
A Molecular Dynamics Approach to Calculate

the Thermodiffusion (Soret and Seebeck)

Coefficients of Salts in Aqueous Solutions
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Abstract

An approach to investigate the physical parameters related to the ions thermod-

iffusion in aqueous solution is proposed herein by calculating the equilibrium hydra-

tion free energy and the self-diffusion coefficient as a function of temperature, ranging

from 293 to 353 K, using molecular dynamics simulations of infinitely diluted ions

in aqueous solutions. Several ion force field parameters are used in the simulations

and new parameters are proposed for some ions to better describe their hydration free

energy. Such a theoretical framework enables the calculation of some single-ion prop-

erties, such as heat of transport, Soret coefficient and mass current density, as well as

properties of salts, such as effective mass and thermal diffusion, Soret and Seebeck co-

efficients. These calculated properties are compared with experimental data available

from optical measurements and showed good agreement revealing an excellent theo-

retical predictability of salt thermodiffusion properties. Differences in single-ion Soret

and self-diffusion coefficients of anions and cations give rise to a thermoelectric field,
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which affects the system response that is quantified by the Seebeck coefficient. The

fast and slow Seebeck coefficients are calculated and discussed, resulting in values with

mV/K order-of-magnitude, as observed in experiments involving several salts, such as

K+Cl−, Na+Cl−, H+Cl−, Na+OH−, TMA+OH− and TBA+OH−. The present

approach can be adopted for any ion or charged particle dispersed in water with the

aim of predicting the thermoelectric field induced through the fluid. It has potential

applications in designing electrolytes for ionic thermoelectric devices in order to harvest

energy and thermoelectricity in biological nanofluids.
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1 Introduction

The need to increase and diversify the world energy matrix has lead to the emergence of

research on multiple energy sources, including low-grade harvesting devices with optimized

thermoelectric response.1,2 In liquid electrolytes, or ionic liquids, there is a strong Seebeck

effect, which the electrostatic potential drops induced by a temperature difference.1,3 The

thermoelectric energy is enhanced increasing the electrical conductivity σ and Seebeck coeffi-

cient S, and decreasing the thermal conductivity κ of the fluid.4 Aqueous electrolytes have a

higher figure of merit (for efficiency assessment) when compared to non-aqueous electrolytes,

mainly due to their higher σ-values.5 Seebeck coefficient S of electrolytes depends on the

single-ion Soret coefficient αi, which is defined as the ratio of a concentration change of ions,

or charged molecules or particles, induced by a temperature difference in aqueous solution,

i.e. it depends on the tendency of spatial separation of negative and positive charge carries

induced by the thermal gradient. Therefore, Soret effect describes ionic diffusive motion

that originates from a temperature gradient along its direction, defining the thermodiffusion

effect.6 It is different from self-diffusion, or tracer diffusion, which is a spontaneous random

movement of particles (neutral or charged) in the absence of concentration (or chemical

potential) gradient.

Single-ion Soret coefficient αi is related to single-ion heat of transport or entropy of trans-

port,7 Q∗
i and S∗

i respectively, arising from the temperature dependence upon interactions

between ions and solvent molecules.8 Knowledge on the underlying physical mechanisms,

i.e. the nature of specific interactions that drive charge carriers in temperature gradients,

leads to an optimization of low-grade energy devices based on aqueous electrolytes, such as

thermoelectric supercapacitors and thermopiles.1,5,9 New electrolytes and ionic liquids are

promising candidates to optimize such devices. However, even for the case of a monovalent

and monoatomic salt dissociated in water, it is impossible to predict their performance at

generating thermoelectric energy due to the absence of a thorough description of thermod-

iffusive effects.
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The presence of temperature gradients in aqueous salty solutions induces an increasing ion

concentration in the cold or hot side of the solution.7,10,11 This is due to the thermodiffusion

effect that generates an ionic flux which is generally given by the mass current density

jT i = −niαiDi∇T/T, (1)

where i = + for cations and i = − for anions, ni and Di are the numerical volumetric

concentrations and the self-diffusion coefficient of ion i, and ∇T is the temperature gradi-

ent. Accumulation of ions means that, in accordance with Fick law of diffusion, there is

a counter ion-flux given by jni = −Di∇ni. Therefore, the single-ion Soret coefficient αi

characterizes ion thermodiffusion. Difference in αi between the positive and negative ions

have been assigned to generate charge accumulation. An electrostatic potential drop arises

in the temperature gradient, for which the Seebeck coefficient is defined as the potential over

the temperature differences. A first out-of-equilibrium thermodynamic description of the

aforementioned effect was issued by Eastman nearly 100 years ago12,13 who had proposed

a relation between αi and entropy of transport S∗
i . Agar et al. have related the salt Soret

coefficient that is experimentally accessible14,15 to the single-ion heat of transport Q∗
i .
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In recent years, scientific interest focused on experimental measurements to reveal elemen-

tary aspects of the Soret effect. The nature of ions16–18 such as the hydrophilic/hydrophobic

degree has an important role in driving solute migration towards the cold or hot side of the

solution in temperature gradients.19,20 As regards electrolytes, differences in αi
21 or Q∗

i
7 and

in Di
22 of anions and cations are predicted to generate a thermoelectric field, which leads to

thermophoresis of charged nanoparticles18,23–25 and it has been increasingly investigated so

that it can be applied in energy harvesting.1,2,26,27

Some theoretical concepts of thermodiffusion in a given solution have been developed

based on the temperature dependence of the particle free energy.28–30 They considered a

simple model where the solution was depicted in many thin-slabs cells comparing to the
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volume of the total solution, but macroscopic comparing to the particle size. From the

reference cell at temperature T , neighbor cells are at different temperatures T − δT and

T + δT towards cold and hot directions, respectively, in the temperature gradient. The

probability of the particle move to the neighboring cell is related to the change in entropy,

thus causing absorption or heat release. This single-ion heat of transport Q∗
i was defined

as Q∗
i = T (dGi/dT ), where Gi is the Gibbs free energy of the single-ion/solvent system in

local equilibrium. It is the basis for describing a non-equilibrium effect using equilibrium

parameters. The single-ion Soret coefficient equation was defined as12,30

αi =
Q∗
i

2kBT
=

1

2kB

dGi

dT
, (2)

where positive single-ion Soret coefficient αi indicates the ion movement to the cold side

through the temperature gradient. This equation has been applied in experimental results

with charged micro-particles by Duhr and Braun.28

Microscopic features of aqueous solutions that lead to the ionic Soret effect raises a

fundamental question, i.e. whether the calculation of ion free energy is enough to describe

the ionic Soret effect and whether interactions other than electrostatic ones also play a major

role.

Takeyama and Nakashima31 showed proportionality between the single-ion heat of trans-

port Q∗
i and ion hydration entropy, Q∗

i = −fTNi TShydi , using experimental data. Therefore,

as Equation 2 suggests, a starting point to describe the thermodiffusion of single ions in aque-

ous solution is to calculate the hydration free energy at different temperatures, Ghyd
i (T ), and

obtain the ion hydration entropy as −Shydi = dGhyd
i /dT . Then, Ghyd

i of ions can be cal-

culated by molecular dynamics (MD) simulations at atomistic level at specific temperature

conditions.

Carlsson and Aqvist32 used MD simulations combined with perturbation technique to

calculate the hydration free energy Ghyd
i for the monoatomic cations (Li+, Na+, K+, Rb+

and Cs+). Their results present a positive free energy variation by a temperature increase,
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∆Ghyd
i /∆T > 0, in which values of hydration free energy at 298 K are in good agreement with

experimental data. Recently Niether et al.33,34 have analyzed the connection between hy-

drophilicity/hydrophobicity and thermodiffusion of biomolecules in aqueous solution. These

works suggest that the temperature dependence on the total interaction between ions and wa-

ter molecules, which is calculated by Ghyd
i (T ), may be the most thorough physical description

of the thermodiffusion of (molecular) ions and biomolecules. However, although there are

some theoretical studies about the dependence ofGhyd
i (T ) on temperature in aqueous solution

and how it is associated with thermodiffusion, it is found no calculation of thermodiffusion-

related coefficients, such as the Soret coefficient (Equation 2) by using Ghyd
i (T ) calculated

through computational methods. Lecce et al.35,36 have performed recently computational

simulations using non-equilibrium MD to calculate thermodiffusion coefficients of finite con-

centrations of Li+Cl− in aqueous solution. Their computational approach calculates the

heat of transport for anions and cations in each simulation, which requires multiple ions and

thousands of water molecules for each simulation and demands long computational time.

They reveal substantial differences between transport coefficients at infinite dilution and

finite concentrations.

Therefore, MD simulations of infinitely diluted aqueous solutions of ions have been used

in this work in order to evaluate the dependence on hydration free energy on temperature,

∆Ghyd
i /∆T , using the Bennett Acceptance Ratio (BAR) method. We performed simulations

for different types of ions in water, including the monoatomic alkali halide ions (Na+, K+and

Cl−), the Tetra-n-alkyl-ammonium (TAA) with n = 1 (Tetramethylammonium, TMA+)

and 4 (Tetrabutylammonium, TBA+), hydronium H3O
+ and hydroxide OH− ions. We

adopted two force field models for water and four force field parameters for monoatomic

ions. For hydroxide and hydronium, we adopted available force field parameters, but we

also propose a new set of non-bonded parameters for these ions in order to better reproduce

their hydration free energies at room temperature. Moreover, we propose a new set of

atomic charge distribution for TAA ions within the force field parameters. Additionally, we
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calculated ionic self-diffusion coefficients at different temperatures, Di(T ), using the slope of

mean square displacement (MSD). This extensive investigation offers a complete overview of

the temperature dependence on the hydration and mobility of ions that have been used as

basis to understand the microscopic structure of ions and thermodiffusion of salts. In this

context, some single-ion properties were calculated, such as the Soret coefficient αi, heat of

transport coefficient Q∗
i and mass current density jT i; in addition to some salt properties,

such as effective mass diffusion D, thermal diffusion coefficient DT , Soret ST and Seebeck S

coefficients.

A thermodiffusive interdependence between anions and cations is associated with the salt

concentration gradient and the thermoelectric field arising along a temperature gradient in

ionic solution. An elementary source of ion thermodiffusion has been assumed according to

different probabilities of moving towards the cold or hot side of the solution,29,37 depending

on the difference in hydration free energy. An investigation of ions was carried out based

on a comparison of calculated values with experimental data available for Ghyd
i (T ) and αi.

From calculated αi and Di, we estimate the salt Soret ST and Seebeck S coefficients of ionic

solutions. The dependence of thermal diffusion coefficient DT on temperature, a broadly

discussed topic in literature on thermodiffusion, shows a linear behavior with temperature

as a consequence of the temperature independence of the single-ion Soret coefficient αi and

a linear dependence of effective mass diffusion D(T )for all ions. For describing the ther-

moelectric effect, Seebeck coefficient was calculated using a recent theoretical expression,22

with agreements in the same orders of magnitude for monovalent salt in aqueous solutions.

These analyses validate our procedure to computationally estimate thermodiffusion-related

coefficients of charged molecules/particles in water and indicate the method to be used in

the development of complex electrolytes for thermoelectric energy-harvesting devices.
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2 Results and discussion

The results are going to be presented in four sections. Firstly, those obtained from MD

simulations are going to be shown in order to discuss their physical framework based on

the hydration free energy dependence on temperature for assessing the thermodiffusion ef-

fect in electrolyte solutions. Values of the hydration free energies Ghyd
i (T ) for ions obtained

using different force field parameters are going to be presented and compared with avail-

able experimental data.38–40 Next, ions self-diffusion coefficients Di(T ) obtained from MD

simulations for different temperatures will be presented, discussed and compared with exper-

imental data.8,41 Additionally, the values calculated for salts effective mass diffusion D(T )

at different temperatures are shown, discussed and compared with experimental data.16,42

Then, the values calculated for single-ions properties: Soret coefficient αi, heat of transport

coefficient Q∗
i and mass current density jT i are shown. The values calculated for the single-

ion heat of transport Q∗
i are compared with experimental values obtained by Agar et al.,8

and those for the single-ion mass current density jT i are discussed by showing a classification

scale of ion thermodiffusion at the same concentration ni and temperature gradient ∇T/T

conditions. Lastly, the calculated values for salts thermodiffusion-related coefficients, i.e.

thermal diffusion DT , Soret ST and Seebeck at fast and slow time regimes, Sfast and Sslow

respectively, are presented, discussed and compared with experimental values obtained from

optical experiments.16,42,43

2.1 Ion hydration

The hydration free energy Ghyd
i (T ) for studied ions have been calculated at thirteen different

temperatures, in the range of 293 and 353 K in intervals of 5 K. In Table 1, the Ghyd
i (T ) values

are shown only for five temperatures for simplification. We choose the four values equally

spaced between the temperature interval (293, 313, 333 and 353 K) and additionally the

room temperature (298 K) to compare with the most abundant data in the literature.38–40
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Different ionic force field parameters44–52 are identified in the second column of Table 1 and

their parameters are shown in the Supporting Information (SI). In Table 1, only the results

obtained for MD simulations using the SPC/E water model are presented. The results

obtained using the TIP3P water model are presented in SI.

Table 1: Hydration Free Energies Ghyd
i (T ) (in kcal/mol) for ions in aqueous solution cal-

culated using the BAR method in MD simulations at different temperatures with different
force field parameters for ions and the SPC/E water model. The uncertainty of the last digit
is in parenthesis and the experimental values at room temperature are in brackets.

Ion Force Field Ghydi (293) Ghydi (298) Ghydi (313) Ghydi (333) Ghydi (353)

Cl−

Canongia44 -104.2(1) -103.8(1)

[-89.1]38

[-81.3]39

-103.5(1) -102.8(2) -102.0(2)

Dang45 -90.2(2) -90.1(1) -89.7(1) -89.2(2) -88.8(1)

Jorgensen46 -91.2(2) -91.0(1) -90.7(1) -90.1(1) -89.8(2)

Roux47 -96.6(2) -96.1(2) -95.8(1) -95.2(2) -94.7(1)

K+

Aqvist48 -64.4(1) -64.4(2)

[-71.2]38

[-70.5]39

-64.4(1) -64.1(1) -63.8(1)

Dang49 -64.9(1) -64.7(1) -64.4(1) -64.4(2) -64.2(1)

Jorgensen46 -59.3(2) -59.3(1) -59.0(0) -59.0(2) -58.8(1)

Roux50 -69.0(1) -68.9(1) -68.8(1) -68.6(1) -68.5(1)

Na+

Aqvist48 -82.3(2) -82.0(1)

[-88.7]38

[-87.2]39

-81.9(1) -81.6(1) -81.2(1)

Dang45 -89.2(1) -89.0(1) -88.9(1) -88.4(1) -87.9(1)

Jorgensen46 -76.7(1) -76.5(1) -76.2(1) -76.1(1) -75.8(1)

Roux50 -91.8(2) -91.6(1) -91.3(1) -90.8(0) -90.2(1)

OH−

Netz51 -124.4(1) -124.1(2)

[-105.0]40

-123.2(2) -122.6(1) -121.3(2)

Jorgensen46 -130.0(3) -129.9(3) -128.9(2) -127.6(1) -126.8(2)

20-sites52 -136.7(3) -136.3(3) -135.9(1) -133.7(2) -133.0(2)

Ours -107.4(2) -107.2(3) -106.7(1) -106.2(3) -105.4(3)

H3O
+

Netz51 -103.6(1) -103.4(2)
[-110.4]40

-102.8(1) -101.9(2) -101.1(2)

Ours -110.7(3) -110.5(1) -109.6(3) -108.6(3) -108.0(3)

TMA+ Ours -37.0(2) -36.9(2) - -36.3(2) -35.7(1) -35.2(4)

TBA+ Ours -26.3(4) -26.1(3) - -24.6(2) -23.2(3) -22.1(3)

As expected, all Ghyd
i (T ) are negative and alkyl ions, TBA+ and TMA+, are less hy-

drophilic than the others. The values calculated for TBA+ and TMA+ are Ghyd
i (298) =

-26.1 kcal/mol and -36.9 kcal/mol, respectively. As for K+, the values of Ghyd
i (298) are

from -59.3 to -68.9 kcal/mol, while experimental values are -70.5 and -71.2 kcal/mol.38,39 As
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regards Na+, values are ranging between -76.5 and -91.6 kcal/mol, but experimental val-

ues are -87.2 and -88.7 kcal/mol.38,39 With respect to Cl−, calculated values range between

-90.1 and -103.8 kcal/mol, and experimental values are -81.3 and -89.1 kcal/mol.38,39 Note

that there is a broad difference of around 8 kcal/mol in the two experimental data and all

force field parameters for Cl− present Ghyd
i (298) closer to the highest experimental value.

Concerning OH− and H3O
+, values are from -107.2 to -136.3 kcal/mol and from -103.4

to -110.5 kcal/mol, and experimental values are -105.0 and -110.4 kcal/mol,40 respectively.

The differences between the experimental and theoretical values of the hydration free energy,

∆Ghyd
i (exp/theor), at 298 K are shown in Figure 1 considering different experimental values,

ionic force field parameters and water models. It can be seen that the best agreement be-

tween experimental/theoretical values (less than 1.5 kcal/mol) is observed for the ionic force

field parameters proposed by: Smith and Dang45 for Cl− and Na+, Beglov and Roux50 for

K+ and us (those proposed herein) for OH− and H3O
+. As a general trend, both water

models present similar values for Ghyd
i but with TIP3P model the ∆Ghyd

i (exp/theor) values

are slightly smaller than with SPC/E.

For all anions and cations, Ghyd
i (T ) becomes increasingly negative as temperature be-

comes lower, i.e. ∆Ghyd
i /∆T > 0. The Ghyd

i (T ) behavior with respect to temperature is

better depicted in Figure 2 for ionic force field parameters that achieved the best experi-

mental/theoretical agreement and the SPC/E water model. Regardless of ion charge, the

dependence of Ghyd
i (T ) on temperature is linear, and all of which are better hydrated at

lower temperatures, but the angular coefficient of the best linear fit is force-field dependent.

As a general trend, it was observed that polyatomic ions (H3O
+, OH−, TBA+ and TMA+)

are more sensitive to temperature variation, i.e. ∆Ghyd
i /∆T is larger for polyatomic ions

than for monoatomic ions (Cl−, Na+ and K−).

By calculating Ghyd
i , two contributions can be obtained separately, which are the electro-

static and non-electrostatic terms Ghyd
i = Ghyd

ele +Ghyd
non−ele. Changes in these two terms based

on temperature are shown in SI. It is known that the Ghyd
non−ele term is composed by dispersion
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Figure 1: Experimental/theoretical differences of the hydration free energy,
∆Ghyd

i (exp/theor) at T =298 K for different ionic force field parameters with two
water models: SPC/E (solid bar) and TIP3P (open bar). The colors represent different
experimental data presented by: Schmid et al.38 (blue), Yizhak39 (red) and Pliego and
Riveros40 (green).

(always negative) and cavitation (always positive) contributions for the free energy. For all

ions, the cavitation contribution is dominant, once it results in a positive Ghyd
non−ele. This

term, in particular, has decreased sensitivity to temperature change and lower magnitude

from 0.1 to 5.9 kcal/mol for monoatomic ions, 0.8 to 4.6 kcal/mol for aqueous ions, and 1.8

to 8.6 kcal/mol for alkyl ions by considering all force field parameters. For the latter two,

Ghyd
non−ele is proportional to the size of the chain, which is larger for TBA+ than TMA+. On

the other hand, the term Ghyd
ele is negative for all ions. It has greater sensitivity to tempera-

ture change and it is larger in magnitude than Ghyd
non−ele, i.e. from -64.8 to -107.2 kcal/mol for

monoatomic ions, -103.5 to -139.9 kcal/mol for aqueous ions and -22.1 to -39.8 kcal/mol for

alkyl ions, again considering all force field parameters. Changes in Ghyd
i (T ) due to different

temperatures arise predominantly from electrostatic interactions. Ghyd
ele increases as follows:

TBA+ < TMA+ < K+ < Na+ < Cl− < OH− < H3O
+ for force field parameters that

reached best experimental/theoretical agreement at room temperature.

The solvation distribution of water molecules around ions has been analyzed by the radial
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Figure 2: Hydration free energy Ghyd
i (T ) calculated for ions at temperatures ranging between

293 to 353 K using the BAR method in MD simulations using force field parameters with
best experimental/theoretical agreement (Dang for Cl− and Na+, Roux for K+ and Ours
for OH−, H3O

+, TMA+ and TBA+) and the SPC/E water model. The best linear fit is
presented for each ion and its slope describes the ionic hydration entropy (in cal/mol·K),
−Shydi = dGhyd

i (T )/dT = 8.4±0.5 for K+ (bottom right with yellow circle), 20.8±1.1 for
Na+ and 24.2±0.9 for Cl− (bottom left with green circle and blue diamond, respectively),
32.2±1.5 for OH− and 35.4±2.0 for H3O

+ (top right with red circle and blue triangle,
respectively), 30.8±0.8 for TMA+ and 72.4 ± 3.0 for TBA+ (top left with black and red
down triangles, respectively).

distribution function, G(r), at different temperatures (Figures are shown in SI). As expected,

specific interactions between water molecules and monoatomic or aqueous ions can be easily

identified at distances of around 0.2-0.3 nm comprising the first maximum of G(r) between
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ions and the atoms of Oxygen and Hydrogen in water, i.e. ion-OW and ion-HW. In the case

of negative ions, the Gion-HW(r) peak is closer (around 0.1 nm) than the Gion-OW(r) peak,

while the Gion-OW(r) peak is closer in the case of positive ions while describing Hydrogen

bond formation. However, in the case of alkyl ions, Gion-OW(r) and Gion-HW(r), peaks appear

at the same position (around 0.4-0.5 nm) showing a tangential orientation of the OH bond

of water molecules. Thus no specific interactions with water molecules are found around

TMA and TBA ions indicating clathrate formation. G(r) presents very small differences

with respect to temperature changes. Tables showing distances of the beginning, maximum

and first minimum of G(r) and the coordination numbers of ions with temperature ranging

from 293 K to 353 K are shown in SI. Differences that are smaller than 0.02 nm were

observed for the first peak and the largest variation of the coordination number was found in

a reduction of less than 1.6 water molecules (< 10 % of the first solvation shell) for TMA+

and TBA+ when temperature increased from 293 K to 353 K. Therefore, it is concluded

that the temperature effect in the range of 293 K and 353 K is negligible in the solvation

structure of water molecules around ions.

An increase in Ghyd
i for rising temperatures means that the cold side is preferred by ions

diffusing in a temperature gradient. The difference ∆Ghyd
i (T ) = Ghyd

i (T + δT )−Ghyd
i (T ) in

an initially homogeneous ionic solution with instantaneously applied temperature gradient

is due to the maximum probability density shift along time, as the ion moves towards the

position of lower free energy. The success of using physical parameters obtained from the

thermodynamic equilibrium for describing non-equilibrium effects has been discussed in lit-

erature.29,37 It is a probabilistic point of view that explains the reasons for increasing ions

concentration in one side of a temperature gradient, which Fick law of diffusion assumes

a similar due to the induced concentration gradient. It is worth mentioning that the di-

rectional diffusion phenomena expressed by Fick equation for diffusion with a drift term53

modulates inhomogeneity in concentration induced by the temperature gradient. Therefore,

the amount of possible ions that migrates towards the cold side is defined by the difference
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∆Ghyd
i (T ), but the time to stabilize concentration distribution depends on the self-diffusion

constant, which is to be discussed as follows.

2.2 Ion and salt diffusion

The rate of ion displacement is related to the shift in the maximum probability density to-

wards a position with lower free energy in a temperature gradient and is quantified by the self-

diffusion coefficient, Di.
37 By calculating the slope of the ionic Mean Square Displacement

(MSD) through MD simulations at different temperatures (the same temperatures shown in

Table 1), values for Di(T ) were obtained, which are shown in Table 2 for ionic force field

parameters with the best experimental/theoretical agreement of Ghyd
i (298). For comparison

purposes, some experimental values8,41 available in literature are also presented. The values

of Di(T ) obtained from MD simulations are in good agreement with experimental data with

less than 0.09×10−5cm2/s) of difference, except for hydroxide and hydronium ions whose cal-

culated values are highly underestimated at room temperature (2.17 and 2.45×10−5cm2/s)

for OH− and H3O
+, respectively, in comparison with 5.32 and 9.31×10−5cm2/s) obtained

experimentally). However, it is well known in literature that the diffusion of hydroxide and

hydronium in aqueous solution occurs predominantly by a Grotthus-type mechanism involv-

ing proton exchange between water molecules.54 This mechanism is not considered in classical

MD simulations, because water molecules are not able to protonate/deprotonate in classical

MD simulations. It requires more sophisticated methodologies, such as first-principles MD

simulations, among other techniques.55,56 Due to such a limitation of MD simulations, we

decided to use the experimental values found in literature41 for OH− and H3O
+ at different

temperatures (showed in Table 2) for further calculations in this work.

By raising temperatures from 293 to 353 K, it was found a diffusion coefficient increase

between 2.1 times for the H3O
+ ion and up to 3.5 times for Na+ ion. At room temperature,

the calculated self-diffusion coefficient Di(298) shows that ions follow the same experimental

tendency:8 TBA+ < TMA+ < Na+ < K+ < Cl− < OH− < H3O
+, in which the TBA+
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Table 2: Self-diffusion coefficients of ions, Di(T ) (in 10−5cm2/s), in aqueous solution cal-
culated using MD simulations at different temperatures using force field parameters with
best experimental/theoretical agreement (Dang for Cl− and Na+, Roux for K+ and Ours
for OH−, H3O

+, TMA+ and TBA+) and the SPC/E water model. Experimental values are
in brackets.

Ion Di(293) Di(298) Di(313) Di(333) Di(353)

Cl− 1.45 2.12 [2.03]a 2.55 3.06 3.48

K+ 1.27 1.89 [1.96]a 2.17 3.11 4.19

Na+ 0.95 1.45 [1.33]a 1.77 2.38 3.33

OH− [4.76]b 2.17 [5.32]a [7.03]b [9.55]b [12.41]b

H3O
+ [8.50]b 2.45 [9.31]a [11.72]b [14.99]b [18.22]b

TMA+ 0.91 1.15 [1.20]a 1.34 2.14 2.54

TBA+ 0.38 0.49 [0.51]a 0.66 0.79 1.21

aEvaluated values taken from experimental measurements, reference [8]. b Evaluated values taken

from experimental measurements of ionic conductivity, reference [41]. To convert ionic

conductivity, Ci(T ), into ion self-diffusion Di(T ), the Nerst-Einstein equation was used:

Di(T ) = RTCi(T )/F 2, where R is the ideal gas constant, T is temperature and F is the Faraday

constant. The standard deviation of calculated Di(T ) is lower than 0.10×10−5cm2/s.

is the slowest ion and H3O
+ is the fastest ion in aqueous solution. An increase in Di val-

ues from temperature differences is expected due to increased thermal energy and decreased

water viscosity. Temperature gradients in aqueous electrolytes mean that the self-diffusion

coefficient is position-dependent, that has been assigned as a source of thermophoretic mi-

gration in the temperature gradient.57 This effect is, in principle, not related to the single-ion

Soret effect.

Once the values of ion self-diffusion coefficients Di (showed in Table 2) are obtained, the

effective mass diffusion D of salts has been calculated for different temperatures using the

following equation7

D =
2D+D−

D+ +D−
. (3)

The calculated values of D(T ) and experimental data16,42 are shown in Figure 3. All

values are presented in SI. There is a good agreement between calculated and experimen-

tal values for all salts. The calculated values are in the range of 0.7 and 5.9×10−5cm2/s
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and experimental values range from 0.6 to 5.3×10−5cm2/s. The dependence of effective

mass diffusion D(T ) on temperature for both sets of data presents a linear growth as

temperature increases for all salts. The smallest slope is 0.02×10−5cm2/sK obtained for
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Figure 3: Effective mass diffusion D(T ) (in 10−5 cm2/s) for different temperatures: (left)
calculated DMD(T ) using Equation 3 with ion self-diffusion coefficients Di showed in Table 2
and (right) experimental DEXP (T ) obtained from optical experiments.16,42 The symbols and
colors represent different salts: K+Cl− (red circle), Na+Cl− (black square), H+Cl− (pink
down triangle), Na+OH− (blue triangle), TMA+OH− (green diamond) and TMA+OH−

(dark blue pentagon).

TBA+OH− in both sets and the slopes of other salts (K+Cl−, Na+Cl−, H+Cl−, Na+OH−

and TMA+OH−) are between 0.05 and 0.06×10−5cm2/sK for experimental sets and between

0.03 and 0.06×10−5cm2/sK for calculated sets. The most pronounced difference was found

in the D slope of Na+Cl−, 0.03×10−5cm2/sK for calculated values and 0.06×10−5cm2/sK

for experimental data. All the linear regressions are presented in SI. TBA+OH− has the

lowest effective diffusion, H+Cl− has the highest effective diffusion and the other salts have

an intermediate diffusion. These behaviors reflect the values of ion self-diffusion coefficients

Di (see Table 2), where the TBA+ ion has the smallest Di(298)= 0.51×10−5cm2/s and the

H3O
+ ion has the largest Di(298)= 9.31×10−5cm2/s.
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2.3 Ion thermodiffusion

The single-ion heat of transport Q∗
i and the single-ion Soret coefficient αi were calculated

from the dependence of the ion hydration free energy Ghyd
i (T ) on temperature. Then, by

using αi and the ion self-diffusion coefficient Di(T ), it was calculated the ion mass current

density jT i that describes the thermodiffusion of ions in aqueous solution. In Figure 2, it

is shown a linear dependence of Ghyd
i (T ) on temperature and a positive slope for all ions

in the range of T = 293 to 353 K. Therefore, the angular coefficient of the linear best fit

of calculated Ghyd
i (T ) is constant and positive in this temperature range, and was used to

calculate the modules of Shydi (T ). Furthermore, it was obtained the value of modules of the

single-ion heat of transport Q∗
i using two approaches: (i) the direct calculation from the MD

simulation, Q∗
i (MD) = −TShydi ; and (ii) the scaling factor of Takeyama and Nakashima,31

Q∗
i (MD/TN) = −fTNi TShydi where the scaling factor fTNi is 0.348 for Cl−, 0.383 for OH−,

0.439 for Na+, 0.450 for H3O
+, 0.457 for K+, and 0.555 for TMA+ and TBA+.

In Figure 4, we compared these two sets of calculated values, Q∗
i (MD) and Q∗

i (MD/TN),

for different ionic force field parameters and two water models (SPC/E and TIP3P) with the

experimental values obtained by Agar et al.,8 Q∗
i (Agar). It was observed the best agreement

between experimental/theoretical values, ∆Q∗
i (exp/theor), for the MD/TN procedure (green

bars) showing that the scaling factor fTNi improves the calculated values of Q∗
i (MD/TN) in

comparison with Q∗
i (Agar). As a general trend, both water models (solid bars for SCP/E and

open bars for TIP3P) present similar values, but with SPC/E model the ∆Q∗
i (exp/theor)

values are slightly smaller than with TIP3P. Therefore, for further discussions, we will present

only the results obtained with SPC/E water model (the results for TIP3P are shown in

SI), but it is important to note all conclusion are valid for both water models. Another

interesting observation concerning Q∗
i is that there is a good performance of the same force

field parameters that reached best experimental/theoretical agreement for Ghyd
i (T ): Dang

for Cl− and Na+, Roux for K+ and Ours for OH−, H3O
+, TMA+ and TBA+. They present

∆Q∗
i (exp/theor) < 2.5 kcal/mol, except for TBA+ with ∆Q∗

i (exp/theor) > 3.5 kcal/mol.
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However, Jorgensen force field parameters for monoatomic ions present a slightly better

performance in comparison due to the better temperature dependence of Ghyd
i (T ) for Cl−,

Na+ and K+.

Figure 4: Experimental/theoretical differences of the single-ion heat of transport,
∆Q∗

i (exp/theor) at T = 298 K for different ionic force field parameters with two water
models: SPC/E (solid bar) and TIP3P (open bar). The colors represent two theoretical pro-
cedures MD (black) and MD/TN (green) in comparison with the experimental data obtained
by Agar et al.8

Table 3 shows the experimental data,8 Q∗
i (Agar), and the two sets of theoretical values,

Q∗
i (MD) and Q∗

i (MD/TN) obtained by MD simulations with different ionic force field pa-

rameters and the SPC/E water model at T= 298 K. The values obtained with the TIP3P

water model are shown in SI.

Using Equation 2, we obtained the corresponding sets of single-ion Soret coefficients αi

values: αi(MD), αi(MD/TN) and αi(Agar). By comparing Q∗
i and αi shown in Table 3, it

is possible to observe that the three sets of values present a similar trend: the values for

polyatomic ions are higher than those for monoatomic ions. The values of Q∗
i (Agar) and

αi(Agar) increase as follows Cl− < K+ < Na+ < TMA+ < H3O
+ < OH− < TBA+.

As for OH− and H3O
+, the best calculated values for αi(MD/TN) are 3.65 and 3.41 which

are in very good agreement with αi(Agar) values, 3.48 and 2.70, respectively, using our force

field parameters. As regards K+, Na+, TMA+ and TBA+, the best calculated values for

18



αi(MD/TN) are 0.94, 1.50, 4.30 and 10.11, that are around two times larger than αi(Agar)

values, 0.52, 0.70, 2.02 and 4.21, respectively, using Jorgensen force field parameters for

monoatomic ions and our parameters for polyatomic ions. Cl− is the only ion that the best

calculated value, αCl−(MD/TN)= 2.07, is far from αCl−(Agar) = 0.11 by a factor of twenty

times. Therefore, we believe that new force field parameters for Cl− should be developed

in the future to better describe the heat of transport and Soret coefficient. The current

force field parameters are able to reproduce the hydration free energy of Cl− (the highest

experimental value) and self-diffusion coefficient, as shown in Tables 1 and 2, respectively.

But they fail to describe its derivative with respect to temperature, ∆Ghyd
i (T )/∆T .

Our results show that the presence of temperature gradient in salted water induces an

increasing ion concentration towards the cold side of the solution for all studied cations

and anions due to the hydration free energy Ghyd
i (T ) temperature dependence. Therefore,

the single-ion Soret coefficient αi together with the rate of ion displacement described by

the self-diffusion coefficient Di generate different intensities of ion flux given by Equation 1.

Assuming that an experimental setup can be prepared using the same values of the numerical

volumetric concentration of ions ni and temperature gradient∇T for all ions, we analyzed the

reduced mass current density jT i/c = αiDi, where c = −ni∇T/T . The calculated values of

jT i/c at room temperature are shown in Table 3. The values of ion flux intensity jT i/c(Agar)

increase as follows Cl− < K+ < Na+ < TBA+ < TMA+ < OH− < H3O
+. Then, by

comparing this sequence with αi(Agar) sequence (Cl− < K+ < Na+ < TMA+ < H3O
+ <

OH− < TBA+) and Di sequence (TBA+ < TMA+ < Na+ < K+ < Cl− < OH− < H3O
+),

it is possible to conclude that the flux of monoatomic ions is dominated by single-ion Soret

coefficients, while the flux of polyatomic ions is dominated by self-diffusion coefficients. This

information is important, since it can be used to plan ions combination that may generate

salts with better thermodiffusion effect.
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Table 3: Single-ion heat of transport Q∗
i (in kcal/mol) calculated at T= 298 K using MD

and MD/TN approaches. In brackets are the values obtained experimentally by Agar et al.,8

Q∗
i (Agar). Single-ion Soret coefficient αi (Equation 2) and single-ion reduced mass current

density jT i/c (Equation 1) were calculated with three sets of Q∗
i .

Q∗
i αi jT i/c= αiDi

Ion Force Field MD MD/TN Agar MD MD/TN Agar MD MD/TN Agar

Cl−

Canongia 10.31 3.59

[0.13]

8.71 3.03

0.11

18.46 6.42

0.23
Dang 7.21 2.51 6.09 2.12 12.91 4.49

Jorgensen 7.03 2.45 5.94 2.07 12.59 4.38

Roux 8.76 3.05 7.40 2.57 15.68 5.46

K+

Aqvist 3.04 1.39

[0.62]

2.57 1.17

0.52

4.85 2.22

0.98
Dang 3.04 1.39 2.57 1.17 4.85 2.22

Jorgensen 2.44 1.12 2.06 0.94 3.90 1.78

Roux 2.50 1.14 2.11 0.97 3.99 1.83

Na+

Aqvist 4.89 2.15

[0.83]

4.13 1.81

0.70

5.98 2.63

1.02
Dang 6.20 2.72 5.23 2.30 7.59 3.33

Jorgensen 4.05 1.78 3.42 1.50 4.96 2.18

Roux 7.69 3.38 6.49 2.85 9.41 4.13

OH−

Netz 14.72 6.62

[4.11]

12.43 5.59

3.48

66.13 29.76

18.51
Jorgensen 16.75 7.54 14.14 6.36 75.23 33.85

20-sites 19.37 8.72 16.35 7.36 87.01 39.15

Ours 9.60 4.32 8.10 3.65 43.10 19.40

H3O
+

Netz 12.52 4.79
[3.18]

10.57 4.05
2.70

98.38 37.68
25.14

Ours 10.55 4.04 8.91 3.41 82.92 31.76

TMA+ Ours 9.18 5.09 [2.39] 7.75 4.30 2.02 8.91 4.95 2.32

TBA+ Ours 21.58 11.97 [4.97] 18.22 10.11 4.21 8.93 4.95 2.06

2.4 Thermodiffusion of salts

In a thermodiffusion analysis, the stationary state of the concentration gradient is considered,

i.e. the total ionic flux is null. Then, jT + jn = 0, where jT = −nDT∇T , jn = −D∇n, DT

is the salt thermal diffusion coefficient and D is the effective mass diffusion coefficient. In

the case where positive and negative ions are not distinguished, the salt Soret coefficient is

simply defined as ST = DT/D. The values of ST and D are experimentally accessible from

amplitudes and transients, respectively, of optical experiments16,42 in which the probe volume
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of samples are infinitely larger in comparison with ionic sizes. However, by distinguishing

anions (α− and D−) and cations (α+ and D+), the stationary state has additional relations,7

such as:

ST =
α+ + α−

T
(4)

and Equation 3. As both descriptions should be equivalent, it is possible to find the following

relation

DT =
D(α+ + α−)

T
. (5)

Therefore, using Equations 4 and 5, we calculate the salt Soret coefficient ST and the salt

thermal diffusion coefficient DT , respectively. In addition, we performed a discussion about

their temperature dependence and a comparison with experimental values obtained with

optical measurements.16,42
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Figure 5: Salt Soret coefficient ST (in 1/K) calculated using Equation 4 with single-ion Soret
coefficient αi showed in Table 3 and experimental data obtained by optical measurements.16,42

The colors represent: ST (Agar) (red), ST (MD) (black), ST (MD/TN) (green) and ST (Exp)
(blue). The horizontal bars represent the range obtained using MD simulations with different
ionic force field parameters and the SPC/E water model. The green square with legend
”Best” represents ST (MD/TN) values calculated using the force field parameters with best
experimental/theoretical agreement (Dang for Cl− and Na+, Roux for K+ and Ours for
OH−, H3O

+, TMA+ and TBA+) and the SPC/E water model, but with modified Cl−

Soret coefficient, αBestCl− = αCl−/10.
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Figure 5 shows the salt Soret coefficient ST calculated using single-ion Soret coefficients αi

(Table 3) at T= 298 K in comparison with experimental data.16,42 The values are presented

in Table 4 for force field parameters with the best experimental/theoretical agreement. As

expected, the values of ST obtained from α∗
i (Agar) are closer to experimental results, since

they were calculated from Q∗
i (Agar) obtained through calorimetric experiments assuming a

infinite dilution,8 except for the TBA+OH− salt where the experimental value ST (Exp)=

5.40×10−2 1/K is almost twice the ST (Agar)= 2.60×10−2 1/K. The calculated values for ST

obtained through MD simulations using different force field parameters for ions are indicated

as intervals (horizontal bars) in Figure 5 and all individual values are shown in SI. The two

sets of calculated ST , with MD and MD/TN, are in the same order of magnitude as the

experimental data, but the approach MD/TN provides values closer to the experimental

data. Both sets present a similar trend if compared to the experimental data: the values for

salts composed of polyatomic ions (OH−, H3O
+, TMA+ and TBA+) are larger than those

for salts composed of monoatomic ions (Cl−, K+ and Na+). It can be seen that the scaling

factor fTNi that relates the single-ion heat of transport to the ion hydration entropy proposed

by Takeyama and Nakashima,31 improves the calculated values of salt Soret coefficient,

ST (MD/TN), in comparison with experimental data, ST (Exp). Analyzing the correlation

between calculated and experimental values of ST presented in Table 4, a linear regression

of ST (Exp)= 1.55 ST (MD/TN) - 2.04 with R2= 96% was obtained, hence showing a very

good correlation between both sets of data. An interesting additional observation is that the

overestimated value of calculated αCl−(MD/TN) imposes larger calculated values of ST for

chloride salts (K+Cl−, Na+Cl− and H+Cl−), once ST is proportional to α+ + α−. Thus,

a better parametrization of the Cl− force field can improve the agreement of calculated

ST (MD/TN) values with the experimental data even further. This hypothesis was assessed

by dividing the αCl−(MD/TN) by a factor of 10, i.e. αBestCl− = αCl−/10, and recalculating the

ST for chloride salts showed in Figure 5 and in parenthesis on Table 4.

A broadly discussed topic in thermodiffusion is the temperature dependence of the salt
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Table 4: Salt Soret coefficient ST (in ×10−2 1/K) showed in Figure 5 and fast and slow
Seebeck coefficients, Sfast and Sslow (in mV/K) showed in Figure 7. MD/TN values were
obtained by using ionic force field parameters with best experimental/theoretical agreement
(Dang for Cl− and Na+, Roux for K+ and Ours for OH−, H3O

+, TMA+ and TBA+) and
the SPC/E water model. In parenthesis are values calculated using αBestCl− .

ST Sfast Sslow

Salt MD/TN Agar Exp42 MD/TN Agar Exp43 MD/TN Agar Exp43

K+Cl− 1.04 0.21 0.05 0.10 0.04 0.30 0.10 0.01 0.17

(0.40) (0.06) (0.07)

Na+Cl− 1.48 0.27 0.12 0.06 0.03 0.50 0.02 0.03 1.60

(0.80) (0.13) (0.18)

H+Cl− 1.86 0.94 0.58 0.42 0.46 0.90 0.11 1.10 2.00

(1.20) (0.48) (0.28)

Na+OH− 1.99 1.40 1.22 0.42 0.43 0.30 0.12 1.30 1.10

TMA+OH− 2.67 1.85 1.63 0.38 0.38 0.50 0.06 0.83 1.20

TBA+OH− 4.62 2.60 5.40 0.42 0.48 0.20 0.56 2.10 3.60

Soret coefficient ST and the salt thermal diffusion coefficient DT .18,19,23–25,33,35,42 Using the

relation betweenDT and αi (Equation 5), the temperature dependence of the salt thermal dif-

fusion coefficient DT (T ) was analyzed. Note that the calculated single-ion Soret coefficients

αi for all salts were obtained as constant and positive at temperatures ranging from 293 to

353 K. Then, we used the calculated effective mass diffusion coefficient D (showed in Figure

3) obtained for different temperatures to calculate DT (T ). These results of DT (T ) calculated

through αi(MD/TN) are shown in Figure 6 together with the experimental data16,42 for com-

parison purposes. All values are presented in SI. There was a good agreement between the

calculated and experimental values for all salts. The best agreement is for TBA+OH− where

the calculated values are in the range of 0.032 to 0.067×10−5cm2/sK at temperatures from

293 to 333 K, and experimental values are in the range of 0.026 to 0.074×10−5cm2/sK for the

same temperature range. The linear temperature dependence seen for calculatedD
MD/TN
T (T )

resembles the linear dependence found in the experimental data. The slope of D
MD/TN
T (T )

ranges from 0.38 to 1.21×10−8cm2/sK and DEXP
T (T ) ranges from 0.27 to 1.14×10−8cm2/sK,

in which K+Cl− and Na+Cl− have the lowest values (∼0.45×10−8cm2/sK for D
MD/TN
T (T )
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and ∼0.30×10−8cm2/sK for DEXP
T (T )) and TMA+OH− and TBA+OH− achieved the high-

est values (∼1.10×10−8cm2/sK forD
MD/TN
T (T ) and∼1.05×10−8cm2/sK forDEXP

T (T )). This

analysis reveals that the temperature dependence of thermodiffusion coefficient DT (T ) is just

a consequence of the temperature dependence of the ratio D(T )/T .
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Figure 6: Thermodiffusion coefficient DT (T ) (in 10−5 cm2/sK) for different temperatures:

(left) calculated D
MD/TN
T (T ) using Equation 5 with single-ion Soret coefficients αi(MD/TN)

showed in Table 3 and effective mass diffusion D(T ) showed in Figure 3, and (right) experi-
mental DEXP

T (T ) obtained from optical experiments.16,42 The symbols and colors represent
different salts: K+Cl− (red circle), Na+Cl− (black square), H+Cl− (pink down triangle),
Na+OH− (blue triangle), TMA+OH− (green diamond) and TMA+OH− (dark blue pen-
tagon).

Different values of the single-ion Soret coefficients αi for anions and cations mean that

one kind of ion has a trend to flow more than the other one in temperature gradients. To

avoid charge separation, a thermoelectric field arises in solution. This is usually described

in a phenomenological way as the generalized equations for ion current density:7

ji = −Dini

(
∂ lnni
∂x

− zie

kBT
Ex + 2αi

∂ lnT

∂x

)
, (6)

where zi is the valence number, x is a space coordinate and Ex is the hypothetical ad hoc

thermoelectric field. Recently, it was shown that Ex arises from two dynamical effects that

are distant in at least 8 orders of magnitude in their transient times:22 E1 proportional to
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the difference of products α+D+ − α−D−, which affect the fast response of the system that

is much longer than the Debye transient and much shorter than the diffusive transient; and

E2 proportional to the difference α+ − α−, which affects the slow response of the system

that is much longer than the diffusive transient.22 The equations for amplitude modules of

Seebeck coefficients related to both time transients are given by:22,58

Sfast =
2kB
e

∣∣∣∣α+D+ − α−D−

D+ +D−

∣∣∣∣ (7)

and

Sslow =
kB
e
|α+ − α−|. (8)

In Figure 7, we show the calculated modules of fast and slow Seebeck coefficients, Sfast

and Sslow, using Equations 7 and 8 with self-diffusion coefficient Di and single-ion Soret coef-

ficients αi showed in Tables 2 and 5, respectively. All values of different force field parameters

for ions and water molecules are presented in SI. Table 4 presents the values obtained using

MD/TN approximation for simulations with force field parameters with best experimen-

tal/theoretical agreement and the SPC/E water model. All values for the other force field

are presented in SI. The calculated values for Sfast obtained from the single-ion Soret coeffi-

cient αi(MD/TN) and αi(Agar) are close to the experimental data.43 Sfast(MD/TN) values

are in the range of 0.06 to 0.42×10−2 1/K and experimental values are in the range of 0.2

to 0.9×10−2 1/K.

A comparison between calculated and experimental values are shown in Figure 7(left).

We found a large correlation between Sfast(MD/TN) and Sfast(Agar) with R2= 96%, which

shows that the self-diffusion of anions and cations, D− and D+, dominate the fast response of

the thermoelectric field, since Sfast(MD/TN) and Sfast(Agar) were calculated using the same

set of Di values showed in Table 2. No correlation between Sfast(MD/TN), or Sfast(Agar),

and the experimental data was observed, R2 < 10%. It means that although the values

predicted by the DM/TN approach and the single-ion heat of transport Q∗
i experimentally
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Figure 7: Modules of fast and slow Seebeck coefficients, Sfast (left) and Sslow (right), (in
mV/K) calculated using Equations 7 and 8, respectively, with self-diffusion coefficients Di

showed in Table 2 and single-ion Soret coefficient αi showed in Table 3, and the experimental
data obtained with optical measurements.43 The colors and symbols descriptions are the same
as shown in Figure 5.

determined by Agar et al.8 are in the same order of magnitude as the experimental data,

they can not predict the fast thermoelectric response. Nevertheless, in general, there is still

a lack of experimental results for the fast thermoelectric field of salts in aqueous solution so

as to establish definite conclusions.

On the other hand, a theoretical prediction using calculated values of Sslow is more im-

portant, since it describes the system after reaching the thermoelectric equilibrium long after

the ionic diffusion has taken place. A comparison between calculated and experimental val-

ues are shown in Figure 7(right). Attention ought to be given to the order of magnitude for

calculated Seebeck coefficients, as it is the same as the one obtained from experiments involv-

ing aqueous electrolytes.1,2,59 Sslow(MD/TN) values are in the range of 0.02 to 0.56 mV/K

and experimental values are in the range of 0.17 to 3.60 mV/K. Therefore, Sslow(MD/TN)

presents lower values than the Sslow(Exp). However, we found a linear correlation between

Sslow(MD/TN) and Sslow(Exp) with R2= 66% which has been improved when αBestCl− was used,

R2= 90%. Figure 8 shows this last correlation with R2= 90% between Sslow(MD/TN) using

αBestCl− and Sslow(Exp) and additionally the correlation between Sslow(Agar) and Sslow(Exp)
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with R2= 61%. For Sslow(Agar), it can be seen that the values for Na+Cl− (open red trian-

gle) and Na+OH− (solid red triangle) present large deviation with respect to the linear fit

(dashed red line) causing a weak correlation between them, but its slope is near 1.0 showing

values of Sslow(Agar) close to the experimental data Sslow(Exp) as shown in Table 4. On the

other hand, for Sslow(MD/TN) all calculated values (black symbols) are close to the linear

fit (dashed black line) given a strong correlation between experimental/theoretical values.

Therefore, theoretical MD/TN procedure can predict the experimental values of Seebeck

coefficient through the following relation: Sslow(Exp) = 5.79 Sslow(MD/TN) + 0.39.
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Figure 8: Relation between calculated and experimental modules of the slow Seebeck co-
efficient (in mV/K): Sslow(MD/TN) (black symbols) and Sslow(Agar) (red symbols) showed
in Table 4. The symbols represent different salts: K+Cl− (open circle), Na+Cl− (open
triangle), H+Cl− (open square), Na+OH− (solid triangle), TMA+OH− (solid circle) and
TMA+OH− (solid square). The dashed lines represent the linear relation of Sslow(Exp) =
5.79 Sslow(MD/TN) + 0.39 with R2= 90% (black) and Sslow(Exp) = 1.12 Sslow(Agar) +
0.61 with R2= 61% (red). The solid black line represents a complete agreement between
calculated and experimental values.

The theoretical approach proposed herein using MD simulations and the scaling factor

fTNi between the hydration entropy for ions Shydi and the single-ion heat of transport Q∗
i is

capable of predicting the Seebeck coefficient and describing the thermodiffusion of salts in

aqueous solution. We suggest that this approach is suitable to be used in the description of
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experimental results, such as those obtained by Zhao et al.9 and Li et al.,2 who had performed

experimental measurements of aqueous electrolytes with optimized interfaces or porous-

confining media to generate strong, unpredictable and unprecedented Seebeck coefficients. As

recently remarked by Zhao et al.,9 a good strategy to obtain a high thermoelectric response

is to use electrolytes with high self-diffusion difference between constituents.1,3,60 A further

step is to confirm that the high values of ∆D = D+−D− are only partly responsible for the

high Seebeck coefficients values. The results lead us to state that a fundamental condition is

a strong variation of ionic hydration free energy Ghyd
i (T ) for dispersed solute (like salts and

polyelectrolytes) in water solution. In other words, high values of ∆α = α+ − α− or/and

∆(αiDi) = α+D+−α−D− render high values of Seebeck coefficient S, mainly due to the slow

thermodiffusion effect. Thus, our method can be used to theoretically verify the feasibility

of new materials to be inserted into ionic solutions so as to present high Soret or Seebeck

coefficients, i.e. before carrying out time-consuming tests in laboratory.

3 Conclusion

An analysis of the ionic hydration free energy temperature dependence Ghyd
i (T ) obtained

from MD simulations in water solution resulted in a temperature-constant ionic hydration

entropy Shydi , ionic heat of transport Qi and single-ion Soret coefficients αi, which show a

trend of good agreement with experimental results. All studied anions and cations prefer

the cold side of the temperature gradient, i.e. they have positive single-ion Soret coefficient.

Polyatomic ions, such as OH−, H3O
+, TBA+ and TMA+, present greater temperature de-

pendence, thus resulting in a higher single-ion Soret coefficient αi, while monoatomic ions,

such as Na+, K+ and Cl−, present lower temperature dependence due to achieving decreased

αi. Moreover, our analysis has revealed that most contributions for the temperature depen-

dence of Ghyd
i (T ) are from the electrostatic ion-water interaction. However, for alkyl ions

(TBA+ and TMA+), the non-electrostatic ion-water interaction, i.e. the Van der Waals or
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Lennard-Jones interaction, plays an important role at around 40% of Ghyd
i (T ) variation. By

comparing our results to the experimental data, it was found that a better agreement was

obtained by using the scaling factor fTNi between the single-ion heat of transport Q∗
i and

the ionic hydration entropy Shydi proposed by Takeyama and Nakashima31 (fTNi = 0.348 for

Cl−, 0.383 for OH−, 0.439 for Na+, 0.450 for H3O
+, 0.457 for K+, and 0.555 for TMA+

and TBA+). The calculated values of ion flux intensity jT i/c = αiDi increase as follows

Cl− < K+ < Na+ < TBA+ < TMA+ < OH− < H3O
+, where the flux of monoatomic

ions is dominated by single-ion Soret coefficients αi, while the flux of polyatomic ions is

dominated by self-diffusion coefficients Di.

From the calculated single-ion Soret coefficient αi, the salt Soret ST and fast and slow

Seebeck, Sfast and Sslow, coefficients were calculated, which also show good agreement with

experimental results. We discuss the specific topic of thermodiffusion, i.e. the ionic tem-

perature dependence on the thermal diffusion coefficient DT (T ), which shows that DT (T )

depends on the ratio D(T )/T , where D(T ) is the salt effective mass diffusion coefficient.

The simulation reported in this work was performed at infinite ionic dilutions, i.e. adding

more water molecules to the simulated box did not change the final result for Ghyd
i (T ). We

proposed a consistent approach that allowed comparison with experiments, taking advantage

of the existing connection between the equilibrium hydration free energy Ghyd
i and the non-

equilibrium effect. A comparison between experimental data and results obtained with

non-equilibrium MD simulations with a temperature gradient along the simulation box, is

not straightforward. Given the fact that MD simulations use thermostatic methods, most of

which were formulated to describe the stage of temperature equilibrium and they have no

realistic physical behavior in the non-equilibrium stage. Then, these thermostatic methods

provide an unrealistic ionic flux through the temperature gradient.

In our point of view, the limitations of the theoretical approach proposed in this work to

calculate thermodiffusion coefficients are the inherent limitations of classical molecular sim-

ulations that are related to a good parameterization of ions in order to adequately describe

29



the temperature dependence of the hydration, or solvation, free energy and the impossibility

to describe the self-diffusion of hydroxide and hydronium in aqueous solution occurs predom-

inantly by a Grotthus-type mechanism involving proton exchange between water molecules.

But, this last limitation was avoided using the experimental values of the hydroxide and hy-

dronium self-diffusion coefficients at different temperatures. Our theoretical approach may

be used to estimate Ghyd
i (T ) of thermoelectric materials and predict the slow Seebeck re-

sponses, in addition to an intuitive use of materials with a large difference in self-diffusion

and single-ion Soret coefficients obtained from pure electrolyte aqueous solutions. The pos-

sibility to perform MD simulations with large ionic concentration and connect the results

with transport coefficients is desired for applications in thermoelectric devices and biological

systems, usually those dispersed in ionic aqueous solution.

4 Methodology

We have performed two types of molecular dynamics simulations using the GROMACS pack-

age:61 (i) the conventional dynamics (cMD) with Newton equation of motion coupled with

a stochastic thermostat to generate the ion-water trajectories, analyze the solvation shells

around ions and calculate the ion self diffusion coefficient; and (ii) the stochastic dynam-

ics (sMD) with Langevin equation of motion with small friction constant to calculate ion

hydration free energy. These two methods are equivalent,61,62 but sMD becomes more advan-

tageous in the calculation of the free energy variations due to the enhanced conformational

search ability.62 In both types, the simulated system was composed of an ion (Na+, K+,

Cl−, OH−, H3O
+, TMA+ or TBA+), a counter-ion (Na+ or Cl−) surrounded by 1000 (or

2000) water molecules in a cubic box (for the case of organic ions TMA+ and TBA+). The

simulations were performed in a NPT ensemble at P = 1 atm at different temperatures in

the range of 293 and 353 K. The NPT ensemble was obtained using Velocity Rescaling

thermostat63 for temperature control in cMD simulations with a coupling constant of 0.1 ps,
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and a Berendsen barostat64 for pressure control with a coupling constant of 2 ps. In sMD,

the temperature control is obtained directly from the Langevin equation of motion with the

friction constant of 1.0 ps−1. All interactions were computed inside a cut-off-radius of 14 Å.

A long-range correction for electrostatic interactions was treated with the smooth particle-

mesh Ewald method65 with cubic interpolation and Fourier spacing of 14 Å. The equations of

motion were integrated using the leapfrog algorithm66 in cMD simulations and its stochastic

version67 in sMD simulations, and implemented as sd integrator in GROMACS package.68

In both types of simulations, it was used a time step of 1 fs with constraints in all H-bonds

using the LINCS algorithm.69 The center of mass motion was linearly removed for the whole

system at each 200 fs. For cMD simulations, 5 ns were performed in the thermalization stage

and 10 ns in the equilibrium stage.

In order to obtain the ionic hydration free energy Ghyd
i , non-bonding interaction energies

between the ion and the solvent were multiplied by a λ scaling factor (0 < λ < 1), where

λ = 0 means totally turned off interactions and λ = 1 means totally turned on interactions.

Therefore, the solvation process was performed in two stages: first, we used a set of 11 λLJ

values with λq = 0 to create the Lennard-Jones (LJ) particle-water interaction and then with

λLJ = 1 we used a set of 11 λq values to create the ion-water Coulomb interaction in the pre-

existent LJ particle. The set of 11 values used for λLJ and λq are {0.0, 0.1, 0.2, 0.3, 0.4, 0.5,

0.6, 0.7, 0.8, 0.9 and 1.0}. To avoid problems in the initial configuration, for each simulation

with λLJ and λq, we started with a thermalized configuration obtained from a previous cMD

simulation with λLJ = 1 and λq = 1, and then 1 ns were performed in the thermalization

stage and 2 ns in the equilibrium stage for sMD simulations. Therefore, in order to calculate

the differences of hydration free energy Ghyd
λi

, the potential energy differences between each

sMD simulation with neighboring λ were obtained through the Bennet Acceptance Ratio

(BAR) method70 using the gmx bar command available in the GROMACS package. The

sum of free energy differences between each λ state for the Lennard-Jones potential gives

the non-electrostatic contribution ∆Gnele to the hydration free energy and the Coulomb
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potential gives the electrostatic contribution ∆Gele. By adding these two contributions, non-

electrostatic and electrostatic, it is obtained the total ionic hydration free energy, Ghyd =

∆Gnele + ∆Gele.

The temperature dependence of hydration free energy Ghyd
i (T ) of each ion was inves-

tigated for several force field parameters (as described below), and thirteen temperatures

ranging between 293 and 353 K temperatures in the range of 5 K. From the linear best

fitting of Ghyd
i (T ) for each ion, we obtained the hydration entropy, i.e. the rate of change

of Ghyd
i with temperature, Shydi = −dGhyd

i /dT . These results were used to calculate ionic

thermodiffusive properties. In this context, we also tested the proportionality factor pro-

posed by Takeyama and Nakashima31 between the single-ion heat of transport and the ionic

hydration entropy in water, Q∗
i (MD/TN) = −fTNi TShydi (T ) where the scaling factor fTNi is

0.348 for Cl−, 0.383 for OH−, 0.439 for Na+, 0.450 for H3O
+, 0.457 for K+, and 0.555 for

TMA+ and TBA+.

Self diffusion coefficients Di were calculated using Einstein relation between the mean

square displacement (MSD)71 of the ion and its self diffusion coefficient Di using the gmx

msd command available in the GROMACS package. We obtained the MSD of the ion center

of mass at five temperatures (293, 298, 313, 333, 353 K) in the equilibrium stage of cMD

simulations and using 50 thousand configurations separated by 200 fs in a trajectory of 10

ns. By the linear best fitting of the MSD curve in its linear regime, around 0 and 3 ns, we

calculated the ion diffusion coefficient Di.

The force field parameters adopted in the MD simulations were: for water the SPC/E

model72 and TIP3P model73 and the traditional models available in literature for Na+, K+

and Cl−, which we will be referred to as: Aqvist,48 Dang,45,49 Jorgensen,46 Roux,47,50 and

Canongia44 (the latter was used only for Cl−). For TMA+ and TBA+, we adopted the

OPLS-AA force field74,75 for Lennard-Jones (LJ) potential parameters (ε and σ for C, H

and N) and bonded potential parameters (bond distances, bonds angles and dihedral angles);

for Coulomb potential, atomic charges were calculated using the CHELPG procedure76 to
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fit the electrostatic potential calculated with quantum mechanics (QM) in an optimized

geometry of the ions, including the solvent polarization with the Polarized Continuum model

(PCM).77 The QM calculations were performed using the MP2 theory78 and the basis set

cc-pVDZ.79 This procedure has been applied successfully in previous works.80–82 For H3O
−,

we employed the model proposed by Netz.51 For OH−, we employed the models: Netz,51 20-

sites52 and Jorgensen.74 Furthermore, for H3O
− and OH−, we also used a new set of force

field parameters proposed by us to better describe their hydration free energies at room

temperature. For both ions, we obtained their QM optimized geometries at MP2/aug-cc-

pVQZ79 level and the CHELPG atomic charges (only for hydroxide) at MP4(SDQ)83/aug-

cc-pVQZ level in water solution with solvent polarization included with the PCM model. For

OH−, we adopted the LJ parameters (ε and σ) of the UFF force field,84 but by rescaling the σ

value of Oxygen by 1.3. For H3O
−, we adopted the LJ plus Coulomb parameters proposed by

Netz, but rescaling the σ value of oxygen by 0.95. These rescaling factors were obtained after

testing several values and they were selected as the best option to better describe hydration

free energy of OH− and H3O
− at room temperature. Thus, in this work, we proposed the

following set of force field parameters: for OH− (qO = −1.28, qH = 0.28, εO = 0.251 kJ/mol,

εH = 0.184 kJ/mol, σO = 0.405nm, σH = 0.257nm) and for H3O
− (qO = −1.4, qH = 0.8,

εO = 0.8 kJ/mol, εH = 0.0 kJ/mol, σO = 0.295nm, σH = 0.0nm ). For both OH− and

H3O
−, we adopted the UFF84 bonded parameters. All QM calculations were performed

using Gaussian 09 package.85 All information about the geometry of polyatomic ions and

force field parameters for all ions used in the simulations are available in SI.
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(16) Römer, F.; Wang, Z.; Wiegand, S.; Bresme, F. Alkali Halide Solutions under Thermal

Gradients: Soret Coefficients and Heat Transfer Mechanisms. The Journal of Physical

Chemistry B 2013, 117, 8209–8222.

(17) Eslahian, K. A.; Maskos, M. Hofmeister effect in thermal field-flow fractionation of col-

loidal aqueous dispersions. Colloids and Surfaces A: Physicochemical and Engineering

Aspects 2012, 413, 65 – 70.

(18) Eslahian, K. A.; Majee, A.; Maskos, M.; Wurger, A. Specific salt effects on thermophore-

sis of charged colloids. Soft Matter 2014, 10, 1931 – 1936.
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