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Abstract

Thermophoresis or thermodiffusion is the mass transport driven by a temperature gradient.
This thesis focuses on the thermophoretic motion of ionic compounds in a biological context
and is motivated by a practical application, in which thermodiffusion is used to monitor
protein-ligand reactions. Proteins are complex molecules containing non-ionic and ionic
groups. While recent studies of non-ionic compounds found a strong correlation between
thermodiffusion and hydration, it is unclear how this correlation changes when molecules
are charged. To separate ionic from non-ionic contributions, it is reasonable to look first
into the thermophoretic motion of simple salts without large organic side groups and to
study in the next step complex protein-ligand systems, which typically contain hydrophobic
and hydrophilic groups. The systematic studies of aqueous solutions of simple salts should
reveal differences between ionic and non-ionic systems and should give further information
about ion and ion specific effects. Due to the high complexity of protein-ligand systems,
complementary methods should be used to gain a better understanding of the interactions
between different components that are present in the system. This will help to understand
how the thermophoretic behavior of the free protein differs from that of the protein-ligand

complex formed.

Study of the thermophoretic behavior of ionic systems indicates that several correlations,
which were found for aqueous solutions of non-ionic solutes are no longer valid for ionic
solutes. For non-ionic solutes hydrogen bonds primarily influence the thermophoretic be-
havior. In case of ionic solutes, although both electrostatic interactions and hydrogen bonds
are present, it is found that thermophoretic behavior is influenced by electrostatic interac-
tions. Focusing on the specific ion effects for ionic systems in the context of the Hofmeister
series, a change of the anion is found to influence the thermophoretic behavior more than
a change of the cation. Further, a correlation between thermophoretic behavior and hy-
drophilicity of the ionic solutes is found, which underlines the sensitivity of thermodiffusion
to changes in hydration. Based on this sensitivity, a preliminary model is developed for de-
scribing the non-monotonous variation of Soret coefficient St with concentration for aqueous
solutions of alkali iodide salts. To study the thermodiffusion of binding reactions, we also
use complementary methods such as Isothermal Titration Calorimetry (ITC) and a ther-
mophoretic microfluidic cell. As systems, we have chosen EDTA-CaCl, and protein-ligand

systems (binding of Bovine Carbonic Anhydrase I (BCA I) with two aryl sulfonamide lig-
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ands). To gain deeper insight into the complex formation reactions thermophoretic data
(non-equilibrium process) are compared with thermodynamic data (equilibrium process) to
establish a mathematical relation between St and Gibb’s free energy AG. For EDTA-CaCl,
and protein-ligand systems, the derived relation holds valid, which enables calculation of AG

at a particular temperature from St.
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Kurzzusammenfassung

Thermophorese oder Thermodiffusion ist der durch ein Temperaturgefille hervorgerufene
Massentransport. Diese Arbeit befasst sich mit dem thermophoretischen Bewegung biologis-
cher oder biokompatiber ionischer Verbindungen und ist durch eine praktische Anwendung
motiviert, bei der die Thermodiffusion zur Charakterisierung von Protein-Ligand-Reaktionen
eingesetzt wird. Proteine sind komplexe Molekiile, die nicht-ionische und ionische Gruppen
enthalten. Wihrend neuere Studien bei nicht-ionischen Verbindungen eine starke Korrela-
tion zwischen Thermodiffusion und Hydratation finden, ist unklar, wie sich diese Korrelation
dndert, wenn die Molekiile geladen sind. Um die ionischen von den nicht-ionischen Beitra-
gen zu trennen, ist es sinnvoll, zunéchst die thermophoretische Bewegung von einfachen
Salzen ohne grofle organische Seitengruppen zu untersuchen und im néchsten Schritt kom-
plexe Protein-Ligand-Systeme zu analysieren, die typischerweise hydrophobe und hydrophile
Gruppen enthalten. Die systematischen Untersuchungen von wéssrigen Losungen einfacher
Salze sollen Unterschiede zwischen ionischen und nicht-ionischen Systemen aufzeigen und
weitere Informationen iiber ionische und ionenspezifische Effekte liefern. Aufgrund der ho-
hen Komplexitdt von Protein-Ligand-Systemen sollten komplimentiare Methoden eingesetzt
werden, um ein besseres Verstédndnis der Wechselwirkungen zu gewinnen. Dies wird helfen
zu verstehen, wie sich das thermophoretische Verhalten des freien Proteins von dem des

gebildeten Protein-Liganden-Komplexes unterscheidet.

Die Untersuchung des thermophoretischen Verhaltens ionischer Systeme zeigt, dass mehrere
Korrelationen, die fiir wéssrige Losungen nicht-ionischer Stoffe gefunden wurden, fiir ionische
Stoffe nicht mehr giiltig sind. Bei nicht-ionischen Stoffen beeinflussen vor allem Wasserstoff-
briickenbindungen das thermophoretische Verhalten. Bei ionischen gelosten Stoffen sind
sowohl elektrostatische Wechselwirkungen als auch Wasserstoftbriickenbindungen vorhan-
den, und es zeigt sich, dass das thermophoretische Verhalten auch durch die elektrostatis-
chen Wechselwirkungen beeinflusst wird. Betrachtet man die spezifischen Ioneneffekte fiir
ionische Systeme im Rahmen der Hofmeister-Reihe, so stellt man fest, dass eine Anderung
des Anions das thermophoretische Verhalten stirker prigt als eine Anderung des Kations.
Dariiber hinaus finden wir eine Korrelation zwischen dem thermophoretischen Verhalten
und der Hydrophilie des ionischen geldsten Stoffes, was die Sensitivitdt der Thermodiffusion
gegeniiber Anderungen der Hydratation unterstreicht. Auf der Grundlage dieser Empfind-

lichkeit wird ein vorldufiges Modell zur Beschreibung der nicht-monotonen Variation des



v

Soret-Koeffizienten St mit der Konzentration fiir wéssrige Losungen von Alkali-Todid-Salzen
entwickelt. Um die Thermodiffusion von Bindungsreaktionen zu untersuchen, verwenden wir
auch komplimentidre Methoden wie die Isothermale Titrationskalorimetrie (ITC) und eine
thermophoretische Mikrofluidikzelle. Als Systeme haben wir EDTA-CaCl, und Protein-
Liganden-Systeme gewihlt (Bindung von Rinder-Kohlensdureanhydrase I (BCA 1) mit zwei
Arylsulfonamid-Liganden). Um einen tieferen Einblick in die Komplexbildungsreaktionen
zu erhalten, werden thermophoretische Daten (Nicht-Gleichgewichtsprozess) mit thermo-
dynamischen Daten (Gleichgewichtsprozess) verglichen, um eine mathematische Beziehung
zwischen St und der freien Gibb-Energie AG herzustellen. Fiir EDTA-CaCl, und Protein-
Ligand-Systeme gilt die abgeleitete Beziehung, die die Berechnung von AG bei einer bes-

timmten Temperatur aus St ermoglicht.
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1 Introduction

1.1 Introduction to thermodiffusion

Mass transport that is driven by a temperature gradient is known as thermodiffusion, also
termed thermophoresis or Ludwig-Soret effect. Thermophoresis in liquid mixtures was first
reported by Carl Ludwig in 1856 and later systematically investigated by Soret [1]. In a

multi-component mixture along a temperature gradient V7, the mass flux j is given by

j= -pDVc-pc(l-¢)DyVT, (1.1)

where D is the thermal diffusion coefficient, p is the mass density and c is the concentration
given as mass fraction [2]. Along with the thermodiffusion, there is also Fickian diffusion
which is characterized by the diffusion coefficient D. At steady state, the ratio of concentra-
tion gradient that is generated upon the induction of temperature gradient is equal to the
Soret coefficient St given by

Dt 1 Ac

St=—=- —.
™D c(l-c) AT

(1.2)

St, which has a unit of K~!, can have a positive or negative value. The thermophobic
component of the mixture, which enriches on the cold side, has a positive Soret coefficient,

while the thermophilic one enriches on the warm side and has a negative St.

Thermophoresis combined with other effects like convection can be used as an effective tool
for partial separation of components in a mixture. Different applications of thermophoresis

depict that the process strongly depends on a variety of molecular properties such as molar
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mass, size, charge, hydration shell, etc. [3]. Although this is an extensively studied field,

there is still a limited microscopic understanding of the effect in fluid mixtures.

1.2 Applications of thermophoresis

The earliest application of thermophoresis was in 1939 for the isotope separation of chlorine
gas in a thermogravitational column [4]. Later in 1944, it was used for the uranium isotope
separation in the Manhattan project [5]. But it has to be noted that, on an application level
thermogravitational columns have been replaced by other instruments for isotope separation
due to its high energy costs and technical difficulties in maintaining. It has also been reported
that thermodiffusion influences the distribution of different crude oil components in hydro-
carbon reservoirs [6]. Around the twentieth century, another important application of the
thermophoretic effect was developed, which is Thermal Field-Flow Fractionation (Th-FFF).
This was primarily used to characterize and fractionate polymers like polystyrene [7,8]. Al-
though Th-FFF has been applied to many different synthetic polymers and colloids [9, 10],
there have been certain limitations of this technique with respect to low molar mass poly-
mers. For low molecular mass systems, due to small St, a high temperature gradient of the
order of 10° K/m is required [11]. Further, an application of thermophoresis which is most

relevant in biological systems is discussed in detail in the forthcoming section.

1.2.1 MicroScale Thermphoresis (MST)

An extensive study of biomolecular interactions is fundamental nowadays to provide a good
understanding of the biological processes that happen in living systems. It turned out that
the thermophoretic behavior of a free protein differs from that of the protein-ligand com-
plex which led to the development of a commercial instrument, MicroScale Thermophoresis
(MST). MST monitors the movement of inherently fluorescent molecules or fluorescently
labeled molecules in a temperature gradient at different ligand concentrations [12-14]. Ther-
mophoresis depends on a variety of molecular properties. For biological reactions, a change
in hydration is expected to change thermophoretic motion. During a MST experiment, a

temperature gradient is induced by an infrared laser in a solution with fluorescently labeled
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Figure 1.1: Thermophoresis signal obtained from a typical MST experiment

biomolecules or inherently fluorescent biomolecules. Once a temperature gradient occurs,
thermodiffusion sets in, and the corresponding fluorescence intensity is detected which is
proportional to the St of the studied biomolecule. When the ligand is titrated to the solu-
tion, binding between the ligand and biomolecule occurs which is accompanied by changes in
the hydration layer of the biomolecule. This, in turn, changes the thermodiffusive behavior
and is reflected as a change in the fluorescence intensity. A typical signal obtained from an
MST experiment and a schematic representation of the process is shown in Fig. 1.1. Change
in fluorescence intensity is reported as a titration curve and is utilized to extract information
about the equilibrium constant of the binding reaction. MST has proven to be a very efficient

technique to extract information about the changes that happen in the hydration layer.

MST has several advantages over other techniques such as simplicity, low sample volume,
etc. [12]. Since the technique uses fluorescent detection, a fluorescent label is attached or the
inherent fluorescence of a molecule is used if available. One of the important drawbacks of
the technique lies in this fluorescent labeling as it might influence the binding of the ligand.
Although MST uses thermophoresis, it doesn’t give access to Soret and thermal diffusion

coefficients.
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1.3 Theroretical descriptions and simulations of

thermodiffusion in different systems

1.3.1 Aqueous systems

Thermodiffusion of non-polar and polar aqueous mixtures shows prominent differences owing
to the latter’s ability to form hydrogen bonds. This can often be seen in the temperature
dependence of St. For several aqueous systems, a change in the sign of St is observed with
temperature [15,16]. In general, aqueous solutions exhibit a typical temperature dependence
where the solute shows a lower St value at low temperatures and gradually increases with
temperature. The following empirical equation has been proposed by Iacopini and Piazza [17]

to characterize the temperature dependence behavior of aqueous solutions.

ST(T)=S%°[1—exp(T*T;T)], (1.3)

where S3°, T* and Ty are empirical parameters that refer to the Soret coefficient at infinite

temperature, the temperature at which sign change of St occurs and a parameter to describe
the curvature respectively. Sign change in St has been explained using a concept of free en-
ergy minimization [18]. At lower temperatures, where the enthalpy contribution dominates,
the system has a largely undisturbed hydrogen bond network of water which minimizes the
free energy. This moves the solute towards the warm side. With increasing temperature,
entropy dominates and the high translational and orientational entropy of water leads to an

enrichment on the warm side [18].

1.3.2 Colloidal systems

The study of thermodiffusion in colloidal particles was initiated by Ruckenstein in 1981 [19],
where a connection between the thermophoresis of solid colloidal particles and the Marangoni

effect is made. Theoretical concepts of thermodiffusion in colloids consider two contributions;
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the first one being the specific interaction between the surface group of colloidal particles
with the solvent molecules and the second contribution due to the interaction between the
colloid particles. A study by Dhont [20] for uncharged colloids expressed collective and
thermal diffusion coefficient in terms of the osmotic pressure. Later, the thermal diffusion
coefficient of interacting colloidal spheres is derived in terms of the inter colloidal pair-
interaction potential and hydrodynamic interaction functions [21]. This study is based on

the Smoluchowski equation which is then generalized to a temperature gradient.

For charged colloids at very dilute concentrations, inter colloidal interactions can be ne-
glected. In such highly diluted solutions, dispersion interaction between colloidal particles
and the solvent and the formation of a double layer dominates the physical properties of
colloids. St at high dilutions is termed as single-particle Soret coefficient. Different theo-
retical approaches have been developed for the derivation of single particle St of charged
colloids. A model for single spherical ionic ferrocolloids in terms of a spherical potential has
been derived by Morozov [22]. Later an expression for St of colloidal particles was proposed
by Bringuier and Bordon [23] in terms of the total internal energy of the particle, based on
Brownian motion. In the theory by Dhont, St is derived by considering the electrostatic
energy that is necessary to build up the double layer [24]. In this study, an expression for the
contribution of an electrical double layer to the single-particle thermal diffusion coefficient
is derived in terms of the surface charge density of the colloidal sphere, the electrostatic
screening length, and its core radius, to within the Debye-Hiickel approximation [24,25].
The theory proposed by Wiirger et al. starts from a Navier-Stokes equation and considers
the additional forces that arise once a temperature gradient is applied [26]. Braun calculated
the Soret coefficient for a charged colloid from the analogy of the colloid’s surface and its
double layer with an electric capacitor [27]. Both the above mentioned theories are limited

to thin double layers and lead to the same expression of single particle Soret coefficient.

Electric double layer has often been reported to have an effect on the thermodiffusion of
colloid systems [25,28]. Theoretical approaches which look into the effect of double layer
formation can be classified into two groups. Within the first group, temperature induced
deformations in the electric double layer are neglected [24,26,27,29]. The second approach
considers the resulting flow within the double layer once the temperature gradient is ap-

plied [30]. Along with this, the interaction of the colloid with the surrounding solvent
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occurs and this force leads to a solvent flow around the colloid [30,31]. Thus, the total
thermophoretic force acting will have a contribution from the aforementioned force and the

friction force resulting from the solvent flow.

All the above mentioned concepts were originally developed for spherical colloids but were
later extended to nonspherical colloids as well [32]. The theory which existed for thermal
diffusion of charged spheres is extended to long and thin charged rods. This leads to an
expression for St in terms of the Debye length, the rod-core dimensions, and the surface
charge density. The theory developed here predicts that the thermal diffusion coefficient of
a rod like colloid is equal to that of a spherical bead with a diameter of dimension same as
that of the rod-core, and with the same surface charge density, multiplied by the number
of beads [32]. This is found to be accurate for arbitrary Debye lengths, including very thin

double layers.

1.3.3 Simulations

A challenging part of studying thermophoresis is the involvement of different parameters as
discussed before, which are interconnected and in reality, sometimes cannot be altered with-
out changing another. This makes it difficult to separate the contributions experimentally.
Here is where the importance of simulations, especially molecular dynamics (MD) simulation
comes into the picture. Simulations have the main advantage of changing parameters inde-
pendently. Along with this, simulations also help to get a closer insight microscopically which
will in turn provide information about changes in molecular interactions. Of MD simulations,
there are equilibrium and non-equilibrium molecular dynamics (EMD and NEMD, respec-
tively), of which NEMD simulations are mainly used for studying thermophpretic behavior
of different systems. [33,34].

There have been several systems where the thermodiffusive properties have been computed
by simulations. In the case of benzene/cyclohexane [35] simulation study reported behavior
similar to what has been observed experimentally. Big particle systems like polymer solu-
tions [36] and colloidal systems have also been studied with simulations [37,38]. NEMD

simulations of three heptane isomers in benzene show the same trend as experimental data
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where St increases with the increasing degree of branching of heptane. For n-heptane, sim-
ulated St at all mole fractions have a value 40% lower than experimental St [39]. Whereas,
simulated and experimental St values in binary mixtures of spherical molecules in carbon

tetrachloride agreement agreed within 10-20% [40].

Thermophoretic properties of several polar non-ionic mixtures have also been studied with
the help of simulations. For the ethanol/water system a sign change in St with the com-
position of ethanol which experimentally [41], was also reported with MD simulations [42].
Simulation data obtained in this study were in good agreement with experimental data
that have been obtained with three different methods [41-43]. Also, a sign change in St of
acetone/water and dimethylsulfoxide(DMSO)/water mixtures, with varying water content
was predicted by simulations [44]. Later this was confirmed experimentally for both systems
with a reasonable agreement between the experimental and simulation data [45], except for
the equimolar mixture of acetone/water. For urea/water, thermal diffusion measurements
showed a change in the temperature dependence of St with concentration; where at low
concentrations there was a positive slope (St/dT >0) and at high concentrations, a negative
slope (St/dT <0) [46]. St obtained from NEMD simulations also predicted the sign change
in the slope as observed in experiments. With the help of simulations, it was concluded
that the transition concentration at which the change from positive slope to negative slope
occurs is determined by the solute-solvent interactions, mainly influenced by the hydrogen
bonds. Simulations also predict that this phenomenon is primarily enthalpic in its origin.
Thus, simulations further provided evidence for the fact that thermophoresis is sensitive to
the nature of solute-solvent interactions. Artola et al. used EMD simulation to predict the
concentration dependence of St for ethanol/water system, using two different models [47].
Concentration at which a sign change in St is observed from simulations coincides with
experimental results [48]. However, simulations underestimate the magnitude of St except

at sign changing concentration [47].

The Soret coefficient of an aqueous solution of LiCl has been studied as a function of temper-
ature and concentration using simulations [49]. This study predicts a minimum in St with
concentration at low temperatures which disappears with increasing temperature. From
simulations, minimum is observed around 2.5 mol/kg at 240 K. Experimental study of an

aqueous solution of LiCl also predicts a minimum in St with concentration, but at a lower
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concentration of around 0.5 mol/kg at 273 K [50]. This simulation study also predicted that
the diameter of an anion has a significant impact on the concentration at which minimum is
observed [49].

1.4 Experimental studies of thermodiffusion in different

systems

1.4.1 Low molecular aqueous systems

There have been several studies that report the thermodiffusive behavior of aqueous low
molecular weight systems [15,46,51] and polymer solutions [41]. Although Eq. 1.3 which
describes temperature dependence of St holds for several biological systems [3,52], it has
failed to describe the temperature dependence of St for several systems like ethanol in
water, ethylene glycol oligomers in water, etc. [53]. For certain solutes like formamide, the
validity of the equation depends on the concentration as well [54]. At dilute concentrations
of formamide solution, temperature dependence can be described using Eq. 1.3, but fails at
higher concentrations. Temperature dependence of St for aqueous solutions of monovalent
organic salts, tetramethylammonium and tetrabutylammonium hydroxides (TMAOHF and
TBAOH respectively) shows contrasting behaviors. While St of TMAOH increases with
temperature, that of TBAOH decreases with temperature [55]. The thermodiffusion behav-
ior of aqueous non-ionic systems is mainly dominated by the hydrogen bond network that is
present. Maeda et al. found that the difference in the number of hydrogen bond donor and
acceptor sites on ethylene glycols and crown ethers is linearly correlated to the temperature
dependence of their Soret coefficients [53]. For low molecular ionic systems, St generally
shows an increase with temperature, which is successfully described using Eq. 1.3 [56]. This
increase is steep at low temperatures and flattens out at high temperatures.

For many aqueous solutions, it is found that the sign of St changes with tempera-
ture [51,52,56-58]. Often a sign change in St with temperature depends on concentration
and has been observed experimentally for various systems [15,41,51]. For example, in

ethanol/water system [41], ethanol tends to accumulate on the colder side at low concentra-
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tions of ethanol. With an increase in the concentration of ethanol, there is a sign change in

St and tends to accumulate on the warmer side.

Thermophoretic behavior of non-ionic systems(small amide molecules) in water has been
systematically studied [54]. To describe the temperature and concentration dependence of
amides in water an empirical equation can be used which has been originally developed for

non-polar mixtures by Wittko and Kohler [59]

St(m,T) = a(m)B(T) +Sk, (1.4)

with polynomial serial expansions for ot(m) and B(T)

2

a(m) =ag+aym+aym*+azm3 +...,

B(T)=1+b (T ~Ty) +by(T-Tp)" +.... (15)
Ty is an arbitrary reference temperature, set to Ty =25°C and S% is a temperature and con-
centration independent constant. Although, S% of non-polar mixtures can be related to their
differences in mass and moment of inertia this is not possible for aqueous non-polar sys-
tems [3,57]. It has to be noted here that ag and Sfr are no independent parameters.

Concentration dependence of thermodiffusion behavior of various salt systems has been stud-
ied by Tanner [60,61]. Later Snowdon and Turner calculated the heat of transfer of these
salts from the measured St [62,63]. They found out that the additivity of the ionic contri-
butions holds for the heat of transfer of univalent salts, but not for the multivalent ones.
Concentration dependence of salt systems like NaCl and KCIl has also been studied very
extensively [15]. Aqueous solutions of both these salts show a show sign change in St with
concentration [15]. Another interesting behavior of these salt solutions is a minimum in St
with concentration. There exists no theoretical explanation for the occurrence of this mini-
mum yet. Chanu [64] and later Gaeta [15] have connected this minimum to the perturbation
of water structure once ions are introduced into the system. Additional structural changes
are observed with an increase in salt concentration. Several studies indicate that thermodif-
fusion for aqueous ionic systems is also influenced by the charges present in addition to the

extensive hydrogen bond network [3].
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1.4.2 Colloidal systems

Colloidal systems have been used as model systems to test derived theoretical approaches
[24,25,32,65]. Several experimental studies indicate that the thermodiffusive behavior of col-
loids is influenced by size, charge, interfacial tension, Brownian motion, and hydrodynamic
interaction. Size dependence of St for hard and soft colloids has been studied by several
groups [66-71]. A study of a non-ionic microemulsion (surfactant AOT /isooctane/water)
showed a linear dependence of St on with radius of the particle. Linear dependence of
St on size dependence has also been confirmed for several other non-ionic microemulsions.
Naumann et al. observed this dependence for water/n-decane/pentaethylene glycol mono
dodecyl ether which is also a non-ionic microemulsion [66, 68]. These studies indicate that
Dt is independent of the size of the particle which is in agreement with the molar mass
dependence of Dr of polymers with high molar masses [72]. Size dependence of thermodif-
fusive behavior has also been studied for charged colloids. Duhr and Braun found out that
for carboxyl-modified polystyrene beads, St varies linearly with the square of the radius and
Dry varies linearly with the radius [73]. Braibanti et al. repeated the measurement for the
same particle in a mixture of HyO+D,0O (1:1) and found a linear radial dependence of St in
contrast to what has been observed by Duhr and Braun [70]. Unfortunately, thermophoretic
data of different colloids with different radii which have been synthesized by different meth-
ods cannot be compared since thermophoretic properties very much depend upon grafting,

surface charge densities, etc. [71,74].

Charge effects in colloidal systems have also been studied by experiments. A systematic
study of thermal diffusion of dilute solution of Ludox silica particles has been carried out
by Ning et al. [25]. St of Ludox silica particles is measured as a function of Debye length
and surface charge density of colloids. At high salt concentration (lower Debye length)
St of Ludox particle measured is lower than that at low salt concentration (higher Debye
length). A reasonable agreement with the experimental data and theoretical prediction were
found in this study [25]. St of polystyrene (PS) particles also showed an increase with Debye
length [27]. Eslahian et al. studied PS particles in the presence of different salts as a function
of concentration [75,76]. They compared the thermophoretic behavior of colloidal particles
in presence of different ions as they are ordered in Hofmeister series. St of PS particles show
an increase with anions going from kosmotropic to chaotropic. Besides, changing anion is

found to have a stronger effect on thermophoretic behavior than changing cation [76].
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Experiments also focused on studying thermophoretic properties of non-spherical colloidal
particles. Thermodiffusion behavior of a dilute solution of colloidal rod (bare fd-virus) has
been studied by Wang et al. [32]. St of fd-viruses show an increase with Debye length and
weak dependence on rod-concentration when the ionic strength is kept constant. Theory
that existed for the thermal diffusion of charged spheres were extended to describe the
thermal diffusion of long and thin charged rods [32]. Later, thermodiffusive behavior of
fd-virus grafted with a polymer (polyethylene glycol) has been investigated [77]. Debye
length dependence of grafted fd-virus was also described with an expression derived for
charged rods. Dt of bare virus strongly increases with Debye length whereas that of grafted
virus shows only very weak increase [77]. Thermodiffusive behavior of a mutant of fd-
virus showed a sign change with salt concentration [78]. At low salt concentration, system
depicted a thermophobic behavior and changes to thermophilic behavior with increasing salt
concentration. This study also indicate that structural changes of the surrounding water

majorly influence the thermodiffusive behavior [78].

1.4.3 Protein-ligand systems

In recent years, thermophoresis has emerged as a promising tool to monitor biomolecular
interactions. As mentioned before, thermophoresis is very sensitive to changes in the hy-
dration layer. Most of the biomolecular interactions, such as protein-ligand binding are
accompanied by a change in the hydration layer of the biomolecule once the ligand binds to
it. A schematic representation of this change is shown in Fig. 1.2. How those hydration layer
changes influence the thermophoretic behavior is not understood on a microscopic physical
level. Binding reactions are quite complex and are strongly influenced by a variety of factors
including temperature, concentration, pH, ionic strength, etc. Several studies report that
these factors as well affect the thermophoretic behavior [3,29,79].By combining thermophore-
sis with other existing experimental methods, the binding mechanism can be unrevealed to

a vaster extent [80].

One of the protein-ligand systems, which has been extensively studied using thermodiffusion
is the binding of protein streptavidin with ligand biotin [80,81]. These studies show that
the temperature sensitivity of St is less for the complex compared to free protein. This is an
indication that the complex is more hydrophilic than the free protein. This is because several

hydrogen bond sites are deep in the pocket and are longer accessible once biotin is bound
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Figure 1.2: Schematic representation of how the hydration layer around the protein changes
once the ligand binds and the influence of this change on thermophoresis

to protein [82,83]. Precise answers about the origin and exact mechanism of the changes
that happen in thermodiffusion with complex formation can only be attained through the

investigation of several other systems.

1.5 Experimental methods and materials

1.5.1 Description of IR-TDFRS setup used

We use Infra-red Thermal Diffusion Forced Rayleigh Scattering (IR-TDFRS) for the mea-
surement of thermodiffusive properties. This technique has been used to measure the ther-
mophoretic properties of various binary solutions, microemulsions, polymer and protein so-
lutions [3,51,58,77,81,84,85]. A temperature grating is created inside the sample by the
interference of two laser beams. A schematic illustration of how this is achieved is shown in
Fig. 1.3. An IR-laser beam (A=980 nm) is used which is split into two parts and crossed at

a small angle inside the sample. Interference of these laser beams leads to a periodic inten-
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sity grating inside the sample. Since water has an absorption around this wavelength [86],
a periodic temperature grating is generated around 100 us after the laser is switched on.
Thermodiffusive movement of the solutes leads to a concentration grating in addition to
this temperature grating. Both these concentration and temperature differences result in
a refractive index contrast of the solution. A read out laser beam (A=633 nm) is used to
measure the heterodyne intensity of the refracted beam against time. Measured intensity is

fitted using the following equation [87]

Ehe (1) = l—exp( - é) - Tj‘rth{r[l —exp( - %)] - ”L',h[l —exp( - é)]}, (1.6)

where T, = 1/(¢2Dy,) and T =1/(¢*D) are the heat and mass diffusion times respectively,
with the thermal diffusion coefficient Dy, the mass diffusion coefficient D, and the grating
vector q. As can be seen in Eq. 1.6, measured heterodyne intensity is proportional to the
refractive index contrast factors. Soret coefficient, St is then calculated from the amplitude

of the concentration signal A with the following equation

A (9n[dT)p,
" e(1-¢) (dnfdc),r’

St (1.7)

with the refractive index contrast factors (dn/dT), . and (dn/dc), r being measured inde-
pendently. As can be seen in Fig. 1.3, there is a writing and read out laser beam. A pockels
cell is used to achieve a phase shift in grating by 180°. To measure the grating vector and
monitor the excitation function, a small fraction of the writing beam is reflected into a
CCD camera and an avalanche diode respectively, before passing through the sample. The
refracted readout laser beam is passed through an IR filter and the intensity is detected by

another avalanche diode.

The sample cell is kept inside a cell holder which is thermostated by an external thermostat
that can be controlled using the measurement software. Inside the cell holder, the tempera-
ture is measured using a PT 100 temperature sensor. Before filling solutions into an optical
quartz sample cell (Hellma) with an optical path length of 0.2 mm, they were filtered through
a 0.2 pum filter (Whatman Anotop 10).
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Figure 1.3: Schematic illustration of Infra-red Thermal Diffusion Forced Rayleigh Scatter-
ing (IR-TDFRS) used to measure thermodiffusion properties in this work.

1.5.2 Measurement of refractive index contract factors

Auxiliary parameters, (dn/dT), . and (dn/dc), r, are required to be measured indepen-
dently for each sample to quantify the concentration signal measured. The refractive index
increments with temperature at constant pressure and concentration, (dn/dT), . is measured
interferometrically [88], in a range of 5K around the temperature of interest with a heating
rate of 1.6 mK/s. This always includes the highest and lowest temperature measured with
IR-TDFRS. The refractive index change with concentration at constant pressure and tem-
perature, (dn/dc), r is measured with an Abbe refractometer (Anton Paar Abbemat MW)
at a wavelength of 632.8 nm. Refractive indices at five concentrations around the desired
contraction are measured. The slope of the linear interpolation of the refractive index as a

function of concentration gives (dn/dc),.r.

1.5.3 Isothermal Titration Calorimetry

To measure the thermodynamic parameters associated with a binding reaction, we used
Isothermal Titration Calorimetry (ITC) which is a standard method [89]. This technique
directly measures the change in heat associated with a binding reaction and has been ex-
tensively used to study the thermodynamics of protein-ligand binding [90]. Tt has also
been widely used in the field of drug discovery to measure thermodynamic parameters of

molecular interactions including target protein interactions with ligands [91], protein-DNA
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interactions [92,93], lipid-DNA interactions, lipid-lipid interactions, etc. A highly sensitive
calorimetric technique like ITC can be used to measure the change in Gibb’s free energy
AG, enthalpy AH, and entropy AS once the ligand binds to the protein. In addition to this,

binding affinity Ky and stoichiometry m of binding is also measured.

Figure 1.4: Schematic representation of the sample cell of Isothermal Titration Calorimetry
(ITC) on which the measurement for this work has been done. The green minor sector indi-
cate the ligand/molecule being injected and orange major sector indicate the macromolecule

An illustration of the sample cell of the I'TC instrument in which the measurement takes
place is shown in Fig. 1.4. Two identical cells, one sample cell, and one reference cell
are placed in an adiabatic jacket, which is usually maintained at a temperature below the
measurement temperature. [94]. The reference cell usually contains buffer or a solution that
has a similar heat capacity as the interacting components in the sample cell. Initially, both
the cells are heated to the measurement temperature. At thermal equilibrium, the power
required to maintain both the cells at a constant temperature gives the baseline [94]. As
can be seen in Fig. 1.4 sample cell has an opening into which a syringe is placed. Injection
of the ligand into the cell will lead to a heat change due to the reaction taking place.
The temperature of both cells is monitored by a thermocouple device. If the reaction is

exothermic, the sample cell requires less power to maintain thermal equilibrium with the
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reference cell. Change in this power requirement for each injection over a given time is
measured. The data measured is presented as a plot of power against time. A series of
injections will gradually saturate binding sites available on the protein. Once this happens,
the heat that is measured corresponds to the heat that is released when the ligand is being
dissolved in the solution of the cell. This heat which is referred to as heat of dilution is not

related to the binding event and hence needs to be subtracted from the binding isotherm.

1.5.4 Sample preparation

Aqueous salt systems: We studied the thermodiffusive behavior of 11 different aqueous
sodium and potassium salt solutions. Potassium salts that have been chosen are; Potas-
sium chloride (KCl), potassium bromide (KBr), potassium iodide (KI), potassium acetate
(CH3COOK), potassium thiocyanate (KSCN), and potassium carbonate (K,CO3). Sodium
salt systems are as follows; sodium iodide (Nal), sodium acetate (CH3COONa), sodium
thiocyanate (NaSCN), and sodium carbonate (NayCO3). Additionally, the thermodiffusive
behavior of lithium iodide (Lil) is also studied. All the salt systems are purchased from
Sigma Aldrich (purity > 99% ) and used without further purification. A stock solution of
higher concentration is prepared and the required concentrations were made up from this
stock solution. Stock is made by weighing the required amount of salt and adding deionized
water from a Millipore filter unit (0.22 uM)

EDTA-CaCl, system:

For TDFRS measurements, higher concentrations are required due to the poor signal to
noise ratio. Hence EDTA (1 mM) and CaCl, (10 mM) were used by weighing and dissolving
in MES buffer. EDTA (Sigma Aldrich, purity > 99%) and CaCl, (Merck, purity > 99.5%)
solutions are prepared in 2-(N-morpholino)ethanesulfonic acid (MES) buffer of 10 mM, pH
5.8. For ITC measurements, a calibration kit (Malvern Panalytical) is used as received as
it required lower concentrations. EDTA (100 uM) and CaCl, (1 mM) were used for ITC
measurements. Solutions were used as received from Malvern Panalytical without further
purification.

Bovine Carbonic Anhydrase I (BCA I)- ligand system: Sodium phosphate buffer (20
mM, pH 7.4) is used for the preparation of solutions of protein and ligand. Buffer
solution was prepared by dissolving the desired amount of Sodium Phosphate Diba-

sic Heptahydrate and Sodium Phosphate Monobasic Monohydrate in Millipore water.
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The final pH of the solution is adjusted to 7.4 by adding NaOH. Bovine Carbonic An-
hydrase I (BCA 1) is the target protein that is used in this study with a molecular
weight of 29 kDa. Amino acid sequence of this protein is given by MASPDWGYDGENG-
PEHWGKLYPIANGNNQSPIDIKTSETKRDPSLKPLSVSYNPATAKEI VNVGHSFHVN-
FEDSDNRSVLKGGPLSESYRLRQFHFHWGITDDCGSEHLVDGAKFSAELH LVHWN-
SAKYPSFADAASQADGLALIGVLVKVGQANPNLQKVLDALKAVKNKNKKAPFTNF
DPSVLLPPSLDYWAYSGSLTHPPLHESVTWIIFKETISVSSEQLAQFRSLLANAEG-
DREV HIKQNNRPPQPLNGRTVKASF. Two ligands belonging to the group of aryl
sulfonamides are used to monitor the interaction with protein; 4-fluorobenzenesulfonamide
(4FBS) (Sigma Aldrich, purity > 98%) and pentafluorobenzenesulfonamide (PFBS) (Sigma
Aldrich, purity > 98%).

The concentration of BCA I and ligand solutions was determined using UV-Vis absorption
spectroscopy. Calibration curves (absorbance vs concentration) for BCA I, PFBS, and 4FBS
were prepared starting from the stock solution of 1 mg/mL and measuring the absorbance
maxima at 280, 268, and 257 nm, respectively. For BCA I, the concentration of the solu-
tion was reconfirmed using the molar extinction coefficient of BCA T (51.0x103 M~! ecm™1)
and absorbance measured at 280 nm [95]. For ITC experiments, of BCA [-PFBS system
protein and ligand concentrations of 10 uM and 110uM were used respectively, while for
BCA T-4FBS we had to increase protein and ligand concentrations to 20 uM and 300 uM,
respectively. For IR-TDFRS experiments, BCA T and ligand concentrations of 10 uM and
110 uM were used. Prepared solutions were filtered through a 0.2 pm filter (Whatman
Anotop 10) and filled into a quartz cell (Hellma) with an optical path length of 0.2 mm.

1.6 OQOutline of the thesis

The main motivation of the thesis is to investigate the thermophoretic behavior of ionic
compounds in a biological context, primarily to study protein-ligand reactions. Since
protein-ligand systems are complex due to the different ionic and non-ionic groups present,
it is appropriate to look into the individual thermophoretic contributions of these groups.

Hence, the work mainly consists of two parts as discussed below.

The first three chapters focus on the thermodiffusive behavior of aqueous solutions of
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simple salts, which act as buffer systems (chapters 2-4). These chapters compare the
thermophoretic behavior of simple ionic systems to that of non-ionic systems, which have
been studied before [57]. Systematic studies of the thermodiffusive behavior of simple salts
(concentration and temperature dependence) have been carried out to investigate whether a
correlation between thermodiffusion and hydration holds as in the case of non-ionic systems.
Temperature dependence of St for ionic solutes follow the typical behavior of hydrophilic
non-ionic solutes. Chapter 2 reports thermodiffusive behavior of various potassium salts
with the anions ranging from hydrophilic "carbonate” to hydrophobic "thiocyanate” covering
the whole of the Hofmeister series. It is found that the thermophoretic behavior of ionic
systems is also influenced by electrostatic interactions that are present in addition to the
hydrogen bonds. Besides, changing the anion is found to influence thermodiffusive and
diffusive behaviors. To further explore the effect of ion specificity on thermodiffusion, cation
of the salt systems are changed, which is discussed in chapter 3. Exchanging the cation is
found to have a stronger influence on the diffusive behavior than on the thermodiffusive
behavior. Based on the thermophoretic results, a strong correlation between SiT (which
is a temperature and concentration independent constant) and log P (hydrophilicity of
the solute) is observed. This result further supported the sensitivity of thermodiffusion
to the changes in hydration. Above mentioned observation is further used to explain the
non-monotonous variation of St with concentration, which has been observed for aqueous
solution of alkali iodide salts. A preliminary model is developed to explain the behavior
of St with concentration in chapter 4. Although results based on this model successfully
predict a minimum in St with concentration as observed in experiments, a deviation from

experimental values is observed at higher concentrations.

In the second part of the thesis, we continue with colloidal particles, protein and protein-
ligand complexes. As the solutes are larger, more complex, and often dissolved in a buffer
solution we develop a thermophoretic microfluidic cell, which can be operated under a con-
focal microscope (chapter 5). This cell can be used for the quantification of St of systems,
which are inherently fluorescent or fluorescently labeled. In chapter 5, the developed cell is
validated by measuring St of fluorescently labeled polystyrene particles and comparing it
with IR-TDFRS measurements. With the help of this developed microfluidic cell, the first
step to studying the protein-ligand system is to look into the difference in the thermophoretic

behavior of free protein and compare it with that of the protein-ligand complex formed.
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In chapter 6 we investigate binding reactions by TDFRS, the new developed microfluidic
cell, and Isothermal Titration Calorimetry (ITC). We study the complex formation of
EDTA-CaCl, and binding of protein BCA I with two ligands; 4FBS and PFBS. To gain
deeper insight into the complex formation, thermophoretic data (non-equilibrium process)
is compared with thermodynamic data (equilibrium process). A mathematical correlation is
found between the parameters St and Gibb’s free energy of binding AG. This correlation is
first validated for the simple binding reaction of EDTA with CaCl, and is later extended and
tested for both the protein-ligand systems. Thermophoretic measurements combined with
ITC measurements give more information about the binding processes. St of free protein
is also measured with the developed microfluidic cell, by fluorescently labeling the protein
with dye ATTO 532. With the help of ITC, it is found that fluorescent labeling signifi-
cantly alters the binding process, probably blocking the binding site of the ligand by the dye.

This is followed by a discussion that highlights the results obtained including the effect of
ion specificity, charge, hydrophilicity, and hydration on thermophoresis. This section also
includes a discussion on the changes in thermophoresis once the complex formation occurs.
In the last section of the conclusion and outlook, further experiments and simulations that
need to be conducted to gain more insights into the above-mentioned research problems are

discussed.
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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

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.””

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,

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 Dt are mass and
thermal diffusion coefficients, respectively. In the steady state with
; = 0, the Soret coefficient St = Dt/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)
— S1(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

ARTICLE scitation.org/journalljcp

T
less H-bonds
with increasing
concentration

.18
e g
T AT <
|8 less H-bonds

with increasing
AS{(AT) temperature
1

T

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) — Sy(T), the
change of Sy 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 l-octanol and water
(Coctanol/ Ewater). The influence of temperature on St can be described
by an equation proposed by Tacopini and Piazza,”

S}led:S?’I:lfexp(T ;T):I, 2)

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}T“/(jl 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 (SR, 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 =S+ ST+ 57+ 1/T. (3)

While there are explicit expressions for S2* and S5F, there is no the-
ory for hydration effects. Reichl et al.”' accounted for those effects

J. Chem. Phys. 154, 084506 (2021); doi: 10.1063/5.0038039
© Author(s) 2021

154, 084506-2

23



The Journal

of Chemical Physics

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 Kéhler” 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) + St, (4)
with polynomial serial expansions for a(m) and (T),

“(m) =ap+am +{,lzﬂ’l2 +a3m3 + ooy
(5)
ﬁ(T) =1 +b1(T_ TO) + bz(T— T0)2 P

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

St = apSM + b;dI, (6)

where M and 6I 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" = 0y + Anya(m), where o; is the Pauling diameter and the
parameter Apyq, 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 Ahyq was roughly a factor five larger than
gy. Gao et al. assumed that the diffusion slows down due to the
formation of ion pairs. However, as the obtained hydration layer
thickness /\gyd/Z 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 (KCl),
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;CO3), 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.
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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,COj; 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 COj "~ 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 (0n/0c)p, 7. The refractive index change
on temperature, (9n/0T)p,c, was measured interferometrically.”” All
data are shown in the supplementary material.

B. Thermal diffusion forced Rayleigh scattering

Infrared-Thermal diffusion forced Rayleigh scattering
(IR-TDERS), 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 (1) =1— exp(—T—fh) —A(r - 1)

e ) e

With the lifetimes 7y, = (D,hqz)(’1> and 7 = (qu)(’l) 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).,, and (On/0c)r,p, are known, the Soret
coefficient can be calculated from the amplitude A as follows:

A= (%)p,T(%);;STW(I -w). (8)

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

11l. 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 (KCl) and potassium bromide (KBr).
The concentration dependence of St of KCl solutions was studied

S;/10° K"
N

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,CO; (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
(K2CO3). In the case of KSCN, S 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,CO3,
a divalent salt, exhibit a more complex behavior of St. Both salts
show a minimum in St with concentration as observed for KSCN.
For CH3COOXK, 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

2} @AgA;AAIA 1

—_—
T
1

KCI

D /10% cm?s™
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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 filled symbols correspond to literature results for KSCN by Mitchell et al.“®
(open squares) and Ribeiro et al.*’ (half filled 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. KCI, KBr, and CH;COOK belong
to the first group, where D increases with concentration. The diffu-
sion coefficient of the divalent salt K,CO3 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,CO3, and
CH3COOK, Dt shows a minimum, as was also observed for St. For
CH3COOK and K;COs3, the spread of Dr observed at the highest
temperature of 45°C is a factor two to three larger compared to
that at 15 °C. All results for Dr are included in the supplementary
material.
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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), CH;COOK (orange pentagons), and K,COj3 (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 KCI, 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 CH;COOK.
For these salts, the magnitude of St decreases with increasing con-
centration. While the temperature dependence of St is weak for
CH3COOK at both concentrations, for K;CO3, ASt(AT) decreases
with concentration. The thermal diffusion coefficient Dr 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 St 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 St to Eq. (6) yields
apy=(-1.2+01)K! gmol_1 and by = (2.1 +0.4) K™! gmol_lzz\z.
Rutherford” and Debuschewitz and Kéhler™ analyzed S 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
by = (-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™
gmol ™! 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
St(calc) vs Sp 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: KCl shows the highest negative
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FIG. 6. Comparison of the constant contribution to the Soret coefficient, Si.,
determined from fits of experimental data to Eq. (4) with values calculated from
the correlation Si.(calc) = andM + bidI with ay = —1.2 K=" g mol~" and
by = —2.1K=! g mol=! A 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;CO; (divalent salt) has the highest positive value
of St.

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 Sk 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 jonic and nonionic
species. S% 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
S and log P for ionic and non-ionic water soluble solutes, we suggest
expressing St by

S’tI‘ =yp IOgP * 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 Si: 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 CH3COOK 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
CH;3COOK 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,CO3 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.SS’("] 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, S 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 Dt 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 (KCI), 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,;COj3 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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Abstract Specific ion effects play an important role in scientific and technological processes. According to
Hofmeister, the influence on the hydrogen bond network depends on the ion and leads to a specific order
of the ions. Also thermodiffusion the mass transport caused by a temperature gradient is very sensitive to
changes of the hydrogen bond network leading to a ranking according to hydrophilicity of the salt. Hence,
we investigate various salt solutions in order to compare with the Hofmeister concept. We have studied
three different sodium salts in water as a function of temperature (25-45°C) and concentration (0.5-5 mol
kg™') using Thermal Diffusion Forced Rayleigh Scattering (TDFRS). The three anions studied, carbonate,
acetate and thiocyanate, span the entire range of the Hofmeister series from hydrophilic to hydrophobic.
We compare the results with the recent measurements of the corresponding potassium salts to see to what
extent the cation changes the thermodiffusion of the salt.

1 Introduction

In recent years, thermodiffusion or thermophoresis,
which is the mass transport caused by a temperature
gradient has gained a lot of interest [1-3]. In the steady
state, the Soret coefficient St = Dr/D is defined as
the ratio of the thermal diffusion Dt and the diffu-
sion coefficient D. A positive and negative St cor-
responds to accumulation of the solute molecules in
the cold and the warm region, respectively. The estab-
lished concentration difference Ac = —¢(1 — ¢)STAT
depends also on the applied temperature difference AT
and the mass fraction c¢. The research boost in bio-
physics and bio medicine in recent years can mainly
be attributed to the detection of binding reactions via
the change in thermophoresis [1,4]. MicroScale Ther-
mophoresis(MST) gives access to the dissociation con-
stant Ky and molar ratio n, but the physical origin for
the change in the thermophoretic behavior upon bind-
ing is so far microscopically not understood. It is known
that during the binding with the ligand structural mod-
ifications of the protein occur and additionally the
interfacial waters and the hydrogen bond network play
an important role [5]. From previous thermophoretic
studies of non-ionic compounds it has been revealed
that thermodiffusion is strongly correlated with the
hydrophilicity of the solute molecules [6].

Specific ion effects are important in numerous fields
of science and technology [7,8]. Since the pioneering
work of Hofmeister, it is known that most aqueous phy-
sicochemical processes not only depend on ion concen-
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tration and valency, but also on the ion type [9-11].
For instance, cells use the ionic selectivity of ion chan-
nels to process information through the organism [12].
Different simulation models [13,14] show a hypothet-
ical variation in temperature at the level of the ion
channels, due to the flow of the ions from the inside to
the outside, during the genesis of the action potential.
Such a non-uniform temperature gradient could then
lead to a concentration gradient due to thermodiffu-
sion and influence the signaling. Systematic studies of
aqueous potassium salt solutions show that thermod-
iffusion is also sensitive to the specific ions [15]. This
study has illustrated that the thermophoretic behav-
ior of the anion correlates with its position in the
Hofmeister series [10,16]. Ton specific effects influence
also the stability, solubility, reactivity and function
of bio-molecules [17,18]. It is argued that the water
molecules in the hydration layer of the protein and the
dynamics of hydrogen bond networks are influenced by
the salts effecting the proteins, but the mechanism is
not understood on a microscopic level [19]. Hofmeis-
ter [9,20,21] developed an empirical concept that ranks
both cations and anions based on salt-specific effects,
especially their ability to salt out proteins [10,16,22].
Fig. 1 shows the Hofmeister series for cations and anions
as we know it today. Ions at the left end of the series
are well hydrated (hydrophilic) and are called “cos-
motropic” (water structure maker). Ions at the right
end of the series are poorly hydrated (hydrophobic) and
are also referred to as “chaotropes” (water structure
breaker) [23]. These ion-specific effects are greater for
anions than for cations. Since ions are known to change

@ Springer
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the structure and dynamics of water, this also affects
the heat of transfer and thus thermal diffusion [24].

For aqueous solutions the temperature dependence of
St can often be described using an empirical equation
proposed by Iacopini and Piazza [25],

Pﬁq]" m

where S3° T and T are adjustable parameters that
refer to the St at infinite temperature, the temperature
at which a sign change of St occurs, and a parameter to
describe the curvature, respectively. The temperature
dependence of St flattens with increasing temperature
indicating that fewer hydrogen bonds can break. Eq. 1
describes the temperature dependence of many diluted
non-ionic solutes in water [3,26], but fails for others like
ethanol in water [27]. However, while St of ionic solutes
can be described for all concentrations by Eq. 1 this is
not the case for salts with larger organic side groups at
low and for non-ionic solutes at higher concentrations
[6,15,28,29].

To describe the temperature and concentration depen-
dence the following empirical Ansatz suggested by Wit-
tko and Koéhler [30] can be used,

St (T) = S3° {1 —exp (

St(m,T) = a(m)B(T) + St (2)
with polynomial serial expansions for «(m) and (1)

a(m) = ag + aym + aem? + azm® + .. ., 3)
B(T) =1+ by (T —Tp) +ba(T — Tp)* + ...

m is the molality, Ty is an arbitrary reference tem-
perature, set to Ty = 25°C and S% is a temperature
and concentration independent constant. Although the
approach was originally developed for non-polar sys-
tems it can also been used to describe the temperature
and concentration dependence of polar aqueous solu-
tions [6,15]. In our recent study of polar systems we
observed a correlation between S& and log P [15]. The
partition coefficient P is a measure for the relative dif-
ference of solubility for a solute in two different sol-
vents. Most commonly used is the octanol/water parti-
tion coefficient, because it is used for modeling physi-
ological and environmental transport processes and an
important parameter for drug compounds [31,32]. In a
system where a solute can diffuse freely between two
phases, P is the ratio of its equilibrium concentration
in octanol over that in water, so a negative log P sig-
nifies stronger hydrophilicity. Further log P of a given
solute molecule is proportional to its activity coefficient
in water log yyater and is used as a measure of solute-
solvent interactions in aqueous solutions [33].

In order to get a physical picture of the thermodiffu-
sion of salt solutions, we also need to identify the dif-
fusing entity. With increasing concentration, ion pairs
and larger clusters can form in solution. This implies
different entities respond to the applied temperature

@ Springer
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gradient and the solutions might be inhomogenous con-
taining different entities [15,29,34,35]. There are sev-
eral theoretical models to describe the concentration
dependence of the experimentally determined diffusion
coefficient D in electrolyte solutions [36-38]. The theo-
ries which provide an accurate fit to the experimental
data are generally valid only at dilute concentrations
since they are based on Debye-Hiickel ion atmosphere
model that includes electrophoretic effects [39-41]. Tons
are in general moving under the influence of two forces:

1. a gradient of the chemical potential, which is the
main contribution to the movement of ions

2. an electric field produced by the motion of oppositely
charged ions

Based on the early work by Nernst [36] and later by
Onsager and Fuoss [37] D can be described as follows:

dln~yy

D = (Do+ An) (1 + (%)) (4)

where Dy is the Nernst limiting value of the diffusion
coefficient, ¢ is the concentration of solute in moles per
volume and ~y4 is the mean molar activity coefficient of
the salt. A, is the contribution from the electrophoretic
term which was introduced by Onsager and Fuoss [37]
into the Nernst-Hartley equation [36]. This theoretical
approach predicts a minimum in D at low concentra-
tions and then a constant increase at high concentra-
tions. To achieve a good description of the experimental
data an effective cationic diameter is used to account
for the hydration layer [42]. The theoretical approach
fails to describe a drop of the diffusion coefficient due
to aggregation as observed for example for potassium
thiocyanate (KSCN) [15,19,35,43].

The change of the diffusing entity with concentration
has also been observed in computer simulations of aque-
ous solution of LiCl [34]. They find single ion diffusion
at low concentrations ¢ <0.1 mol/1, ion pairs at interme-
diate concentrations between 0.1 and 1 mol/L and ion
clouds with counter ions at high concentrations ¢ >1
mol/L. Simulations carried out in aqueous solutions
of potassium and sodium salts depicted two scenarios
of cluster formation [19,44-46]. In some salt solutions
closely packed ion clusters are formed with increasing
concentration, while others build spatially extended ion
networks similar to the water network exhibiting an
exceptionally high solubility limit in liquid water. For
many salts the ion structures do not change, when the
cation is exchanged, but for some systems a change
from ion cluster formation to network-like structures
is observed. Another molecular dynamic study investi-
gated the cation influence by comparing potassium and
sodium acetate in aqueous solution [47]. Their study
revealed that the association constant to form ion pairs
is higher in case of the cation Na® compared K+. In
general it is expected that hydration of simple anions
are quite different, both structurally and dynamically,
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Fig. 1 Sketch of the cations and anions of the investigated
salts with their probable position according to the Hofmeis-
ter series [22,49]. From left to right, the ions in general
becomes more hydrophobic

- 0 0 .
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Nl ey ™ )ko- 2 N//
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Fig. 2 a Chemical structure of the investigated sodium
salts and b the structure of the investigated corresponding
potassium salts [15]. The color of the chemical structures
corresponds to that of the symbols in the figures

from hydration of cations, so that a single concept of
water structure will not suffice to characterize it [48].

In the previous study the anions of the salts studied
covered the entire range of the Hofmeister series, while
the cation potassium was always the same [15] . In this
work we want to explore the specific effects of cations
and have studied corresponding sodium and potassium
salts with carbonate (CO327), acetate (CH3COO™),
thiocyanate (SCN™) as anions. The probable positions
of the chosen ions in the Hofmeister series are displayed
in Fig. 1 [22,49]. The left end of the series corresponds
to the more “hydrophilic” ions while at the right end
the “hydrophobic” ions are located.

The chemical structures of the investigated salt are
shown in Fig. 2. For carbonate and acetate salts stud-
ied, we expect the thermodiffusive behavior to be dom-
inated by hydrogen bonds as both the cations and
anions are hydrophilic. For thiocyanate salts, the ther-
mophoretic behavior will have contributions from ionic
as well as hydrogen bonding effects. To investigate
whether these hypotheses is in line with the results and
how it depends on the cation, we systematically inves-
tigate these salts in a temperature range of 15 to 45°C
with concentration being varied from 0.5 to 5 mol kg~*.

2 Experimental section

2.1 Sample preparation

Deionized water from a Millipore filter unit (0.22
um) was used to prepare all aqueous solutions. Potas-
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sium carbonate (K2COj3), sodium carbonate (NayCO3),
potassium  acetate(CH;COOK), sodium acetate
(CH3COONa), potassium thiocayante (KSCN) and
sodium thiocayante (NaSCN) were purchased from
Sigma-Aldrich and used without further purification.
The salts were of purity > 99%. Solutions ranging from
concentration 0.5-5 mol kg~! were prepared using a
stock solution at a high concentration.

An optical quartz cell (Hellma) with an optical path
length of 0.2 mm were used for measurement of the
thermophoretic properties using infrared thermal diffu-
sion forced Rayleigh scattering (IR-TDFRS). Prepared
solutions were filtered through a 0.2 pm filter (What-
man Anotop 10) and filled into this quartz cell. All
measurements are performed in the temperature range
between 15 and 45°C. Measurements were performed at
least two times in different cells with freshly prepared
samples. The experimental methods which are used to
measure thermodiffusion are explained in detail in Sup-
porting Information.

3 Results

3.1 Concentration dependence of St and Dt

The concentration dependence of St for all studied salt
solutions is shown in Fig. 3. The lines in Fig. 3 corre-
spond to the fit corresponding to Eq. (2). An example
of the raw IR-TDFRS signal for NaSCN at T' = 25°C is
shown in the Supporting Information (Fig. S5). Except
for NayCOs, third order and second order polynomials
have been used to describe the concentration and tem-
perature dependence of St, respectively. For NayCOgs
for which measurements were not possible above 2 mol
kg=! due to its solubility limit, first order polynomi-
als of concentration and temperature have been used
to describe the data.

The overview Fig. 3 shows that as the hydrophilicity
of the anion decreases, the magnitude of the Soret coef-
ficient also decreases. The values for the two cations are
very similar. It has be noted that at low concentrations
(< 2 mol kg1), all sodium salts have a stronger ten-
dency to accumulate on the cold side. All sodium salts
have lower solubility than the corresponding potassium
salts, with the difference being most pronounced for
the two carbonate salts. St of the divalent salt KoCO3
oscillates, while St of the corresponding sodium salt
decays monotonously with concentration in the accessi-
ble range. A previously reported St = 8.21 x 1073 K~!
value of NagCOj3 at 0.5 [50] agrees well with our St-
value of 8.19 x 1073 K~!. CH3COOK shows a shallow
minimum in St, while CH3COONa decreases monoton-
ously with concentration. Both thiocyanate salts show
a minimum in St with concentration at 2 mol kg~*.
This minimum in St shown by KSCN, NaSCN and
CH3COOK has been previously reported for certain
other salts like KCI, NaCl and LiCl [51,52]. Although,
several salts exhibit this behavior, the physical reason
for this minimum is not yet clear [15].
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Fig. 3 Soret coefficient of a KyCOsz (violet circles),
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NaSCN (pink squares) in water as a function of concentra-
tion at T = 25°C. The lines are fits according to Eq. 2.
Further information is given in the text

The concentration dependence of Dt has a similar
behavior to that of St for all systems studied. This is
shown in the Supporting Information (Fig. S6).

3.2 Temperature dependence St and Dt

In the following we will discuss the temperature depen-
dence of S, which is for diluted solutes related to their
hydrophilicity. Figure 4 shows the temperature depen-
dence of St of four salts (NagCOs3, KoCO3, NaSCN and
KSCN) at two concentrations (1 and 4 mol kg~!). The
line is a fit according to Eq. (1). In general, St shows an
increase with temperature indicating system get more
thermophobic with increasing temperature. For carbon-
ates (K2CO3 and NayCOgs), St decreases with increas-
ing concentration, while for thiocayanate salts(KSCN
and NaSCN), magnitude of St increases with concen-
tration. Acetate salts (CH3COOK and CH3COONa),
exhibits behavior similar to carbonate salts which is
shown in Supporting Information (cf. Fig. S1).
Although, for non-ionic solute molecules and many
bio molecules the temperature sensitivity, ASt(AT) =
St(T + AT)-St(T') decreases with increasing temper-
ature, while AST(AT) barely changes for salts. The
temperature dependence of St of ionic solutes is dif-
ferent from the behavior of non-ionic solutes which has
been studied before [6]. For non-ionic solutes only the
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most hydrophilic solutes exhibited at very low concen-
trations a temperature dependence of St described by
Eq. 1 [6], whereas St of all investigated salts can be
described for all concentrations by Eq. 1. This differ-
ence in behavior could be an effect of cluster formation
at higher concentrations [19]. Those formed clusters
are well hydrated thus behaving like diluted solutions
of clusters. Additionally, the temperature sensitivity,
AST(AT) = Sp(T+AT)-St(T) decreases for non-ionic
solutes with increasing temperature, while this slope
barely changes for the salts, which might be related to
the fact that ionic interactions show a weaker temper-
ature dependence than hydrogen bonds.

Due to decrease of the viscosity with increasing tem-
perature, we expect that the diffusion coefficient D
increases with temperature. This is observed for all the
studied salts. As in the case of concentration depen-
dence, Dt shows a similar trend as St. For further
information, see Supporting Information (cf. Fig. S7).

3.3 Concentration dependence of D

The dependence of the diffusion coefficient D on con-
centration at 25°C' is shown in Fig. 5. The studied salts
can be classified in three groups. The first group (cf.
Fig. 5a) shows a slight increase of D, in the second
group (cf. Fig. 5b) D is independent of concentration
and the third group (cf. Fig. 5¢) shows a decrease of D
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Fig. 5 a Diffusion coefficient of a CH3COOK (orange
left-half-filled pentagons), NaSCN (pink right-half-filled
squares) and NayCOg (black right-half-filled circles) as func-
tion of concentration at T' = 25°C. For comparison we show
also the literature values of sodium chloride (NaCl) (green
open triangle down) [53] and potassium chloride (KCI) (red
open triangle up) [15]. b Diffusion coefficient of aqueous
NazCOg3 (black right-half-filled circles) and K2COgs (violet
left-half-filled circles) solutions as function of concentration
at T' = 25°C. c Diffusion coefficient of KSCN (green left-
half-filled squares) and CH3COONa (blue right-half-filled
pentagons) as function of concentration at T = 25°C. Sym-
bols correspond to the symbol used for St of the same salt
in Fig. 3

with concentration. In the investigated concentration
regime none of the salts shows a clear minimum as pre-
dicted by theories [42]. The diffusion coefficient of the
third group with KSCN and CH3COONa decays with
concentration. From molecular dynamic simulations it
is known that both salts form network structures,
which are interlinked with the water network slowing
down the diffusion at higher concentrations [19,46].

4 Discussion

4.1 Concentration and temperature dependence of
St

For comparison of the concentration dependence of St
for the various salt systems we introduce ASt(Ac) as

ASt(Ac) = St(2 mol kg™') — Sp(1 mol kg™'). The
concentration dependence of the salt systems studied
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Fig. 6 a Sk values of all studied systems plotted as func-
tion of log P. Note, that log P is the sum of an ionic and
non-ionic contribution. The S% values of KCI and KBr have
been previously reported [15]. S% of NaCl was obtained by
fitting the St values reported by Wang et al. [53]. First
order polynomials of concentration and temperature have
been used to fit the data using Eq.2 for NaCl. b Sequence
of the anions based on S% for the two investigated cations
in comparison with the Hofmeister series

indicates that, with the exception of CH3COONa, all
salts show an increase in thermophobicity at higher
concentrations. For CH3COONa, the thermophobicity
decreases monotonously with increasing concentration.
A decay of the Soret coefficient with increasing con-
centration (AST(Ac) < 0) has also been observed for
ethanol [27,54], for acetamide and N-methyl-forma-
mide in water [6]. In all systems, ASt(AT) increases as
a function of concentration, resulting in a temperature-
independent intersection point (AST(AT) = 0), if we
plot St versus concentration.

Except for KoCO3 and NaSCN, ASt(Ac) is nearly
independent of temperature (see also supporting infor-
mation Figs. S2, S3 and S4). For KoCOs3, ASt(Ac)
shows a weak increase with temperature, while for
KSCN it shows a decrease with temperature. The phys-
ical origin of this behavior is not yet clear. While the
change in the concentration dependence of St for dif-
ferent temperatures of non-ionic solutes can be related
to the fact that the thermophoretic behavior of these
systems is determined exclusively by hydrogen bonds,
which show a strong temperature dependence, the elec-
trostatic interactions are less temperature dependent.

We used Eq. 2 to describe the concentration and tem-
perature dependence of St and determined the param-
eter Si. for all salt systems studied. We set ag = 0 as
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it is strongly coupled to S%. Note, that the observed
correlation between Si and log P remains, when ay is
fixed. Figure 6 shows that S%. depends linearly on log P.
The most hydrophilic salt, NayCOj3 has the highest Si--
value and KBr, the most hydrophobic salt has the low-
est St. Both investigated cations potassium and sodium
follow the same overall trend and show no systematic
deviations. Note, that S of non-polar systems is corre-
lated with the difference in mass and moment of inertia
of the two compounds [2]. The correlation between Sk
and log P holds apparently for ionic as well as for non-
ionic water soluble solutes and is most probably related
to ability of molecules to form hydrogen bonds, but so
far there is no microscopic theory [15]. It should also
be noted that the correlation is likely to be limited to
molecules small enough that they do not coil or fold, so
that the entire surface of the molecule is accessible to
the solvent.

As already discussed in Sect. 1, Hofmeister series
arranges ions on the basis of their decreasing hydro-
philicity [23]. log P is the parameter that defines the
hydrophilicity of a solute molecule. A negative value
of log P indicates that the molecule has a higher
affinity towards aqueous phase (hydrophilic in nature).
On the other hand, a positive value denotes a higher
concentration in the organic phase (hydrophobic in
nature) [55,56]. Based on the log P-dependence of Sk
we can define a new hydrophobic-hydrophilic scale for
the anions displayed in Fig. 6b. The anions COj ,
CH3COO™ and SCN™ have independent of the cation
the same order as in the Hofmeister Series, while CI~
and Br~ are more hydrophobic than SCN~ according to
their thermodiffusive behavior. Note that, correspond-
ing to the log P-scale Nat is slightly more hydrophilic
than KT, which is reversed in the Hofmeister series.
This difference is not completely understood, but might
be related to the fact that Hofmeister ranks individual
ions and not complete salts.

For non-ionic systems it is known that changes of the
Soret coefficient AST(AT) and ASt(Ac) in a certain
temperature AT and concentration Ac interval corre-
late with log P. For the investigated salts we define
AST(AT) = St(50°C) — S1(20°C) at 1 mol kg~! and
AST(Ac) as mentioned before in Sect. 4.1 at T = 25°C.
Figure 7 displays AST(AT) and ASt(Ac) as func-
tion of log P. For comparison we show also the results
for the previously investigated non-ionic systems [6].
The solid and dotted lines are linear fits for ionic and
non-ionic systems, respectively. Note, that for non-ionic
solutes ASp(AT) = S1p(50°C) — Sp(20°C) at 5wt%
and ASt(Ac) = St(50wt%) — St(5wt%) at T' = 10°C.
Neither AST(AT) nor ASt(Ac) shows a pronounced
log P-dependence as observed for the non-ionic solutes.
Thus, AST(AT) and AST(Ac) of the salts are nearly
independent of the hydrophilicity of the salt, in clear
contrast to non-ionic solutes, which are very sensitive
to a change in log P. Hydrophilic, non-ionic solutes
form more hydrogen bonds with water, the number
of which decreases when the temperature or concen-
tration is increased. This then also leads to a strong
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ionic systems, respectively. Further information is given in
the text

decrease of AST(AT) and ASt(Ac) with increasing
log P. For ionic solutes AST(AT) and ASt(Ac) are
more or less independent of log P. Therefore, we assume
that the thermophoretic behavior ionic solutes at the
first order are determined by electrostatic interactions,
which are independent of the hydrophilicity. Further
studies are required to investigate whether the ther-
mophoretic behavior shows some correlation with log P
at much lower concentrations or for salts with larger
organic side groups.

4.2 Concentration dependence of D

The measurement of the diffusion coefficient gives infor-
mation about the entities and their interactions diffus-
ing in the temperature gradient (cf. Sect. 3). Figure
8 clearly demonstrates that changing the cation can
have a noticeable effect on the diffusion coefficient of
salts. It shows that the diffusion coefficient of sodium
thiocyanate in water at 25°C increases with concentra-
tion, while that of the corresponding potassium salts
decreases. Differences are also observed for aqueous
solutions of the acetate-anions, but in this case the dif-
fusion coefficient of the sodium salt in water decreases,
while the corresponding potassium salt shows a slight
increase with concentration (cf. Fig. 5a and c¢). The
decrease of the diffusion coefficient might be related to
the stronger association of Na®™ compared to K* in the
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Fig. 8 Change of diffusion coefficient D and viscosity of
thiocyanate salts studied with concentration at a tempera-
ture of 25°C

presence of the acetate anion [47]. For aqueous KSCN
solutions the formation of network structures [19,46] as
well as the formation of clusters have been reported [35].
For both scenarios a decrease of the diffusion coefficient
with increasing concentration is expected.

The measured diffusion coefficient depends inversely
on the viscosity of the solutions. In the inset of Fig. 8 lit-
erature values of the viscosity of both thiocyanate salts
are displayed [57]. It is obvious that the change of the
cation has also a prominent effect on the viscosity. Con-
sidering the viscosity we would expect that the diffusion
of NaSCN should show a more pronounced decrease
with increasing concentration compared to KSCN. This
is obviously not the case, therefore we looked also into
the differences in the chemical potential of the two salt
solutions. According to Eq. 4 the diffusion coefficient
depends on the mean activity coefficient. Comparing
the term 1+ ¢(dIn~4 /dc) for NaSCN and KSCN solu-
tions, we find that the increase of the term for NaSCN is
four times larger than for KSCN (cf. Supporting Infor-
mation Sect. S7). This might be the reason that we
observe a weak increase of D for NaSCN with concen-
tration although a recent work predicts for both salts
cluster formation with increasing concentration [35].
Note, that the clustering for NaSCN is less pronounced,
as the percentage of clustered ions at 4 mol/kg is 60%
and 67% for NaSCN and KSCN, respectively. There-
fore, the cluster formation dominates the diffusion only
for KSCN.

5 Conclusion

We have investigated the thermophoretic properties
of various aqueous sodium salt solutions as function
of temperature and concentration and compared the
results with those measured for the corresponding
potassium salts to explore the influence of the cation
exchange.
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It turned out that the temperature and concentration
dependence of the Soret coefficient is only marginally
influenced by the exchange of the cation (cf. Figs. 3
and 4). The shape of the curves is similar although not
identical. The diffusion coefficient D is influenced by
the exchange of the cation. While D of CH3COOK and
NaSCN in water shows a weak increase with concentra-
tion the corresponding salts CH3COONa and KSCN
show a decay (cf. Fig. 5a and c¢). For both divalent
salts we observe no dependence on the concentration.
Therefore, we can only conclude that the exchange of
cation can influence the behavior, but so far we were
not able to identify a trend. And the influence is espe-
cially visible in the diffusion, but not so much in the
thermophoretic behavior.

As already observed for the studied potassium salts
the temperature dependence of the Soret coefficient can
be described for all concentration with Eq. 1. While for
non-ionic systems the ASp(AT) changes with concen-
tration, the ionic systems show only a shift of St. This
is also the reason that in contrast to the non-ionic sys-
tems AST(Ac) and ASt(AT) are almost independent
of log P, while for non-ionic systems a strong depen-
dence is found (cf. Fig. 7).

Further we were able to describe the temperature
and concentration dependence of St using Eq. 2 and
observed that the parameter S& shows a linear correla-
tion with log P. The here investigated anions have the
same sequence as in the Hofmeister series. Deviations
are found for CI~ and Br~. The sequence of the two
investigated cations Na™ and KT is reversed. But as
the cations lie very close together within the Hofmeister
Series, more experiments need to be performed covering
the entire range.

Our studies, thus explore the effect of both cations
and anions on the thermophoretic properties of salt sys-
tems, which play a crucial role in science and technology
[8,11,14]. In this study we have chosen rather simple
experimental conditions by looking into aqueous salt
solutions. In order to learn more about the role of the
thermodiffusion of ions and the coupling of thermal and
electric fields it would also be desirable to perform stud-
ies in biological cells or thermoelectric devices. This is
still a big challenge for future studies.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epje/s10189-022-00164-8.
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We investigate the thermodiffusive properties of aqueous solutions of sodium iodide, potassium iodide
and lithium iodide, using thermal diffusion forced Rayleigh scattering in a concentration range of
0.5-4 mol kg™ of solvent, large enough to deal with associated salts, and a temperature range of 15 to
45 °C. All systems exhibit non-monotonic variations of the Soret coefficient St with concentration, with
a minimum at one mol kg~* of solvent in all three cases. We take this as an indication that the relevant
length and energy scales are very similar in all cases. On this basis we develop an intuitive picture in
which the relevant objects are the fully hydrated salt molecules, including all water molecules that
behave differently from bulk water. Preliminary, somewhat sketchy calculations indicate that indeed
Soret coefficients begin to rise beyond concentrations where the fully hydrated particles are randomly
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1 Introduction

Thermophoresis, also called thermodiffusion or Ludwig-Soret
effect, describes mass transport in temperature gradients and
is one of the interesting unsolved puzzles in physical chemistry.
Nowadays the most prominent application of this effect is in
the determination of binding constants in protein-ligand
reactions,”? but the effect also plays an important role in, for
example, the conversion of waste heat into electricity by means
of thermogalvanic cells.* In both cases a deeper understand-
ing of thermodiffusion of ions in aqueous solutions is desir-
able. Since the pioneering work of Hofmeister, it is known that
many physicochemical processes in aqueous salt solutions do
not only depend on ion concentrations and valencies, but also
on the ion type.®”® We therefore present experimental results of
thermodiffusion in a range of concentrations and temperatures
of solutions of three different salts with equal valencies but of
different ion type, in casu lithium, sodium and potassium
iodide.
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close packed. Indications are given as to why the model will fail at large concentrations.

In principle, in systems like ours there are four mass fluxes,
i.e. those of the two types of ions, the one of the intact, non-
dissociated salt molecules, and that of the solvent. Because of
macroscopic electro-neutrality the two ionic fluxes must be
equal. If we further assume that the dissociation equilibrium
does not change with the very small temperature changes, the
flux of the intact salt molecules must be equal to that of the
individual ions. At the end we are left with only two indepen-
dent mass fluxes, that of the solvent and that of the solute as a
whole. From a phenomenological point of view we are therefore
left with binary systems. From a microscopic point of view, the
measured transport coefficients are combinations of those of
the individual components.

In a binary fluid mixture exposed to a temperature gradient
a stationary non-equilibrium state sets in, where the ordinary
diffusive mass flux of the solute, proportional to the diffusion
coefficient D, balances a thermophoretic mass flux of the
solute, proportional to the thermal diffusion Dy. The Soret
coefficient St defined as the ratio Dy/D describes the value of
the concentration gradient that develops as a result of the
applied temperature gradient. It can be positive, indicating
that the solute accumulates in the cold region, or negative, in
case the solute moves towards the warm region.”'® Especially
in aqueous systems, variations of concentration or temperature
may lead to sign changes and non-monotonous variations of
St. While early studies of more than 20 different salts in water
indicated monotonous behavior of the Soret coefficient with
concentration,'’ later works reported a minimum of Sy for
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aqueous solutions of various salts.**** A recent indication for a
minimum of S; with concentration was observed
experimentally’® and by computer simulations'® for lithium
chloride at very low temperatures. The simulations showed that
the minimum disappeared with increasing temperature, and
especially that artificially decreasing the size of the anion
increased the depth of the minimum. Until now, all these
phenomena are basically not understood on a microscopic
level.10,17719

According to Onsager’s irreversible thermodynamics
the Soret coefficient St of a binary mixture may be written as

% dlny, =
St=2e\' T ome )

20-22

1)

where 7. is the activity coefficient of the salt and ¢ the mass
fraction of salt. Moreover, Q* is an unknown quantity, contain-
ing both thermodynamic and kinetic contribution, and which
is called the heat of transfer. Several expressions for Q* have
been suggested in the literature, some including kinetic
contributions,* others ignoring them altogether.'”***° The
simplest of these models is the one of Prigogine,"” who relates
sign changes with concentration to a stronger cross interaction
compared to the like-like interactions. This energetic concept
works fine for many aqueous mixtures with ethanol,?”
saccharides,”® methylformamides®® and anionic surfactant
sodiumdodecyl sulfate micelles in the presence of NaOH.*° It
also rationalizes the sign of the Soret coefficient in aqueous salt
solutions at very low concentrations, i.e. below the dissociation
limit."**® In general, reasonable agreement may be found for
non-polar mixtures, but all models fail for polar mixtures.*® We
have applied eqn (1), using the model of Kempers with thermo-
dynamic data from several ref. 31-33 but have not been able to
represent our results with any accuracy.

Variations of the Soret coefficient S with temperature often
follow an empirical equation proposed by Iacopini and Piazza

T*T; T)] 2

with obvious interpretations of the various adjustable para-
meters. In particular T* is the temperature where the Soret
coefficient changes sign, possibly outside the range of experi-
mental data. Eqn (2) in particular does a good job with diluted
aqueous solutions.'®**?> As we will see below, also Sy of
halides follows this equation for all concentrations. This is
not the case, however, for larger organic salts at low, and for
non-ionic solutes at higher concentrations.>*¢-32

Several computer simulation studies of thermodiffusion
have appeared in the literature, some of which have been cited
above, but none of these addresses salt solutions over a range
of temperatures and concentrations. We will therefore not
review these studies here in any detail. However, because we
will refer to them on several occasions below, we do briefly
discuss the results of thermophoretic simulations of binary
Lennard-Jones mixtures by Artola and Rousseau.>® All particles
in their simulations were of equal mass and equal size. Simula-
tions were performed over the full range of mole-fractions and a

St(T) =S¢ {1 - exp(

This journal is © the Owner Societies 2022

View Article Online

PCCP

range of temperatures. Moreover they studied several different
systems by varying like-like (eas, ¢gs) and cross-interactions
(¢ap)- Clearly, with Lennard-Jones energies éxs = ¢pp, and ésp
such that component A goes to cold at small mole-fractions x,,
component B must go to cold at small mole-fractions xg, i.e. at
large mole-fractions x,; as a consequence component A will go
to hot at large mole-fractions x,. The Soret coefficient of
component A must therefore obey Sy(xa) = —St(1 — x,), and

. 1 . . .
change sign at xpo = xg = 5 From the simulations it follows

that in all cases the Soret coefficient changes linearly with
mole-fraction, and indeed obeys the rule just mentioned. More-
over, it was found that changing kap in eap = kap\/¢anéBB
changes the slope of this line, while varying the ratio y = epp/
¢aa induces a vertical (or horizontal if you prefer) shift of the
line. Before ending this paragraph on computer simulations we
mention one more study on Lennard-Jones mixtures by Bresme
et al.,*® where the authors perform in depth calculations of all
properties of their mixtures relevant for testing several theories
proposed to describe Soret coefficients so far. Their calcula-
tions are restricted however to one particular set of Lennard-
Jones parameters, and therefore cannot be used for our pur-
poses (see below).

Even when no theoretical explanation for the occurrence of a
minimum in the Soret coefficient with variations of concen-
tration is available, some hypotheses/speculations concerning
the origin of the phenomenon may be found in the literature.
Chanu,™ and later Gaeta et al.'* pointed at the perturbation of
local order of water in the neighborhood of the ions and its
dependence on salt concentration as a possible starting point
for an understanding of the non-monotonous dependence of
Soret. This picture of perturbed water goes back to Frank and
Wen.*! Evidently, in dense solutions, solvent molecules must
organize their structure in order to accommodate to the
presence of the solutes. Indeed, strong variations of water
densities around Nal, among other salts, have been confirmed
in a paper by simulations and neutron diffraction
experiments*>™*® and around CO, by Mitev et al.*’ A closer look
at the structure in the latter case reveals that water molecules
very close to the solute are strongly bound to that solute, either
by expressing their negative oxygen atom to the slightly positive
carbon atom on CO,, or by embracing the slightly negative
oxygen atom on CO, with their hydrogen atoms. Similar
structures may be assumed to occur around dissolved salt
molecules. Beyond this first shell of water molecules, a second
shell of decreasingly perturbed water molecules is needed to
gradually adjust to bulk water. As a result, the CO, molecule
plus perturbed water is roughly a sphere with a radius of about
6-7 A.Y7

In this paper we will adopt a similar picture for salt solu-
tions. For simplicity we assume that the measured effective
transport coefficients may be attributed to non-dissociated salt
molecules. Further discussion of this assumption will be given
in Section 3.1. We define three types of particles, the bare salt
molecule consisting of a cation paired with an iodide ion, the
hydrated salt molecule (HSP) consisting of a bare salt molecule
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Fig. 1 Model of a hydrated salt molecule with a first shell of tightly bound
water molecules (dark blue and a second shell of perturbed water (light
blue). For simplicity the molecule including the two hydration shells will be
assumed spherical.

plus a first layer of Z strongly bound solvent molecules, and the
fully hydrated salt molecule (FHP) consisting of the hydrated
salt molecule plus the shell of perturbed water molecules. A
caricaturist picture of these definitions is shown in Fig. 1. We
expect that the Soret coefficient will change monotonously with
concentration up to random close packing of the FHPs, beyond
which the behavior will change. Random close packing occurs
at a volume fraction of ¢ = 0.64,"® which with a radius of 6-7 A
corresponds to a molality of about 1.0 mole of salt per kilogram
of water. This indeed turns out to roughly coincide with the
minimum of Soret in all systems that we studied. We will use
this observation as the starting point of our analysis of the
thermophoresis of salt solutions with molalities on the order of
one mole kg™ of water.

2 Results

2.1 Concentration dependence

We used Infrared Thermal Diffusion Forced Rayleigh Scattering
(IR-TDFRS) to investigate the thermophoretic behavior quanti-
tatively. A schematic diagram of the setup is discussed in ESI{
(Section S1) By way of example, we present in Fig. 2 the
diffusion coefficient D, the thermal diffusion coefficient Dr,
and the Soret coefficient S; of Nal at four different tempera-
tures as function of concentration. The solid lines are guides to
the eye. As a measure of concentration we use molality m, i.e.
the number of moles of salt per kilogram of water. At all
temperatures Dy shows a minimum around a molality of
1 mol kg™, which survives in Sy, only slightly smoothed by
increasing D. In all cases the diffusion coefficient D increases
monotonously with concentrations, with the increase at higher
concentrations being less than that at lower concentrations, due
to an increase of viscosity with increasing salt concentration.*’
At the lowest measured temperature St and Dy change sign
twice with concentration. Around m = 1 mol kg™' Nal is

27382 | Phys. Chem. Chem. Phys., 2022, 24, 27380-27387
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Fig. 2 Concentration dependence of Soret coefficient St, thermodiffu-

sion coefficient Dt and diffusion coefficient D of Nal at four different
temperatures as indicated in the inset. The lines are guides to the eye.

thermophilic (goes to hot), while at lower and higher concentra-
tions it reveals thermophobic behavior (goes to cold). Potassium
and lithium iodide behave similarly, but none of them shows a
double sign change (cf. Fig. S4 and S5, ESIf).

Fig. 3 displays the concentration dependence of St values at
25 °C of the three iodide salts that have been studied. The lines
are guide to the eye. All Sy of the investigated systems show a
minimum with concentration, around 1 mol kg™ ', as has been
observed for several other electrolytes.”>™**® The concen-
tration at which the minimum is observed varies only margin-
ally for different salt systems. The steepest decay at low
concentrations is found for Lil, which is the most hydrophilic
of the investigated systems.

2.2 Temperature dependence

Fig. 4 shows the measured St as function of temperature at a
molality of 1 and 4 mol kg~ ". The curves have been fitted using
eqn (2). The Soret coefficient shows an increase with increasing
temperature for all salt systems investigated, which is typical
for aqueous solutions at low concentrations. At 1 mol kg~ " Sy of
KI and Nal show a sign change with temperature (cf. Fig. 4a),
while Lil, as expected from the previous literature, shows
thermophilic behavior at all concentrations.’® Additionally, St
of Lil remains almost constant with increasing concentration,
while the thermophobicity of the other salts increases with
concentration.

In a previous investigation where St of a number of electro-
lytes had been studied at 0.01 mol kg~ " of water, Snowden and
Turner®' found at 25.3 °C the largest negative value of Sy for Lil,
—1.44 x 107* K", Also, in our study Lil exhibits large negative

This journal is © the Owner Societies 2022
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Fig. 3 Concentration dependence of Soret coefficient St of Kl (upper
panel), Nal (middle panel) and Lil (lower panel) at all measured tempera-
tures. In each panel temperatures are 15, 25, 35 and 45 °C in that order,
with the lowest temperature corresponding to the darkest set of symbols.
Lines are guides to the eye.

(b)
30 40 20 30 40
temperature / ° C

Fig. 4 Temperature dependence of Soret coefficient St of KI, Nal and Lil
at molalities of 1 (left panel) and 4 (right panel) mol kg’1 respectively. The
open symbols mark data points by Caldwell.>® Darkest symbol corre-
sponds to the lowest temperature of 15 °C with gradually fading to lighter
symbols towards higher temperatures.

Sr values in comparison to KI and Nal (¢f. Fig. 4). In a
previous study of Lil Caldwell et al.>® reported a Sy value of

This journal is © the Owner Societies 2022
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—2.69 x 10® K ', while we found an 11% lower value of
—3.01 x 10> K" under the same conditions.

Fig. S6, S7 and S8 in the ESI,i display the temperature
dependence of Dy and D. Both Dy and D show an increase with
temperature. The increase in D is associated with the decrease
in viscosity with temperature.

3 Discussion
3.1 Concentration dependence

In this section we infer from the characteristics of the data
presented above a coarse grain picture that, in our view, con-
tains the relevant elements to model the physics of our systems.
In the second part we present results from some quick, but
rather incomplete calculations on the basis of this model.

3.1.1 Rationalizing the results. Two things immediately
stand out in all plots of Soret coefficients in Fig. 3. First, the
data at low concentrations roughly depend linearly on concen-
tration, with the slope being pretty constant for all systems and
all temperatures. Second, the concentration where the mini-
mum occurs varies only marginally among the different salts.
The first observation agrees with the findings of Artola and
Rousseau discussed in Section 1, while the second is consistent
with the assumption that, at least at low concentrations, all salt
molecules behave like equally big spherical particles.

It is known that in all cases that we consider about 80% of
the salt molecules are dissociated into independent ions, while
only 20% of them exist as non-dissociated, intact salt
molecules.”®>* We notice, however, that also among the dis-
sociated ions the cation-anion pair correlation functions have
very strong first peaks, mainly as a result of the strong Coulomb
interactions. In agreement with the second of the above find-
ings we therefore assume that on average we may treat the salt
molecules as single particles, sometimes consisting of strongly
bound ion pairs, sometimes consisting of more loosely bound
ion pairs, and sometimes even as single anions. A particle like
this is called a bare salt molecule from now on. The properties
attributed to such a bare salt molecule must be considered to
be effective properties, very much as discussed in Section 1.
Clearly, the model that we describe below will become less
applicable with increasing cation sizes. If needed, a more realistic,
but also more complicated model may be devised along similar
lines. Referring to Fig. 1, we recall the definition of hydrated salt
molecule (HSP), consisting of a bare salt molecule plus the first
layer of strongly attached water molecules, and the fully hydrated
salt molecule (FHP), consisting of an HSP plus the layer of
perturbed water molecules. The radius of such an FHP will be
denoted Rys. We obtain an estimate of this radius by assuming
that the FHPs are randomly close packed when the molality is
equal to M. The volume fraction of FHPs ¢ is given as

NiVus pm

b= = AV oMy + mM,

Vis = Nav-# Vs, 3)
where m is the molality of the solution, m, is the molality of water,

i.e. the number of water molecules in one kilogram of water, M;
and M,, are the molar masses of salt and water respectively, and .#

Phys. Chem. Chem. Phys., 2022, 24, 27380-27387 | 27383

47



Open Access Article. Published on 28 October 2022. Downloaded on 11/21/2022 2:27:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

PCCP

low

Fig. 5 Hydrated salt molecules overlapping with increasing concentration.
The green-red sphere represents the bare salt molecule, after adding the
blue shell of strongly attached water molecules we get the salt particle
(HSP), while after adding next the outer light blue shell of perturbed water
we arrive at the hydrated salt molecule, called FHP. At concentrations
above mmin the outer shells overlap as shown in the bottom row.

ation

is called the molarity, the number of moles of salt per liter of
solution. Vs is the volume of one FHP, ie. one hydrated salt
molecule or anion, Ny is the number of salt molecules in volume V,
and p is the density of the solution. With 7,,;,= 1.0 mol kg_1 for all
systems and a random close packed volume fraction ¢, = 0.64,
we obtain Ryg = 6.3 A; this is a very reasonable value according to
Mitev et al.*’

On increasing the concentration beyond my,,, the outer
hydration shells of the salt molecules begin to overlap, as
shown in Fig. 5. This gives rise to a type of depletion interaction
between the salt molecules, which we will now explain. First we
notice that concentrations are never large enough for the tightly
bound water molecules, constituting the first solvation layer, of
two different salt molecules or anions to touch. Therefore we
take HSPs as the coarse grain particles in our model. Similarly
we define coarse water particles to consist of several water
molecules. The energy of a salt solution is then written as

Ns—1 Ng Ny—1 Ny

E= Z Z ¢(s)s(rij) + Z Z ¢ww(rii)

i=1 j=itl i=1 j=it1
N5 Nw

> g (ry) + B (4)
i1 j=1

Here ¢2 denotes the interaction potential between two coarse
salt particles, i.e. two HSPs at a distance 7y, ¢, that between
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two coarse water particles and ¢s,, that between an HSP and a
coarse water particle. E* is an additional self energy depend-
ing on the configuration of all HSPs collectively, which is the
key quantity in our model.

When one molecule of salt is dissolved in water, the change
of energy has two contributions, one negative contribution
when the first layer of water molecules is bound to the salt,
and one positive contribution that takes into account the
perturbation of the outer hydration shell. The total increase
of energy will be negative. At low concentrations, when the
FHPs do not overlap, a total energy E° proportional to the
number of salt particles will be released. When two FHPs do
overlap, the energies gained by attaching the strongly bound
water shells to each of the bare salt molecules, i.e. by creating
the HSPs, are the same as for two non-overlapping FHPs, but
the energy paid to create the outer shells of the FHPs is
diminished by a positive amount, proportional to the overlap
of the two outer shells. This holds for any pair of overlapping
hydration shells. The self energy therefore reads

Ns 1
Esll E0 — ZAKZH,-,?@ —Hy) H; >0 (rj <2Rus)
i<j
= O H,/ S O (l”,",' Z ZRHS)
(5a,b)

where H; = 1 — ry/2Rys is half the thickness of the overlap,
divided by Rys, and « is a positive constant with the dimensions
of energy. With this we get for the total energy of the solution

Ne—1 Ny Nt S
E= 33 4+ 3 Y dwl)
i=1 j=i+l e
Ny Nu
DD balri), (o
i=1 j=1
1
¢;§lﬂl(’if') _ ¢Ss(l’/) — KZHUZ(?’ — H,'~) (Gb)

1
P (i) + LT (ry)

where we have omitted the unimportant constant E°. Evidently,
with increasing concentrations the assumed pairwise-additivity
of the correction to the self-energy becomes inaccurate.

On the energy scales that we are interested in, coarse salt
particles may be considered to be impenetrable particles inter-
acting through dipole-dipole interactions, so ¢9 may well be
approximated by a Lennard-Jones potential. Given the dimen-
sions as shown in Fig. 1 the radius of a coarse salt particle is
about one half of Ry, so the salt-salt Lennard-Jones potential
has a ¢ of about Rys, and therefore a range of about 26 = 2Rys,
which is equal to that of the overlap potential $2"®P. For
computational purposes it is often most convenient to have
water particles of about the same size as that of the salt particle.
Clearly for coarse water-water and salt-water interactions
somewhat more soft potentials seem to be preferable, although
Lennard-Jones potentials have been used for this purpose as
well. For a review see Hadley and McCabe.”® This concludes the
description of our coarse grain picture of salt solutions at low
concentrations.
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Fig. 6 Concentration dependence of Soret coefficient St of Kl (upper
panel), Nal (middle panel) and Lil (lower panel) at four different tempera-
tures. In each panel temperatures are 15, 25, 35 and 45 °C in that order,
with the lowest temperature corresponding to the darkest set of symbols.
Lines correspond to fits that have been obtained with our model (for
details see Section 3.1).

3.1.2 Estimated predictions. In order to test the validity of
this model one has to perform simulations or try to extract
information otherwise. Here we will present the results of some
rather sketchy calculations on the basis of the results published
by Artola and Rousseau for Lennard-Jones mixtures. To this end
we assume Lennard-Jones potentials for coarse water-water
and salt-water interactions and map the total coarse salt-salt
potential ¢ (ry) = PS(ry) + dX"*P(r;) on some effective
Lennard-Jones potential . With these we next make use of
the reported data in the paper of Artola and Rousseau. Details
of the calculations are presented in the Appendix to this paper.
Evidently, mapping the sum of ¢%(r;) and ¢***"*P(r;), with
rather different distance dependencies, to an effective
Lennard-Jones potential, must be approximate. We assume,
however, that for concentrations not too far above my;, the
approximation works acceptably. The results obtained with this
method must be considered as a proof of principle. The final
verdict has to be given by means of a simulation study. Until
then, the model remains somewhat speculative, although intui-
tively appealing.

The results of our calculations are shown as the lines in
Fig. 6. It is clearly seen that the predicted Soret coefficients
increase as soon as the outer hydration shells of the big spheres
begin to overlap. At larger concentrations, however, they decay
again while experimental data continue to increase. Apart from

This journal is © the Owner Societies 2022
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the numerical inadequacies already mentioned, also the model
itself will become inadequate at the larger concentrations. First,
the pairwise additive corrections to the self energies will
become inappropriate, and next, at even higher concentrations,
one can imagine that it is profitable to form clusters of salt
particles and expel the water molecules from these altogether to
minimize the energy stored in the perturbed hydration shells.
Both effects will lower the average salt-salt interactions faster
than is done within the present model, and will drive salt to
the cold.

3.2 Temperature dependence

As can be seen in Fig. 4 St of all investigated systems shows an
increase in thermophobicity with temperature and can be
successfully described by eqn (2) for all concentrations studied.
The same behavior has been recently observed for other simple
salts without large organic groups,*®*°
the temperature dependence of St observed for larger organic
3757 and non-ionic solutes in water.”® For a typical non-
ionic solute, the behavior of Sy changes from increasing with
temperature to decreasing with temperature as the concen-
tration increases. It is assumed that this is correlated with the
hydration of the solutes, which decreases as the concentration
increases. In contrast, the Soret coefficients of simple ionic
solutes show the typical temperature dependence described by
eqn (2) over the entire concentration range. This might be
explained by cluster formation and growth of the salts with
increasing concentrations. At high salt concentrations, these
clusters are hydrated by water as the fraction of ions in the
interfaces decreases when more ions are part of larger clusters.
This results in diluted solutions of clusters, which still exhibit
the typical temperature dependence of diluted aqueous
solutions.

which is in contrast to

salts

4 Conclusion

We have studied the thermophoretic properties of three iodide
salt solutions over a range of temperatures and concentrations.
For all three salts, Lil, Nal and KI, the variation of the Soret
coefficient with concentration exhibits a minimum for all four
temperatures that we investigated. On the basis of various
theoretical expressions combined with the best thermodynamic
enthalpies and activity coefficients available, we were not able
to describe this minimum. On the contrary, in most cases we
predicted a maximum in Soret coefficient with concentration.

All experimental data share the same characteristics. First,
Soret coefficients at low concentrations decay linearly with
concentration, and second, in all cases a minimum occurs at
one and the same concentration of one mole of salt per kilo-
gram of solvent. From this we infer that the relevant objects in
all systems are to a large extent equally big and behave like
ideally dissolved particles at low concentrations. From the
concentration where the minimum occurs we obtain an esti-
mate for the size of these objects, which coincides with that of a
salt molecule including the full hydration shell of strongly
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attached and perturbed water molecules. Beyond the concen-
tration where the Soret coefficient is minimal, the hydrated
objects begin to overlap which leads to stronger interactions
between salt molecules, much like depletion interactions do in
colloid-polymer solutions. Preliminary, somewhat sketchy cal-
culations indicate that indeed the Soret coefficient increases
when concentrations increase beyond one mole of salt per
kilogram of water. The model only holds at concentrations
not very much larger than close packing of the big hydrated
objects. At even larger concentrations the pair wise approxi-
mation on which the model is built may not be accurate
enough. Moreover at large concentrations it may be energeti-
cally profitable for the system to expel the water between the
salt molecules and form salt clusters.
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Appendix

In this appendix we describe how we map our model on the
binary Lennard-Jones model of Artola and Rousseau in order to
be able to make use of their numerical data on S; for these
systems. We summarize the data of these authors as

St(x) = k—1][x— (7a)

1
*m[ Xo),

X0 = 0.635l —0.142, (7b)
v

where x is the mole fraction of A-particles and k and y are set

parameters. Their relation to the Lennard-Jones potential para-

meters is according to eap = k\/eaaéss and Y = egp/ean. The

values of x, are obtained from the simulations and have been

fitted by us as in eqn (7b).

As noticed in the main text, the radius of the bare salt
molecule plus the attached water layer is about half the radius
of the fully hydrated salt molecule. Moreover, our concentra-
tions will never be large enough that the attached water layers
become perturbed as well. Given these two facts, we consider
one salt molecule together with Z attached water molecules to
be one LJ; particle of diameter ¢ equal to Rys. A L], particle
then consists of Z + o water molecules, such that it has the
same diameter and preferably the same mass as the salt
particles. With this we calculate the Lennard-Jones mole-
fractions for salt according to

N m
X=———=(Z _ 8
X Ny — Z Ny ( +1)mo+am ( )

Ny +———

Z+ua

Since there is no definite way to decide about the size of a
particle of Z + o water molecules we settle for « = 1. All Lennard-
Jones potentials have the same value for ¢, which plays no
further role in what follows.

27386 | Phys. Chem. Chem. Phys., 2022, 24, 27380-27387
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We now must decide about the values of k and . These are
determined by the three epsilon values e, = e £pp = Eww and
€AB = &swy Of which e, and &, remain constant throughout this
appendix. Moreover only values of £8/6,n are needed explicitly.
First, we determine el/en, = 1//° by putting the overlap
potential to zero for molalities less than my,;,. By fitting the
experimental data in this range with eqn (7) we get k° and y/° for
the zeroth order potentials. For molalities larger than my,i, we
assume that the total salt-salt potential, ¢p°®(r;) may be
approximated by the effective Lennard-Jones potential

overlap /NN
d)ss (’ )¢0 ("i/')y (9)

M) = ¢

ss rii) - ¢ss(rif) + 0 ss
b (rNN)
where 7™ is the average nearest neighbor distance between salt
molecules. This gives rise to an effective ¢ given as

off

.0 s
bss T B +

ng)overlap (,,NN)
NN
s (PNN)

(10)

where the tildes indicate that factors bearing the dimensions of
energy have been taken out, i.e. ¢3 = $%/e® = ¢"/e, etc. Since
both the numerator and the denominator in the last term are
negative, the effective epsilon is larger than the pure epsilon, so
binding becomes stronger. In order to complete the calculation
of k and y as function of concentration we must relate ™ to
the concentration. To this end we approximate

N 1/3
rNN(Z///)=1+('/%$) .

o/

(11)

For ./ = M min we get ™ =2, and for very large concentrations
N =1,

We now have available all information to calculate k and
as functions of concentration:

11 &;’S"e”ap(rNN(J%))
W) =T e ) (12a)
k() = RAJU AP, (12b)

where A = k/es, is an adjustable parameter. Putting these
values into eqn (7) we calculate Sy for any concentration.
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Thermodiffusion or thermophoresis gained much interest in bio, chemical, and energy engineering. Al-
though there are several methods to measure thermophoresis, they consume large sample volumes, are
limited to binary mixtures, and give only indirect access to the applied temperature profile. Herein, we
propose a thermophoretic microfluidic cell for quantitative measurements of the Soret coefficient of col-
loids. The actual microscale measuring channel lies between cooling and heating channels to achieve a

Keywords: one-dimensional temperature gradient. Fluorescence lifetime imaging microscopy with Rhodamine B is
Thermophoresis utilized to measure the spatial temperature profile in the channel. The fluorescence intensity of fluo-
Microfluidics

rescently labeled polystyrene particles with a diameter of 25 nm is used to monitor the concentration
profile. The observed temperature and concentration profiles are one-dimensional, as gradients in the
longitudinal and height directions can be neglected. In the investigated temperature range, the averaged
difference between the measured Soret coefficients with the cell and determined with the Thermal Dif-
fusion Forced Rayleigh Scattering set-up is less than 8%.

Temperature gradient
Soret coefficient
Colloidal particles
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1. Introduction

Thermodiffusion or thermophoresis is a process which occurs in
non-isothermal systems, when a temperature gradient drives not
only a heat flux, but also a mass flux [1]. This coupling of heat
and mass fluxes leads to a concentration profile and plays a role
in natural and technical transport processes with temperature gra-
dients, e.g. petrology (rock formation), petroleum reservoirs and
as separation techniques [2]. Also, as it is one of the few known
mechanisms which allows the accumulation of substance against
diffusion it is discussed in the context of the origin-of-life question
[3,4]. In the recent years, it has turned out that the thermophoretic
response of proteins and protein-ligand complexes can be used to
characterize the binding affinity between ligand and protein uti-
lizing the so-called microscale thermophoresis device (MST) [5-7].
Furthermore, the effect also needs to be considered in the devel-
opment of liquid thermoelectric cells used to convert waste heat
into electricity [8-10]. In those cells, charged colloidal particles are
added to increase the energy conversion efficiency. To improve our
still poor understanding of physicochemical effect and to develop
improved theoretical concepts of thermophoresis in those multi-
component systems, quantitative measurements are desirable [11].
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Thermophoresis is the particle movement driven by a temper-
ature gradient [6], which is expressed by the flux equation [12]

j=—-pDVc— pc(1—=c)D;VT (1)

with the net mass flux j, the particle density p, the diffusion co-
efficient D, the mass fraction c of the solute, the thermal diffusion
coefficient Dy and the temperature T. In the steady state (j'= 0),
the Soret coefficient, St, is defined as St = Dy/D. The Soret coeffi-
cient St is a measure for the resulting concentration difference Ac,
if a certain temperature difference AT is applied. Despite many
theoretical approaches and simulations [2,13-16], there is so far no
microscopic theory which predicts Sy quantitatively. While mass,
shape and moment of inertia are important for thermodiffusive
properties of non-polar substances, the thermodiffusion of polar
and especially aqueous solutions is governed by the hydrophilicity
of the solute molecules, pH and ionic strength [6].

There are several experimental methods to measure the Soret
coefficient quantitatively, such as thermal lens (TL) [17,18], Thermal
Diffusion Forced Rayleigh Scattering (TDFRS) [19,20], beam deflec-
tion [21-23] and thermogravitational columns (TCs) [24]. Except
for TCs, all other methods use optical detection and depend on
the optical refractive index contrast due to temperature and con-
centration changes. Therefore, they are limited to binary or spe-
cific ternary systems unless two wavelengths are implemented us-
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ing the dispersion to analyze ternary systems [25]. For the multi-
component mixtures, TC, which uses the interaction of free con-
vection and thermodiffusive flow, is a good choice [24,26] as sam-
ples are drawn from the column and analyzed according to their
composition. However, TCs consume sample volumes in the order
of 30 mL [24], which are not affordable for biological samples only
available in small amounts of a few micro liter.

To overcome limitations of conventional measurement meth-
ods, advanced microfluidic devices have been suggested [27-30].
In general, microfluidic devices consume small sample volumes
(~uLl) and provide short equilibrium times so that they are
suitable for biological samples. An instrument utilizing the ther-
mophoretic effect is MST [28] which has been widely used
for investigating diseases such as influenza [31], corona[32] and
Alzheimer [33]. While the strengths of MST are a low detection
limit (~1 pM) and a fast response time to measure the protein-
ligand binding constant, it gives only qualitative values for the
Soret coefficient. Researchers have also used microfluidic channels
to quantify the Soret coefficient [27,29,30]. The main difficulty of
microfluidic cells is the reliable determination of the temperature
and concentration profile. Some experiments measure the temper-
ature outside the actual measuring channel and assume a one-
dimensional temperature profile propagating into the measuring
channel [27,30]. Otherwise, the temperature dependence of the flu-
orescence intensity in the measuring channel is used [29,34]. Both
methods are prone to errors, since it can easily be affected by
changes in external condition such as the surrounding temperature
for the first method or by photobleaching of the dye or reflections
in the latter method [35].

In order to obtain reliable thermophoretic results, several points
need to be considered. As St is proportional to Ac/AT, a large
temperature gradient causes a larger and easier to measure con-
centration difference. On the other hand, larger gradients can in-
duce free convection, which mixes the solution and decreases the
concentration differences resulting in too small measured Soret co-
efficients. Ideally, the channel shape induces a one-dimensional
temperature profile, but, due to the small dimensions, the linearity
is easily affected by external thermal conditions through conduc-
tion and convection [36]. This requires a comprehensive thermal
analysis of the device, and a direct measurement of temperature
and concentration is required.

Herein, we suggest a thermophoretic microfluidic cell made of
poly(methyl methacrylate) (PMMA). We designed large cooling and
heating channels with high mass flow rates up to 0.94 m/s lead-
ing to high temperature gradients up to 34000 K/m corresponding
to a temperature difference of 3°C across the measuring channel.
A confocal microscope with a photomultiplier and a correlator is
used to measure the fluorescent lifetime correlation function. The
temperature dependence of the lifetime is used to characterize the
temperature profile within the measuring channel. Additionally, in
order to calculate the Soret coefficient, we determined the con-
centration profile by measuring the fluorescence intensity. Aque-
ous solutions of polystyrene particles containing a fluorescent dye
(Firefly, green) in the core of the particle with a diameter of 25 nm
(G25) are used for validating the cell compared to TDFRS.

2. Method and materials
2.1. Geometry and fabrication

Fig. 1 (a) and (b) show a schematic and a picture of the ther-
mophoretic microfluidic cell. The cell is made of PMMA, a transpar-
ent, bio-compatible and hard polymer. The measuring channel has
been micro-milled between a heating and cooling channel. The cell
is sealed with a polyvinyl acetate (PVA) cover slip with a thickness
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Fig. 1. (a) Schematic drawing and (b) picture of the thermophoretic microfluidic
cell. (c) Geometrical target dimensions of the cell are given in the text. Note, that
the origin of the coordinate system is in the center of the measuring channel.

of 170 wm. As an adhesive, we used a mixture of dichloromethane
and cyclohexane with a volume ratio of 45 to 55.

Geometrical dimensions of the cell are presented in Fig. 1(c).
The thickness of the PMMA block is 5 mm and its length is 22 mm
to have sufficient space to attach connectors for the cooling and
heating channels. The height and width (§) of cooling and heat-
ing channels are 2.2 mm and 4.0 mm, respectively. We maximized
the cross-section to reduce the pressure drop in the thermostating
channels. The target width (wy;) and height (hp) of the measuring
channel are 127 um and 100 pm, respectively. However, the fab-
rication process has a tolerance which is on the order of 20 pum
[37] leading to slightly different dimensions which occur along the
measuring channel. Using a fluorescent solution inside the mea-
suring channel, we determined wy =93.9 um and hy =76 um
for the fabricated cell. The length of the measuring channel (L)
is 15 mm. The target wall thickness (6,,) between the measuring
channel and the cooling or heating channel is 100 pm. The ideal
volume of the measuring channel is 0.2 uL.

2.2. Experimental set up

Fig. 2 (a) and (b) present the experimental setup of the light
and flow path to monitor the sample in the thermophoretic mi-
crofluidic cell, respectively. A confocal microscope (Olympus IX-
71 with FV3-294 confocal unit) was used for observing the fluo-
rescence intensity and lifetime. A pulsed laser with a wavelength
of 485 nm was selected for excitation of the dye in combination
with a long-pass emission filter at 500 nm (HQ 500 LP, Leica Mi-
crosystem GmbH, Wetzlar, Germany). The fluorescence intensity
was recorded by a photomultiplier and the fluorescence lifetime
was probed by fluorescence lifetime imaging microscopy (FLIM)
using a correlator (PicoQuant, Berlin, Germany). In order to reg-
ulate the temperature in the cooling and heating channel, we used
two thermostats (cooling: Lauda eco RE 620, Lauda-K6nigshofen,
Germany, heating: Lauda ecoline RE 306, Lauda-Kénigshofen, Ger-
many). To compensate the heat exchange between thermostating
channels, we used a counter-flow to maintain a constant temper-
ature gradient along the measuring channel. The controlled mass

95
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(a) confocal microscope
excitation laser path cell
fluorescent light path objective

(x60)
pulsed laser |Z
(A =485nm) :l
dichromatic
Mirror

photomultiplier

®

correlator

(b)

thermostat
(cold)

thermostat
(hot)

Fig. 2. (a) Light path in the confocal microscope for measuring the Soret coefficient
by using the thermophoretic microfluidic cell. (b) Microfluidic cell with cooling and
heating channel to induce the temperature gradient.

flow rate by thermostats was maximized to 520+ 15 g/min. The
low temperature was between 5°C and 15°C, and the high temper-
ature was varied between 35°C and 45°C.

2.3. Sample preparation

We used polystyrene (PS) particles (G25, ThermoFisher Scien-
tific Inc.) with a diameter of 25 nm without further treatment. The
particles contained inside the core Firefly fluorescence green dye.
At T = 25°C the particle density and the refractive index at a wave-
length of 589 nm are p = 1.05g/cm® and n = 1.59, respectively.
The particle concentration in a water-based solution with pH = 3.2
is 1 wt%. According to the supplier, ethylenediaminetetraacetic acid
(EDTA) and an anionic surfactant were added to stabilize the solu-
tion and to prevent aggregation [38].

Solutions are injected into the measuring channel through
tubes and syringes by hand. The solutions are filtered through a
0.2 pwm filter (Whatman Anotop 10) which removes larger parti-
cles and the aggregation of the solutions. After that, the measuring
channel is closed tightly by a lid to prevent evaporation and con-
centration changes during the measurement.

For measuring the solutions in TDFRS, the filtered solution is
filled into an optical quartz cell (Hellma) with an optical path
length 0.2 mm. Solutions were measured two times at the same
temperature. Auxiliary parameters, concentration and temperature
dependence of the refractive index, are required to calculate Soret
coefficient St. The refractive index as function of concentration was
measured with an Abbe refractometer (Anton Paar Abbemat MW)
at a read-out wavelength of 632.8 nm. We measured the refractive
index for 5 concentrations to determine (dn/dc), 1. The change of
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the refractive index with respect to temperature, (dn/0T)p was
measured interferometrically [39].

2.4. Temperature and concentration ratio measurement

The averaged decaying time of the fluorescence intensity from
an excited to ground state typically depends on temperature,
therefore we use this temperature sensitivity of the fluorescence
lifetime to measure the temperature inside the measuring chan-
nel [40]. As fluorescent dye, we used Rhodamine B (RhB, Sigma
Aldrich, grade: for fluorescence). The fluorescence correlation func-
tion can be recorded for each position in the measuring channel
and is then analyzed with a commercial software (SymPhoTime
provided by PicoQuant). Using a calibration curve between fluores-
cence lifetime and temperature (cf. Fig. S1 Supplementary informa-
tion), the measured lifetime can be converted into a temperature
profile. The spatial resolution of the temperature and concentra-
tion measurement is 1 wm and 0.25 pm, respectively. The con-
centration ratio for the Soret coefficient was determined from the
fluorescence intensity ratio. After reaching the equilibrium of the
concentration profile, the concentration ratio c(x,y) was evaluated
as follows,

I(x.y)

cxy _
C(Xrefsy) B I(Xrefvy) (2)

with the intensity I(X,y). Yrf is the center of the measuring chan-
nel.

2.5. Data evaluation

In a diluted solution (¢ « 1), the flux equation in Eq. 1 in the
steady state was expressed as,

Ve =—-c5;VT, 3)

with the temperature T and the Soret coefficient St. In the mea-
suring channel, one-dimensional temperature gradient happened
along a transverse direction of the measuring channel. For this
reason, the averaged temperature T(x) and concentration ratio
C(x)/c(xef) along the longitudinal direction of the measuring chan-
nel were used for the Soret coefficient. The size of the field of view
is 256 wm (x) by 256 wm (y). The number of pixels for tempera-
ture measurement is 256 by 256, so that each pixel is 1 pm x
1 pm. The number of pixels for intensity measurements is 1024 by
892 where the length of each pixel is 0.25 wm (Ax) by 0.29 um
(Ay). The average temperature is calculated from 256 pixels along
y-axis in the field of view. The average intensity is calculated by
892 pixels along y-axis. Based on averaged values, we rearranged
Eq. 3 using Vc =dc/dx and VT = dT/dx as follows:

cx) In 1(x)
E(xref) I(Xref)

According to Eq. 4, the logarithmic concentration ratio depends lin-
early on the temperature difference T (X, ) - T(X,¥,2). The log-
arithmic concentration ratio was determined from the logarithmic
fluorescence intensity ratio. The slope in the linear relation is the
Soret coefficient. The reference location in this study was at the
center of the measuring channel.

= S1(T (%)) — T (X)) (4)

2.6. Uncertainty analysis

The uncertainty of the Soret coefficient was calculated from the
uncertainty of the logarithmic concentration ratio and the tem-
perature. The averaged uncertainty of the intensity ratio was 3.4%.
That of the temperature was 8T = 0.28 K. Then, we calculated the
uncertainty of the slope, which is identical with the Soret coeffi-
cient. We included the deviations of temperature and logarithmic
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Fig. 3. Temperature distribution measured by fluorescence lifetime imaging mi-
croscopy (FLIM) without temperature gradient (upper figure, Tmesm = 21.4°C) and
VT = 34207 K/m (bottom figure, Tpean = 24.7°C). (b) Graph of the line-averaged
temperature along the y-axis as function of x. The resolution of the temperature
profile is 1 pm.

intensity ratio following the York method [41] implemented in the
commercial plot software ORIGIN [42]. This resulted in an averaged
uncertainty of the Soret coefficient of 9% based on the 95% confi-
dence level [43].

3. Results
3.1. Temperature profile in the thermophoretic microfluidic cells

In the thermophoretic microfluidic cell, the precise character-
ization and stability of the temperature profile are crucial since
this profile results in the concentration distribution in the mea-
suring channel. Figure 3(a) presents the temperature distribution
measured by FLIM without and with a temperature gradient. In
the absence of a temperature gradient, we find a homogeneous
temperature distribution. Increasing the temperature in the heating
channel (left) to 40°C and decreasing the temperature in the cool-
ing channel (right) to 10°C leads to a gradual temperature decrease
along the x-axis. The measured temperature in Fig. 3(a) was inde-
pendent of the y-direction, so that we achieved a one-dimensional
temperature profile in the measuring channel as intended.
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Fig. 3 (b) shows the y-axis averaged temperature profile across
the channel. Without the temperature gradient, the mean tempera-
ture is 21.4°C, while with the temperature gradient, the mean tem-
perature at the center of the measuring channel is 24.7°C and a
gradient of around 33,000 & 1000 K/m establishes inside the mea-
suring channel. Note, that the achieved temperature gradient de-
pends not only on the temperatures of the thermostats, but also
on the surrounding temperature. Typically observed gradients lie
between of 32,000 and 34000 K/m. Considering the temperatures
in the heating and cooling channel of 10°C and 40°C, we would
expect ideally an almost three-times larger temperature gradient
of roughly 92000 K/m. The reason for the low temperature gradi-
ent is a large temperature drop within the PMMA-wall with a low
thermal conductivity with k = 0.19 W/mK [44] separating the mea-
suring channel from the heating and cooling channel. This implies
that the temperature gradient in the measuring channel can be in-
creased by using a wall material with a high thermal conductivity.

In order to characterize the temperature profile for different
mean temperatures, we varied the cooling and heating temper-
ature between 5-15°C and 35-45°C, respectively. The solid red
line in Fig. 4(a) presents the calculated average T_,.ch = 0.5(Teo01 +
Theat) in comparison with the measured mean temperature Tmean
at the center of the measuring channel (diamonds). The mean
temperature Tmean iS the averaged temperature of the y-axis line-
averaged temperature as a function of x-axis within + 1 wm. In
Fig. 4(a), it is shown that the slope of the measured mean temper-
ature is lower than the expected mean temperature (red line). This
is caused by a heat exchange between the cell and the surround-
ing environment at ambient temperature leading to higher tem-
peratures at low and lower temperatures at higher temperatures.
The influence of the ambient temperature might be estimated by
taking the average of all three temperatures T_,.cha = (1/3)(Teoo1 +
Theat + Tampbi) indicated by the dotted green line in Fig. 4(a). It turns
out that the actual measured temperatures lie between the two
calculated lines. These observations emphasize that it is necessary
to measure the temperature profile within the measuring channel
as temperature changes in the environment will have an impact on
the profile in the microfluidic cell.

We performed measurements at different mean temperatures
by keeping the temperature difference between the heating and
cooling channel the same and by varying the temperatures in
steps of 2.5°C over a temperature range of 10°C. Figure 4(b)
shows the y-axis averaged temperature profiles for different mean
temperatures across the channel in the x-direction. In all cases,
we observe a one-dimensional temperature profile independent
of the mean temperature and similar temperature gradients. The
gradients vary from 32000 K/m (oo = 7.5°C, Thear = 37.5°C) to
34000 K/m (T.oo1 = 5°C, Thear = 35°C). As can be seen in Fig. 4(c),
the measured temperature gradient does not show a systematic
trend with the mean temperature. The fluctuations of the temper-
ature gradient are of the order of 10%.

Additionally, we characterized the temperature profile in y-
direction and at different heights z inside the measuring channel
to ensure a one-dimensional profile. Fig. 5(a) shows the tempera-
ture profile at three different y-positions as function of x, whereas
the temperatures of the thermostats where set to 10°C and 40°C.
We observe that the temperature profiles differ up-to about 1°C for
the three different y-positions. Many factors may be responsible
for this discrepancy, such as the heat exchange with the surround-
ing, fabrication tolerances of the cell and other geometrical differ-
ences such as flow connectors and the thermal contact with mi-
croscope. If we assume that the heat exchange between the mea-
suring channel and the thermostated channels is the main reason,
we expect a monotonous change of the temperature in y-direction
gradually decreasing from 3 mm to -3 mm due to the cross flow
configuration of the cooling and heating fluid as indicated in the
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of this article.)
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Fig. 5. Graphs of the y-axis averaged temperature as a function of x at (a) three
different locations along the measuring channel (y = —3,0,3 mm). The inset illus-
trates the measuring positions. (b) The y-axis Line-averaged temperature at three
different heights (z = 20, 30,40 um). Inset shows the locations.

inset of Fig. 5. However, since there is no systematic tempera-
ture variation, the heat exchange with the thermostated channels
is not the only reason for this discrepancy. Although the influence
of geometric factors cannot be quantified, from Fig. 4(a), we in-
fer that the ambient temperature couples into the small microflu-
idic chip, but also manufacturing tolerances of the wall between
measuring and thermostated channels will influence the observed
temperature profile. As shown in Fig. 5(b), temperatures along
the z-axis are also slightly different, even though the geometri-
cal changes along the z-axis has a smaller variation than along the
y-axis. From these results in Fig. 5(a) and (b), we conclude that
the temperature differences along the channel are also caused by
geometrical factors. However, the temperature gradient along the
y-axis is with 333 K/m only 1% of the temperature gradient along
the x-axis, so that we can neglect it. In the following, we consider
a one-dimensional temperature gradient along the x-axis for the
calculation of the Soret coefficient.

3.2. Intensity ratio profile in the thermophoretic microfluidic cells

Fig. 6 (a) shows an image of the intensity ratio 1/I,_q distribu-
tion within the measuring channel. According to Eq. 2, the inten-
sity ratio is identical to the concentration ratio ¢/Cy_g, which is re-
quired to calculate the Soret coefficient in Eq. 4. The upper and



N. Lee, S. Mohanakumar and S. Wiegand

(a)

100 Viee
IIll
E r 0.9
3
~ 0
> L 0.7
- 0.5
-100
0.3
-100 0 100
X/ um

’ - withoutgradient‘l

< SO e

1.2
= with gradient
o5 CERe R i L
<8 1.0f Ji PG i IE (=l L
il -
-— - ,.,..e:%: ]
0.8 .
-20 -10 0 10 20
x/ um

Fig. 6. Image of the intensity ratio distribution measured by fluorescence intensity
without temperature gradient (upper figure, Teqn = 21.4°C) and VT = 33000 K/m
(bottom figure, Tmean = 24.7°C). (b) Graph of y-axis averaged intensity ratio as a
function of x without (top) and with (bottom) temperature gradient, respectively.

bottom parts of Fig. 6(a) have been taken at a mean temperature of
Tmean = 24.7°C without and with a temperature gradient of VT =
33000 K/m, respectively. In the absence of a temperature gradient,
the intensity ratio is constant in the center of the channel, indicat-
ing a homogeneous distribution of particles. Towards the walls, we
observe a drop of the intensity, which could be caused by reflec-
tions at the wall or interfacial effects close to the wall. Therefore,
in the following, we restrict our analysis to the center of the cell.

To quantify the intensity ratio profile, the y-axis averaged in-
tensity ratio is used. As shown in the upper part of Fig. 6(b), the
intensity ratio is constant without an applied temperature gradient
while we observe an asymmetric distribution, if a temperature gra-
dient is applied (cf. bottom part of Fig. 6(b)). The intensity ratio is
not linearly varying across the channel, but shows an exponential
profile as expected according to Eq. 4.

Before calculating the Soret coefficient, we also need to check
the dependence of the concentration ratio on the y- and z-axes in
a similar way as for the temperature profile. Fig. 7(a) shows the
averaged intensity ratio as a function of x along the y-direction.
We observe that the intensity ratio is almost identical at the three
locations. This is in contrast to the slight variation of the tempera-
ture profile along the y-direction. We assume that although the ge-
ometrical differences leading to a temperature difference along the
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Fig. 7. Graphs of the line-averaged intensity ratio along the y-axis as function of
x at (a) three different locations (y = —3,0,3 mm) and (b) three different heights
(z=20,30,40 pm).

measuring channel, the averaged variation of temperature is within
0.4 K resulting in an intensity ratio modulation of 0.04, if we as-
sume a Soret coefficient of 0.1 K~1. This implies that the variation
of the intensity ratio along the y-axis is negligible. Fig. 7(b) shows
that the intensity ratio at different heights also overlaps. Therefore,
we can conclude that we have one-dimensional temperature and
the concentration ratio profiles in the measuring channel which
can be used to calculate the Soret coefficient accordingly.

In addition, we investigated the effect of free convection on the
concentration profile in the measuring channel, which would dis-
tort the concentration profile. Based on a one-dimensional temper-
ature profile in the measuring channel, we can simulate the tem-
perature and concentration profile. In the simulation, we observe
free convection in the measuring channel, whereas the magnitude
of free convection velocity is comparable with the thermophoretic
velocity (cf. Fig. S2 in the Supplementary Information). Neverthe-
less, the obtained concentration profiles are almost the same with
and without free convection (cf. Fig. S3 in the Supplementary In-
formation). Additionally, the slopes of the logarithmic concentra-
tion ratios as function of x and T — T, along the z-axis overlap, so
that we can ignore free convection for the analysis of St. Further-
more, we investigate whether measurements of thermophobic par-
ticles (St > 0) are possible. The simulated results of thermophobic
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connected with a dotted line). The dotted line corresponds to a fit of the TDFRS data
using Eq. 5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

particles reveal that the effect on the concentration profile is weak
(cf. Fig. S5 in the Supplementary Information). It means that the
cell can be used to evaluate St of thermophobic particles using
Eq. 4. Note that, since the natural convection velocity in the chan-
nel is confined by the shortest length of the channel, a smaller
channel ensures reliable concentration profiles to determine Soret
coefficients. A detailed description of the simulation of free con-
vection and thermophoresis is presented in the Supplementary In-
formation.

3.3. Evaluation of the Soret coefficient

The measured temperature and intensity ratio in the measur-
ing channel were used to calculate the Soret coefficient according
to Eq. 4. Figure 8(a) shows the natural logarithm of the measured
intensity ratio as function of the temperature difference. During
the experiments, we set the cooling and heating fluid temper-
atures to 10°C and 40°C, respectively. The solid lines are linear
fits of the logarithmic intensity ratio as function of the temper-
ature difference. Note, that the linearly fitted lines of run 1 and
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Table 1

Soret coefficients of G25-particles (1% wt) measured in the microflu-
idic channel cell in comparison with TDFRS results. The uncertainties
include the errors of temperature differences and concentration ratios.

T/°C  Sp/K! Sp/K1 T/°C  Sp/K!

Run 1 Run 2 TDFRS
20.5 -0.1274+0.010 -0.142+0.012 20 -0.138+0.014
22.8  -0.129+0.010 -0.132+0.012 22 -0.117+0.001
247  -0.1144+0.009 -0.110+0.011 25 -0.105+0.004
26.7  -0.099+0.009  -0.097+0.010 27 -0.092+0.004
29.0 -0.086+0.009  -0.084+0.009 30 -0.078+0.003

2 overlap. The corresponding slopes are —0.114 +0.009 K-! and
—0.110 + 0.010 K~1, respectively. The uncertainties include the er-
rors of temperature differences and concentration ratios.

Figure 8(b) shows the temperature dependence of the Soret co-
efficient measured in the microfluidic channel cell. In order to ver-
ify the cell, we compared the obtained St values with the data
measured with the TDFRS set-up, which has been validated in the
Fontainebleau benchmark using three binary organic mixtures [45].
Note that, it is impossible to certify the microfluidic cell using the
same mixtures, [45] because, with a confocal microscope, we can-
not measure concentration changes of organic solvents. The data
points shown in Fig. 8(b) and their error bars are additionally listed
in Table 1. The fitted curve is described by the empirical equa-
tion [46],

ST=S%°[1—exp(T*;T>], (5)

where S, T* and T are empirical parameters that refer to the
Soret coefficient at infinite temperature, the temperature at which
a sign change of St occurs, and a parameter to describe the cur-
vature, respectively. The empirical parameters S°, T* and T deter-
mined for the TDFRS data are 0.20 + 0.03 K1, 3234 + 0.89 K
and 61.6 + 6.32 K, respectively. It turns out that the averaged de-
viation of Soret coefficients measured with the microfluidic cell is
7.8% from the fitted curve according to Eq. 5 in the investigated
temperature range.

Another advantage of the instrument is that we can control the
mean temperature between 20-30°C to perform temperature de-
pendent measurements of the Soret coefficient. The obtained Soret
coefficients of the G25-particles increase between 20°C and 30°C
from -0.138 K1 to -0.078 K~1. A similar weak temperature depen-
dence has been observed before another batch of the same par-
ticles [38] and is typical for solutes in water at high dilution and
can be described in Eq. 5 [46]. This empirical equation reflects that
the thermophoretic behavior of aqueous systems is dominated by
hydrogen bonds. With increasing temperature the strength of the
hydrogen bonds is weakened leading to an increase of St and a
decrease of the temperature dependent slope [6]. The latter cannot
be observed for the G25 particles in the investigated temperature
range, since the temperature dependent slope of St remains almost
constant.

As mentioned before, the surrounding temperature influences
the temperature profile within the measuring channel, therefore
an expansion of the temperature range will require a thermostated
housing of the set-up to reach a good temperature stability. In con-
clusion, the proposed thermophoretic microfluidic cell provides re-
liable and reproducible temperature dependent measurements of
St.

4. Conclusion

In summary, we propose a thermophoretic microfluidic cell for
quantitative measurements of the Soret coefficient of colloidal par-
ticles or proteins. In the developed microfluidic cell the actual
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measuring channel is located between heating and cooling channel
to establish a temperature gradient across the measuring channel.
As a test system, we used fluorescently labeled polystyrene parti-
cles with a diameter of 25 nm. FLIM with RhB is utilized for prob-
ing the spatial temperature profile inside the measuring channel.
The established concentration ratio in the steady state is deter-
mined from the fluorescence intensity ratio. The characterization
of the thermophoretic cell reveals that a one-dimensional tempera-
ture profile is achieved. The established concentration ratio profile,
which is equal to the measurable intensity ratio profile, is used to
determine the Soret coefficient. In the entire investigated temper-
ature range, the obtained St-values of the colloidal particles devi-
ate on averaged by 7.8% from the fitted curve describing the TD-
FRS results. We demonstrated further that the device is suitable to
perform temperature dependent measurements. So far, we varied
the mean temperature between 20°C and 30°C. An expansion of
the temperature range will be possible, if a thermostated housing
is used to reach a good temperature stability. As mentioned, char-
acterization measurements revealed that the ambient surrounding
temperature influences the temperature profile inside the measur-
ing channel. This effect raises as the temperature difference be-
tween the measuring channel and the environment increases. In
conclusion, the proposed thermophoretic microfluidic cell provides
reliable and reproducible temperature dependent measurements of
St for large colloids (> 1 um) and smaller fluorescently labelled
particles or (bio-)macromolecules.

The proposed cell has several advantages compared to conven-
tional methods, which are often limited to binary mixtures. The
presented thermophoretic microfluidic device allows the study of
specific fluorescently labeled or large solute macromolecules in
multi-component mixtures such as buffer solutions. For instance,
it will be possible to study the thermophoretic behavior of solutes
for buffer solutions of different ionic strength or pH. The ther-
mophoretic microfluidic cell has also a fairly short equilibration
time T =w2/(w2D), which depends on the measuring channel
width wy,;, and the mass diffusion coefficient D [47]. Even for larger
colloidal particles with a diameter of 1 wm, we find equilibration
times of roughly 1 h, which should be accessible if evaporation of
the solvent and photobleaching of the dye are prevented. Note that,
the sedimentation velocity of 1 pwm PS particle is 35.2 nm/s [48].
The channel height is 76 pm, which leads to the retention time
of sedimentation of 1.5 hours. Therefore, sedimentation will influ-
ence the thermophoretic motion so that a mixture of water and
heavy water (D,0) should be used to match the density of the
solvent with that of the particles. Another advantage of this cell
is the small channel volume lower than 20 L including connec-
tors which makes it suitable for the study of rare biological com-
pounds. With this cell, it will also be possible to investigate the
thermophoretic movement in nematic phases or a crowded envi-
ronment. The latter is especially interesting to study transport in
biomimetic systems. This device will help to extend our fundamen-
tal understanding of thermophoresis in complex environments and
might also be suitable to develop new analytical methods to char-
acterize and separate colloidal synthetic and natural particles.
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Abstract: In recent years, thermophoresis has emerged as a promising tool for quantifying biomolecu-
lar interactions. The underlying microscopic physical effect is still not understood, but often attributed
to changes in the hydration layer once the binding occurs. To gain deeper insight, we investigate
whether non-equilibrium coefficients can be related to equilibrium properties. Therefore, we compare
thermophoretic data measured by thermal diffusion forced Rayleigh scattering (TDFRS) (which is
a non-equilibrium process) with thermodynamic data obtained by isothermal titration calorimetry
(ITC) (which is an equilibrium process). As a reference system, we studied the chelation reaction
between ethylenediaminetetraacetic acid (EDTA) and calcium chloride (CaCl,) to relate the ther-
mophoretic behavior quantified by the Soret coefficient St to the Gibb’s free energy AG determined
in the ITC experiment using an expression proposed by Eastman. Finally, we have studied the
binding of the protein Bovine Carbonic Anhydrase I (BCA I) to two different benzenesulfonamide
derivatives: 4-fluorobenzenesulfonamide (4FBS) and pentafluorobenzenesulfonamide (PFBS). For
all three systems, we find that the Gibb’s free energies calculated from St agree with AG from the
ITC experiment. In addition, we also investigate the influence of fluorescent labeling, which allows
measurements in a thermophoretic microfluidic cell. Re-examination of the fluorescently labeled
system using ITC showed a strong influence of the dye on the binding behavior.

Keywords: thermophoresis; thermodiffusion; Soret effect; protein-ligand binding; hydration effects;
entropy—enthalpy compensation; thermal diffusion forced Rayleigh scattering; isothermal titration
calorimetry; thermophoretic microfluidic cell

1. Introduction

Quantification of biomolecular interactions is extremely valuable in applications such
as drug discovery and understanding molecular disease mechanisms. Several techniques,
such as Bioluminescence Resonance Energy Transfer (BRET) [1], Atomic Force Microscopy
(AFM) [2], and Fluorescence Cross-Correlation Spectroscopy (FCCS) [3], have been devel-
oped providing binding affinities, kinetics, and/or thermodynamics of the interactions [4].
One of the newer methods is MicroScale thermophoresis (MST) [5]. MST measures the
thermophoretic movement of solutes in a temperature gradient by recording the fluorescent
intensity. Typically, the binding constant is derived by using multiple capillaries with
constant concentrations of protein and increasing ligand concentration. The capillaries are
scanned consecutively, so that K, can be determined, which gives access to the change in
Gibb’s free energy AG and has been demonstrated in a series of experiments [6,7]. Since
the technique uses fluorescent detection, either a fluorescent label is attached or the inher-
ent fluorescence of the molecule of interest is detected [8,9]. The fluorescent labeling is
very selective and allows low concentrations, but on the other hand the fluorescent label
might influence the binding of the ligand. Although the underlying measurement effect
is thermophoresis, the Soret and thermal diffusion coefficients are not determined in the
commercial instrument, but this will be possible with a modified set-up [10].
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Thermodiffusion is quantified by the Soret coefficient St = Dt/D, with the thermal
diffusion coefficient Dt and the diffusion coefficient D [11,12]. A negative St indicates
thermophilic behavior which means the solute accumulates on the warmer side. While
St being positive (thermophobic) indicates a movement of the solute towards the colder
side. Studies of aqueous systems suggest that the change in the thermodiffusive behavior
is often connected with a variation in the hydration shells [13-15]. For certain solutions,
a sign change from thermophilic to thermophobic behavior can be observed at a transition
temperature T* [16]. An empirical equation for diluted aqueous solutions proposed by
Tacopini and Piazza [17] describes the temperature dependence by,

St(T) =S¢ {17exp<T*T;T>} , @

where ST is a constant value approached at high temperatures, T* is the temperature at
which the sign change of St occurs and Tj indicates the curvature. Equation (1) describes
how St increases with increasing temperature: St is low at lower temperatures approaching
a plateau value at high temperatures [13-15]. Solute-solvent interactions play a crucial
role in the temperature sensitivity of St. In aqueous solutions, this contribution decreases
with rising temperature due to breaking of hydrogen bonds [18]. For a number of aqueous
systems, the difference of St at two different temperatures ASt has found to correlate with
log P (partition coefficient) [14,19]. This indicates that the hydrophilicity of the solute plays
a crucial role in the thermophoretic behavior of aqueous systems. Log P or the partition
coefficient describes the concentration distribution of a solute between an aqueous and a
1-octanol phase in equilibrium. Thus, P is defined as

_ [SOlute] octanol (2)
[solute]water

Solutes which are highly hydrophilic (low or negative log P) show a stronger change
of St with temperature compared to more hydrophobic solutes [14]. At low temperatures
hydrophilic solutes form many hydrogen bonds with water, while their number and
strength decrease with increasing temperature. This means that at lower temperature there
is a greater change in the hydration layer, which affects the Soret coefficient to a greater
extent [20-22].

To investigate the thermophoretic behavior quantitatively we use Thermal Diffu-
sion Forced Rayleigh Scattering (TDFRS). This is an optical method which analyzes the
diffraction efficiency of a refractive index grating due to temperature and concentration
modulation. Ideally, the method is applied to binary mixtures, so biological systems with
several components (buffer compounds) to stabilize the solution are more challenging
because all compounds contribute to the refractive index contrast and complicate the anal-
ysis. So far only the strongly binding protein-ligand system streptavidin with biotin has
been studied by TDFRS [18,23]. The measurements were supported by neutron scattering
experiments and also isothermal titration calorimetry data were included in the analy-
sis [24,25]. Experiments showed that the temperature sensitivity of the Soret coefficient was
reduced for the complex compared to the free protein indicating that the complex was less
hydrophilic leading to a larger entropy of the hydration layer. The outcome agreed with
neutron scattering data. The study of this particular system illustrates that thermodiffusion
and its temperature dependence are highly sensitive to changes in the hydration layer.
Although the exact mechanism of these changes cannot be evaluated by the study of a
single system, measurements of similar systems can give us a more explicit picture on the
conformational and hydration changes that occur upon ligand binding.

Isothermal titration calorimetry (ITC) is a standard method for any chemical (binding)
reaction [26]. It directly measures the heat released or consumed in the course of a molecular
binding event. In addition to thermodynamic parameters, such as enthalpy AH, entropy AS,
and Gibb’s free enthalpies AG change, the equilibrium-binding affinity K, and interaction
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stoichiometry can be determined. Among the biophysical characterization methods ITC
offers the highest information content [4].

A recently developed thermophoretic microfluidic cell was so far only tested with
fluorescently labeled colloidal particles [27]. In principle, the cell can also be used to
monitor quantitatively the thermophoretic properties of fluorescently labeled free proteins
and complexes as used in MST.

Although the thermophoretic behavior of the free protein compared to the protein—
ligand complex differs, the microscopic mechanism for this change is not yet understood.
The underlying physical effect is one of the interesting unsolved puzzles in physical
chemistry. Binding reactions are quite complex, strongly influenced by several factors,
such as temperature, concentration, pH, ionic strength, etc., and, in turn, influence the
thermophoretic motion [11,12,28]. In this work, due to the complexity of the system and
the physical effect, we study chemical binding reactions with TDFRS and ITC. Based
on the results of the complementary methods we want to establish a relation between
thermodynamic parameters obtained by ITC and thermophoretic properties measured
with TDFRS. Additionally, selective ITC measurements and studies in a thermophoretic
microfluidic cell were performed to investigate the influence of a fluorescence label on the
binding and thermophoretic behavior.

To connect the thermodynamic parameter determined with ITC with the non-equilibrium
coefficient derived from TDFRS experiments, we start from an early work by Eastman [29].
In modern notation, his approach connects the Soret coefficient, St, to the Gibb’s free energy

as follows [29,30]:
1 dG

T keTdT

This approach is not viewed uncritically, already de Groot wrote [31], that Eastman’s
theory is ... certainly not rigorous at all”. Integrating Equation (3) with respect to temper-
ature will give us access to a relation between St and AG for the individual compounds of
the system (free protein, free ligand, and complex). A detailed derivation can be found in
the Supporting Information Section S1.

How these individual contributions can be used to establish a relation between ITC and
TDFRS measurements is illustrated in Figure 1. “A” and “B” correspond to the molecules
which are used to form the complex “AB”. We measure the free energy change AG at two
different temperatures with ITC (AGp,_ and AGThigh)' We hypothesize that AGThigh can be
calculated from the free energy change at low temperature AGy,  measured by ITC and
the differences in AAG corresponding to two temperatures for the individual components
probed by TDERS using the following equation:

®)

AGThigh = AGTlow —+ AAGAB — AAGA — AAGB (4)

To test our hypothesis, we use EDTA and CaCl, in MES buffer as reference system. The
chelation reaction between ethylenediaminetetraacetic acid (EDTA) and calcium chloride
(CaClp) is a well known reaction which is used as a validation standard for ITC measure-
ments [32]. EDTA exists in several forms in MES buffer [33-35]. Details of the existing
forms (Figure Sla,b) can be found in the Supporting Information Section S2. In the next
step, we use the same formalism for the protein Bovine Carbonic Anhydrase I (BCA I) with
two different ligands. The enzyme BCA Iis responsible for the conversion of carbon dioxide
to bicarbonate [36] and inhibitors of this enzyme are used for the treatment of glaucoma
and epilepsy [37]. Arylsulfonamides have the highest affinity and are mainly used as
inhibitors for BCA I[38,39]. In our study, we used 4-fluorobenzenesulfonamide (4FBS) and
Pentafluorobenzenesulfonamide (PFBS) (cf. Figure 2). A previous study of BCA II, which
is a variant of our enzyme, shows that PFBS binds approximately 25 times stronger than
4FBS at 25 °C [40,41]. Therefore, we assume that the binding for these two ligands differs
for BCA I as well, so that we can test our method for varying binding constants.
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Figure 1. Schematic illustration of the calculation of AG and AAG from ITC and TDERS, respectively.

(a) (b)
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Figure 2. Chemical structure of the two investigated ligands: (a) 4-fluorobenzenesulfonamide (4FBS)
and (b) Pentafluorobenzenesulfonamide (PFBS).

2. Results and Discussion
2.1. EDTA-CaCl, System
2.1.1. TDFRS Measurements

We conducted IR-TDFRS measurements for the individual components EDTA, CaCly,
MES Buffer, and EDTA-CaCl, complex. Figure 3 shows the temperature dependence of St,
D, and D for EDTA (1 mM), CaCl, (10 mM), MES buffer (10 mM), and EDTA-CaCl, complex.
Temperature dependence of (91/dc),,r and (91n/9T),, used to analyze thermophoretic mea-
surement for each temperature is shown in Supporting Information (Figure S5).

St of MES bulffer is positive, while CaCl, in buffer displays thermophilic behavior
(St < 0). For both systems, the temperature dependence of St can be described by
Equation (1). The Soret coefficient of MES buffer and CaCl, in buffer is of the order of 1073
K=, while St of EDTA and the complex EDTA-CaCl, are two orders of magnitude larger
(cf. Figure 3(al)). Therefore, we treat the solutions of EDTA and the complex (EDTA-CaCl,)
as a quasi-binary system analyzing the TDFRS data. The Soret coefficient of the complex
shows an increase with temperature, but cannot be described by Equation (1) as it has a
turning point. St of EDTA decays with increasing temperature with an unusual pronounced
drop between 25 °C and 30 °C. In the literature [42-45], there are works reporting a change
of behavior in properties of several systems in presence of EDTA around 30 °C compared
to that of room temperature, but so far no explanation has been developed. A similar
sudden change of St with temperature in the same temperature range has been reported for
poly(N-isoproplacrylamide) (PNiPAM) in water [46]. PNiPAM is a temperature sensitive
polymer showing a coil globule transition between 25 °C and 33 °C [47,48]. A small part of
the drop of St is related to the increase in the diffusion coefficient, but the larger part is
caused by the abrupt drop of Dt when the polymer coil collapses [46]. In the case of EDTA
as well, the diffusion coefficient shows an abrupt increase between 20 °C and 25 °C, which
is 5 K lower than the abrupt drop of St and Dt. The mechanism leading to the change in
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St, D1, and D of EDTA in water might have the same origin as in the case of PNiPAM as
it happens in a similar temperature range so that it is very likely influenced by hydrogen
bonds. Bischofsberger et al. [48] argue that at higher temperatures the system minimizes its
free energy by gaining entropy through the release of water molecules from the hydration
shell. Although the microscopic mechanism is still unclear, this is further evidence that
changes in water structure affect thermophoretic motion.

We notice that the diffusion data of EDTA and EDTA-CaCl, agree at low temperatures,
while they differ clearly at higher temperatures. This might indicate a similar hydrophilicity
of EDTA and the complex at low temperatures. Further, we observe, that the diffusion
coefficients of MES buffer and the CaCl, (10 mM) agree in both cases, as these are small
molecules with similar diffusion behavior.
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Figure 3. Temperature dependence of (al) St and (b1) Dt for EDTA (1 mM), CaCl, (10 mM), MES
buffer (10 mM), and EDTA-CaCl, complex. Figures on the corresponding right panel is a zoomed in
image of temperature dependence of (a2) St and (b2) Dt for CaCl, and MES buffer. (c1,c2) show the
temperature dependence of D for EDTA, EDTA-CaCl, complex and CaCl,, MES buffer, respectively.
The error bars correspond to the standard deviation of the mean of repeated measurements. Lines in
(a2) corresponds to a fit according to Equation (1).

2.1.2. ITC Measurements

As mentioned before, EDTA-CaCl, is a system that has been well studied and charac-
terized using ITC at room temperature [32,49,50]. For our goal we need binding parameters
of the system in a wide temperature range. Our results are summarized in Table 1 and
an example of a typical ITC measurement of the EDTA-CaCl, binding reaction at 25 °C is
shown in Figure S7.
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Table 1. Thermodynamic parameters of the binding reaction between EDTA and CaCl, measured

using ITC at different temperatures by setting the stoichiometry of binding m = 1 for the fit.

Temperature (°C) K; (nM) AH (kJ/mol)
20 510.0 £ 49.0 -17.0+0.3
25 623.0 £70.3 -172+0.8
30 699.0 £ 55.5 -17.3 £ 0.7
35 852.0 £ 789 -17.6 £ 0.5
40 1210.0 £ 123.0 —-17.8 £ 0.5
45 1570.0 £ 134.0 —18.0+0.8

The reaction is found to be temperature sensitive and is more favored at lower temper-
atures. This is similar to what has been observed by Arena et al., monitoring the association
constant of the exothermic reaction between EDTA and Ca?* [51], where they found a
decrease with increasing temperature.

2.2. Protein-Ligand System
2.2.1. TDFRS Measurements

Temperature dependence of the thermophoretic behavior of the free protein (BCA I),
free ligands (4FBS and PFBS), and protein-ligand complexes is shown in Figure 4. Change of
D and Dt with temperature for the free protein (BCA I), both ligands (4FBS and PFBS), and
protein-ligand complexes is shown in the Supporting Information (cf. Figures S3 and 54).
Temperature dependence of (dn/dc),,r and (9n/9T )y, used to analyze thermophoretic
measurement for each temperature is shown in Supporting Information (cf. Figure S6).
As expected, the Soret coefficient St of free BCA I changes significantly once the ligand
binds. St-values of the complexes BCA I-4FBS and BCA I-PFBS are higher compared to that
of the free protein. It can also be noticed that St of both complexes are indistinguishable
within the error bars. This means that the hydration shells of the complexes formed are
very similar, but different from those of the free protein. Increase in St with temperature
of BCA I-ligand complex compared to free BCA I is different from that observed for the
Streptavidin-biotin (STV-B) system [23]. For STV-B the difference between St of the free
protein and complex increases with increasing temperature. This was attributed to the
stiffness of the protein at low temperatures so that the binding of the ligand (biotin) has a
weaker effect at these temperatures [23]. In contrast to this, for both protein-ligand systems
that we have studied the difference between St of free protein and complex decreases with
temperature, so that it is almost negligible at high temperatures. This is an indication that
the binding of both the ligands should become weaker with increasing temperature. This is
in line with ITC measurements, which will be discussed in detail in Section 2.2.2.
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Figure 4. Temperature dependence of St for BCA I (10 uM, pH 7.4, violet bullets), BCA I (10 uM, pH
8.3, green bullets), labeled BCA I (pH 8.3, red bullets), 4FBS (110 uM, pink bullets), and PFBS (110 uM,
turquoise bullets), corresponding protein-ligand complex, sodium phosphate buffer (20 mM, Black cross).
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Hydrogen bonds have a clear influence on the variation of St with temperature.
Change in St with temperature is more evident, if the solute can form more hydrogen
bonds with water [12,23], therefore, we conclude that the free protein is more hydrophilic
than the protein-ligand complex (cf. Figure 4). So far, the temperature dependence of the
thermophoretic behavior has only been studied for two other binding systems; STV-B
and various unmethylated cyclodextrins with acetylsalicylic acid [19,23]. In both cases,
the stronger temperature dependence of the free protein or host molecule indicates a lower
hydrophilicity of the formed complexes.

As we could not find studies which looked into the reaction mechanism of BCA I
with the selected sulfonamide ligands, we compared Human Carbonic Anhydrase I (HCA
I) with 4FBS and Bovine Carbonic Anhydrase II (BCA II) with both ligands which have
been well characterized [40,52-55]. The active site of the different variants of carbonic
anhydrase protein (HCA I, BCA II) is the Zn?* ion that is tetrahedrally coordinated by
three histidyl residues and a water molecule [56,57], to which sulfonamide ligands usually
bind [39,58]. In the literature, two scenarios of binding of sulfonamide ligands are discussed.
The first suggests that sulfonamides are present in the anionic form in their complexes
with carbonic anhydrase [40,53-55,59], while the latter proposes neutral sulfonamides are
bound to the active zinc ion [53]. The detailed mechanism in both the cases has been
discussed by Krishnamurthy et al., [40]. It has to be noted that in both possible scenarios a
water molecule is being released upon ligand binding. This implies that the complex is less
hydrophilic than that of the free protein, which is what has also been concluded from the
thermophoretic data.

In the literature, it has been reported that an increase in fluorination decreases the
strength of hydrogen bond network between SO,NH group and the active site of the
target protein [40]. This implies that the complex of BCA I with PFBS (which is highly
fluorinated) should show a weaker temperature sensitivity of St compared to 4FBS. This is
what we observe from our TDFRS measurements as we find; ASt = St(45 °C)—S1(20 °C),
AST(BCAI-4FBS) = 0.139 K~! and AST(BCAI-PFBS) = 0.128 K~ 1.

2.2.2. Isothermal Titration Calorimetry Measurements

Thermodynamic parameters that have been obtained for the respective binding mech-
anisms at 25 °C are reported in Table 2. Figure 5 shows an increase in the dissociation
constants for both complexation reactions with temperature which supports the TDFRS
measurements. Both ligands show a stoichiometry of 1:1 binding to the protein.
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Z 1000¢ v
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Figure 5. Temperature dependence of K; for BCA I-4FBS and BCA I-PFBS complexes measured
with ITC at pH = 7.4. For comparison we show also a single measurement at 25 °C of the labeled
and unlabeled BCA I-PFBS complex at pH = 8.3. For the labeled BCA I-PFBS complex, we report
two K values; red open circle (value that is obtained with m = 1) and red closed circle (value that is

obtained with m = 0.5). More details about the difference in K; and stoichiometry values of two fits
for labeled BCA I are discussed in Section 2.2.3.
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Table 2. Thermodynamic parameters of the binding reactions measured using ITC at 25 °C.

System K; (nM) AH (kJ/mol) AG (kJ/mol)
BCA I-PFBS 127.0 £ 47.2 —125+£0.8 —374+£28
BCA I-4FBS 325.0 +58.7 —32.7+04 —375+13

Increase in fluorine substitution is found to enhance the inhibitor power of sulfonamide
ligands [60], implying that the more fluorine substituted ligand (PFBS) exhibits a higher
association with BCA I, which is reflected by a lower Ky value, compared to 4FBS for all
temperatures. Note that the dissociation constants of two ligands differ for BCA I only by a
factor of 2.5, while for BCA II a factor of 25 has been reported [40,41].

2.2.3. Measurements with a Thermophoretic Microfluidic Cell

We also used a thermophoretic microfluidic cell for measuring Soret coefficients [27].
This requires the system to be fluorescent labeled to determine the concentration profile.
Details of the chemical structure of the dye (cf. Figure S2 in the Supporting Information)
used for labeling and the procedure are given in the Supporting Information (cf. Section S3).
Since the dye binds at a slightly higher pH = 8.3, we performed additional TDFRS measure-
ments at this pH with the labeled and unlabeled protein. We found St = 0.028 4- 0.001 K~*
and St = 0.032 £ 0.001 K~ ! for the unlabeled and labeled protein, respectively. Note, that
the Soret coefficients measured at pH = 8.3 are roughly an order of magnitude smaller
than at pH =7.4 (St = 0.216 = 0.003 K~1). The reason might be that with increasing pH,
the solute becomes more negatively charged and can form more hydrogen bonds, which
often leads to lower St-values [12]. The Soret coefficient St = 0.018 K~! measured in the
microfluidic cell is roughly 40% lower than the TDFRS-value and has a high uncertainty.
The measured fluorescence intensity is at the detection limit due to the low fraction of
labeled proteins and decays due to photo bleaching. From repeated successful measure-
ments we determine an uncertainty of 0.003 K~!, but the real error might be higher due to
systematic errors caused by bleaching.

To check the influence of the fluorescent label on the binding constant, we performed
also ITC measurements. Since a change in pH is reported to affect the inhibitory power
and activity of sulfonamides and protein, changes in the binding parameters are expected
(cf. Figure 6) [61,62]. An increase in pH, shows a decrease in association of PFBS with
BCA I (cf. Figure 5). Baronas et al. [63] report a weak increase in the dissociation constant
of carbonic anhydrase with primary sulfonamides when the pH changes from 7.4 to 8.3.
Once the protein is labeled, the association is only 30% compared to that of the unlabeled
free protein at pH 8.3, so that we assume the dye blocks the binding site of the ligand
(cf. Figure 5). Additionally, the stoichiometry of ligand:protein changes from 1:1 to 1:2.
A hypothesis for this behavior could be the existence of protein dimer, thus a single ligand
binding to two proteins as it has been previously reported for lysozyme [64]. Further
experiments, e.g., using fluorescent correlation spectroscopy would have to be conducted
to support this hypothesis. It has to be noted here that the Ky value reported for labeled
BCA I-PFBS binding has an higher uncertainty due to the low protein concentration
obtained after fluorescent labeling. More details are given in the Supporting Information
(cf. Figure S8 in Section S7).

In conclusion, we refrained from more systematic measurements of fluorescently
labeled proteins due to the change of the binding process and the high uncertainty in the
microfluidic cell.
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Figure 6. Molar change in enthalpy versus mole ratio of ligand over protein. (a) BCA I- PFBS at
pH =74 (b) BCA I-PFBS at pH = 8.3 and (c) the fluorescently labeled BCA I-PFBS at pH = 8.3. Dotted
and solid lines corresponds to a fit with the stoichiometry of binding m = 1 and m = 0.5, respectively.
All measurements have been performed at 25 °C.

2.3. Validation of the Relation between Soret Coefficient and Gibb’s Free Energy

This section mainly focuses on validating Equation (4) at two different temperatures
which connects AG obtained from ITC with St obtained from TDFRS. In the forthcoming
sections, the calculation corresponds to Tpg, = 30 °C and Ty, = 20 °C.

2.3.1. EDTA-CaCl, System

As mentioned before, the first system that we chose for the validation of the derived
mathematical expression is EDTA-CaCl,. With the St values of EDTA, CaCl, and the
complex measured at Thigh and Ty, we have access to the change in Gibb’s energy
(AAG) of the individual components. On the basis of our observations, we calculate
AG (30 °C) to be —36.5 + 1.2 k] mol~!, whereas from ITC measurements we obtained
—36.4 + 0.8 k] mol ™. Both values agree within the error limits. Repeating the calculations
for other temperature pairs lead also to an agreement within 10% (cf. Table S1 in Supporting
Information).

2.3.2. Protein-Ligand System

Now we apply the same procedure to the protein-ligand systems. In Table 3 we
compare the calculated AG and the measured AGjrc. For both the ligands values agree
well within the error bars. Values for other temperature pairs can be found in the Support-
ing Information (Tables S2 and S3 in Supporting Information).
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Table 3. Comparison of AG that has been calculated and that has been measured with ITC
System Thigh °O Tiow (°O) AGgiculated (KJ/mol)  AGyrc (kJ/mol)
BCA I-PFBS 30 20 —-405+1.1 —404+13
BCA I-4FBS 30 20 —39.9 £3.9 —382+15

3. Materials and Methods
3.1. Sample Preparation
3.1.1. EDTA-CaCl, System

Stock solutions of EDTA and CaCl, were prepared in 2-(N-morpholino)ethanesulfonic
acid (MES) buffer of 10 mM, pH 5.8. EDTA solution of 1 mM and CaCl; of 10 mM were used
for measurements. For TDFRS samples, these solutions were filtered (0.2 um) to remove
dust particles. The transparent solution was filled into an optical quartz cell (Hellma)
with an optical path length of 0.2 mm. For ITC measurements, a calibration kit (Malvern
Panalytical) was used as received.

3.1.2. BCA-Ligand System

To prepare the ligand and protein solutions, a sodium phosphate buffer (NaP buffer,
pH 7.4, 20 mM) was used. Concentration of BCA I and ligand solutions were determined
using UV-Vis absorption spectroscopy. Calibration curves (absorbance vs concentration)
for BCA I, PFBS, and 4FBS were prepared starting from the stock solution of 1 mg/mL
and measuring the absorbance maxima at 280, 268, and 257 nm, respectively. For BCA I,
the concentration of the solution was reconfirmed using molar extinction coefficient of BCA
I1(51.0 x 10 M~ em™1) and absorbance measured at 280 nm [65]. For TDFRS experiments
BCA I and ligand concentrations of 10 uM and 110 uM were used. For ITC experiments,
the same concentration was used for BCA I-PFBS system, while for BCA I-4FBS we had to
increase protein and ligand concentrations to 20 pM and 300 M, respectively.

3.2. Methods
3.2.1. Thermal Diffusion Forced Rayleigh Scattering

Thermodiffusion of all the systems was measured by infrared thermal diffusion forced
Rayleigh scattering (IR-TDFRS) [66,67]. This method uses the interference grating of two
infrared laser beams (A = 980 nm) to generate a temperature grating inside an aqueous sam-
ple due to the inherent absorbtion of water at 980 nm [68]. A third laser beam (A = 633 nm)
is refracted by this grating and the intensity of the refracted beam is measured. The intensity
is proportional to the refractive index contrast of the grating, showing a fast rise over time
due to the thermal gradient, then a slower change of intensity due to diffusion of the solute
along the temperature gradient. The Soret, thermal diffusion and diffusion coefficient can
be determined from the measurement signal when the refractive index contrast factors
(9n/dc),r and (9n/9T)y, are known [66].

3.2.2. Contrast Factor Measurement

The change of refractive index with concentration (dn/dc),r was measured by a
refractometer (Abbemat MW Anton Paar) at a wavelength of 632.8 nm. Refractive indices
for five concentrations at six different temperatures (2045 °C with a 5 °C gap) were
measured to determine (972/dc),, T. The concentration dependence of # was linearly fitted to
derive the slope (d1/dc),,r for all measured temperatures. The refractive index increments
with temperature (01/9T ), were measured interferometrically [69]. Measurements were
performed over a temperature range of 2045 °C, with a heating rate of 1.6 mK/s.

3.2.3. Isothermal Titration Calorimetry

This technique has been extensively used to measure the thermodynamic parameters
associated with protein-ligand binding interactions [70]. When a ligand binds to a protein,
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thermodynamic potentials (AG, AH, AS) change which can be measured by highly sensitive
calorimetry. All other conventional methods measures binding affinity where as ITC
measures the enthalpic and entropic contributions to binding affinity. This technique uses
step wise injection of one reagent into the calorimetric cell. The working principle of the
instrument has been discussed in the literature [26,70,71].

The calorimetric experiments for our study were performed with a MicroCal PEAQ
ITC (Malvern Panalytical). For experiments on the reference system, EDTA (0.1 mM)
in MES buffer (pH 5.8, 10 mM) was titrated with CaCl, (10 mM) in the same buffer at
6 different temperatures (2045 °C with 5 °C gap). A typical experiment consisted of
19 injections, 2 uL each. The time interval between injections was 2.5 min. Measurements
were conducted 2 times with a new stock solution of EDTA and CaCl, received from
Malvern Panalytical. The same protocol was followed for BCA I-ligand sytems with
concentrations as mentioned in Section 3.1.2. For protein-ligand systems, measurements
were also recorded at 6 temperatures between 20 and 45 °C at pH 7.4. Additionally, to study
the effect of pH and labeling, extra measurements were carried out for BCA I-PFBS system.
Binding of this system was monitored at 25 °C for two scenarios: (a) BCA I-PFBS at
pH 8.3 and (b) labeled BCA I-PFBS at pH 8.3. Data were analyzed using a single-site
binding model subtracting background enthalpies, whereas AH and K; are treated as
adjustable parameters.

3.2.4. Thermophoretic Microfluidic Cells

The thermophoretic microfluidic cell can be either operated with large colloids (>500 nm),
which are visible under the microscope or with fluorescently labeled macromolecules.
The cell was made of PMMA and consisted of three channels [27]. We created a 1D tem-
perature gradient in the measurement channel between the heating and cooling channels.
In order to measure the temperature and concentration profile in the channel, a confocal mi-
croscope (Olympus IX-71 with a FV3-294 confocal unit) is used. A pulsed laser (A = 485 nm)
was used for probing the fluorescence intensity and lifetime. The fluorescence intensity
for the concentration of proteins was measured by a photomultiplier and the fluorescence
lifetime in the measurement channel was characterized by fluorescence lifetime imaging
microscopy (FLIM) using a correlator and a photomultiplier. The sample concentration of
protein (BCA I) in the solution was 20 uM. The labeled protein content was 2.2 uM, which
corresponds to 11% of proteins in the solution.

4. Conclusions

The main goal of this work is to investigate whether it is possible to connect thermo-
dynamic parameters obtained by ITC with thermodiffusion parameters determined by
IR-TDERS. For a low molecular weight reference system, EDTA-CaCl, and the protein
BCA I with two ligands 4FBS and PFBS we were able to relate Soret coefficients with the
Gibb’s free energies measured at two different temperatures with ITC using an empirical
expression suggested by Eastman [29]. For all temperature pairs that have been studied
for the aforementioned systems, the Gibb’s free energy values of the protein systems cal-
culated agree within 8% with the values measured by ITC, which corresponds to 2-times
the uncertainty of the ITC measurements. In the case of the system EDTA-CaCl, the
agreement is with 3% well within the uncertainty of the ITC measurement. This implies
that Soret coefficients measured at different temperatures can be used to predict the Gibb’s
free energy at other temperatures. This newly developed connection can be utilized to
open promising gates in the accurate acquisition of the underlying binding and molecu-
lar dissociation mechanisms from the studied systems, if it is combined with molecular
dynamic simulations [72] or complementary data obtained by AFM [73].

A second goal was to compare the results of the thermophoretic behavior of the protein
and the complex with those obtained in a recently developed thermophoretic microfluidic
cell. Fluorescent labeling of the protein is required to monitor the protein concentration
using the thermophoretic microfluidic cell. For the here investigated protein BCA I, the flu-
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orescent labeling influences the binding interactions severely so that we refrained from
systematic thermophoretic measurements of the complex in the thermophoretic microflu-
idic cell. This is performed more efficiently with an intrinsic fluorescent protein, e.g., green
fluorescent protein (GFP) or lysozyme. To gain a deeper microscopic understanding of the
process, it would be desirable to perform neutron scattering experiments to determine the
entropic contributions of the protein, thus unraveling the entire process [74,75].

Further, we found, that the Soret coefficients of EDTA and the EDTA-CaCl, complex
show an unusual temperature dependence that cannot be described by Equation (1). Of par-
ticular note is the abrupt drop in the Soret coefficient of EDTA between 25 and 30 °C. One
finds some studies in the literature that also indicate a change in the behavior of EDTA in the
same temperature range, but the database is insufficient to draw clear conclusions. At this
point more systematic pH-dependent measurements also of other chelating agents, such
as diethylene triamine penta-acetic acid (DTPA) or hydroxyethylethylenediaminetriacetic
acid (HEDTA) would be desirable.
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The following abbreviations are used in this manuscript:

4FBS 4-fluorobenzenesulfonamide
BCA Bovine Carbonic Anhydrase
EDTA  ethylenediaminetetraacetic acide

ITC isothermal titration calorimetry
MES 2-(N-morpholino)ethanesulfonic acid
PFBS Pentafluorobenzenesulfonamide

TDFRS  Thermal diffusion forced Rayleigh scattering
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7 Discussion and Conclusion

7.1 Discussion

This work mainly focused on the thermophoresis of aqueous ionic solutions and factors
influencing this thermophoretic behavior. The study starts with simple salt solutions, which
are the major components of buffer solutions in which protein-ligand reactions are studied.
The thermophoretic behavior of aqueous salt solutions has been studied by systematically
varying cations and anions (Ch. 2, Ch. 3). Certain salt solutions studied depicted a minimum
in St with concentration. Ch. 4 focuses on understanding the physical picture behind the
occurrence of this minimum.

The second part of the thesis investigates the thermodiffusive behavior of more complex
systems, which includes binding reactions. A thermophoretic microfluidic cell was developed,
which gives access to St of fluorescently labeled or inherently fluorescent systems (Ch. 5).
Once a temperature gradient is applied, an established concentration gradient is measured
from the fluorescent intensity ratio. Characterization of this microfluidic cell reveals that
a one-dimensional temperature profile is achieved. Later, this cell is used to compare St
of a free protein (BCA I) measured with IR-TDFRS (Ch. 6). As discussed in Sec. 1.2.1,
the most important application of thermophoresis is monitoring protein-ligand interactions.
Although the technique has been used to study different protein-ligand systems, there is very
limited microscopic understanding about why the thermodiffusion of free protein changes
when the ligand binds to it. St and D of free protein and protein-ligand complex have been
so far reported for streptavidin-biotin complex using IR-TDFRS. Here, the thermophoretic
behavior of BCA [-4FBS and BCA I-PFBS systems along with a simpler complex EDTA-
CaCl, has been studied. The main goal of our investigation was to connect parameters
obtained from IR-TDFRS and ITC. Obtained connection is verified using EDTA-CaCl,
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and protein-ligand systems (Ch. 6). This study also reports the difference in St between
free protein and the protein-ligand complex formed and its connection with changes in the

hydration layer.

7.1.1 Correlation with hydrophilicity

For several non-ionic systems, a clear correlation between ASt (ASt = St(72) - St(T1)),

and log P has been derived from the temperature dependence studies. Log P defines the

hydrophilicity of the solute molecule [57]. Partition coefficient, P, is defined as the concen-

tration of solute between two immiscible phases [96], commonly octanol and water, given
by

- [sozute]OCIHHOI

[solute]yater

(7.1)

Non-ionic solutes, which are highly hydrophilic (low or negative log P) show a stronger
change in ASt (AT). For non-ionic solutes, which are soluble in water, hydrogen bonds are
predominantly present in the system. At low temperatures, hydrophilic solutes form many
hydrogen bonds with water, which are broken as temperature rises. This leads to a stronger
change of St. We investigated whether the same correlation holds for ionic solutes. As can
be seen in fig. 7.1, ASt (AT) for ionic solutes are more or less independent of log P. This is
an indication that the thermophoretic behavior of ionic solutes is determined predominantly

by electrostatic interactions, which are independent of the hydrophilicity.
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To investigate whether there is an influence of hydrophilicity, we further analyzed the tem-
perature and concentration dependence with an anstaz developed by Wittko and Kohler [59],

which describes the temperature and concentration dependence of St.

St(m,T) =a(m)B(T)+S, (7.2)

with polynomial serial expansions for ot(m) and B(T)

a(m) =ag+aym+aym?*+azm> + ... (73)
B(T)=1+by (T-Ty)+bx(T-Tp)*+.... ‘
Tp is an arbitrary reference temperature, set to Ty =25°C and SiT is a temperature and
concentration independent constant. It has to be noted here that ag is set to 0 in our
analysis as it is strongly coupled with S%. Except for the iodide salts and NayCos, all the

salt solutions are successfully described using Eq. 7.2.
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Figure 7.2: Change of S"T as a function of log P for salt systems

Calculated Sfr values are found to be strongly correlated with log P as can be seen in Fig. 7.2.
Correlation of S% with hydrophilicity, which is existing for ionic solutes and also for non-ionic
solutes, is most probably related to the ability of a molecule to form hydrogen bonds. Hence
for ionic solutes, thermophoretic behavior is more influenced by specific interactions than by

physical parameters such as mass and moment of inertia [57].

A comparison between the hydrophilicity of ions as suggested by Hofmeister and what has
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been obtained from thermophoretic measurements is shown in Fig. 7.3. This study suggests
that the highly hydrophilic ions tend to accumulate on the colder side or are thermophobic

in nature.

THERMODIFFUSION

more more
hydrophilic hydrophobic

HOFMEISTER SERIES

Figure 7.3: Comparison between hydrophilicity of ions suggested by Hofmeister and derived
from the data from IR-TDFRS experiments.

7.1.2 Effect of cluster formation

To get a better physical picture of thermodiffusion in salt solutions, it is important to pri-
marily identify what the diffusing entity is. It has often been reported, that with increasing
salt concentrations, there are different entities present in the solution [49,97,98]. At low
concentrations, dissociated ions and ion pairs are the major components of the solution.
With increasing concentration, ion clusters can be formed in the solution. This implies that
the solution becomes highly heterogeneous and different entities respond to the temperature
gradient applied. This will have an effect on the thermodiffusive behavior and more domi-
nantly on the diffusive behavior. In the past several theoretical models have been developed
to describe the concentration dependence of D that has been observed experimentally for
electrolyte solutions [99]. It has to be noted that most of these theories are only valid at
dilute concentrations and are based on the Debye-Hiickel ion atmosphere model that includes

electrophoretic effects [100-102]. Ions in solution are generally moving under the influence
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of two forces; the first one being the gradient of the chemical potential and the second, being
an electric field produced by the movement of oppositely charged ions. D is expressed math-

ematically by following equation based on early work by Nernst [99] and later developed by

D=(Dy +A,,)(1 +c(dl;2’i)), (7.4)

where Dy is the Nernst limiting value of the diffusion coefficient, ¢ is the concentration of

Onsager and Fuoss [103]

solute in moles per volume, and y+ is the mean molar activity coefficient of the salt. Contri-
bution from the electrophoretic motion is incorporated in the term A,. As per this approach,
D shows a decrease with concentration until a point where a minimum is observed. After this
point, there is an increase in D with concentration. This theoretical approach fails to explain
a monotonous decrease in D with concentration that has been observed experimentally at

high concentrations. This is where the formation of clusters plays a crucial role.

Different studies looked into the cluster formation of aqueous salt solutions. Simulation
studies report cluster formation for LiCl, NaCl, KCl, NaSCN, KSCN; etc. [49,98,104, 105].
Experimental studies using 2C IR and pump/probe study reported cluster formation for
aqueous solutions of NaSCN and KSCN [97]. With cluster formation, the size of diffusing
entity increases, and a decrease in D is expected with concentration. This is experimentally
observed for KSCN. For NaSCN (for which as well cluster formation is reported), an increase
in D with concentration is observed as shown in fig. 7.4. Comparing the term 1+¢( dlgg&) from
Eq. 7.4 for NaSCN and KSCN, it is found that the increase of the term for NaSCN is four

times larger than for KSCN. Thus, there are contradictory contributions to D. For NaSCN,

the influence of chemical potential is dominating. None of the studied systems showed
a minimum in D in the investigated concentration range as predicted by the theoretical

approach mentioned before [106].

Other studies of salt solutions suggest that different clusters are formed [104,107]. While
certain salt solutions form closely packed ion structures, some others build clusters that
incorporate water molecules. The latter solutes tend to have a high solubility in water due
to the formation of these clusters, which contains water molecules. Cations are found to

have a prominent effect on deciding which type of cluster is formed in the solution [104].
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Figure 7.4: Change of diffusion coefficient D for KSCN and NaSCN with concentration at
a temperature of 25 °C

The type of cluster formed will also have an effect on the thermophoretic behavior, although

that has not yet been studied systematically.

7.1.3 Changes in the hydration shell

concentration

Figure 7.5: Graphical representation of the hydrated salt molecules overlapping with con-
centration. Corresponding variation of St with concentration is also shown.

A common thermophoretic behavior that has been observed for several aqueous salt systems
like NaCl, LiCl, NaSCN, KSCN, etc. is a non-monotonous change in St with concentration.
Some of the salt systems show a decrease in St until a concentration, where a minimum
is observed and then an increase with concentration. For iodide salt solutions (Lil, Nal,

and KI), it is observed that the concentration at which the minimum occurs is very almost
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identical, hinting that the relevant length and energy scales are similar in all cases. Based
on this observation, a preliminary model is developed to explain the occurrence of minimum
in ST, which primarily considers the changes, that happen in the hydration layer with an

increase in salt concentration.

Ions have always been reported to interact with the hydrogen bonding network of water.
Evidently, in dense solutions, solvent molecules have to reorganize their structure to in-
corporate the solute molecules. A simple model for the changes that happen in the water
structure once an ion has been introduced is proposed by Frank and Wen [108]. The model
suggests an immobilized layer of water molecules near the ion followed by a region of "broken
water structure”. This is then followed by the normal structure of water. This change in
the structure of water around salt systems has been confirmed with simulations and neutron
diffraction experiments [109-113]. From various studies, it can be concluded that beyond
the first shell of water molecules (which is highly structured) a second shell of decreasingly
perturbed water molecules is needed to gradually adjust to the structure of bulk water. It
is important to note here that we treat salt molecules as single particles as the transport
coefficients measured are assigned to non-dissociated salt molecules. A fully hydrated salt
molecule (FHP), which is considered in the model consists of a bare salt molecule along with
the closely packed first shell of water molecules and the shell of perturbed water molecules.
The model assumes that St will monotonously decrease with concentration up to random
close packing of FHPs. It is hypothesized that at this concentration where a minimum is
observed, the perturbed layer of water molecules is touched. Beyond this concentration,
they start to overlap, and hence a change in the behavior of St is observed. A schematic

representation of this scenario is shown in Fig. 7.5.

The validity of the model can be tested in two ways; either by performing simulations or by
extracting information from existing studies. We utilized the second option, where we extract
the information from the simulation studies that were conducted by Artola and Rousseau for
Lennard-Jones mixtures [16]. Simulations by them were performed over the full range of mole
fractions. Results from the study by Artola and Rousseau [16] show that St changes linearly
with mole-fraction. We use the reported data in their paper, with consideration of our
model to predict how St changes beyond the concentration at which minimum is observed.
At the minimum concentration, we estimate the size of the entity that could be present in

the solution. This coincides with the size of the salt molecule with the strongly attached
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Figure 7.6: Concentration dependence of St of KI at a temperature of 25 °C. Line corre-
sponds to fit that have been obtained with the model discussed in Sec. 7.1.3

first hydration shell and the perturbed layer of water molecules. A detailed discussion of
these calculations can be seen in Ch. 4. An overlap between the perturbed water layers
beyond the minimum concentration gives rise to a type of depletion interaction between
the salt molecules. Our model is being mapped to the simulation results by Artola and
Rousseau. A result of this mapping for KI at 25° C is shown in Fig. 7.6. As can be noticed,
St values predicted by the model are in good agreement with the experimental data till
a concentration of 2 mol/kg. Beyond this concentration, deviations between experimental
and predicted data increase with concentration. Thus at larger concentrations, the model
becomes inadequate. Pairwise addition of self energies, which have been considered in this
model might be inappropriate at higher concentrations (discussed in detail in Ch. 4). Also,
clusters are probably formed at higher concentrations, and contributions from these clusters

are not considered in the current state of the model.

7.1.4 Thermodiffusion of complexes

As discussed in Sec. 1.1, thermodiffusion is very sensitive to complex formations. Hence,
thermodiffusion can be used as an effective tool to probe complex formation and understand
interactions involved. Previously, thermodiffusion has been used to study the complex for-
mation of cyclodextrins (CD) with small drug molecules [114]. Later, the binding of biotin
with the protein streptavidin has also been studied with thermodiffusion [80, 81].
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7.1.4.1 IR-TDFRS measurements

To have more insight into the complex formation a first investigation is carried out
for a simple reaction, ethylenediaminetetraacetic acid (EDTA) with CaCl, in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer. The magnitude of St for EDTA and EDTA-
CaCl, are two orders of magnitude larger than that of CaCl, and MES buffer. Only CaCl,
and MES buffer follow the typical temperature dependence of St, which is described by
Eq. 1.3. Although, St of complex shows an increase with temperature, it cannot be described
with Eq. 1.3. St of EDTA shows a decrease in temperature with a drop between 25°C and
30°C. Alongside, D shows an abrupt increase between 20°C and 25°C. A similar behavior has
been observed for a temperature sensitive polymer PNiPAM, which is connected to changes,
that occur in the interaction between PNiPAM and water molecules [115]. Bischofsberger
et al. [116] argue that at higher temperatures the system minimizes its free energy by
gaining entropy through the release of water molecules from the hydration shell. EDTA is a
molecule that exists in different charged forms in the solution, which will have interactions
with water molecules. Hence in the temperature range where a behavior change is observed,
it is more likely that the interactions, which include hydrogen bonds are influencing the
thermodiffusive behavior. To fully unreveal the microscopic mechanism, more studies have
to be conducted with EDTA at different pH and that of other chelating agents.

As a next step, the complex formation of protein Bovine Carbonic Anhydrase I (BCA 1) with
two aryl sulfonamide ligands(4-fluorobenzene sulfonamide (4FBS) and Pentafluorobenzene
sulfonamide (PFBS)) has been investigated. This has been discussed in detail in Ch. 6. St of
the complexes formed are similar but different from that of the free protein. This indicates
that the hydration shells of the complexes formed are very similar but different from that of
the free protein. For streptavidin-biotin complex, which is a system that has been studied
with thermodiffusion, the difference between St of the free protein and complex increases
with increasing temperature [80,81]. Whereas for BCA I-ligand complexes, that are studied
here, the difference between St of free protein and complex decreases with temperature.
This is an indication that the binding of both ligands should become weaker with increasing
temperature. Weakening the binding of ligand to BCA I with temperature is in line with

the dissociation constant Ky, which increases with temperature as shown in Fig. 7.7(b).
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Figure 7.7: (a)Soret coefficient St against temperature for free protein BCA I and BCA

I[-PFBS complez in sodium phosphate buffer (b)Dissociation constant Kq against temperature
for BCA I-PFBS complez.

From IR-TDFRS measurements, it can be concluded that the free protein is more hydrophilic
than the protein-ligand complexes, in both cases. The interaction of different variants of this
protein with both ligands has been well studied and characterized in literature [117-120].
Sulfonamides usually bind to the Zn%* active site that is present in the protein. Two scenarios
for this binding process have been proposed as shown in Eq. 7.5 and Eq. 7.6. Sulfonamides
can bind to the free protein in anionic [117,119-122] (Eq. 7.5) or neutral form [119] (Eq. 7.6).

ArSO,NH™ +Zn!' -H,0 < ArSO,NH™ - Zn"' + H,0 (7.5)

ArSO,NH, +Zn'!' - OH™ <> ArSO,NH™ - Zn"! + H,0 (7.6)

In both the above mentioned mechanisms, a water molecule is released once the ligand
binds. This in turn implies that the complex is less hydrophilic than the free protein, which

has also been concluded from IR-TDFRS measurements. To obtain a deeper microscopic
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understanding of the process, it would be desirable to perform neutron scattering experiments

to determine the entropic contributions of the protein.

7.1.4.2 Measurements using a thermophoretic microfluidic cell

A thermophoretic microfluidic cell, which is newly developed was also used to measure St
of the free protein and compare it with IR-TDFRS measurements. The system needs to be
fluorescently labeled to determine the concentration profile using the developed microfluidic
cell. Fluorescent labeling required the pH of the system to be changed from 7.4 to 8.3 and
the binding reactions are usually sensitive to changes in pH. Hence, fluorescent labeling also
will influence the thermodiffusive behavior of the protein. Note that, St of BCA T at pH 8.3
is an order of magnitude lower than that at pH 7.4 measured with IR-TDFRS. This could be
connected to the change, that happens with an increase in pH, where protein could become
more negatively charged and hence could form more hydrogen bonds, which will give a lower
St value. Besides, St measured with the microfluidic cell is roughly 40% lower than the
TDFRS-value and has high uncertainty. It can be concluded that the measured fluorescence
intensity is at the detection limit due to the low fraction of labeled proteins and decays due
to photobleaching. Hence the real error might be higher due to systematic errors caused by

bleaching.

7.1.4.3 Factors affecting thermodiffusion of complexes

As has already been discussed, thermophoretic microfluidic cell required the protein to be
fluorescently labeled and hence pH of the system to be changed. A part of this work focused
on investigating the effect of fluorescent labeling on binding reactions and thermodiffusive
behavior. Fluorescent labeling can change the binding affinities for different proteins and
hence it was necessary to check the same for the BCA I-ligand systems as well. A change in
pH has been reported to affect the inhibitory power and activity of sulfonamides and protein
[123,124]. The effect of fluorescent labeling and pH on the binding mechanism is investigated
through ITC experiments. Changing pH from 7.4 to 8.3 increases the dissociation by 2.5
times. Additionally, fluorescent labeling of the protein increases the dissociation by 3.5 times
compared to that at pH 8.3, which could be due to the dye blocking the binding site of the

ligand. Hence changing the pH and fluorescently labeling the protein is found to have a
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Figure 7.8: Dissociation constants at different experimental conditions (as explained in
z-avis) fo BCA I-PFBS complex measured at 25°C. Ky of BCA [Uabeled)_PFRS at pH 8.3
corresponds to the value obtained with a fit of stoichiometry (m)=1

pronounced effect on the binding process. A comparison of the dissociation constants in
different scenarios is shown in Fig. 7.8. Additionally, the stoichiometry of ligand:protein
changes from 1:1 to 1:2 when the protein is fluorescently labeled. A hypothesis for this
behavior could be the existence of protein dimer, thus a single ligand binding to two proteins
as it has been previously reported for lysozyme [125], but this can only be confirmed with

the help of fluorescent correlation spectroscopy.

7.1.5 Connecting parameters of equilibrium (ITC) and non-equilibrium

(IR-TDFRS) experimental techniques

Two different experimental techniques have been utilized in this work to gain a deeper un-
derstanding of binding reactions. The first technique, IR-TDFRS which is a non-equilibrium
technique measures the thermodiffusive behavior of the system. The latter one, ITC is an
equilibrium technique that measures the thermodynamic parameters associated with the
binding reaction. To get a profound insight into the binding mechanism, we investigated
whether the non-equilibrium coefficient (St) can be related to equilibrium property (AG).
To connect these parameters, we start from an early work by Eastman [126], which is ex-

pressed in modern notations [127] as
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Figure 7.9: Schematic illustration which is used to calculate AG at a particular temperature
from the calculated values.

1 dG

Sp=—22
T kg dT

(7.7)
Assuming a linear T-dependence of St with T and integrating Eq. 7.7 will give access to a
relation between St and AG for a mole of molecules of free protein, free ligand, or complex
as follows

T2 _ T2

AAG = Nakg (SITOW +AST)(M). (7.8)

IR-TDFRS measurements give access to St values of the free protein, free ligand, and complex
at different temperatures. For systems in which the binding is not strong, there are chances
of free ligands or free proteins present in the solution. The measured St value will have
contributions from the complex and unbound compounds in such cases. How the various
contributions can be separated and has been discussed in detail in Ch. 6.

Later, values obtained from Eq. 7.8 are utilized to calculate AG at a particular temperature
and compare it with the value measured at the same temperature using ITC. An illustration
of this is shown in Fig. 7.9. “A” and “B” correspond to the molecules, which are used to form
the complex “AB”. Free energy change AG at two different temperatures are measured using

ITC (AGy,, and AGngh)- Following equation is proposed to calculate AGy,

AGtyy, = AGr,,, + AAGap ~ AAGA ~ AAG. (7.9)
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Figure 7.10: AG calculated with Eq. 7.9 plotted along with AG measured using ITC for
EDTA-CaCly, BCA I-PFBS and BCA I-4FBS complezes. For the plotted values, Tiow=20° C
and ThithBOOC

Three binding reactions that have been studied before are used to check the validity of the
derived equation. Calculations are done considering different temperature pairs for all the
systems. Of these three systems, EDTA-CaCl2 is considered to be a model system since it
is a well known reaction that is used as a validation standard for I'TC measurements [128].
Once the equation was validated using EDTA-CaCl, model system, it was extended to BCA
I-ligand systems. For all three systems, AG calculated using Eq. 7.9, agreed with the AG
measured using ITC within the error limits. The agreement between AG calculated to that

of measured with ITC for all three systems is shown in Fig. 7.10.

7.2 Conclusion

7.2.1 Thermodiffusion of aqueous salt solutions

In recent years, thermodiffusion has been used as a very sensitive tool to study biological
reactions. Hence, a microscopic understanding of the thermal diffusion process in biological
systems and biological reactions is of specific interest. Protein-ligand systems, which are
of particular interest in this study, are quite complicated due to the multiple components
that are present in the system. This includes hydrophobic, hydrophilic, and ionic chemical
(side) groups of proteins, ligands, and buffer components. To reduce the complexity of the

problem, we first looked into the thermodiffusive behavior of simple salt solutions, which act
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as buffer components for protein-ligand systems. From the studies, it could be concluded
that the presence of charges and the complex nature of warer make the aqueous salt solutions

itself complicated.

To investigate the sensitivity of Soret effect to the ionic species, the study was carried out
for different sodium, potassium, and lithium salts. Thermodiffusive properties of all salt
systems were studied as a function of concentration and temperature. It could be concluded
that diffusive behavior is influenced by an exchange of cation and anion, whereas concen-
tration dependence of St is primarily influenced by the change of the anion. This study
once more underlined the sensitivity of thermodiffusion to the changes in hydration. On
the other hand, the strong relation between AST(AT) and ASt(Ac) with the hydrophilicity
log P found for non-ionic solutes, could not be confirmed for ionic solutes. For non-ionic
solutes, hydrogen bonds are predominantly present in the system, which are influenced by
changes in concentration and temperature. While for ionic solutes additionally, electrostatic
interactions are present. The presence of two interactions, of which only one is strongly
influenced by changes in temperature and concentration could be the reason that AST(AT)
and AST(Ac) of ionic solutes do not strongly dependent on hydrophilicity. This has been
discussed in detail in Ch. 2, Ch. 3 and Sec. 7.1.1. The temperature and concentration
independent empirical fitting parameter S% (cf. Eq. 7.2) shows also for ionic systems a linear
correlation with log P.

Formation of clusters at high salt concentration influence mainly the diffusion coefficient
D, while the influence on thermodiffusion coefficient Dt is minor. The effect of cluster
formation is also not much pronounced on the behavior of St. Salts that are reported to
form clusters, like KSCN, show a decrease in D with concentration due to the increase in
the size of diffusing entity. Along with cluster formation, the chemical potential also has a
pronounced influence on the diffusive behavior of salt systems, which has been discussed in
Sec.7.1.2.

Several salt systems show a minimum in St with concentration. Until now, there exists no
physical explanation for the occurrence of this minimum. Since ions change the hydrogen
bonding network of water and thus form hydration layers around them, a preliminary model
is developed based on this idea. It is assumed that the hydration layers of salt molecules start

to touch at a concentration, where a minimum in St is observed. Beyond this concentration,
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it is hypothesized that hydration layers of salt molecules start to overlap and an increase in
St with concentration will be observed. Using the developed model calculations are done
based on the results published by Artola and Rousseau for Lenard-Jones mixtures. Results
indicate a minimum in St and later an increase with concentration. At larger concentrations,
results using our model show a decay while experimental data continue to rise. This indicates
that the model becomes inadequate at larger concentrations. Performing simulations with

the developed model would be a future perspective of this work.

7.2.2 Development of a thermophoretic microfluidic cell

A thermophoretic microfluidic cell is developed for the quantification of St of colloidal parti-
cles or proteins, which are inherently fluorescent or fluorescently labeled. The development
of this microfluidic cell is discussed in detail in Ch. 5. This cell allows thermophoretic mea-
surements in multicomponent mixtures and requires small sample volumes (in pL). Such
a cell is of particular advancement for studying thermophoresis of protein-ligand systems
as it can be used to study specific fluorescently labeled or large macromolecules in multi-
component mixtures such as buffer solutions. St of colloidal particles measured using this
thermophoretic microfluidic cell deviate on average by 7.8% from the fitted curve describing
the TDFRS results.

St of fluorescently labeled protein (BCA I) has also been measured with this microfluidic
device and compared with IR-TDFRS measurements in Ch. 6. St measured using the mi-
crofluidic cell of free BCA I has a higher uncertainty and is roughly 40% lower than what
has been measured with IR-TDFRS. To make St measurement of BCA I viable with the
microfluidic cell, it had to be fluorescently labeled and suffered from a low fluorescent label-
ing ratio. Besides, with the help of ITC, it was concluded that fluorescent labeling affects
the binding of ligand to BCA I due to a change in pH. Hence, using this microfluidic cell to

investigate inherently fluorescent proteins would be more beneficial.

7.2.3 Thermodiffusion of binding reactions

Investigating thermodiffusion of different complex formation reactions was motivated by

different reasons as listed below.
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1. To gain deeper understanding into the interactions involved in complex formation by
comparing thermophoretic data (a non-equilibrium process) to the thermodynamic

data (an equilibrium process)

2. How do the changes in the hydration layer once the complex is formed affect the

thermodiffusive behavior?

3. Measure St of protein with the developed thermophoretic microfluidic cell and compare
with IR-TDFRS measurement

To achieve the above-listed goals, two model systems were used: EDTA-CaCl, system and
BCA I (protein) with two aryl sulfonamide ligands (4FBS and PFBS)

The temperature dependence of St for EDTA, CaCl,, and EDTA-CaCl, complex was
measured. Also, the thermodynamics of this binding reaction was measured using ITC,
which gave access to AG at different temperatures. A mathematical equation was derived,
which connects St to AG. Corresponding values measured for EDTA-CaCl, binding reaction
were substituted into the equation to validate the derived relation. Later, the same pro-
cedure was used for protein-ligand systems (BCA I-4FBS and BCA I-PFBS). The derived
relation was validated for all three systems at different temperatures. This implies that

St measured at different temperatures can be used to predict AG at a particular temperature.

Changes in thermodiffusion upon complex formation and its connection with the hydration
layer have also been studied. Temperature dependence of St for EDTA-CaCl, complex and
EDTA couldn’t be described by Eq. 1.3. Especially, St of EDTA shows a decrease with tem-
perature with an abrupt drop between 25 °C and 30 °C. A similar change in thermodiffusive
behavior has been reported for PNiPAM in water, which is connected to the temperature
sensitivity of the polymer. Change in thermodiffusive behavior of EDTA might also have the
same origin as in the case of PNiPAM as it occurs at a similar temperature range, but further
studies need to be conducted in this regard. As an extension, the next part of the study
focused on the changes that happen in the thermodiffusive behavior of protein (BCA I) when
ligands (4FBS and PFBS) bind to it. St of BCA I-4FBS and BCA I-PFBS complexes are
very similar, but different from free BCA 1. This is an indication that the hydration shells of
complexes are different from that of free protein. The measured St of the complex becomes
more similar to the free protein with increasing temperature, which might be explained by

fewer formed complexes and more free protein and therefore a lower binding, which agrees



96 Chapter 7: Discussion and Conclusion

with the I'TC measurements. The binding mechanism of aryl sulfonamide ligands with BCA 1

involves releasing water molecules and has been confirmed by thermodiffusion measurements.

St of free BCA I was measured with the developed thermophoretic microfluidic cell
(Sec. 7.2.2) and was compared with IR-TDFRS measurement. Fluorescent labeling was
required to monitor the protein concentration. For BCA I, from ITC experiments it was
concluded that fluorescent labeling highly influences the binding reaction. St measured us-
ing microfluidic cell has a higher uncertainty and is roughly 40% lower than what has been
measured with IR-TDFRS. Since fluorescent labeling of the protein highly influences the

binding process, further measurements were not carried out.

7.3 Outlook

The main focus of this thesis lay in the investigation of ionic solutes in aqueous solution.
We started with simple salts and found that the temperature dependence of St shifted with
increasing concentration, but the shape of the curve remained. From aqueous solutions of
non-ionic solutes, we know that the temperature dependent slope of St strongly varies with
concentration. Two possible scenarios could be investigated in this direction, with the first

one being

e Adding more organic groups to the salts
Inserting organic groups into the salts can be used to tune the hydrophilicity-
hydrophobicity of salt systems. Hence such systems could be used to check whether
the correlation between AST(AT) and ASt(Ac) with log P holds, as in the case for

non-ionic systems.

e Increasing the valency of ions in the salts
So far, most of the salt systems studied here comprise ions with single valency. In-
creasing the valency of ions makes systems more complex and hence would influence

the thermophoretic behavior.

In short, both of the above mentioned routes increase the complexity towards the multivalent

proteins with several hydrophilic and hydrophobic groups.

We developed in this thesis a "sketchy” model to explain a minimum of St with concen-
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tration. Preliminary results from the model that has been developed as a part of this
thesis look promising in this aspect. As of now, this approach has been tested for alkali
iodide salts, which have a big anion. On the experimental side, it could be investigated
whether the observations are similar when iodide is replaced by other halide anions like
chloride or bromide. Performing simulations with this model to predict the minimum and
thus test the validity of the model would be another aspect of this work. This will also be
helpful to analyze the limitations of the current model and rectify it. Simulations will also
allow to vary the anion and cation size systematically, which could then be compared with
experimental results. Raman Spectroscopy could be used to test the microscopic picture
that has been proposed for the water molecules around the salt molecule in this model.
This technique could be used to differentiate water molecules that are present near the salt
molecule, perturbed water layer, and bulk water. Besides, this experimental technique can
be utilized to see the difference in the spectra of water molecules under, at, and beyond the

concentration at which a minimum in St is observed.

To study a system with the developed microfluidic cell, the system has to be inherently
fluorescent or fluorescently labeled. St measured in the microfluidic cell for BCA I suffered
from a low fluorescent labeling ratio. To explore the further possibilities of the cell, it
would be beneficial to study inherently fluorescent proteins like Green Fluorescent Protein
(GFP) or lysozyme. With these proteins, it would also be possible to perform systematic

measurements as a function of pH, ionic strength, etc..

An abrupt change in the thermophoretic behavior of EDTA between 25°C and 30°C indicates
that this change might be related to the interaction between EDTA and water molecules
and hence changes in the hydrogen bond network. The existing database is insufficient to
draw clear conclusions. More systematic measurements of EDTA at several other pHs would
be helpful to connect the changes in the interaction of EDTA with water molecules and
observed thermophoretic behavior. A study of other chelating agents such as diethylene-
triaminepentaacetic acid (DTPA) or hydroxyethylethylenedimainetriacetic acid (HEDTA)

would also be desirable in this regard.

Change in the thermodiffusive behavior of the protein followed by complex formation is often
attributed to the changes in the hydration layer of the protein. Once complex formation

happens, there is an entropy loss of protein, which can be measured with Quasi Elastic
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Neutron Scattering (QENS). Calorimetry gives access to the total change in entropy, which
includes the contribution from the protein and hydration layer. A difference between entropy
values measured from calorimetry and QENS corresponds to Ashydration Tt could be assumed
that the entropy loss for protein is regained as an increase in the entropy of the hydration
layer. This can be confirmed by the thermophoretic measurements, which are very sensitive
to the changes in the hydration layer. To study whether a qualitative agreement between the
entropy loss of protein and entropy gain of the hydration layer can be attained as in the case
of the strepatvidin-biotin system, QENS measurements of BCA [-4FBS and BCA I-PFBS
would be desirable. From TDFRS measurements of BCA I-4FBS and BCA I-PFBS, it can
be concluded that the protein is more hydrophilic than the complex. This in turn implies a

lower change in entropy for protein, which could also be confirmed by QENS measurements.

We derived a mathematical relation between St and AG for three different complex formation
reactions. This allows the calculation of change in Gibb’s free energy of a complex formation
from its thermophoretic measurements. It could also be tested if the same holds for other

systems forming complexes.
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Figure 1: Concentration dependence of St of KCI in water at 30°C. Open
triangles correspond to measurement from Gaeta et al. [1] and filled triangles
correspond to our study.

1 Aqueous solutions of KCI

1.1 Concentration dependence Sy, D and Dt of KCI1

Figure 1 shows a comparison of the KCI data for Sy by Gaeta et al [1] with
our results. Note, that we converted molarities (mol per liter of the solution)
specified by Gaeta et al. [1] in molalities (mol per kilogram solvent), which
makes a difference at higher concentrations above 1 mol/kg.
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1.2 Temperature dependence St, D and Dt of KCI
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Figure 3: Temperature dependence of St, D and Dt of KCI in water at four
different concentrations. The lines are fitted according to Eq. (2) in the main
manuscript.
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1.3 Refractive index increments

The following graphs show the refractive index increments (9n/07T), . and

(On/dc), ;- of KCI in water.
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2 Aqueous solutions of KBr

2.1 Concentration dependence of St, D and Dt of KBr
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2.2 Temperature dependence of St, D and Dt of KBr
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3 Aqueous solutions of KSCN

3.1 Concentration dependence of St, D and Dt of KSCIN
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Figure 10: Concentration dependence of St, D and Dt of KSCN in water at
four different temperatures. The lines are guide to the eye.
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3.2 Temperature dependence of St, D and Dt of KSCN
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Figure 11: Temperature dependence of St, D and Dt of KSCN in water at
five different concentrations. The lines are fitted according to Eq. (2) in the
main manuscript.
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3.3 Refractive index increments
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Figure 12: Temperature dependence of (On/ dT),, . of KSCN in water at five

different concentrations.
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4 Aqueous solutions of CH3;COOK

4.1 Concentration dependence of St, D and Dt of CH;COOK
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Figure 14: Concentration dependence of St, D and Dt of CH3COOK in
water at four different temperatures. The lines are a guide to the eye.
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4.2 Temperature dependence of St, D and Dt of CH;COOK
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Figure 15: Temperature dependence of St, D and Dt of CH3COOK in water
at five different concentrations. The lines are fitted according to Eq. (2) in

the main manuscript.
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4.3 Refractive index increments
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Figure 16: Temperature dependence of (On/dT'), . of CH;COOK in water at

four different concentrations.
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5 Aqueous solutions of Ky;COj;

5.1 Concentration dependence of St, D and Dt of KoCOs3
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Figure 18: Concentration dependence of St, D and Dt of K;COg3 in water
at four different temperatures. The lines are a guide to the eye.
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5.2 Temperature dependence of St, D and Dt of K;COg3
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Figure 19: Temperature dependence of St, D and Dt of K;COj3 in water at
five different concentrations. The lines are fitted according to Eq. (2) in the
main manuscript.
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5.3 Refractive index increments
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Figure 20: Temperature dependence of (On/ oT),, . of KoCOj3 in water at five
different concentrations.
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Figure 21: Temperature dependence of (9n/dc), ;» of CH3COOK in water at
five different concentrations.
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6 Concentration dependence of pH for
CH;3;COOK and K;COg3;

Since the salts CH3COOK and KyCOg3 are formed from weak acids, their
aqueous solutions may contain several microspecies whose distribution de-
pends on the pH of the solution. In Fig. 22 we show the species distribution
as a function of pH for both salts obtained from ChemAxon’s pKa Plugin [2].
Measured pH values of the salt solutions as a function of concentration are
presented in Fig. 23 and show that the pH value increases with concentration.
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Figure 22: Microspecies distribution as a function of pH for aqueous solutions
of (A) CH3COOK and (B) KyCOj3. The lines show the fraction (in %) of the

anionic species shown in the diagram framed in the same color.

For CH3COOK at the lowest investigated concentration of 0.5 mol/kg
we measured pH = 8.6, which corresponds to 99.99% of the conjugate base
being fully charged, see Fig. 22. As the pH value increases with increas-
ing concentration and since dissociation increases with pH, CH3COO™ is the
only species present at higher concentration. For K;COg3 at the lowest inves-
tigated concentration of 1 mol/kg we find pH = 12.2 and that 97% of the
conjugate base molecules are fully charged and only a small fraction of 3%
has a hydrated oxygen. At 5 mol/kg with pH = 13.7, 99.1% of the anions are
fully charged. On the basis of these results, we conclude that in the inves-
tigated concentration range the dominant anions of the mono- and di-valent
salt are CH3COO™ and COj5 ™, respectively.
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Figure 23: Measured pH values for CH3COOK and K;COj3 as a function
of salt concentration. The structure of the dominant anion species in the
present pH range is also shown.
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7 Adjusted parameters and various correla-
tions

7.1 Determined parameters: S} and b;

We were able to describe the temperature and concentration dependence
of the Soret Coefficient of the investigated salt solutions successfully using
Eq. (4). We determined S% and b; which are listed in Table 1. The maximum
St value and the minimum b; value is observed for KoCO3, which is a divalent
salt.

Table 1: S%& and by values of investigated systems

SL(x1073K™ 1) by (x1072K™1)
KCl -10.6+0.3 0.5+0.7
KBr -7.440.1 0.8£0.2
CH3COOK 0.1£0.1 1.740.1
KyCO4 7.6+0.06 -0.8£0.5
KSCN -4.6£0.3 0.3£0.3

7.2 Parameters a;; and b; for relative mass and mo-
ment of inertia differences

We used Eq. (4) to describe the temperature and concentration dependence
of St, expressing the temperature and concentration independent fitting pa-
rameter S in respect to absolute differences in mass and moment of inertia
according to Eq. (6). The absolute differences are given by,

oM = Msolute - Mwater (1)
ol = ]solute - Iwater

In the older literature the fitted values correspond often to relative differences
in mass and moment of inertia.
The relative difference can be expressed as,
Msolute - Mwater

5Mrelative — 2)
Msolute + Mwater ( )

6[relative o Isolute - Iwater
Isolute + Iwater

21



Supporting Information

135

The principal moments have been calculated using a commercial software
(Chem3D Ver. 19, Perkiner Elmer). Values for all investigated systems are
listed in Table 2. Note, that the mass and principal moment of inertia of
water with 18.015 g/mol and 1.713 g mol~' A2 have been used for all salts.

Table 2: Mass and moment of inertia differences(relative and absolute) of
investigated systems

Solute SM / ) Mrelative 51 / ) [relative
g mol~! g mol 1 A2

KCI 56.5 0.6 167.8 1.0
KBr 101.1 0.7 262.1 0.9
KSCN 79.2 0.7 367.4 1.0
CH3;COOK 80.1 0.7 399.1 1.0
K5COs3 120.2 0.8 991.7 1.0
formamide 27.4 0.4 48.6 0.9
NMF 41.1 0.5 118.6 1.0
urea 42.1 0.5 91.2 0.9
DMF 55.2 0.6 165.7 0.9
acetamide 178.2 0.8 1319.7 1.0

Using relative differences we find ais®tve = (=52 4 0.4) x 103K,
prefative — (2.1 4+ 0.7) x 1073K~!, which agrees with values reported by

Rutherford [3] for substituted benzene systems a{¢#ve = (-5.3 £0.4) x 103K},

prelative — (.26 £0.7) x 1073K~!. Debuschewitz and Kohler [4] find for
benzene-cyclohexane mixtures alf®ive = (-5.7 £0.4) x 103K, prelative —
(-5.9 £0.7) x 1073K~!. This shows that the reported values are in the same
range.

As mentioned before, previous studies reported values of ay; and by on
the basis of relative differences. For an easy comparison with our values, this
was recalculated with respect to absolute differences. For the same, we had
to multiply the values of a,; and b; in the literature with Mgoute + Myater
and Igoiute + Iwater TESPECtively.

7.3 Correlation between b; and log P

Fig. 24 shows values of the parameter by, which describes the first order
temperature dependence in Eq. (4). While a study of amide systems [5]
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Figure 24: The parameter b, for all investigated potassium salts in water as

a function of log P(ionic+non-ionic). We added also the values for the amide
systems previously studied by Niether et al. [5].

revealed an increase of b; with log P, we cannot identify a correlation between
b; and log P for the potassium salts.

7.4 Correlation between ASt(Ac) and log P
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Figure 25: ASt(Ac) of all investigated potassium salts in water as a function
of log P(ionic+non-ionic).

Fig. 25 shows values for ASt(Ac), defined as the difference between St at

2 mol/kg and 1 mol/kg. Note that compared to the amide systems we had to
choose a smaller concentration range as the concentration. We have chosen
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the two lowest salt concentrations because a correlation with log P is not
expected at high concentration since log P describes the interaction between

the solute and water and, with increasing salt concentration, interactions
between salt clusters become more likely.

Considering all investigated salts, ASt(Ac) is not correlated with log P(ionic+non-

ionic). Considering only monovalent salts ASt(Ac) seems to increase with

log P(ionic+non-ionic), but the correlation is weak. This observation cannot

not be generalized due to the limited number of investigated systems.
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7.5 Correlation between ASt(AT) and log P
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Figure 26: ASt(AT) of all investigated potassium salts in water as a function
of log P(ionic+non-ionic). We added also the values for the amide systems
at bwt% previously studied by Niether et al. [5].

Fig.26 shows ASt(AT) measured at the lowest salt concentration of 1
mol/kg (solid symbols) as function of log P(ionic+non-ionic). A correlation
between AST(AT) and log P as it is observed for non-ionic solutes cannot be
confirmed for the investigated salts. For comparison we added also the values
obtained recently for various amide systems (open symbols) at a concentra-
tion of 5wt% [5]. Note, that potassium acetate and potassium carbonate,
being able to form hydrogen bonds show a decrease of ASt(AT) with in-
creasing log P as it is observed for non-ionic amides.
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8 Diffusion coefficients of amides

Diffusion coefficients of non-ionic amides in water show a decrease with con-
centration (cf. Fig.27). This decay of D is similar to the behavior of KoCO3
and KSCN. Except for DMF we observe for all amides a weaker decay for
lower temperatures.
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Figure 27: D as a function of concentration for amide systems, which had
been studied by Niether et al. [5]. Note that these are unpublished diffu-
sion coefficients that have been determined by Niether et al. [5] using ther-
mophoretic measurements. Filled symbols correspond to T' = 10°C, crossed
symbols to T = 30°C and open symbols to T = 50°C. The dashed lines
are linear fits up to a weight fraction of 0.5 in the case of urea, formamide,
acetamide and NMF and up to 0.7 for DMF.
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S1 Experimental Methods

S1.1 Thermal Diffusion Forced Rayleigh Scattering

Thermodiffusion of the electrolyte solutions was measured by infrared ther-
mal diffusion forced Rayleigh scattering (IR-TDFRS) [1, 2]. This method
uses the interference grating of two infrared laser beams (A = 980 nm) to
generate a temperature grating inside an aqueous sample due to the inherent
absorbtion of water in that range [3]. A third laser beam is refracted by this
grating and the intensity of the refracted beam is measured. This intensity
is proportional to the refractive index contrast of the grating, showing a fast
rise over time due to the thermal gradient, then a slower change of intensity
due to diffusion of the solute along the temperature gradient (cf. Fig 1).

The heterodyne scattering intensity (pe(t) of the read-out beam is mea-
sured and fitted with

G () = 1 — exp (—i) CA(r— ) (S1)

Tth

o) e[ (2)])

With the lifetimes 7y, = (Dy,q?)™" and 7 = (Dg?)Y of the temperature
and concentration grating, respectively, where ¢, Dy, and D denote the grat-
ing wave vector, the thermal diffusivity and the mutual diffusion coefficient,
respectively. The Soret coefficient(St) can be calculated from the ampli-
tude A, if the so-called contrast factors, the change of refractive index with
temperature and concentration, (0n/0T)., and (On/0c)r,, are known:

A= (%)M (g—;) " Sre(l— o). ($2)

p?c

S1.2 Refractive index contrast measurements

Refractive index contract factors are required to calculate St. The refractive
index as function of concentration was measured with an Abbe refractome-
ter (Anton Paar Abbemat MW) at a wavelength of 632.8 nm. For all salts,
refractive index at five concentrations around the desired contraction were
measured. The slope of the linear interpolation of the refractive index as a
function of concentration gives (On/dc),r. The refractive index increments
with temperature (0n/0T), . was measured interferometrically [4]. Measure-
ments were performed over a temperature range of 25-45°C, with a heating
rate of 1.6 mK/sec. The refractive index varied linearly with concentration
and temperature in the investigated range.
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S2 Temperature dependence of Sy
for CH;COOK and CH3;COONa

As mentioned in the main manuscript, temperature dependence of St of
CH3COOK and CH3COONa is similar to that of carbonate salts. This is

shown in Fig.S1.

w

S;/103K?

(» CH,COONa(4 molikg)
O CH,COONa(1 mol/kg)
CH;COOK(4 mol/kg)
CH;COOK(1 mol/kg)

Figure S1: Soret coefficient of CH3COOK and CH3COONa as a function of
temperature. Open and half-filled symbols correspond to concentrations 1
and 4 mol kg1, respectively. The lines correspond to fit according to Eq. (1)
in the main manuscript.
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S3 Concentration dependence of Sy

The concentration dependence of different salt systems studied at three dif-
ferent temperatures (25°C, 35°C, 45°C) is shown in Figs.S2, S3 and S4. It
can be seen that the concentration dependent slope of all the studied systems

doesn’t change vastly with temperature.
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Figure S2: Concentration dependence of St of (a)KsCO3 and (a)NayCO3 at
25° C, 35° C and 45° C
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S4 TDFRS signal

An example of the TDFRS raw-data is shown in Fig.S5. Fig.S5(a) and
Fig.S5(b) corresponds to the signal measured for NaSCN, at 1 mol kg~! and
4 mol kg~! respectively at 25° C and the corresponding residual plots. The
black dots marks the data points, the red line represents the fit according the
Eq.S2 and the red dots mark the residuals, which are within the 20 range
and do not show systematic deviations.

L5 (2)NaSCN: 1 mol kg™ | (b)NaSCN: 4 mol kg™

(et (NOrmalized)

Zhet 'Zhet (ﬁt) lo

10° 10' 102 10® 10* 10° 10' 10° 10° 10%
time / usec

Figure S5: Normalized heterodyne diffraction intensities of NaSCN at 25°C
as a function of time at (a) 1 mol kg™t and (b) 4 mol kg™!. The black dots

marks the data points, the red line represents the fit according the Eq.S2
and the red dots mark the residuals.

S5 Determined and used parameters

S5.1 Determined parameters: S and b;

We described the temperature and concentration dependence of the Soret
coefficient of the investigated salt solutions successfully using Eq. (2) in the
main manuscript. The determined S% values are listed in Table S1. It has
to be noted here that for all salts except NayCO3 the fitting corresponds to
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third order and second order polynomials for concentration and temperature
respectively. Due to the low solubility of NayCOj3, we were only able to mea-
sure the three lowest concentration, therefore we had to reduce the number
of fit parameters by using first order polynomials of concentration and tem-
perature to describe the data. For NaCl as well, for which the St values were
only reported at three concentrations[5], we used first order polynomials of
concentration and temperature to fit the data.

Table S1: Si values of investigated systems

SEx10K ) 0 (K )
CH,COONa | 9.94£0.3  12.7+0.6
CH3;COOK 9.9440.1 13.640.1
Nay,COs5 9.924+0.4 19.7+0.1
K,CO; 0.9340.1  19.640.5
NaSCN 0.96+£0.2  3.5£0.9
KSCN 90.9740.3  3.3+0.3
NaCl 0.08£0.2  2.9404
KCl 9.9940.3  1.040.7
KBr 9.9940.1 4.0+0.2

S5.2 Used log P-values

In order to correlate Si with the hydrophilicity, we also determined the log P.
Calculator Plugins were used for calculation of log P within Marvin 16.5.2.0,
2016, ChemAxon (http://www.chemaxon.com). The calculation method is
based on the publication by Viswanadhan et al. [6]. Note that different
methods exists, which give slightly different values and it is important to stay
in one method to compare results. Values obtained are listed in Table S2.
It has to be noted that log P has ionic and non-ionic contributions and the
values listed here corresponds to the sum of these contributions.
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Table S2: log P values of investigated systems

log P
CH3;COONa | -7.83
CH3COOK -6.86
NaQCO3 -14.12
K,CO; 12.18
NaSCN -4.25
KSCN -3.28
NaCl 1.44
KCl1 1.59
KBr 1.72
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S6 Concentration and temperature dependence
of DT

Dependence of Dt with concentration at 25° C is shown in Fig.S6. The
behavior of D is similar to that of St, which has been discussed in the main
manuscript in Sec. 3.
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Figure S6: Thermal diffusion coefficient of all investigated salts as a func-
tion of concentration at a temperature of 25°C. We used the symbols
as follows: CH3COOK(orange pentagons), CH3COONa(blue pentagons),
K,COs(violet circles), NayCOjz(black circles), KSCN(green squares) and
NaSCN(pink squares).

Temperature dependence of Dt at the lowest concentration measured (1
mol kg™') is shown in Fig.S7.
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Figure S7: Thermal diffusion coefficient of all investigated salts as a function
of temperature at a concentration of 1 mol kg='. We used the symbols
as follows: CH3COOK(orange pentagons), CH3COONa(blue pentagons),
K5COs(violet circles), NayCOg(black circles), KSCN(green squares) and
NaSCN(pink squares).
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S7 Concentration dependence of activity co-
efficient

As discussed in the main manuscript (cf. Eq.4), D of electrolyte solutions
depends on the mean ionic activity coefficient, v4.. The concentration depen-
dence of D for aqueous solutions of KSCN and NaSCN shows an decrease and
increase, respectively. Both systems show an increase of the viscosity with
increasing concentration. To understand the difference in the concentration
dependence in the diffusion of the two salts, we examined additionally the
concentration dependence of the mean ionic activity coefficient ~,, which
has been studied by Robinson et al. [7]. We have used these values to calcu-
late the corresponding term 1+ ¢(dIn~/dc) in Eq.4 in the main manuscript.
This term shows for both salts a minimum at a low concentration around 0.25
mol/Kg and a gradual increase with increasing concentration. Within the
measured concentration range (1-4 mol kg™!), the increase of 1+c(d In . /dc)
is 4-times steeper for NaSCN compared to KSCN.
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Figure S8: Concentration dependence of 1 + ¢(dln~ys/de) of NaSCN and
KSCN.
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S1 Thermal Diffusion Forced Rayleigh Scat-
tering

We used infrared Thermal Diffusion Forced Rayleigh Scattering (IR-TDFRS)
setup to measure the thermal diffusion properties of the solution. This is a
transient grating technique which has been used to study the transport prop-
erties in different aqueous systems of non-ionic surfactants|1, 2], biocolloids|[3]
and saccharide solutions[4]. IR laser beams are used which creates a temper-
ature grating inside the sample due to inherent absorption of water in that
wavelength range. This induced temperature gradient leads to the migration
of particles which results in concentration grating. A readout laser beam
that probes the optical contrast of the interference grating is used and the
heterodyne intensity of this scattered beam is measured and fitted with

G () = 1 — exp (—i) _A(r— 1) (S1)

Tth

{hm( ) afm())

with the lifetimes 7, = (Dy,¢?) Y and 7 = (Dg?)~Y of the temperature
and concentration grating, respectively, where ¢, Dy, and D denote the grat-
ing wave vector, the thermal diffusivity and the mutual diffusion coefficient,
respectively. When change of refractive index with temperature and concen-
tration, (0n/0T)., and (On/dc)r,, are known the Soret coefficient can be
calculated from the following equation,

p?w
where w is the mass fraction. Thus, the transport coefficients are determined
by fitting Eq. S2 to the measured heterodyne signal.

S2 Calibration of rhodamine B for fluores-
cence lifetime imaging microscope (FLIM)

For fluorescence lifetime imaging microscope (FLIM), the calibration curve
of fluorescent dyes is needed for converting fluorescence lifetime into temper-
ature. In this study, Rhodamine B (RhB) was used as fluorescent dyes for
FLIM to measure temperature. The concentration of RhB solution was 1074
M. For the calibration, we used the copper block with a micro-sized cavity by
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Figure S1: Calibration curve (red dot) with 3rd polynomial fit of RhB solu-
tion used in this study and compared with other research.

attaching the spacer and the cover slip on the block. The copper block was
thermostated by the thermostats (Lauda eco RE 620, Lauda-K&nigshofen,
Germany). Figure S1 showed the calibration curve fitted with 3rd polyno-
mial equation compared to literatures [5, 6, 7]. It showed that the measured
lifetime with temperature was well-matched with literature values. There-
fore, we infer that the calibrated curve with 3rd polynomial fit can be used
for measuring the temperature.

S3 Effect of free convection on the concen-
tration profile in the measuring channel

Free convection in the measuring channel is inevitable because the temper-
ature gradient induces a density change inducing a buoyancy force in the
solution. However, we cannot measure the velocity profile in the microchan-
nel directly, so that we performed simulations to check the effect of free
convection on the concentration profile in the measuring channel. COMSOL
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(a)

(c)

Hot Cold

X

Figure S2: (a) Temperature and (b) Velocity distribution on cross-sectional
(x — 2) plane in the measuring channel. Comparison of concentration distri-
bution on cross-sectional (z — z) plane in the measuring channel (c¢) without
and (d) with free convection.

v.5.4, a commercial program, was used to simulate the heat and mass trans-
fer, fluid dynamics in the measuring channel. The transport of particles is
considered as follow:

% +V(=DVe¢— Dye(l —e)VT) +vVe =0 (S3)

with the diffusion coefficient D, the thermal diffusion coefficient D, the con-
centration ¢, the velocity v, respectively. The measured D and Dt obtained
in the TDFRS-setup were used in the simulation. Furthermore, we used the
physical properties of pure water supplied by NIST Chemistry WebBook,
SRD 69 because the investigated solutions are very dilute (weight fraction ¢
< 1). Since we know that a one-dimensional temperature profile forms in
the measuring channel, we performed only a two-dimensional simulation in
the x — 2z plane. Figure S2 shows the temperature, velocity and concentra-
tion profiles in the measuring channel. The velocity magnitude due to free
convection in Fig. S2(b) reaches up to 0.25 pm/s, however, it does not dis-
tort the temperature profile in Fig.52(a). Figure S2 (c) and (d) compare the
concentration profile without and with free convection. The concentration
profile without free convection is one-dimensional, whereas the profile with
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the free convection is distorted along the velocity direction. We need to check
how much free convection affects the concentration profile quantitatively.

(a) Ter T/ K (b) Ter T/ K
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Figure S3: Graphs of (a) the logarithmic concentration ratio without and
with free convection (z = 38 pm, the center of height) and (b) the height
dependence (z = 19 pm, 38 ym and 57 um) on the logarithmic concentration
ratio as function of x and T — T,.

Figure S3(a) compares the logarithmic concentration ratio without and
with free convection in the measuring channel. Even though the concentra-
tion profile is distorted by free convection, the quantitative values in Fig.
S2(d) overlap. Additionally, we need to check the height dependence on the
logarithmic concentration ratio. Figure S3(b) shows In(c/cyef) as function of
x and T — T, respectively. Although there is a small variation of In(c/cyef)
with height, the slope, which is used to calculate St (cf. Eq. 4), is the same
for all heights. Therefore, we conclude that free convection can be neglected
in the thermophoretic microfluidic cell.

Furthermore, we should ensure that the simulated results agree with the
measured results. Figure S4 shows a comparison of the logarithmic concen-
tration ratio as function of the temperature difference for the simulation and
the measurement. St determined from the simulation results using Eq.4 is
-0.102 K=, which agrees with the TDFRS result of St = -0.105 K~! and the
cell results (St =-0.114 K~! in run 1, S = -0.110 K~! in run 2). Therefore,
we are convinced that the simulations reproduce the measurements reason-
ably well, so that we can use the simulation to investigate convection effects
in the measurements.
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Figure S4: Logarithmic concentration ratio as function of the temperature
difference determined by the simulation result in comparison with the mea-
surements. Run 1 and 2 refer to the measurements with the thermophoretic
microfluidic cell at Ty, = 24.7°C'" in the manuscript.

S4 Feasibility of the cell measuring thermo-
phobic particles
(a) (b)

Cold

c/%

l1.2 l1.2
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Figure S5: Comparison of the concentration profile between (a) the thermo-
phobic (St > 0) and (b) the thermophilic (St < 0) particles.

We checked the variation of the concentration profile in the cell for ther-
mophilic and thermophobic particles. In the simulation of thermophobic
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Figure S6: Graphs of the logarithmic concentration ratio as function of z
and T — T,.. Inset table presents the calculated Soret coefficient from the
simulation.

particles (St > 0), we used the same magnitude of St changing only the
sign of St. Figure S5 compares the concentration profile between the ther-
mophobic and thermophilic (St < 0) particles. Both concentration profiles
are distorted similarly due to free convection. However, the influence on the
concentration profile is weak leading to a S, which is for the lowest value of
St at 30°C 2.6% smaller than the expected St without convection (cf. Fig.
S6). Note that the deviations will increase for systems with a lower thermal
diffusion coefficient.
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S1 IR-Thermal diffusion Forced Rayleigh scat-
tering set-up

A detailed description of the thermal diffusion forced Rayleigh scattering
technique can be found in the literature [1, 2, 3, 4, 5, 6]. We used the
infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS) setup [7],
which is optimal for aqueous solutions. The main difference is that no dye
is needed to convert the light energy into heat energy in aqueous solutions,
due to the absorption of water at the wavelength of the infrared laser beam
(Ap=980 nm).

Summarizing what is explained in more detail in the above given refer-
ences, the infrared laser beam is split into two beams that interfere in the
sample cell, creating an intensity grating. The intensity grating is absorbed
by the fluid and as a consequence, a temperature gradient builds up, which in
turn causes a concentration grating by the effect of thermal diffusion. Both
temperature and concentration gratings contribute to a combined refractive
index grating which is read out by the Bragg diffraction of an He-Ne laser
(Ay=0633 nm). The typical fringe spacing of the grating is 20um and the am-
plitude of the temperature grating will be in the order of 100uK [7]. The total
heterodyne scattering intensity (pe (f) assuming an ideal excitation with a
step function is given by

G () = 1—cxp (—i) (s1)

Tth

s [ o)) (1))

with the steady state amplitude A

A= (%)M (2—;)  Sre(1— o (82)

p?c

where ¢ is the mass concentration, 7y, the heat diffusion time, (On/dc), ; and
(On/0T),, . are refractive index contrast factors in respect to mass concentra-
tion at constant pressure and temperature, and in respect to temperature at
constant pressure and mass concentration, respectively. The Soret coefficient
St = Dt/D can be expressed as ratio of the thermal diffusion coefficient,
D, and the collective diffusion coefficient, D. Whereas D = 1/(¢*7) can be
calculated from the diffusion time, 7, in Eq. S1 using ¢ the magnitude of the
grating vector which is given by
4T 0

q= Esmg (S3)
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Figure S1: Sketch of the infrared TDFRS setup.

where 6 is the angle between the two writing beams at the wavelength A,,.
The transport coefficients are determined by fitting Eq. S1 to the measured
heterodyne signal and deconvoluting the excitation function [8; 9].

A sketch of the IR-TDFRS setup is shown in Fig. S1. We simultaneously
record the excitation function and diffracted signal (through the cell), so
any external disturbance (thermal or mechanical) will affect both recorded
signals in the same way. This has been achieved by replacing the original flip
mirrors [7] in front of the cell and the camera, by a glass plate with a high
transmission and a low reflectivity and by a grey filter, respectively. Using
a grey filter in front of the camera avoids ghost images on the camera due
to internal reflections within the glass. For the phase synchronization of the
excitation function we use a line grating, with the same period as the optical
grating in its image plane. This line grating is mounted on a motorized
translational stage. This can be moved perpendicular to the optical axis, so
that the phase of the excitation function can be determined and adjusted.
Using this additional grating reduces the noise in the determination of the
phase.
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S2 Refractive index contrast measurements
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Figure S2: Contrast factor calculated from the refractive index measurements
(On/0c),r for (a) KI, (b) Nal and (c) Lil are plotted against temperature.
Concentration follows the order 0.5, 1, 2, 3 and 4 mol/kg from top to botton
with highest concentration corresponding to darkest of symbols.

In order to calculate the Soret coefficient St from the intensity of the

diffracted read-out beam, it is necessary to know the dependence of the
refractive index on concentration. This was measured with an Abbe refrac-
tometer (Anton Paar Abbemat MW) at a wavelength of 632.8 nm. Fig.S2
shows the derivative of n(c,T") with respect to concentration determined by
linear fitting of the experimental refractive index values. (On/dc), r decreases
with increase in temperature. Measurements of the refractive index were con-
ducted for 7 concentrations.
The dependence of the refractive index on temperature, (On/9T),., is also
necessary for the calculation of the Soret coefficient. This was measured
interferometrically [10]. For the calculation of St from the IR-TDFRS mea-
surements, the contrast factors were interpolated from these measurement
series for temperatures and concentrations at which the TDFRS experiment
had been performed. In the measured concentration and temperature range,
(On/OT)p,, is negative for all salts. The absolute value of (0n/0T), . in-
creases with increasing salt concentration.
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Figure S3: Results of the interferometrically measured contrast factors
(On/OT),. for (a) KI, (b) Nal and (c) Lil at different concentrations. Con-
centration follows the order 0.5, 1, 2, 3 and 4 mol/kg from top to botton
with highest concentration corresponding to darkest of symbols.

S3 Concentration dependence of St,Dt and
D

As it can be seen in Fig. S4 and Fig. S5, both KI and Lil show minimum
with concentration for St and Dt. D shows a monotonous increase with
concentration for both salts. Thus behavior of these coefficients is very sim-
ilar to that of Nal discussed in the main manuscript. Lil for concentrations
¢ > 0.75 mol/kg shows thermophilic behavior for all temperatures. Where
as KI shows thermophilic behavior at very low concentrations, ¢ < 2 mol/kg
at T=15°C.
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Figure S4: Concentration dependence of St,Dt and D of KI at four different
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order with the darkest symbol corresponding to lowest temperature as shown
in inset.
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Figure S5: Concentration dependence of St,Dt and D of Lil at four different
temperatures. In each panel temperatures are 15, 25, 35 and 45 °C in the
order with the darkest symbol corresponding to lowest temperature as shown

in inset.
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S4 Temperature dependence of St, Dr and D
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Figure S6: Temperature dependence of St,Dt and D of KI at different con-
centrations as shown in inset. The darkest symbol corresponds to the highest
concentration 4 mol/kg followed by lower concentrations of 3, 2, 1 and 0.5
mol/kg (faded symbol).

Temperature dependence of St,Dr and D for KI, Nal and Lil is shown
in Fig.S6, Fig.S7 and Fig.S8, respectively. St,Dt and D of all the systems
increases with temperature at all concentrations measured.
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Table S1: The table enlists the fitting parameters obtained for KI using Eq.2
in the main manuscript for all the concentrations studied

m / mol/kg | S3° / 107% K~ T/ K T /K
0.5 2.40 £ 0.03 2245 £0.21 | 22.7 £ 3.8
1 3.54 £+ 0.08 29.45 £ 0.06 | 59.4 £ 6.8
2 2.61 £0.04 1788 £1.04 | 329 £9.1
3 7.23 £ 0.09 8.40 £ 0.49 | 67.5 £ 10.1
4 8.54 £ 0.06 1745 £233 | 694 £ 7.8
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Figure S7: Temperature dependence of St,Dt and D of Nal at different
concentrations as shown in inset. The darkest symbol corresponds to the
highest concentration 4 mol/kg followed by lower concentrations of 3, 2, 1

and 0.5 mol/kg (faded symbol).
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Table S2: The table enlists the fitting parameters obtained for Nal using

Eq.2 in the main manuscript for all the concentrations studied

m / mol/kg | S5° / 107% K™! T/ K T /K
0.5 10.32 £ 0.01 24.92 £ 2.16 527+ 29
1 4.56 £ 0.12 23.31 £ 0.02 60.4 + 2.3
2 3.20 = 0.03 9.92+ 0.52 44.1 £ 6.0
3 4.03 £ 0.02 -3.80 £ 0.50 67.0 £ 5.3
4 6.28 = 0.01 -46.78 £+ 10.28 | 81.00 £ 10.5
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Table S3: The table enlists the fitting parameters obtained for Lil using Eq.2

in the main manuscript for all the concentrations studied

m / mol/kg | S5° / 107% K~ T/ K T /K
0.5 1.91 £ 0.06 20.24 £0.49 | 28.2 £ 11.0
1 -2.58 £ 0.02 23.31 £0.02 | 23.1 £ 24
2 -2.39 £ 0.03 | 28.95£ 0.089 | 32.6 &£ 4.6
3 -3.99 £ 0.17 36.29 £0.59 | 46.9 £ 2.9
4 -8.95 &= 0.03 42.56 £ 1.03 | 48.5 £ 3.8
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S1 Mathematical relation between Soret co-
efficient and Gibb’s free energy

Soret coefficient and Gibb’s free energy at different temperatures have been
measured by TDFRS and ITC, respectively. A relation between St starts
from a relation originally proposed by Eastman [1] and later rewritten by
Wiirger [2] in a modern nomenclature,

1 dG

51 = LT dr

(S1)

The Soret coeficients SITOW and S%igh correspond to Tioy and Thgn, respectively.
Assuming a linear T-dependence of St with T, we write

So(T) = (S¥" + AS)T (S2)

with .

ASp = Speh — Ghow (S3)
Integration of Eq. S1 with respect to temperature in the range from T, to
Thign leads to

’Thigh ,Thigh
/ dG = / kg TSt (T)dT (S4)
ﬂOW CZ—‘IOW
using Eq. S2 we obtain
1 T}?igh - Tgw

AAG = k(ST + AST)(—55—) (S5)

For a mole of molecules holds

1 T}?igh - ﬂgw

AAG = Nakp(ST" + ASr) (—F5—=). (S6)

St values of ligand, macromolecule and the complex at two different temper-

atures, Thignh and Tioy can be measured with TDFRS. AAG corresponding to
ligand, macromolecule and the complex can then be calculated with Eq. (S6).
For systems like EDTA-CaCl, and protein-ligand for which binding is not
strong, there are chances to find free ligands and macromolecules in t he so-

lution. In such cases, St(complex) will have also contributions from the
individual compounds that are remaining in the solution. Hence there will
be two main contributions to the St measured;

1. Contribution from the complex
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2. Contribution from free macromolecule or free ligand

St(complex) for such systems has to be calculated excluding the contribution
from free protein/free ligand (whichever is present in the system). It has to
be noted that in EDTA-CaCl, system, EDTA acts as the macromolecule (in
the cell of ITC) and CaCl, as the ligand (injected through a syringe into the
cell of ITC). Dissociation constant Kq measured by ITC is;

protein|[ligand]

Ky = | (s7)

[complex]
where [protein], [ligand] and [complex]| are the concentrations of free pro-
tein, free ligand and complex, respectively. Since the total concentration of
protein (protein(total)) and ligand (ligand(total)) is known, Eq. (S7) can
be rearranged as follows,

[protein(total) — [complex]|[ligand(total) — [complex]]

Ka= [complex] (S8)

Solving the quadratic equation Eq. (S8) gives access to [complex], from
which we can calculate the fraction of the free protein fp and ligand fi,

accordingly, fo = [protein(total) — [complex]] (59)
P protein(total)
_ [ligand(total) — [complex]]
Ju= ligand(total) (810)
fe=1-(fr+ f1) (S11)

Analysis of K4 values indicates that for EDTA-CaCl,; and both protein-
ligand systems, the fraction of free ligand (or CaCly) is higher than that
of the free protein (or EDTA) (at 25°C, for BCA I-4FBS system, fraction
of free protein and ligand are 0.008 and 0.7, respectively). Hence for the
further calculations, we neglect the contribution from the free protein. We
propose the following equation for the St(total) that is measured using our
IR-TDFRS setup :
1 1—-fe Ju

ota = complex + igan (812)
Srtrtl ST pl S}[‘g d

where Si%! is the St measured using IR-TDFRS, S is the St of ligand,
fc is the fraction of complex and fi, is the fraction of free ligand. Rearranging
Eq. (S12) leads to

1 —
S%omplex = — fC : (813)

53



178 Appendix

Access of St(complex) at Thign and Tioy enables the calculation of AAG
corresponding to the complex. Obtained values can be used to establish
a relation between ITC and TDFRS measurements as shown in the main
manuscript.

S2 Various existing forms of EDTA in MES
buffer

EDTA (Cy0H16N20Og) exists in several forms in MES buffer [3]. EDTA is a
hexadentate ligand which has six lone pairs of electrons that are available for
binding. Protonation enables EDTA to exist in various states ranging from a
fully protonated (Fig.S1a) to fully deprotonated stage (Fig.S1b). It can also
exist in some intermediate stages between these two forms with one to three
protons. Experimental studies confirm that EDTA*~ and HEDTA3~ exist,
playing a crucial role in forming complexes with the metal ion [4, 5, 3]. It
has to be noted that the complexation reaction primarily proceeds through
EDTA*~ forms, but HEDTA3™ reacts also with a lower probablity [3]. The
majority form depends on the pH (cf. Fig.1 [4, 5] and Fig.9 in [3])

(a) o (b)
>\C—OH >\C—0
0
H,C //0 H2C\ /
N—H,C HC—C N—H,C HC—C,
/ \ /" on / \ / o
H,C CH,—N H,C CH,—N
\¢—OH \ \c/o- \
/ oz J S
0 _ o _
HO \ o c\\

Figure S1: (a) Protonated form of EDTA (b) Deprotonated form of EDTA

S3 Protein-ATTO 532 dye labeling

S3.1 Labeling BCA

ATTO 532 dye (cf. Fig.S2) was used for labeling Bovine Carbonic Anhydrase
(BCA) I. Protein standard (100 uM) was prepared in sodium phosphate
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buffer (20 mM). For NHS-ester labeling the pH of the sample was adjusted
to 8.3 by adding drops of a NaHCOj3 solution (2.1 g in 50 ml water). 1 mg
of ATTO 532 was dissolved in 200 ul of dimethyl sulfoxide (DMSO) which
is used as the standard solvent for the dye. The dye solution was mixed
with the protein solution so that the final concentration ratio dye:protein is
200 pM:20 M in 1 ml of the solution. The rest of the volume was filled up
with buffer solution of pH 8.3. The sample were kept in shaker overnight for
thorough mixing.

H SO;H

Figure S2: Chemical structure of ATTO 532 dye

S3.2 BCA purification

The following procedure was followed to remove the unbound dye. Zeba™
Spin-Saulen columns were used for the purification of the mixture. Once the
column is settled after centrifugation (1000 rpm for 2 minutes), the process
was repeated with buffer of pH 7.4. 300 ul of the mixture was transferred
to the column and purified. Absorption of the solution was measured using
UV-VIS spectrophotometer. Labeled proteins have an absorption at 532 nm,
which gives the corresponding concentration.
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S4 Temperature dependence of the thermal
diffusion Dt and diffusion coefficient D for
protein-ligand systems
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Figure S3: Temperature dependence of D for BCA I (protein), 4FBS and

PFBS (ligands), corresponding protein-ligand complex, sodium phosphate
buffer

Dependence of diffusion coefficients on temperature is shown in Fig.S3.
Diffusion of protein gets faster when ligand binds to it. This could be related
to the fact, that the complex is less hydrophilic, so that it can move faster
compared to the free protein, which shows the slowest diffusion. The increase
in D with temperature due to decrease in viscosity can also be seen in Fig.S3.
Dependence of thermodiffusion coefficient on temperature is shown in Fig.54.
here it is striking that the thermal diffusion coefficients of the complexes and
the ligands are very similar, which Dy is much lower, which could also be
related to the higher hydrophilicity of the free protein.
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Figure S4: Temperature dependence of Dy for BCA I (protein), 4FBS and
PFBS (ligands), corresponding protein-ligand complex, sodium phosphate

buffer
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S5 Refractive index increments with temper-

ature

Figure S5 and S6 shows the refractive index increments for EDTA-CaCl,

and both protein-ligand systems.
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Figure S5: (a)Temperature dependence of (9n/dc),  for EDTA-CaCly sys-
tem (b)Temperature dependence of (On/9T), , for EDTA-CaCl, system
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S6 Data analysis and fitting of I'TC measure-
ments

We have used the most common binding model (1:1 binding) for the analysis
of our ITC data. The following notations are used further: m is the number
of binding sites, # is the fraction of sites occupied by ligand X, M; and M are
the bulk and free concentration of macro molecule, X; and X are the bulk
and free concentration of ligand, AH is the molar heat of ligand binding, V}
is the active cell volume. Binding constant,

0
K=——- S14
(1-60)X (S14)
Total ligand concentration,
Xi= X 4+ mOM,; (S15)
Combining Eq. S14 and Eq. S15;

X 1 X

0% — 01+ — + |+ —- =0 (S16)

th mKMt th

The total heat content of the solution () at a given time for an I'TC measure-

ment is
Q =mOM,AHV, (S17)
Solving Eq. S16 for # and substituting it in Eq. S17 gives,
thAH‘/Q Xt 1 \/ Xt 1 4Xt
— N — ./ 2 _
(S18)

Once an injection of ligand into the cell occurs, software calculates the heat
associated with the injection. What is of primary interest for the study is
the change in heat content of i injection to that of i — 1** injection. Change
in heat after i** injection is given by;

8Q() = Q) + DL D) g ) (519)

0

where dV; is the correction factor introduced to compensate the heat contri-
bution from the displaced volume. This is because, for each injection there
is a volume of protein-ligand complex that is expelled from the cell which
is identical to the volume of ligand that is injected. Fitting involves initial
guesses of m, AH and K which allows to calculate AQ(i) for each injec-
tion. This is then compared with the experimental AQ(7) which is measured
and then improving m, AH and K values until the best fit. A typical ITC
measurement curve and molar enthalpy curve is shown in Fig.S7.
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Figure S7: (a)Raw data output for EDTA-CaCl, binding reaction measured
at 25°C (b)Integrated data output for EDTA-CaCl, binding reaction mea-
sured at 25°C plotted as molar change in enthalpy against molar ratio
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S7 Analysis curves of ITC measurement for
labeled BCA I with PFBS
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Figure S8: Integrated data output for labeled BCA I-PFBS binding mea-
sured at 25°C. (a) and (b) corresponds to the fit obtained with m=1 and
m=0.5, respectively. The black line corresponds to the optimum fit gener-
ated by the analysis software with K4q(optimum). The blue line corresponds
to the fit obtained by fixing K4 to a three times lower value of K4(optimum)
and green line corresponds to the fit obtained by fixing Ky to a three times
higher value of the optimum fit K4(optimum). Lower and higher K4 values
used for the fits are listed in the legend.

Fixing the value of Ky and m adjusting AH gives the results shown in
Fig. S8. Changing the value of K4 changes the shape of the curve, but the
data are not compatible with m = 1. For m = 0.5 the lower Ky-value gives
also a reasonable description, which implies that the uncertainty of Ky is at
least 50%.
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S8 Validation of the relation between Soret
coefficient and Gibb’s free energy at other
temperatures

AG calculated at higher temperatures using Eq. 4 (cf. Sec.1 of main manuscript)
and its comparison to the I'TC measurements will be discussed for all systems in
the following paragraphs.

S8.1 EDTA-CaCl,

Table S1 lists the calculated AGeaiculated a00d AGire measured with ITC for
EDTA-CaCl,. Both values agree within the error bars.

Table S1: Table enlists AG values that are calculated and measured using
ITC at different temperature combinations for E DTA-CaCl, system

Thigh (°C) | Tiow (°C) | AGealtcutated(kJ/mol) | AGire(kJ/mol)
20 30 -36.5 = 1.2 -36.4 4 0.8
25 35 -36.1+ 3.2 -355 £ 1.8
30 40 -35.7 £ 3.4 -34.8 £ 24
35 45 333+ 14 342+ 1.9

S8.2 Protein-ligand

S8.2.1 BCA I-PFBS

Table S2 lists the calculated AGe aiculateda and AGrre measured with ITC for
BCA I-PFBS. Both values agree within the error bars.

S8.2.2 BCA I-4FBS

Table S3 lists the calculated AGeaicuated and AGire measured with ITC for
BCA I-PFBS. Both values agree within the error bars.
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Table S2: Table enlists AG values that are calculated and measured using
ITC at different temperature combinations for BCA [-PFBS system

Thigh (°C) | Tiow (°C) | AGeatcutated (kJ/mol) | AGipe(kJ/mol)
20 30 -40.5 £ 1.1 404 + 1.3
25 35 -44.0 &+ 2.6 -46.8 = 0.6
30 40 -48.2 + 3.1 -52.1 £ 1.2
35 45 -54.9 £ 2.9 559 +£ 1.1

Table S3: Table enlists AG values that are calculated and measured using
ITC at different temperature combinations for BCA [-4FBS system

Thigh (°C) | Tiow (°C) | AGeatcutated (kJ/mol) | AGire(kJ/mol)
20 30 -39.9 £+ 3.9 382+ 1.5
25 35 -36.6+ 3.4 -394 £ 1.1
30 40 -40.3 £ 1.8 -40.7 &+ 0.8
35 45 -45.5 + 3.5 421+ 1.3
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