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Abstract

The ionic Soret effect induced by temperature gradients is investigated in organic
electrolytes (tetramethylammonium and tetrabutylammonium hydroxides) dispersed in
water using a holographic grating experiment. We report the influences of temperature
and salt concentrations on the Soret, diffusion and thermal diffusion coefficients. Ex-
perimental results to the thermal diffusion coefficient are compared with a theoretical
description for thermodiffusion of Brownian particles in liquids based in the thermal
expansion of the liquid solution. It is observed that the obtained thermal diffusion
coeflicients for the organic electrolytes present a similar temperature dependence as the
theoretical prediction. Comparing the experimental results for the organic and com-
mon inorganic salts it is proposed an additional physical mechanism as the cause to the
different thermal diffusion coefficients in both types of salt. We propose that the tem-

perature dependence of hydration free energy gives rise to a force term that also leads



to lon migration in a temperature gradient. We describe the thermal diffusion results as
a competition between thermal expansion and hydration effects. The specific structure
each type of ion cause in water molecules is considered in the heat of transport theory
to describe thermal diffusion of electrolytes. A qualitative agreement is seen between

our results and the classical heat of transport theory.
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INTRODUCTION

In recent years it has been shown that Soret effect plays a significant role in the solute trans-
port of aqueous solutions containing biological molecules and nanoparticles.!™ Results are
strongly influenced by the addition of salt and its specific nature (order-making or disrupting
the water structure).* The thermodiffusion effect due to the presence of temperature gradient
in aqueous solutions of the organic salts tetramethylammonium and tetrabutylammonium
hydroxides (TMAOH - C,H;3NO and TBAOH - C;4H37NO, respectively) is discussed in this
work. These organic ions are extensively used as model systems to investigate how hydropho-
bic and electrostatic interactions influence hydration.® Both organic electrolytes are used
to disperse iron oxide nanoparticles to form stable ferrofluids®® but the hydration contribu-
tion of the salt to the Soret effect (either in oxide particles or aqueous solutions of the salts)
is not clear. This contribution will be investigated by the experimental measurement of the
Soret coefficient St (defined below) of the salts in aqueous solutions, and by comparing the
results to the values previously obtained for alkali halide salts. '

The Soret effect is known to drive motion of solutes in mixtures and liquid dispersions
in temperature gradients, creating nonhomogeneous distribution of the solute in the mix-
ture. 1512 A phenomenological way to describe the effect in a binary mixture or liquid
dispersion is to associate a thermophoretic flux j to the moving solute j = ¢; (1 — ¢;) DT .

D is the thermal diffusion coefficient and ¢; the concentration of the solute in the tempera-



ture gradient §7. The created concentration gradient dc¢; induces a counterflow due to Fick’s
law of diffusion given by j = —Ddc¢;, with the mass diffusion coefficient of the solute D.
When both fluxes have the same magnitude and the total flux is null, the Soret coefficient
is defined as
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and it is positive when the solute moves to the cold side and negative when it moves to the
hot side.

The thermodiffusion behavior for monovalent ions and small molecules dispersed in water
are of concern here, as these are physical representations for our systems. After the discov-

ery of the thermodiffusion effect in salt solutions!! , much research has been conducted to
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describe the phenomena in aqueous solutions of salts, molecules, ¥* 722 polymers
and particles.?>26 So far there is no general theory to describe the phenomena since every
dispersed solute presents its specific thermodiffusion behavior in any solvent. Some gen-
eral trends are observed related to solute characteristics (size, molecular weight) and with
experimental parameters (solute concentration and sample temperature).

The influences of temperature and ion concentration are the subjects here. At very

'3 observed an unsual sharp

low ion concentration of NaCl and KCl in water, Gaetaet a
minimum in the Soret coefficient, also observed by Colombani et al.?” for aqueous LiCl. These
observations have been related to water structure changes in hydration shell and bulk water as
the salt concentration changes. Also the temperature dependence St (T') in aqueous systems
has been widely investigated for many solutes, showing a similar behavior;?:15:19,21,22,25,28,29
St (T') increases with temperature, for some systems showing St < 0 at low temperature and
a sign inversion in the temperature range of experiments (usually 5 °C < 7' < 60 °C). In some
systems, these changes in St induced by concentration and temperature were associated to
the higher trend for water molecules to form hydrogen bond network at lower temperatures

and concentrations.'%!? However there is no theoretical description which may be used to

describe the most of the experimental results.



A theoretical framework for thermal diffusion is the kinematical model of Brownian parti-
cles developed by H. Brenner and J. R. Bielenberg.3%?! The authors show that due to thermal
expansion of a liquid solution when a temperature gradient is present, a volume element of
the solution feels a thermophoretic force F = — (Dy,5/p) VT and resulting in a velocity U
given by U = —Dy,BVT. Dy, is the thermal diffusivity, § the thermal expansion coefficient
of the solution and p the friction coefficient (i = (67na)”" for a spherical particle of radius
a). The velocity U is against the temperature gradient for 5 > 0, which is the case in most
part of liquids, implying that solute migrates towards the cold side. A simple equation for
the thermal diffusion coefficient holding for infinite dilution is given by Dt = Dy, which
we compare with experimental results.

We present experimental results to the Soret coefficient St and mass diffusion D as func-
tion of ion concentration and temperature for aqueous solutions of TMAOH and TBAOH.
The calculated values for Dt = DSt are presented as well. Both St and D are obtained
by the holographic grating experiment (Infra Red Thermal Diffusion Forced Rayleigh Scat-
tering),3*33 from amplitude and build up time of the concentration grating respectively. A
brief discussion is made about the concentration dependence as the results show no and
low dependence for TMAOH and TBAOH. The calculated results for Dy (T') are compared
with the theoretical result Dt (T') = B(T') Dy, (T'), and with Dy (T') values obtained from
experiments of aqueous alkali halide solutions.!'® It is observed that the agreement between
our data and the single theoretical curve depends on the type of salt, as the results for the
organic electrolytes are closer to the theoretical curve compared to the alkali halides. We will
justify that the agreement is related to the different ways each ion organizes water molecules
in the hydration shells. The presence of a temperature gradient originates a force described
by the hydration free energy due to the temperature dependence of the ion/water interaction
potential and entropy. In this way, our approach will be useful to describe thermal diffusion

transport of salt solutions from the microscopic point of view.



EXPERIMENTAL SECTION

The aqueous solutions of TMAOH and TBAOH were purchased from Sigma Aldrich at
concentrations of 25 wt% and 1 M, respectively. A series of more diluted solutions was
prepared by mixing the original solutions with Mili-Q water and stirring the solution for
10 minutes. The lowest concentrations investigated (4 mM for TMAOH and 2 mM for
TBAOH) are limited by the signal-to-noise ratio in IR-TDFRS measurement signal. The
highest concentration was 0.2 M and 0.1 M for TMAOH and TBAOH, which agrees with
the concentration range used for dispersing iron oxide nanoparticles.®

Optical contrast factors (9n/dc), and (On/0T), . were determined by measuring the

p.c
refractive index in the temperature range 20 °C < 7' < 60 °C. A refractometer (ATAGO
5000i), with a light source from a sodium lamp with A= 589 nm, and temperature control
AT = 0.01 K is used to measure the temperature and concentration dependence of the
refractive index. The temperature dependence of (9n/9T), . maintained a similar behavior
as that for pure water. Values obtained for (9n/dc), - are independent of temperature (0.19
+ 0.01 /M and 0.12+ 0.01 /M for TMAOH and TBAOH, respectively).

A cell with quartz glass (Hellma) with 0.2 mm optical path length is used as sample cell
in the IR-TDFRS experiments. All solutions were filtered with a nylon filter with a diameter
of 5 um to avoid dust particles. The sample holder is inserted inside a copper cell that allows
water circulation for temperature control (AT = 0.05K). A small window in the copper cell

allows the laser passage through the sample. The experiments are repeated at least twice

for each temperature to validate the reproducibility of the results.

IR-TDFRS Setup

The details about the Thermal Diffusion Forced Rayleigh Scattering technique can be found

33-35

elsewhere . An important detail is that in this work the laser beam used to induce the

periodic temperature profile has a wavelength A, =980 nm and is absorbed by the water



molecules to generate the temperature and concentration gradients. A He-Ne laser with

19,32

wavelength A\, = 632.8 nm is used as read-out beam. This technique can be used for

different solutes in water, as long as the solute shows a refractive index contrast related to
that of water. 193

A brief description of the technique is the following: the infrared laser is split in two
beams before passing the sample. They intersect the same spot in the sample, generating
a sinusoidal periodic intensity distribution. This periodic intensity grating is controlled by
the phase difference between the two beams generated by a piezoelectric mirror in one of
the beams. As a consequence of light absorption a periodic temperature profile is generated
in the sample and due to the Soret effect the solute particles move either to the maximum
or minimum of temperature. Both the temperature and the concentration grating diffract
the read-out beam. The build-up of the temperature grating is much faster compared to the
concentration grating, as the thermal diffusivity Dy, is several orders of magnitude faster
compared to the mass diffusion D. The amplitude of the total heterodyne scattered signal

Chet(t) is normalized by the thermal grating signal and its final amplitude is related with the

Soret coefficient. It is given by

S B e ) N )

where 7, i the heat diffusion time defined as 1/ (¢>Dyy,), T is the Soret effect time defined

as 1/ (¢*D), q is the scattering factor that can be obtained from the measured fringe spacing
d, d =27 /q. The amplitude A is is given by
(8n/8c)p7T

A= WSTCQ—C). (3)

The best fitting of the equation 2 to the experimental curves (e, (t) results in values for Dyy,

D, and St. The thermal diffusion coefficient is calculated by Dt = DSr.



EXPERIMENTAL RESULTS

The discussion about the results obtained for St, D, and Dt will be made in two sections.
In the first one, the results for the concentration dependence at the highest and lowest
temperatures are discussed. We compare with literature results and discuss to which extent
ion concentration induce changes the hydration shell and can influence the concentration
dependence of the Soret coefficient St (¢). In the second section the data will be presented
as function of temperature, which is a discussion topic per se in the thermodiffusion field
and gives additional information about the strength of the hydrogen bonds in the system. A
comparison between results and theoretical prediction by Brenner and Bielenberg theory?!

is presented and will enlighten the physical mechanisms driving Soret effect in aqueous

electrolytes.
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Figure 1: Soret Coeflicient as a function of the electrolyte concentration for aqueous solutions
of (a) TMAOH and (b) TBAOH. Blue squares represent 7' = 20°C and red circles T' = 60°C.
Diamond symbols represent data published by Leaist and Hao'* for the same systems at
T = 25°C. Lines in (a) are guides to the eyes.



(i) Concentration dependence.

Figures la and 1b show the ion concentration dependence of the Soret coefficient (St (c))
for both TMAOH and TBAOH aqueous solutions, respectively. The results for the lowest
(20 °C) and highest (60 °C) temperatures investigated are shown. In the case of TBAOH
it shows a shallow maximum value of St at ¢ ~ 0.03 mM and becomes constant at high
concentrations while in the case of TMAOH a maximum is not evident due to the large error
bars at low concentrations (low IR-TDFRS signal). For comparison we insert experimental
results obtained by Leaist and Hao!'? using Agar-Turner type conductivity cell. While for
TMAOH both data sets agree within the large error bars at low concentration, our values
for TBAOH are up to two times higher. Furthermore they observed a decreasing of St with

increasing concentration of TMAOH and no concentration dependence for TBAOH.
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Figure 2: (a) Mass diffusion coefficient D and (b) thermal diffusion coefficient Dy for
TMAOH (solid symbols) and TBAOH (open symbols) at 7" = 20 °C (blue) and 7" = 60 °C
(red); Black squares are results obtained by Leaist and Hao.'* The lines are guides to the
eyes.

The results for D (¢) and Dt (¢) of TMAOH and TBAOH solutions are shown in Figure
2a and 2b, respectively. The nearly constant values for D indicate that the solutions are
in the dilute regime, and ion-ion interactions do not occur in the investigated concentration

range. It is expected that when the hydrophobic ions interact the diffusion values decrease

8



0.060

0.055} * *
o 0.050} o i
- [ ]
o 00207 .
é ¢ ¢
0.015} ¢
0.010

290 300 310 320 330 340
Temperature / K

Figure 3: Temperature dependence of the Soret coefficient for TMAOH (circles) and TBAOH
(squares) at low ionic concentration ¢ ~ 0.024 mol/L and 0.02 mol/L, respectively.

with increasing concentration.® The values obtained for D at low temperature are around
30% lower than that obtained by Leaist and Hao'* for TMAOH and TBAOH at the same
temperature. The thermal diffusion coefficient in Figure 2b shows a similar behavior as
St in Figure 1b. Two major points must be emphasized: (i) compared to other systems
the obtained thermal diffusion coefficient Dt are higher as it is typically obtained Dt <
1 x 107" m?/sK;1%37 (ii) the D and Dr increase with temperature, as expected for D due to
the lower viscosity at higher temperatures. The description for temperature dependence of

Dt will be discussed below.

(ii) Temperature dependence

Figure 3 shows St (T) for TMAOH and TBAOH at ion concentrations of 0.024 mol/L and
0.02 mol /L respectively. The temperature dependence for St observed in the case of TMAOH
is similar to the typical behavior discussed in the introduction, while St decreases with in-
creasing temperature for TBAOH. This inverse behavior for St is not common for aqueous
systems, but it has been observed in some systems: ethanol/water,*® crown ether/ water?®’
and acetylsalicylic acid?® and will be discussed with the analysis of D (T) and Dy (T)) data.
Although for many aqueous solution St changes from negative to positive with increasing

temperature,? this is not the case for TMAOH and TBAOH as both electrolytes are thermo-



phobic in the entire temperature range. Even the extrapolation of the results to very high

and very low temperatures does not suggest a sign inversion in the range 0°C < T" < 100°C.
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Figure 4: Temperature dependence of (a) mass diffusion coefficient D and (b) thermal dif-
fusion coefficient Dy for TBAOH (red squares) and TMAOH (blue circles) for ion concen-
trations ¢ = 0.02 mol/L and ¢ = 0.024 mol/L, respectively; for NaOH (pink triangles) and
HNOs(black triangles) at concentration ¢ ~ 0.5 mol/L and the values obtained for NaCl
(violet stars) and KCI (olive green triangles) from Romer et al'® at ¢ ~ 0.5 mol/L. Also
shown in (b) is the theoretical calculation for Dy = 5Dy, (solid line).

Figure 4a shows that D (T') values increase with temperature, as expected due to de-
creasing water viscosity. The noticeable difference between D (T') of TMAOH and TBAOH
is caused by the different cations sizes. An interesting information is the similar behavior
D (T) for TMAOH with monoatomic electrolytes, indicating that the small alkali-halide ions
have water molecules attached as they diffuse implying in similar D (T") values as the bigger
ions of TMAOH. Figure 4b presents D (T) results for both organic electrolytes and also for
some common electrolytes. These results will be discussed in the next section and together
with D (T') results it will be possible to explain the positive and negative slopes observed for
St (T).

The Dt (T') data for NaOH and HNOj that stand in between the data for NaCl/KCI
and the organic electrolytes was also measured by us. It was mainly measured to establish
a comparison of the data from at least six different eletrolytes, and will be useful for the

following discussion.

10



DISCUSSION

The concentration dependence of St reflects the Dt behavior as D is constant in the con-
centration range of our experiments. In the next paragraph we discuss that it is not possible
to get a full physical picture of the hydration contribution for the thermal diffusion effect as
changes with concentration are much smoother than the changes observed in previous works

['* and Colombani et al?" for alkali-halide ions. However, the temperature de-

of Gaeta et a
pendence of Dy (T') for TBAOH/TMAOH and their resemblance with Brenner’s theoretical
model for Dr (T') suggests the thermal expansion force being a major contribution to the
Soret effect of such electrolytes. In contrast, experimental results of Dy (T') for NaCl/KCl
are roughly 80% below the theoretical values for high temperatures and more than 90% for
low temperatures. These results will be described below based on the different hydration
layers that organic and alkali-halide ions form. As Figure 4a shows, the temperature de-
pendence for D is similar for most of the investigated systems and does not have a clear
correlation with results for Dr. This fact suggests that results for Dy (T) may be described
based on different approaches rather than that based on the gradient of the diffusion D.*!#?

To discuss the influence of the orientation of the water molecules in the hydration layer
of TMAT/TBA™ on St(c) we follow the argumentation by Gaeta et al.'® to interpret
their results in aqueous solutions of NaCl and KCIl. In the case of organic ions their hy-
drophobic nature induce the nearest water molecules to organize in a tangential orientation
around them,” while electrostatic interaction is clearly predominant between monoatomic
ions/water molecules.** This is illustrated in Figure 5, showing that an imaginary orienta-
tion axis of the O-H water bonds (black lines in the figure) usually lies in a perpendicular
direction related to the centre of the hydrophobic ions. As a response to different hydration
one could expect that concentration and temperature effects reflected in St behavior of the
organic electrolytes would differ for alkali and organic ions. However, the maximum value

for St (c) is only very shallow in the case of TBAOH and does not appear for TMAOH,

in contrast to the sharp minima observed by Gaeta et al*® for NaCl and KCI in similar

11



Figure 5: Illustrative images to show the water molecules structuring around some of the ions
investigated. The images depict the most common results found in literature: *** the gas-like
interface of TBA' and TMA™ ions (a and b) with the O-H water bonds lying tangentially
to the ions interface showing low electrostatic interaction (black lines are parallel to the
O-H water bonds). Illustrations (c) and (d) show water around monoatomic ions. In this
case molecules clearly align radially with hydrogens toward negative (c¢) and oxygen toward
positive (d) ion. The influence of these water organization on the thermal diffusion coefficient
D is discussed in the text.

concentration range. In the more recent work'? the very low concentration range was not
accessible, but for higher concentrated solutions of NaCl and KCI a qualitative agreement
between experiments and molecular dynamics simulations was found. The gain a micro-
scopic understanding of the ion hydration on the Soret coefficient more systematic studies
are required.

Now we explain the different slopes in St (7) curves in Figure 3. Since St is the ratio
of Dr/D and D (T) curves for both organic salts are similar while D (T) results are rather
different, it suggests that a first comparison with a thermodiffusion theory for Dt must be
done with a theoretical description that does not consider specific properties of the solute
as its size. This is the case of the hydrodynamic theory for Brownian particles developed by
Bielenberg and Brenner,3%3! briefly described in the introduction. The theoretical expression
for thermal diffusion coefficient Dy is given by Dt = Dy,5. As we are working in the low
concentration regime of electrolytes, we assume that Dy, and § are approximately equal to

the water values (this approximation was verified for Dy, from values obtained by the best

12



fitting of equation 2 to the IR-TDFRS results). The result from the theoretical calculation of
Dr in the investigated temperature range is shown as solid line of Figure 4b. The similarity
between experimental results for Dt (') in both organic electrolytes implies that the crucial
factor to the St (T") behavior (positive or negative T-slope) are values in the curve D (7).
One can observe in Figure 4a that the values and T-slope for TBAOH are smaller compared
to TMAOH. Then the big size of TBA™ imply in a negative St (T)-slope for this ion and
positive to the smaller ion of TMA™.

In recent works9:45

it was argued that the slopes of the temperature dependence for
St (T) are related to the hydrophilicity of the solutes. For the uncharged systems they
found that the change of the Soret coefficient between a higher (e.g. 50°C) and lower (e.g.
20°C) temperature is larger for more hydrophilic systems with a large negative value of logP.
This is a measure for hydrophilicity /hydrophobicity of a solute used to model the transport
of a compound in the environment or to screen for potential pharmaceutical compounds.?
Comparing the experimental Dy (T') results with the theoretical value by Brenner in
Figure 4b the experimental values are below the theoretical line. Note that the NaCl and KCI
results by Romer et al.'® have been measured at a concentration of 0.5 mol/L. Extrapolating
the values to the lower concentrations measured for the organic electrolytes would lead to
even lower Dt (T') values increasing the difference between the experimental values and
the theoretical line. The organic electrolytes show the best agreement with the theoretical
predictions. It means that the thermal expansion contribution to the thermal diffusion
coefficient is weakened or counterbalanced by other physical effects in alkali halide ions.
The main difference between tetraalkylammonium and alkali halide salts is the hydropho-
bic nature of the organic ions. It is known that the monoatomic ions induce water ordering
by dipole reorientation and influence the hydrogen bonding network in the first and second
hydration shells, compared to that in bulk water.'®® The halide anions even form strong
hydrogen bonds with water molecules, with coordination number up to 6.7 In the case of

poliatomic organic ions the interface ion/water molecules forms a gas-like interface for TBA™

13



ions (decreasing water-water hydrogen bonding around the ion).%® For TMA™ there is a lit-

48,49 o1 is not formed.5® However molecular

erature controversy, whether a gas-like interface is
dynamic simulations of the organic ions in water indicate that water organization around
both ions is very similar to that shown in Figure 5.7%! Based on this qualitative discussion,

in next section we develop an argument to relate the thermal diffusion coefficient Dt with a

general Gibbs free energy for ionic aqueous solutions.

The Gibbs free energy in temperature gradient

In the previous paragraphs we introduced the hypothesis that Dt may also be related to the
hydration layer of the ions, which is expected to be different for the organic salts compared
to the alkali halides. In order to develop a physical framework for the hydration layer contri-
bution to the thermal diffusion we are adapting a concept used to describe the electric double
layer contribution to the Soret effect by Dhont.???3 Lets consider the cartoon displayed in
Figure 6. We want to displace a hydrated ion in a temperature gradient from a temperature
T by a distance dz to a temperature 7'+ 07T. As a first step we remove the hydration layer,
which requires the work —W™4(T). Now we raise the temperature to T'+ 67T, which does
not cost any work. Finally we have to rebuild the hydration layer at a temperature 7'+ 07,
which cost the work —W™»4(T + §T).

In this picture, the work to remove and rebuild the hydration layer is derived from
the Gibbs free energy due to hydration of ions by water molecules AG™?. It is defined as
AGWE = NHMWI_T NS where AH™? is the enthalpy and AS™? the entropy of the hydra-
tion layer. Considering the dependence of temperature in one spacial coordinate z, we can ex-
press the free energy force Fy. = —d (AG™?) /dz — (d (AG™Y) /dT) dT'/dz =— (0r (AG™?)) VT.
The enthalpy is given by H = U + pV/, as function of inner energy U, pressure p and volume
element V. As this force act upon ions, a displacement velocity will contribute to move them
in the temperature gradient.

The situation in the electrolyte solution is rather complicated due to long-range electro-

14



-Whvd (T) = AG"4(T) W (T+ 5T) = AGM(T+ 6T)

Figure 6: Sketch describing ion displacement by an amount dz in a smooth temperature
gradient in three steps. Firstly we remove the hydration layer around an ion performing a
work —WH4(T) = AG™?(T). Then the ion is displaced by dz to a position with temperature
T + 6T. Finally, re-building the hydration layer at T + 6T requires a work W™W(T + 6T =
AGMI (T + 6T).

15



static interactions and local variation of the dielectric constant due to re-arrangement of the
water molecules around the ion.” © We use here a simple electrostatic approach assuming
the same dielectric constant as in bulk water. In the so-called Born model” the energy of
the electrostatic field around the ion given by Uy = e?/2er, where ¢ is the elementary charge,

¢ the dielectric permittivity and r the ionic radius. By dilution of a monovalent salt in water

2
wa _ € (1 1 1
AG 5 (E 1> <T++T_), (4)

leading to thermophoretic hydration layer force due to electrostatic interaction

e? (1 de 1 1
Fr=S (28 (=4 2V
e (52 dT) (nr * r_) v )

This result shows that when the liquid has de/dT < 0, like water, the ion is pushed from

one obtains

the cold to the hot side by this force and that the force is more intense for a smaller ionic
radius. This bring us to the conclusion that the big ions TMA™ /TBAT are less affected than
NaCl/KCI by the force derived from the hydration layer.

It is known that hydration enthalpy and entropy have many contributions®® as the elec-
trostatic, van der Waals and hydrophobic interactions between water and solutes (enthalpy)

and translational, rotational and vibrational entropies. These properties are investigated by

55 43,51,56

dynamic simulations for small molecules® and ions, even as function of temperature.
To compute the temperature dependence from all the free energy contributions in order to
have a precise quantification to the force from the free energy of hydration layer Fj, would

certainly be an interesting challenge, but it is beyond the scope of this work.

Combining effects of thermal expansion and free energy

The similarity between Brenner’s theory and the experimental results for the organic elec-
trolytes presented in Figure 4b suggests a positive contribution from thermal expansion to

the ionic Soret effect. As stated in the previous paragraph we do have an additional con-
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tribution by the hydration layer moving the ions to the warm side and therefore leading to
a negative contribution of Dy, which becomes stronger for the small ions compared to the
larger organic ions. Therefore we propose to expand Brenner’s model3%3! to write the total

thermal force

Dy, + D
F:FT+Ffeo<—<M—T) vT (6)
1
leading to the final expression for the thermophoretic mobility Dy = 3Dy, + DX whereas a
expression of D requires a better understanding of ionic solutions as function of temperature

effects.

Qualitative comparison with the heat of transport

One of the main theories describing the Soret effect in electrolytes is related to the ionic
heat of transport ()7. This theory is based on the specific entropy change each ion induces in
the surrounding solvent molecules moving through the temperature gradient.®3” The Soret

coefficient of an electrolyte solution is related to @)} by the relation

QF = 25:RT? <1+ (ah”)) (7)

Olnm

where m is the molality, v the mean activity coefficient at the molality scale. In the case of
monovalent electrolytes, QF = Q% + Q.

The main tests for this theory are performed on comparing the experimental ther-
mophoretic migration of micro and nanoparticles. The difference in the heats of transport of
anions and cations (Q*_ — Qi) gives rise to a macroscopic thermoelectric field that drives the
particles of known surface charge either to cold or hot side. 212858760 I this way the ther-
modiffusive effects of charged particles are related to the ionic heat of transport, although
the microscopic effects that drive ions to move to cold or hot side is an enduring question.

In order to do some comparison between our picture of thermal diffusion and the heat of

17



transport theory, we call attention to a resemblance between the measured D+ values for the
systems at room temperature with the the heat of transport @* of the ionic solutions in the
literature. #°7°961 We expect the following order TBAOH > TMAOH > NaOH > HNO; >
NaCl > KCI for Q*, which coincide with the order of Dt shown in Figure 4b. Summarizing

t57

we state that Agar’s theory of heat of transport®” as well as Brenner’s theory®® based on the

thermal expansion of the solution show qualitative agreement with our experimental results.

CONCLUSION

In this work the temperature dependence of the thermal diffusion coefficient Dt of two
aqueous electrolytes TBAOH and TMAOH was experimentally investigated. We described
that these electrolytes show higher thermal diffusion coefficients Dt compared to alkali-halide
salts. Based on the Born approximation it is suggested that the temperature dependence
of the hydration free energy for organic electrolytes and alkali-halide salts is stronger for
the last systems. As this force caused by the formation of the hydration layer pushes the
ions to the hot side and lowers the Dy (T)-values predicted by Brenner’s model based on
thermal expansion of the solution. The temperature dependence of the Soret coefficient
St (T) (positive slope for TMAOH and negative slope for TBAOH) is a consequence of the
temperature dependence of the diffusion coefficient D (T') due to different sizes of TMA™
and TBA™ and similar dependence of D (T'). We concluded that the physical picture based
in the solvent thermal expansion and hydration free energy describes the results to the
transport coefficient D, in a qualitative agreement with the ionic heat of transport. This
outcome agrees also with the intuitive physical pictures that the alkali-halide salts show
stronger interactions with the hydration layer by forming hydrogen bonds (c.f. 5), so that it

is expected that this systems show larger deviations from the ideal behavior.
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