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ABSTRACT

Thermophoresis or thermodiffusion has become an important tool to monitor protein-ligand binding as it is very sensitive to the nature
of solute-water interactions. However, the microscopic mechanisms underlying thermodiffusion in protein systems are poorly under-
stood at this time. One reason is the difficulty to separate the effects of the protein system of interest from the effects of buffers that
are added to stabilize the proteins. Due to the buffers, typical protein solutions form multicomponent mixtures with several kinds of
salt. To achieve a more fundamental understanding of thermodiffusion of proteins, it is therefore necessary to investigate solutions of
buffer salts. For this work, the thermodiffusion of aqueous potassium salt solutions has been studied systematically. We use thermal
diffusion forced Rayleigh scattering experiments in a temperature range from 15°C to 45°C to investigate the thermodiffusive proper-
ties of aqueous solutions of five potassium salts: potassium chloride, potassium bromide, potassium thiocyanate, potassium acetate, and
potassium carbonate in a molality range between 1 mol/kg and 5 mol/kg. We compare the thermophoretic results with those obtained
for non-ionic solutes and discuss the thermophoresis of the salts in the context of ion-specific solvation according to the Hofmeister
series.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038039

I. INTRODUCTION ligand binding and electrostatic effects influence the thermophoretic

response.””
In a macroscopic description, the diffusion flux j in a binary
fluid of mass density p not only originates from a concentration but

also from a temperature gradient,

Thermophoresis, also known as thermodiffusion or the
Ludwig-Soret effect, is sensitive to the nature of solute-solvent
interactions."” Nowadays, there are two major applications of
this effect in aqueous solutions of biological and biocompati-
ble compounds. The first is the accumulation of molecules in
thermophoretic traps by a combination of thermodiffusion and
convection.” The second application is based on the change in
the thermophoretic response of a protein when a ligand binds.™*

j=-pDVw-pw(1 - w)DrVT, 1)

This is the operating principle of MicroScale Thermophoresis (MST)
that allows the determination of binding constants.” The origin for
the change in the thermophoretic behavior of the molecules upon
binding is not understood on a microscopic level. Recent studies
suggest that changes in the hydration layer of the protein upon

where w is the mass fraction of the solute, and D and D are mass and
thermal diffusion coefficients, respectively. In the steady state with
j = 0, the Soret coefficient St = Dr/D is proportional to the estab-
lished concentration difference divided by the applied temperature
difference. St can be positive indicating that the solute accumulates
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in the colder region (thermophobic response) or negative indicat-
ing that the solute moves toward the warmer region (thermophilic
response).””

Thermophoresis of protein-ligand systems relevant to biomed-
ical applications is complicated as those systems are stabilized in
buffer solutions containing a variety of salts. This makes protein
solutions examples of multi-component mixtures, a class of sys-
tems known to have complex thermodiffusive properties.” In addi-
tion, salt concentrations in protein solutions are typically low to
moderate (physiological concentration is 150 mM) and beyond the
Debye-Hiickel and Poisson-Boltzmann approximations. To gain a
better understanding of the thermophoretic response of protein-
ligand systems, it is therefore essential to separate the effects of the
protein system of interest from the effects of the buffer. As a first
step, we investigate thermal diffusion in aqueous salt solutions in this
work.

For salts in protein solutions, it is well known that not just the
charges but the types of the ions affect protein solubility, stability,
and function. Ion specific effects are also important in aqueous salt
solutions and may be described by the Hofmeister series,”'" which
ranks ions according to their degree of hydration.'' In general, ion
specific effects are larger for anions than for cations. Since hydra-
tion/solvation dominates the thermodiffusive behavior of non-ionic
solutes in water, we expect differences in ion-specific hydration to
lead to differences in thermophoretic behavior. Furthermore, salts
are known to modify the dynamics and thermodynamics of aque-
ous solutions,'” which will certainly have an impact on the heat
transfer thus influencing thermodiffusion. To explore these effects,
we focus in this work on salts with a common cation and a series
of anions. In the following, we briefly summarize what is known
about the thermophoresis of ionic and non-ionic water soluble
solutes.

Ionic water soluble solutes: The majority of the recent ther-
mophoretic studies of charged systems concentrate on large solutes
such as (bio)macromolecules and colloids.'”** So far, there are no
recent systematic temperature and concentration dependent stud-
ies of aqueous salt solutions. Almost a century ago, Tanner reported
positive Soret coefficients for more than 20 different salts as a func-
tion of concentration at a fixed temperature around 35°C.” In his
studies, St of half of the investigated salts increased with increasing
salt concentration, while St of the other salts showed a decrease. An
unusual concentration dependence of St has been reported by Gaeta
et al.” for sodium and potassium chloride. They found two sign
inversions and a minimum of St in a very low concentration range
of the order 10™" mol/L. A more recent study’’ could not reproduce
this observation because it was not possible to get reliable data below
0.5 mol/L. Another indication for a minimum of St as a function
of concentration was observed experimentally”® and by computer
simulations' for lithium chloride.

Non-ionic water soluble solutes: Hydrogen-bond contributions
to the Soret effect have been systematically investigated in
recent years.” As illustrated in Fig. 1, a weakening of hydro-
gen bonds between the solute molecules and water leads to
an increase in St and a decrease in AST(AT) = St(T + AT)
— St(T), the change of St in a certain temperature range AT. It turns
out that AST(AT) for many systems shows a clear correlation with
the logarithm of a partition coefficient P, which is a measure for
the hydrophilicity of the solute.” Most commonly P describes the
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FIG. 1. lllustration of the temperature dependence of the Soret coefficient St
for diluted and concentrated non-ionic solutes. The lines represent Soret coef-
ficients for high (solid), intermediate (dashed-dotted), and low (dotted) concen-
trations. The colored triangles illustrate ASt(AT) = St(T + AT) — St(T), the
change of St in a certain temperature range AT. By increasing the solute
concentration or the temperature, the number of hydrogen bonds between the
solute and water is reduced. This leads to an increase in St and a decrease in
AST(AT).

concentration ratio in the two phases 1l-octanol and water
(Coctanol/Cwater). The influence of temperature on St can be described
by an equation proposed by Iacopini and Piazza,"”

S}Tlyd =S§°[1—exp(T ;T)], )

where S7°, T*, and T are empirical parameters that refer to the
Soret coefficient at infinite temperature, the temperature at which

a sign change of S}led occurs, and a parameter to describe the
curvature, respectively. The superscript hyd indicates that St is
mainly determined by hydration effects. This equation holds for
numerous biological systems™”’ but fails to describe the tempera-
ture dependence of certain substances such as ethanol™ or ethylene
glycol oligomers in water.”' For solutes such as formamide, Eq. (2)
holds at dilute concentrations and deviates at higher concentra-
tions." Note that a sign change of St with increasing temperature and
concentration may occur if the solute shows thermophilic behavior
at low concentrations and temperatures. The sign change with tem-
perature was explained qualitatively using a concept of free energy
minimization.””

Reichl et al.”' expanded Eq. (2) by adding an electric dou-
ble layer contribution (S?L ), a contribution from the Seebeck effect
(S%E ), and an ideal gas term (1/T) to describe the Soret coefficient
of DNA strands of different lengths in aqueous solutions of various
salts as a function of temperature as follows:

Sr=Spr+SY + S+ 1/T. 3)

While there are explicit expressions for SY* and Sy, there is no the-
ory for hydration effects. Reichl et al.”' accounted for those effects
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by applying Eq. (2) with adjustable parameters. In accordance with
the Hofmeister series,'’ we expect that the hydration layer will
depend on the chemical nature of the salt. Therefore, the hypothesis
of the additivity of the various contributions to the Soret coeffi-
cient underlying Eq. (3) has to be carefully examined for different
salts.

Wittko and Kohler” proposed another empirical ansatz to
describe the temperature and concentration dependence of the Soret
coefficient St(m, T),

St(m, T) = a(m)B(T) + Sk, (4)
with polynomial serial expansions for a(m) and (T),

Ot(m) =qap+am+ azmz + a3m3 4oy
(5)
B(T) = 1+by(T = To) +by(T = To)* +---.

While Wittko and Kohler used the molar fraction as the concentra-
tion variable, we employ the molality m of the solution. The param-
eter To is an arbitrary reference temperature, set to Ty = 25 °C, and
ST is a temperature and concentration independent constant. For
non-polar systems, S can be expressed as

St = apdM + byél, (6)

where dM and dI are the mass and moment of inertia differ-
ence (between the solute and solvent), respectively, and ay and
by are adjustable parameters. Recent work shows that Egs. (4)-(6)
may be used to describe the Soret coefficients of amides in water.
However, the relation between S; and the mass and moment of
inertia differences expressed in Eq. (6) fails in general for polar
solutes.”

Some insight into microscopic processes underlying ther-
mophoresis can be gained by discussing diffusion in the absence
of temperature gradients. Due to ion pairing and complex for-
mation, the diffusing entities in electrolyte solutions are chang-
ing with increasing concentration, which also implies that different
entities respond to an applied temperature gradient. For example,
in LiCl aqueous solutions, single ions diffuse at very low concen-
trations (¢ < 0.1 mol/L), ion pairs at intermediate concentrations
(0.1 mol/L < ¢ < 1 mol/L), and ions with clouds of counter ions
at high concentrations (¢ > 1 mol/L)." In experiments on aque-
ous KSCN solutions, Bian et al.”” observed cluster formation, with
clusters containing multiple anions and the cluster size increasing
with concentration. In the case of organic salts, hydrogen bond-
ing may also play an important role so that water molecules might
be pulled with the moving entities thereby slowing down the dif-
fusion. The theoretical description of diffusion in electrolyte solu-
tions dates back to Nernst® and Onsager and Fuoss.”” The latter
employed the Debye-Hiickel ion-atmosphere model to derive an
expression for the diffusion coefficient that includes electrophoretic
effects. This approach has been extended and improved over the
years.”” "> Most theoretical approaches predict that the diffusion
coefficients of simple salts show a minimum at low concentrations
(0.1 mol/L < ¢* < 1 mol/L) and a monotonous increase at higher
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concentrations. Theories based on the mean-spherical approxima-
tion are limited to concentrations less than about 2 mol/L because
they assume that the solvent may be described as a dielectric
continuum.”* For the best description of experimental data, the
hydration layer of the cations has to be taken into account, which
is accomplished by assigning effective diameters to the cations.”” "'
For example, Gao et al " described the cationic diameter as
0" = 0p + Mya(m), where oy is the Pauling diameter and the
parameter Apyq4, being twice the thickness of the hydration layer, is
assumed to depend on the salt concentration. They were able to
reproduce the minimum in the mutual diffusion coefficient observed
for many solutions of simple salts as well as the monotonous decay
of the diffusion coefficient with concentration observed in aque-
ous ammonium nitrate solutions.’® For this last system, the infi-
nite dilution value Ao of Ayyq was roughly a factor five larger than
0y. Gao et al. assumed that the diffusion slows down due to the
formation of ion pairs. However, as the obtained hydration layer
thickness /Igyd /2 at infinite dilution corresponds to a large num-
ber of water layers around the ion, other explanations might be
considered.

To achieve a more fundamental understanding of thermodif-
fusion of aqueous salt solutions, we investigated the five potassium
salts displayed in Fig. 2 together with their probable position accord-
ing to the Hofmeister series.”'' For potassium chloride (KCI),
potassium bromide (KBr), and potassium thiocyanate (KSCN), we
expect that the thermophoretic behavior is predominantly deter-
mined by ionic effects, while for potassium acetate (CH3COOK)
and potassium carbonate (K,COj3), contributions due to hydrogen
bonds should become more important. There are two reasons for
including the divalent salt K;COs: first, we can investigate how
much its behavior deviates or follows the general trend of mono-
valent salts, and second, carbonate is very hydrophilic and allows
us to cover a wide hydrophilicity range of anions. To investigate
whether ionic and non-ionic contributions to the Soret coefficient
can be separated, we performed systematic measurements in a tem-
perature range from 15°C to 45°C and a concentration range of
1 mol/kg-5 mol/kg.

0]
)J\ K* +K Br
o
potassium
acetate
K+ O +
K
o
potassium
carbonate

potassium
bromide

K*Cr NZ ke

potassium

chloride

potassium
thiocyanate

co,” so,” s,0” F CHCOO cI Br Noj I CIog

HOFMEISTER SERIES more
hydrophobic

more
hydrophilic

FIG. 2. Sketch of the investigated potassium salts and their probable position
according to the Hofmeister series.'”"" From left to right in the series, the salts
generally become more hydrophobic.
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Il. METHODS AND MATERIAL
A. Sample preparation and properties

The investigated substances, potassium chloride, potassium
bromide, potassium acetate, potassium carbonate, and potassium
thiocyanate, were purchased from Sigma Aldrich and were used
without further purification. The salts used were of purity >99%. The
solutions were prepared with distilled and deionized water. Before
filling solutions into an optical quartz cell (Hellma) with an opti-
cal path length of 0.2 mm, they were filtered through a 0.2 ym filter
(Whatman Anotop 10). A stock solution of the highest concentra-
tion was prepared, and the required concentrations were made up
from this stock solution. The stock solution was made by weighing
the required amount of salt and adding water into it. We filled at
least two cells and measured each cell at least two times at the same
temperature.

A crucial point in the interpretation of St is the number of ionic
species present in the solution. Since CH3COOK and K,COs are
salts of weak acids, the pH value and with it the valency of the anion
are expected to depend on the salt concentration. We performed
pH-measurements, calculated microspecies distributions, and found
that, in the concentration range investigated in this work, only the
anions CH3COO™ and COj3 "~ exist in the solution (cf. Sec. VI and
Fig. 23 of the supplementary material). Thus, a distribution of anions
with different valencies was ruled out.

The auxiliary parameters, concentration and temperature
dependence of the refractive index, were measured independently.
The refractive index as a function of concentration was measured
with an Abbe refractometer (Anton Paar Abbemat MW) at a wave-
length of 632.8 nm. We measured the refractive index for seven
concentrations to determine (9n/0c),, r. The refractive index change
on temperature, (0n/0T),,c, was measured interferometrically. 7 All
data are shown in the supplementary material.

B. Thermal diffusion forced Rayleigh scattering

Infrared-Thermal diffusion forced Rayleigh scattering
(IR-TDEFRS), a transient grating technique, is employed to measure
the thermodiffusion.”'® Two infrared laser beams are used to cre-
ate a holographic grating inside the sample, which in turn creates
a temperature grating due to the inherent absorption of water in
that wavelength range. This leads to the migration of particles in
the temperature gradient resulting in a concentration grating. Both
temperature and concentration gradients give rise to changes in the
refractive index of the sample. The heterodyne scattering intensity
Chet(t) of the readout beam is measured and fitted with

Chet(t) =1 - exp(—r—fh) —A(r-10)”"
X {T[l—exp(—é)]—Tth[l—exp(—;th)]}_ )

With the lifetimes 75, = (Dypg?)Y and 7 = (Dg?)™ of the
temperature and concentration grating, respectively, where g, Dy,
and D denote the grating wave vector, the thermal diffusivity, and
the mutual diffusion coefficient, respectively. When the so-called
contrast factors, the change of refractive index with temperature
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and concentration, (0n/0T).,p and (On/Oc)r,p, are known, the Soret
coefficient can be calculated from the amplitude A as follows:

() ) o

Low concentrations and small S values will result in a small ampli-
tude of A, which makes the analysis difficult.

lll. RESULTS
A. Concentration dependence

The concentration dependence of the Soret coefficient St for
all considered aqueous salt solutions is shown in Fig. 3. The lines in
Fig. 3 are fits to Eq. (4), which gives a satisfactory description of all
studied systems. In all cases, third order and second order polyno-
mials have been used to describe the concentration and temperature
dependence of St, respectively. The simplest salts investigated in this
study are potassium chloride (KCI) and potassium bromide (KBr).
The concentration dependence of St of KCl solutions was studied

N

Sy /103K’

o N MO

1 2 3 4 5
concentration / mol kg™’

FIG. 3. Soret coefficients of all investigated systems as a function of concentration
for temperatures between 15 °C and 45 °C. The markers indicate the temperature,
filled symbols (15 °C), half filled symbols (25 °C), half crossed symbols (35 °C),
and open symbols (45 °C), and the salts, KCI (red up-pointing triangles), KBr (blue
down-pointing triangles), KSCN (green squares), CH;COOK (orange pentagons),
and K,COjs (violet circles). The lines are fits to Eq. (4).
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before by Gaeta et al.”® at 30 °C and by Tanner™ at 36.4 °C. Devi-
ations between our experimental measurements at 30 °C and the
reported values lie around 4%-51% with the highest difference
observed for a molality of 4 mol/kg (Fig. 1 of the supplementary
material). The study by Gaeta et al.”® reported a minimum of St
at 0.4 mol/L. Due to experimental constraints, we were not able to
measure at concentrations below 1 mol/kg. Our St values show a
monotonous increase with concentration for these two systems, and
there is no indication for a minimum at low concentrations.

We also studied aqueous solutions of potassium thiocyanate
(KSCN), potassium acetate (CH3COOK), and potassium carbonate
(K2COs3). In the case of KSCN, St initially shows a decrease with
concentration up to 2 mol/kg and then increases again at higher
concentrations. Such a minimum has been previously reported for
some salts systems such as KCI, NaCl, and LiCL***® The range over
which St varies with concentration for KSCN is smaller compared
to that of KCl and KBr. In the forthcoming parts, we will refer to the
concentration at which the minimum of St is observed as m*. The
other investigated salts, CH3COOK, a monovalent salt, and K,COs3,
a divalent salt, exhibit a more complex behavior of St. Both salts
show a minimum in St with concentration as observed for KSCN.
For CH3COOK, St decays with concentration until m”* and saturates
at higher concentrations. St of K,CO3, on the other hand, shows a
weak increase between 1 mol/kg and 2 mol/kg, then it drops until a
minimum is reached at m* ~ 4 mol/kg, and then St increases once

T T

2t éAgAlém 1

N
T
1

KCI

D /10° cm?s™
o

N

" a

hmmo o 8 o0 =]

T = 25°C KSCN

0 1 2 3 4 5
concentration / mol kg™

0

FIG. 4. Diffusion coefficients of KCI (red triangles) and KSCN (green squares) com-
pared with literature values. Filled symbols correspond to our results, and open and
half filed symbols correspond to literature results for KSCN by Mitchell et al*®
(open squares) and Ribeiro et al.“® (half filed squares) and for KCI by Gosting
(open triangles).””
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more at higher concentrations. The increase in St at high concen-
trations is a general observation, which holds for all investigated salt
systems.

The diffusion coefficient D and its concentration dependence
differ between the systems. On the basis of the obtained results, salts
can be classified into two groups. KCl, KBr, and CH;COOK belong
to the first group, where D increases with concentration. The diffu-
sion coefficient of the divalent salt K;COj has a slight decrease with
concentration, which is more pronounced at higher temperatures.
For KSCN, there is a clear decay in the magnitude of D with concen-
tration at all temperatures. Figure 4 shows the diffusion coefficients
of KCl and KSCN as two representatives of the two classes at 25°C
in comparison with literature results.” >’ The measured diffusion
coefficients for all potassium salts and temperatures are shown in
the supplementary material.

The concentration dependence of the thermodiffusion coeffi-
cient Dr is similar to that of St. In the case of KSCN, K,COs3, and
CH3COOK, Dt shows a minimum, as was also observed for St. For
CH3COOK and K,COs, the spread of Dt observed at the highest
temperature of 45°C is a factor two to three larger compared to
that at 15 °C. All results for Dy are included in the supplementary
material.

N B~ OO

S;/ 103K

15 20 25 30 35 40 45
temperature / °C

FIG. 5. Soret coefficients as a function of temperature for all investigated aqueous
solutions of potassium salts at 4 mol/kg (solid symbols) and 1 mol/kg (open sym-
bols): KCI (red up-pointing triangles), KBr (blue down-pointing triangles), KSCN
(green squares), CH3COOK (orange pentagons), and K,CO3 (violet circles). The
lines are fits to Eq. (2).
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B. Temperature dependence

The Soret coefficient against temperature for the lowest and
highest concentration of 1 mol/kg (open symbols) and 4 mol/kg
(solid symbols) of the studied potassium salts in water is shown in
Fig. 5. Curves are fitted according to Eq. (2). For all studied systems,
St shows an increase with temperature indicating a more thermo-
phobic behavior with increasing temperature. A more detailed look
into the temperature dependence of St and its change from low
to high concentrations suggest that the investigated systems can be
divided into two groups. For salts such as KCl, KBr, and KSCN, the
magnitude of St increases with concentration, while the tempera-
ture dependence of St, characterized by ASt(AT) (cf. Sec. I), shows a
decrease with increasing concentration. Note that AST(AT) of KSCN
is almost concentration independent, and its temperature depen-
dence is weak. The scenario is different for K;CO3 and CH3COOK.
For these salts, the magnitude of St decreases with increasing con-
centration. While the temperature dependence of St is weak for
CH;3COOK at both concentrations, for K;COs3, AST(AT) decreases
with concentration. The thermal diffusion coefficient Dt behaves
similar to St and shows a monotonous increase with temperature.
The temperature dependence of the diffusion coefficient D is domi-
nated by the decrease in viscosity with increasing temperature lead-
ing to a monotonous increase of D with temperature for all systems
(see the supplementary material for more details).

IV. DISCUSSION
A. Concentration dependence
1. Soret coefficient: Empirical fitting

As mentioned in Sec. I, the Soret coefficient of nonpolar sys-
tems can be described successfully with Eq. (4), and the temperature
and concentration independent parameter S} can be expressed as a
function of differences of mass and moment of inertia of the solute
and solvent [see Eq. (6)]. We applied Eq. (4) to describe the tem-
perature and concentration dependence of the investigated aqueous
potassium salt solutions and determined S from fits to our experi-
mental data. Additionally, we have included previously investigated
aqueous solutions of amides.”* To compare with Eq. (6), we calcu-
lated absolute mass and moment of inertia differences as described
in the supplementary material. The fitting of S} to Eq. (6) yields
ay=(-12+01)K! g mol ' and by = (-2.1 + 0.4) K™ gmol_IAZ.
Rutherford’’ and Debuschewitz and Kohler’” analyzed Si for ben-
zene systems. Converted to absolute mass and moment of inertia
differences (see the supplementary material), Rutherford’s values for
substituted benzene systems are ay = (—1.0 + 0.1) K! g mol~! and
br = (-1.5 + 0.4) K ! g mol™'A? and those by Debuschewitz and
Kohler for benzene-cyclohexane mixtures are ay = (1.1 + 0.1) K!
g mol™* and by = (-3.5 + 0.4) K™! g mol™"A?. Our values are close
to the literature values. _

Figure 6 shows the correlation between the calculated St (calc)
using ay and by with Eq. (6) and SiT obtained from the fit of the
experimental data according to Eq. (4). The linear regression of
Si(calc) vs S results in a regression coefficient of R = 0.7. The
amide solutes have comparatively a low mass difference and do not
vary much among themselves in terms of Si. The masses of the
potassium salts cover a larger range: KCI shows the highest negative
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FIG. 6. Comparison of the constant contribution to the Soret coefficient, S,
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by =—-2.1K=1 g mol~ A2 for all systems investigated in this work and for aqueous

solutions of amides.** The solid line represents a linear regression as discussed
in the text.

value, whereas K;CO3 (divalent salt) has the highest positive value
of S%.

In a recent study of aqueous solutions of amides,”* it was found
that S} decays linearly with log P, where log P is a parameter describ-
ing the hydrophilicity of the solute molecule, determining the inter-
actions with water. Notice that the hydrophilicity scale defined by
log P is not completely identical to Hofmeister’s order. In particular,
the SCN™ anion is not the least hydrophilic anion but slightly more
hydrophilic than CI™ and Br™ according to the log P-scale. To study
whether a similar dependence holds for potassium salts, we present
in Fig. 7 Si values as a function of log P for all investigated salts. For
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FIG. 7. SI. values for all investigated systems as a function of log P containing ionic
and non-ionic contributions.
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comparison, we include also previously investigated amide systems.
Note that, for salts, log P has contributions from ionic and nonionic
species. St shows a decrease with log P, and the linear correlation
leads to a slightly better regression coefficient of R = 0.9 compared
to the fit using ay and by [cf. Fig. (6)]. This confirms that, in the
case of polar substances, the thermophoretic behavior is more influ-
enced by specific interactions than by physical parameters such as
mass and moment of inertia. Due to the strong correlation between
St and log P for ionic and non-ionic water soluble solutes, we suggest
expressing St by

Szf =Yypr 10gP + Ointercept> 9)

where the parameter yp represents the slope obtained in a fit of
the data to a straight line and Ointercept is the intercept. We find
yp=(=3.1£0.5) x 107> K" and Gintercept = (-3.0 £ 0.7) x 107> K"
The correlation between log P and S;. may be related to the solute’s
ability to form hydrogen bonds. Consequently, this relation is prob-
ably limited to molecules, which are small enough not to coil or fold,
so that the entire surface of the molecules is accessible by the solvent.
Although there is certainly also a correlation between St and M and
41, it is not possible to separate this contribution from the influence
of the solute-water interactions described by log P.

Another relevant parameter obtained from a fit to Eq. (4) is
by describing the temperature dependence in first order. For amide
systems, it was observed that b; increases non-linearly with log P
and the b;-values spread over a three-times larger range compared
to non-polar systems.”* If we include the b;-values of potassium
salts, we can no longer identify a correlation between b; and log
P (cf. Fig. 24 of the supplementary material). While in the case
of the amide systems the solute molecule with the most negative
log P-value shows also the most negative b;-value, we find for
CH3COOK with logP = -2.1 a positive b;. Therefore, the corre-
lation between b; and the capacity of the solute to form hydrogen
bonds are altered by charge effects.

2. Diffusion coefficient

Since the amplitude of the concentration signal [cf. Eq. (8)]
becomes very small below 0.5 mol/kg, we could not obtain reliable
values for the diffusion coefficient in the concentration range where
typically a minimum can be observed. The minimum of D with
concentration is often related to ion-pair formation, which reduces
the movement of the ions.”’ Apart from ion pairing, solvent-solute
association can also contribute to the behavior of D. When solute-
solvent interactions are more favored, the probability of ions being
surrounded by solvent molecules increases leading to a larger size
and reduced diffusion coefficient of the entity."*”’

In the intermediate to high concentration range investigated in
this work, the diffusion coefficients of aqueous solutions of KCl and
KBr show a monotonous increase with concentration for all tem-
peratures. Except for the lowest temperature, the same holds true
for the diffusion coefficient of CH;COOK in water (cf. Fig. 14 of
the supplementary material). This observed trend follows the the-
oretically predicted behavior for simple aqueous electrolyte solu-
tions.””*"*” While for KCl and KBr the concentration dependent
slope is almost the same for all temperatures, the slope decreases for
CH3COOK with decreasing temperature. At the lowest investigated
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temperature of T = 15°C, the diffusion coefficient of CH;COOK
is almost temperature independent. This slightly different behavior
might be related to the capability to form hydrogen bonds between
the two oxygens of the acetate group of CH3COO™ and water.
With increasing temperature, the influence due to the hydrogen
bonds diminishes so that at higher temperatures the diffusion is
dominated by the charge of the salt. This idea is supported by the
observation that the measured diffusion coefficients of non-ionic
amides in water also show a decrease with increasing concentra-
tion (cf. Fig. 8). For most of the investigated amides, the deriva-
tive of the diffusion coefficient with concentration decreases slightly
with lowering the temperature (cf. Fig. 27 of the supplementary
material).

The measured diffusion coefficients of aqueous K,COs3; and
KSCN solutions decrease with concentration (cf. Figs. 4 and 18 of
the supplementary material). In the case of KSCN, the derivative
of the diffusion coefficient with concentration is temperature inde-
pendent within the error bars. For the divalent salt K,COs3, the
negative slope becomes more pronounced with increasing temper-
ature. The decreasing diffusion coefficient of KSCN with concen-
tration can be explained by cluster formation, which was reported
by Bian et al.” In the investigated concentration regime between
1 mol/kg and 5 mol/kg, the percentage of ion clusters increases
approximately from 30% to 70%, whereas also the number of anions
in the cluster doubles from 3 to 6. Both effects will lead to a decrease
in the mutual diffusion coefficient. The thermal diffusion and the
Soret coefficient of KSCN show a minimum around 2 mol/kg. On
the one hand, it is known that Dr is very sensitive to the solute-
solvent interface. On the other hand, it is not expected that the
water interfaces of the formed clusters change with concentration.
This suggests that the minimum might be a concentration effect.
While at low concentrations interactions between water and salt
clusters dominate, at higher concentrations interactions between the
clusters become more important. With K,CO3, we have a divalent
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FIG. 8. Diffusion coefficients of various aqueous solutions of amides at T =20 °C.

The unpublished diffusion coefficients have been determined in the thermophoretic
study by Niether et al.** The lines are a guide to the eye.
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salt, which can also form hydrogen bonds. At this time, we can
only conclude that this particular divalent salt does not follow the
same trend as the monovalent salts and that more experiments are
required.

B. Temperature dependence

As shown in Fig. 5, the temperature dependence of St of all
salts, even those with a positive log P, can be described by Eq. (2)
at low and high concentrations. This is in contrast to the aqueous
solutions of amides. Only St of the two most hydrophilic amides,
urea and formamide, exhibited the typical temperature dependence
at low concentrations in water, while St of the other amides shows
a decrease with temperature.”* Furthermore, for many non-ionic
water soluble solutes, the change of the Soret coefficient with tem-
perature AST(AT) decays linearly with log P (cf. Fig. 7 of Ref. 34).
The underlying physical reason for this correlation is the solutes’
ability to form hydrogen bonds. In the case of the salts investi-
gated here, the correlation between ASt(AT) and log P observed for
non-ionic solutes cannot be confirmed (cf. Fig. 26 of the supplemen-
tary material). Note that only for two of the salts investigated here,
potassium acetate and potassium carbonate, both being able to form
hydrogen bonds and both being very hydrophilic, ASt(AT) shows a
similar trend in respect of log P as the non-ionic amides (cf. Fig. 26
of the supplementary material).

The aqueous solutions of amides, which cannot be described by
Eq. (2), tend to form micro-heterogeneities.”* " The physical rea-
son is probably connected to their more hydrophobic nature leading
to the formation of clusters instead of the formation of hydrogen
bonds with water. Experiments and simulations on aqueous salt
solutions”** " reveal the formation of ion clusters at concentra-
tions above about 1 mol/kg.” * However, for potassium salts, we
do not observe a decay of the Soret coefficient with temperature as
in the case of the non-ionic solutes. Ren et al.”’ simulated highly
concentrated (16.7M) aqueous KSCN solutions over a wide range
of temperatures (300 K-800 K) at constant density and investigated
the cluster size distributions. They find shifts to larger clusters for
the anions and to smaller clusters for the cations as the temperature
increases. They also examine cluster size distributions as a func-
tion of concentration for a temperature of 300 K and find smaller
clusters at lower concentrations. If the temperature trends persist
at lower concentrations and for a system at constant pressure, one
would expect a very small change in cluster size distribution over
the temperature range investigated in this work. This suggests that
the observed changes in the diffusion and Soret coefficients are due
to thermodynamics and changes in the interactions at the interface
between salt clusters and water.

One striking difference between non-ionic and ionic solutes
is in the effect of concentration on the temperature dependence of
the Soret coefficient, as illustrated in Fig. 9. For a typical non-ionic
solute, the behavior of St changes from increasing with temperature
to decreasing with temperature as the concentration increases. This
is correlated with the solvation of the solutes, which decreases as
the concentration increases. Only very hydrophilic non-ionic solutes
have St values that increase with temperature for all concentrations.
In contrast, the Soret coefficients of ionic solutes show the typical
temperature dependence of very hydrophilic solutes over the entire
concentration range. This can be explained by cluster formation and
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FIG. 9. Schematic comparison of the temperature dependence of St for non-
ionic and ionic solutes at different concentrations: low (dotted line), intermediate
(dashed line), and high (solid line).

growth of the salts with increasing concentrations. Even at high salt
concentrations, the clusters are hydrated by water since the fraction
of ions in the interfaces decreases when more ions are part of larger
clusters.

V. CONCLUSION

Thermophoresis is an excellent tool to monitor protein-ligand
binding as it is very sensitive to the nature of solute-solvent inter-
actions. The process involves hydrophobic, hydrophilic, and ionic
entities as chemical (side) groups of the proteins and ligands and as
buffer components. In this work, we studied systematically a set of
potassium salts to gain a better understanding of thermodiffusion
in electrolyte solutions. We initiated the study of aqueous salt solu-
tions to reduce the complexity compared to protein-ligand systems.
However, due to the presence of charges and the complex nature of
water, even aqueous salt solutions are complex systems. This study
shows how sensitive the Soret effect is to the ion species.

For all salts studied in this work, it is possible to describe the
temperature and concentration dependence of St with Eq. (4), an
ansatz originally developed for non-polar binary mixtures. While for
non-polar compounds, the temperature and concentration indepen-
dent parameter S} correlates well with mass and moment of inertia
differences, for the salts, SiT is more closely correlated with log P. The
previously investigated amides also follow this relation, which sug-
gests that solute-water interactions dominate mass and size effects
for charged and polar systems. Other correlations”* found for aque-
ous solutions of non-ionic solutes are no longer valid for salt solu-
tions. In particular, the correlations between ASt(AT) and log P as
well as AST(Ac) and log P fail in the case of salts (cf. Figs. 25 and 26
of the supplementary material).

Previous studies”' express the Soret coefficient as a sum
[cf. Eq. (3)] including two ionic contributions, one due to the electric
double layer and another due to the Seebeck effect. The latter leads
to an ion-specific offset, and the double layer contribution is con-
stant for thin double layers (in the sub-nanometer range) expected
at high salt concentrations. It is also assumed that the hydration con-
tribution in Eq. (3) can be described by the empirical approach of
Tacopini et al."” and is the same for all ions. For the high salt concen-
trations studied here, this assumption is not correct since we find
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an ion-specific effect on St that correlates with both the Hofmeis-
ter series and logP. This shows that, at higher salt concentra-
tions, salt-specific properties become more important than the non-
specific ionic contributions due to the double layer and the Seebeck
effect.

To study the influence of the double layer thickness, very low
salt concentrations between 2 mM and 20 mM would have to be
investigated. To our best knowledge, there are no existing meth-
ods that work for small molecules in the millimolar range. Due to
insufficient optical contrast, optical techniques such as beam deflec-
tion, thermal lens, and digital interferometry have similar problems
to measure small molecules at low concentrations as the TDFRS
method employed here. MicroScale thermophoresis (MST) requires
fluorescent labeling, which would lead to inaccurate results for small
molecules. Thermogravitational columns could be used to measure
at concentrations up to one order of magnitude below our range,
however, this is still too concentrated and requires measurement
times several 100 times longer.

Another important question to address is what is diffusing.
With increasing concentration, the diffusing entities change from
single ions over ion pairs to ion clusters. The salt solutions investi-
gated here are in the concentration range of ion clusters. For KSCN,
it has been observed that the number and size of clusters increases
with concentration.”” This explains the decrease in the diffusion
coefficient with increasing concentration, while the observed min-
ima in Dy and St are more difficult to understand. A possible expla-
nation could be that at higher concentrations, interactions between
clusters become more important than cluster-water interactions,
which dominate at lower concentrations. In addition, the interface
between diffusing entity and solvent may change with concentra-
tion, which can have a pronounced effect on the thermophoretic
properties. To achieve a deeper understanding of thermodiffusion
in aqueous salt solutions, more systematic experiments need to be
carried out, accompanied by computer simulations.

SUPPLEMENTARY MATERIAL

The supplementary material shows the diffusion and ther-
mal diffusion coefficients and Soret for potassium bromide (KBr),
potassium chloride (KCl), potassium carbonate (K,CO3), potassium
acetate (CH3COOK), and potassium thiocyanate (KCNS) in water at
various temperatures, the refractive index contrast factors as a func-
tion of temperature, and the refractive index values as a function
of temperature and concentration. pH dependence on concentra-
tion of CH3COOK and K,COs is also shown. Fitting parameters
of the investigated systems to Egs. (4) and (5), dependence of b;
on log P(ionic + non-ionic), dependence of ASt(c) and ASt(T) on
log P(ionic + non-ionic), and selected diffusion coefficients of aque-
ous amide solutions from previous studies that have been used here
for comparison have also been included.
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