). Looking at the temperature dependence of
St and its change when going from low to high concentrations,
itis evident that the investigated substances can be divided into
two groups. Urea and formamide fall into one group. At low
concentrations, the Soret coefficient increases with rising tem-
perature and Eq. (1) can be used to describe St(7). With rising
concentration, thermophobicity increases and the temperature
dependence of St weakens until, above a certain concentration,
there is a decrease of St with rising temperature. AC, NMF,
and DMF fall into the second group. For these substances, we
observe a linear decrease of St with rising temperatures at
low concentrations. At high concentrations, thermophobicity

S,/10° K’

temperature / °C

FIG. 4. The Soret coefficient St of the investigated amides at 5 (open sym-
bols) and 50 wt. % (solid symbols) for urea (red circle), formamide (blue
diamond), acetamide (magenta square), N-methylformamide (black triangle
down), and N,N-dimethylformamide (green triangle up).
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FIG. 5. Thermal diffusion coefficient Dt of the investigated amides at 5
(open symbols), 30 (half-filled symbols), and 50 wt. % (solid symbols). Same
symbols as in Fig. 4, ethanol data (cyan stars). Reproduced with permission
from Koniger ez al., Philos. Mag. 89, 907 (2009). Copyright 2009 Taylor
& Francis.

decreases. At 50 wt. % (Fig. 4, filled symbols), NMF and DMF
show a thermophilic behavior and the temperature dependence
of St weakens compared to the low concentration but still has
a negative slope. This difference in behavior becomes even
more obvious when looking at the temperature dependence of
the thermal diffusion coefficient Dt (Fig. 5). While D is more
or less constant over a large concentration range for urea and
FA, it decreases with increasing concentration for AC, NMF,
and DMF. All investigated substances show an increase of Dt
with rising temperature at low concentrations. At 5 wt. %,
we can distinguish between two groups which show very sim-
ilar Dp-values: urea and FA in the first and AC, NMF, and
DMF in the second, more thermophobic, group. At high con-
centrations, this picture changes. While for urea and FA the
behavior of Dt shows almost no change compared to that at
low concentrations (there is a slight shift to higher values at
cold temperatures), the methylated compounds AC, NMF, and
DMF shift strongly to lower values, indicating an increasing
thermophilicity of the solutes. For comparison, we display also
the Dy-values of ethanol in water.'? Ethanol is less hydrophilic
than DMF and the change in the temperature dependent slope
is even more pronounced.

The diffusion coefficient D and its temperature depen-
dence are rather similar for all investigated substances at
low concentrations (shown in the supplementary material).
As expected from their molecular masses (see Fig. 1), urea,
AC, and NMF have the same diffusion coefficients, while
formamide diffuses slightly faster and DMF diffuses slightly
slower. At a concentration of 50 wt. %, the variance between
the amides is more marked. While we observe no significant
change in the diffusion of formamide, the other systems show
a shift to lower D-values, especially at low temperatures.

IV. DISCUSSION AND CONCLUSION

Although the temperature and concentration dependence
of the amide systems has a higher complexity than the nonpolar
mixtures, a description of the experimental results with Eq. (2)
is possible. In order to understand the changes in the slope,
let us consider the two parameters introduced by Artola and
Rousseau:2* ki, and Ve, the strength of the cross interactions
and the energy ratio, respectively. The observed concentration

J. Chem. Phys. 149, 044506 (2018)

dependence for the different amides (c.f. Fig. 2) suggests that
k1, increases from values below 1 for the hydrophilic com-
pounds urea and formamide to values above 1 for the more
hydrophobic compounds. While for nonpolar systems ¢ is
mainly determined by mass and moment of inertia effects, this
does not hold for polar substances. As mentioned in Sec. III,
the S% found for polar systems cannot be expressed as a func-
tion of mass and moment of inertia but correlates with log P.
Therefore we might introduce a third term characterizing the
interaction level,

SE = apSM + broI + ceApre. (8)

Due to the similar masses and shapes of the amides, the first
two terms are almost constant. Considering only the amides,
ce Ay ¢ can be expressed by an equation of the forma +b - log P,
whereas the intercept contains mass and inertia effects. While
it is possible to determine ay; and b; for amides, there is
no solution which also covers aqueous solutions of ethanol
and glucose. Therefore, we assume that non-ideal structural
changes (e.g., excess effects) of the polar systems with tem-
perature and concentration are not fully covered by this simple
approach.

To clarify the observed difference between the amide sys-
tems, we would like to scrutinize those structural and interac-
tion changes. Only two amides, FA and urea, show the typical
temperature dependence of St.'! As mentioned in the intro-
duction, acommon feature of aqueous solutions, which deviate
from this behavior, is the presence of micro heterogeneity in
the solution. This hypothesis holds also for the three addition-
ally investigated amides. Recently, it was shown in simulations
that AC forms ring like structures similar to those formed
by ethanol in water.’® A comparative study of formamide
and NMF shows that the additional methyl group disrupts
the almost homogeneous encasement by oxygen observed in
aqueous formamide solutions.>” Aqueous DMF mixtures are
controversially discussed: while earlier studies favour micro
heterogeneities,'®* an improved force field leads to a bet-
ter prediction of bulk parameters, improves the miscibility,
and leads to less heterogeneities on a molecular level.** In
order to gain a better understanding of the underlying mech-
anisms in the considered mixtures, we want to look into two
aspects: first the structural changes of the mixture by consider-
ing the thermal expansion coefficient and second the governing
interactions especially the hydrogen bonding, which we try to
quantify by its hydrophilicity.

A. Thermal expansion

Different theoretical models can be found in the litera-
ture relating the thermophoretic mobility or thermal diffusion
coefficient with the thermal expansion coefficient o and vis-
cosity. For instance, in the model developed by Semenov and
Schimpf*° for dilute solutions of dissolved or suspended com-
ponents, the thermophoretic mobility (D) is proportional to
the ratio between the thermal expansion and the dynamic vis-
cosity. Likewise, Brenner’s*! kinematic model of thermal dif-
fusion for liquid and gases establishes that Dr is proportional
to the thermal expansion coefficient. This linear correlation
has also been observed for sugar solutions*>** and for alkanes
in organic solvent.**
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FIG. 6. (a) Thermal diffusion coefficient Dt of amides as a function of the experimentally determined thermal expansion coefficient  at a weight concentration
of 5%. (b) Experimental thermal expansion coefficient of urea, formamide, and DMF at 5, 30, and 50 wt. % as a function of temperature. Ethanol data (cyan

stars) are calculated from the work of Kéniger et al.12

In Fig. 6(a), we show the thermal diffusion coefficients
of diluted solutions (5 wt. %) of all amides versus the thermal
expansion coefficient @ = (1/V) - (0V/0T), whereas the effec-
tive volume, V, has been estimated using the Clausius-Mossotti
equation from the refractive index measurements, leading to
the thermal expansion coefficient,

6-n(T) - (9n/dT),,
() +n(T? -2

aT) = - ©))

At the low concentration, we find for all amides a similar linear
dependence of Dr as a function of « [c.f. Fig. 6(a)]. This linear
correlation between Dt and alpha is indeed one, which holds
for polar as well as for non-polar mixtures. Compared to the
other amides, NMF shows the largest deviations just outside
the uncertainty. For comparison, we display also the Dr-values
of ethanol in water. The thermal expansion dependent slope
of Dt of ethanol is similar to the amides, but the values are
roughly two times higher. This cannot be explained by different
viscosities*’ but might be related to the two times lower dipole
moment of ethanol compared to the amides, which influences
the hydrogen bonding.*®

In Sec. III, we have seen (c.f. Fig. 5) that the temperature
dependence of the thermal diffusion coefficient of urea and
FA does not vary much with concentration, while the more
hydrophobic amides show a strong temperature dependence
change of Dt with concentration. To investigate this further, we
calculated the thermal expansion coefficient of the five amides
at different concentrations as a function of temperature [c.f.
Fig. 6(b)]. At low concentrations, all systems show the same
thermal expansion, which indicates that @ agrees with water
at this low solute concentration. At higher concentrations, «
increases for all systems, but the effect is much stronger for
DMF and NMF than it is for AC, FA, and urea, which remains
almost constant.

The physical reason for this behavior is probably the better
compatibility of urea and formamide with the water network
so that an increase of the solute concentration requires less
rearranging of the fluid. For these more hydrophilic amides,
due to the fact that at all concentrations hydrogen bonds are the
dominating interactions, the behavior of Dt seems to be solely
determined by the change of «. This results in the weak con-
centration dependence shown in Fig. 5. By contrast, increasing
the concentration of the more hydrophobic amides leads to
a change of the fluid structure. As illustrated in Fig. 1, the

We used the same symbols as in Fig. 5.

water molecules form a clathrate structure around the molecule
inducing a void, which will not be filled by water molecules
leading to a higher thermal expansion with increasing con-
centration and hydrophobicity (c.f. Fig. 6). At the first glance,
this increase of @ seems to contradict the drop of the ther-
mal diffusion coefficient with increasing concentration of the
hydrophobic solute. To clarify this point, we need to regard
the dominating interactions in the mixture.

B. Correlation with log P

A correlation is observed between the temperature and
concentration dependence of the Soret coefficient, AST(AT)
=571(50 °C) = S7(10 °C) and ASt(Ac) = ST(50 wt. %) — S1(5
wt. %), respectively, and the partition coefficients of the inves-
tigated substances, log P. This is shown in Fig. 7. The system
ethanol/water has been investigated in a broad temperature and
concentration range!? so that we can include it in our analysis.
Note that there is no direct correlation to the absolute value of
St since that also contains the mass and inertia contribution.
But AST is assumed to be proportional to the chemical con-
tribution because it is the portion of St that is dependent on
temperature or concentration.

The partition coefficient log P is used to quantify the bal-
ance of hydrophobic and hydrophilic groups in a molecule,

0.21
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> 0.0 ~e \
Y = v
—~ ~A
g 02 o
-0.4r ¢ =5wt% TS
_ 05f--.
N .\\\Q
< 0.0}
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log P

FIG. 7. The change of St with temperature AST(AT) (upper graph) and con-
centration AST(Ac) (lower graph) is correlated with the hydrophilicity log P.
Same symbols as in Fig. 4.
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which determines its interactions with the surrounding sol-
vent and thus influences its thermodiffusion behavior. When
a substance is dissolved in two immiscible solvents, it will
not distribute equally between the phases but will reach a
characteristic concentration ratio in the respective solvents.
This ratio is given by the partition coefficient P. Since the con-
centration difference in 1-octanol and water arises from Fick-
ian diffusion along the solute’s activity gradient between the
phases, log P is closely related to the activity coefficient y of
the solute. The partition coefficient is measured in equilibrium
when the activities of the solute in the two phases are equal
(Aoctanol = Awater)- This can also be expressed as ¥ ocranol * Coctanol
=Ywater * Cwater» WHET€ Y sopyens and Cyopvens are the solute’s activ-
ity coefficient and concentration in the respective solvent, so
that

Coctanol

log P = log ( ) = 10g Ywater — 108 Yoctanols (10)

Cwater
where 108 ¥ ocranol 1S constant within a homologous group and
shows a slight variation between chemical species. It was
shown to be in the order of 108 Vocanor = 1.7 This implies
that the partition coefficient log P of a given solute is propor-
tional to its activity coefficient in water 1og ¥4 and can be
used as a measure of solute-solvent interactions in aqueous
solutions.

In these systems, the intermolecular interactions are
dominated by hydrogen bonds. The hydrogen bond strength
between the solute and water as well as the strength of the
hydrogen bond network of the water are expected to be sensi-
tive to temperature changes, resulting in changes in enthalpy
and entropy of the system. Assuming that the chemical contri-
bution must decrease with rising temperatures, we see that it
can be negative, leading to arising St(7), or positive, leading to
a decreasing temperature dependence. This indicates different
mechanisms that make solute-solvent interactions attractive or
repulsive. A hydrophilic group of the solute molecule can form
hydrogen bonds with the surrounding water, which leads to a
decrease of free energy. Hydrophobic parts of the molecule
cannot form hydrogen bonds. The HB network of water is
broken and has to be rearranged into clathrate-like cages to
accommodate their volume.*® The breaking of hydrogen bonds
as well as the distortion of the network raises the free energy
of the system.

The concentration and the temperature dependence of St
both correlate with log P. In both the cases, the sign change
of ASt is at logP = —1.1 or, if we look at the correspond-
ing activity coefficient, at y,,uer ~ 1. This means that, when
the mixture behaves like an ideal solution, the chemical con-
tribution is zero. This correlation indicates a proportionality
between the chemical contribution to the Soret coefficient and
deviation from the ideal behavior expressed by the activity
coefficient.

Microscopically, the underlying physical reason for the
correlation between log P and the temperature sensitivity of
the Soret coefficient might be related to the solute’s capabil-
ity to form hydrogen bonds. It is reasonable to assume that a
compound with a low log P value has more hydrogen bonds
to the surrounding water. Those bonds are weakened when the
temperature is raised, which leads to a change of the chemical

J. Chem. Phys. 149, 044506 (2018)

contribution of the Soret coefficient. Therefore we assume that
the change in St is larger. The correlation with log P is prob-
ably limited to fairly small molecules, which are too small to
coil or to fold, so that all chemical groups are accessible by the
solvent. This shows that thermodiffusion is extremely sensi-
tive to probe hydration of solutes in water. In contrast to log P,
it can also be determined at temperatures other than RT and it
can be used to describe the hydrophilicity of complexes.'®

SUPPLEMENTARY MATERIAL

See supplementary material for the diffusion coefficients
for AC, NMF, and DMF in water at 5 and 50 wt. %, the refrac-
tive index contrast factors with temperature, and the refractive
index values as a function of temperature and concentration.
Additionally the correlations with the so-called Hildebrandt
parameter are shown. In Section 4 of the Supplementary
Material, additional thermal expansion coefficients of FA,
DMF, and urea are shown, which have been calculated using
published density data.
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