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A computational approach to 
calculate the heat of transport  
of aqueous solutions
Silvia Di Lecce, Tim Albrecht & Fernando Bresme

Thermal gradients induce concentration gradients in alkali halide solutions, and the salt migrates 
towards hot or cold regions depending on the average temperature of the solution. This effect has 
been interpreted using the heat of transport, which provides a route to rationalize thermophoretic 
phenomena. Early theories provide estimates of the heat of transport at infinite dilution. These 
values are used to interpret thermodiffusion (Soret) and thermoelectric (Seebeck) effects. However, 
accessing heats of transport of individual ions at finite concentration remains an outstanding question 
both theoretically and experimentally. Here we discuss a computational approach to calculate heats 
of transport of aqueous solutions at finite concentrations, and apply our method to study lithium 
chloride solutions at concentrations >0.5 M. The heats of transport are significantly different for Li+ and 
Cl− ions, unlike what is expected at infinite dilution. We find theoretical evidence for the existence of 
minima in the Soret coefficient of LiCl, where the magnitude of the heat of transport is maximized. The 
Seebeck coefficient obtained from the ionic heats of transport varies significantly with temperature and 
concentration. We identify thermodynamic conditions leading to a maximization of the thermoelectric 
response of aqueous solutions.

Ludwig1 demonstrated in 1856 that thermal gradients can induce concentration gradients in aqueous solutions. 
Shortly after, Soret performed systematic investigations of aqueous solutions2, providing a more complete picture 
of this effect. Following these two seminal works, many studies have quantified the Soret coefficient of salt solu-
tions and aqueous suspensions. The investigation of the response of water to thermal gradients has also been con-
sidered more recently. It has been demonstrated that water gets polarized in the presence of thermal gradients3–5.

Experiments have shown that the Soret coefficient features a temperature inversion, with the coefficient 
changing sign at a specific temperature6,7. The temperature inversion signals a substantial modification in the 
response of the solution to a thermal gradient. The solution changes from thermophobic at high temperatures, to 
thermophilic at low temperature, with the salt accumulating in the hot region in the latter case. The existence of 
temperature inversion effects in alkali halide aqueous solutions has been confirmed using state of the art thermal 
diffusion force Rayleigh scattering (TDRFS)8–10 techniques as well as computer simulations10. This phenomenol-
ogy can be consistently reproduced both experimentally and theoretically, and it is widely accepted. In his seminal 
work, Brenner11 proposed a connection between the sign change of the Soret coefficient and the thermal expan-
sion of water. The latter changes sign at the maximum of density of water (~4 °C at 1 bar pressure), and it was pro-
posed that this change in sign could be correlated to the inversion effect. This idea is appealing, but it has not been 
fully supported by experiments12 nor computer simulations10. Hence, a microscopic explanation is still sought.

A few experimental studies of aqueous solutions have reported the existence of a minimum in the Soret coeffi-
cient too. This is an interesting effect, since at the minimum the thermodiffusion response should be maximized. 
The minimum has been observed in NaCl and KCl solutions7. For NaCl the minimum was observed at low con-
centrations <10−1 M, while for KCl it was found in the range 0.1–1 M. In a more recent study13, a sharp minimum, 
at higher salt concentrations, closer to 1 M, was observed in LiCl solutions. In all these experiments the minima 
appear in the thermophilic regime, i.e., when the Soret coefficient is negative, and the salt migrates preferentially 
to the hot region. Unlike the reversal in the sign of the Soret coefficient the minimum in the Soret coefficient has 
not been confirmed theoretically yet.

Early theories by Eastman and Agar14,15 introduced the concept of heat of transport and related this quantity to 
the Soret coefficient. These works focused on the low dilution region. It is therefore difficult to extrapolate those 
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results to finite concentrations, where non ideal effects in the Soret coefficient, such as minima and sign inversion, 
are observed. The heat of transport has been considered in modern studies of the Soret effect16–18, and therefore its 
investigation and quantification remains of prime interest. In particular a good understanding of the dependence 
of the heat of transport on the thermodynamic conditions, temperature and salt concentration can offer valuable 
insight to understand thermoelectric phenomena in aqueous solutions. Indeed, the individual heats of transport 
of ions can be combined to estimate Seebeck coefficients19. The Seebeck coefficient is important because it defines 
the strength of the thermoelectric response of electrolyte solutions, and it has been argued it may play a role in 
determining the thermophoretic response of colloidal suspensions12,16–18,20 and biomolecules21.

In this work we aim to advance our ability to describe the heat of transport as a function of temperature and 
salt concentration. We have tackled this problem by using Non-Equilibrium Molecular Dynamics (NEMD) sim-
ulations. This approach has advanced significantly in the last years22, and it is now possible to quantify the Soret 
coefficients of aqueous solutions, and to reproduce their experimental response10,23. We have taken advantage 
of NEMD state of the art computational approaches to investigate the thermodiffusion of LiCl solutions. This 
solution offers some interesting challenges that motivate our choice of system. Firstly, early studies indicated that 
at low concentrations the heats of transport of Li+ and Cl− are equal. This means that in that regime the thermo-
electric effects are irrelevant. However, experiments performed at finite concentrations, i.e. 10 mM, and 298 K 
indicate that the heat of transport of Li+ and Cl− are different24 leading to not negligible thermoelectric effects19. 
Secondly, the thermodiffusion response of LiCl in the medium-high concentration regime (>0.1 M) is of great 
interest, since it was suggested recently that the Soret coefficient of LiCl features a minimum13. These observations 
motivate us to apply our method to quantify the heat of transport of this salt. We will also establish correlations 
between the behavior of the ionic heats of transport and the thermoelectric response of the solution.

Heat of transport and computational approach
The Soret coefficient has been related to the heat of transport, Q*. The works of Eastman and Agar are of par-
ticular significance in this instance14,15. Eastman proposed that when a solute moves between regions at different 
temperatures, an amount of heat, Q*, is absorbed or released in order to keep the temperature constant15. Eastman 
derived one equation connecting the heat of transport to the change of the chemical potential with concentration 
as well as with the gradient of concentration with temperature, i.e., the Soret coefficient:
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where the subscript s refers to steady state conditions, μ is the chemical potential of the solute and b is the molality.
This equation involves two quantities that can be accessed using computer simulations. The first term of the 

right hand side involves a chemical potential that we can compute using a perturbation approach under equi-
librium conditions. The second term on the right hand side is connected to the Soret coefficient, and it can be 
computed using NEMD simulations.

To calculate the heat of transport we performed NEMD simulations of LiCl aqueous solutions as a function of 
salt concentration and temperature. The simulations (NEMD) were conducted using the methodology discussed 
in ref. 25. In this method we define thermostatting regions (see Fig. 1a) where the temperature of the molecules 
is adjusted to predefined hot and cold values, while the rest of the molecules are not thermostatted, but adjust 
their temperature via interactions with the thermostatting molecules. For typical sizes of the simulation cell, this 
method readily produces a stationary heat flux in a few hundred picoseconds. The simulated system (see Fig. 1), 
consisted of a prismatic box with vectors, {Lx, Ly, Lz}/Lx = {1, 1, 3}, with Lx = 3.55 nm. We used different number 

Figure 1. (a) Snapshot of a LiCl solution under a thermal gradient showing the ions, (green – Cl−, violet – 
Li+) and water (white – hydrogen, red – oxygen). The thermostatting layers (see Methods section for more 
details) are highlighted in cyan (cold layer) and magenta (hot layer). (b,c) panels show the temperature of the 
unrestrained water molecules and the molar fraction dependence on the temperature, at the stationary state, 
600 bar and average salt molality 2.5 mol kg−1.
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of water molecules, between 4306 and 4484, and a varying number of LiCl ion pairs between 77 and 385, in order 
to match the desired salt concentrations (1.0–5.6 m).

The Li-Cl and LiCl-water interactions were calculated using a combination of Lennard-Jones and Coulombic 
interactions, and the cross interactions were computed using standard combination rules. For water we employed 
the SPC/E model26 and for the ion-ion and ion-water interactions the model by Dang et al.27–30, which has been 
tested extensively in simulations of bulk and interfaces31. This model predicts a tetrahedral solvation structure for 
Li+, which is compatible with predictions from accurate density functional theory computations32. This coordina-
tion is close to that predicted in neutron scattering experiments33. We performed simulations over 16 ns and the 
trajectories were analyzed to calculate composition and temperature profiles, which were later used to calculate 
Soret coefficients (sT), see ref. 34,
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where x1 and x2 represent the number fraction of the salt and the solvent, respectively, and Ji the mass flux of 
component i. Since the amount of solvent exceeds considerably the amount of salt it is convenient to use the 
approximation shown on the right hand side of equation (2), to calculate our sT. The temperature dependence 
of our Soret coefficients was fitted to the empirical equation of Iacopini et al.35. Further simulations details are 
provided in the Methods section.

As shown in equation (1), the computation of the heat of transport requires knowledge of the dependence of 
the chemical potentials of the ions as a function of salt concentration. We performed simulations in the NPT 
ensemble to obtain the excess chemical potential, μex for the ions in the solvent36. This excess chemical potential 
corresponds to the work required to transform the system from State 1 ( 1 ) containing Ni ions and Nw water 
molecules, to the State 2 (2) consisting of Ni + 1 ions and Nw water molecules. We used a perturbation method 
and a solute coupling parameter, λ ∈ [0, 1], which allows a smooth interpolation between 1 and 2. The excess 
chemical potential was then calculated using Kirkwood’s formula37 in combination with the Bennett’s acceptance 
ratio method38. The chemical potential reported here quantifies the work required to move one ion from vacuum 
to the bulk solution, when this process is performed at constant pressure. We added to the excess chemical poten-
tial the corresponding ideal gas contribution μid of moving the ion from the gas phase at the selected pressure, P, 
temperature, T, and average volume 〈V〉39, to obtain the total chemical potential,

µ µ= +
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where = = =α + −N N N NLiCl Li Cl  is the total number of cation-anion pairs, and kB the Boltzmann constant. All 
our simulations were performed at 100 and 600 bar. We chose these pressures to ensure that the states generated 
in our non-equilibrium simulations were far enough from coexistence conditions, and therefore prevent the for-
mation of interfaces in the simulation cell. We find little differences between the Soret coefficients obtained with 
these two pressures, which indicates that our results are representative of those that can be obtained at pressures 
closer to 1 bar.

Results
When the aqueous solution reaches the stationary state, a constant heat flux, temperature, density and concentra-
tion gradients are established. We show in Fig. 1 representative results for the temperature along the simulation 
box and the solute mole fraction in the temperature range considered. We computed the Soret coefficient from the 
analysis of the temperature and the molar fraction profiles (see Fig. 1 and the Methods section for further details), 
using equation (2). We show in Fig. 2 the dependence of the simulated sT for concentrations 1 m and 5.6 m as a 
function of temperature. The magnitude of our sT, ~10−3 K−1 is in the range of the available experimental data for 
alkali halide solutions7,10 and for LiCl solutions13 at similar concentration. Our results at 1 m feature the inversion 
effect, namely, the Soret coefficient changes sign at a specific temperature. At that temperature the response of the 
solution to the thermal gradient changes from thermophilic (at low temperature) to thermophobic (at high tem-
perature). At high concentration, 5.6 m, the aqueous solution is thermophilic (sT < 0) in the whole temperature 
interval. This behavior is consistent with the experimental observations, which also reported an overall thermo-
philic response for LiCl solutions at high salt concentrations13.

We tackle in the following the computation of the heat of transport, Q*. Q* is a complex property that is 
defined by the interplay of electrostatic interactions, local energy changes associated with the interactions 
between the moving ion and the solute, and the breaking - reconstructing effect of the ion on the solvation water7. 
We have used our Soret coefficients, sT, and chemical potential data, μα, to quantify the individual ionic contribu-
tions to the heat of transport α

⁎Q , for α = (Li+, Cl−). To connect the total and ionic heats of transport of LiCl we use 
the additive property40 for solutions of 1:1 electrolytes, hence = ++ −

⁎ ⁎ ⁎Q Q QLi Cl .
Equation (1) can be rewritten in terms of the Soret coefficient, sT, and the thermodynamic factor, Γ,

= Γ⁎Q s RT2 (4)T
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γ+− being the mean activity coefficient and R the gas constant. The thermodynamic factor is related to the chem-
ical potential by,

µ
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where µ µ µ= ++ −Li Cl . The individual chemical potentials can also be used to obtain the individual ionic heats 
of transport,
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Our simulations show that the Soret coefficients for the cations and anions are indistinguishable within the 
uncertainty of the computations, hence we used = =+ −s s sT Li T Cl T, , . This point has not be tested in experiments. 
We are not aware of experimental approaches that provide Soret coefficients of individual ions. Hence, from that 
perspective, our simulations complement experiments and provide additional insight into the behavior of this 
coefficient. To obtain the heat of transport we fitted the chemical potentials to a polynomial function as explained 
in the Methods section. The derivative of the polynomial was subsequently employed in equations (4) and (7). 
The chemical potentials (see Supporting Information for numerical data) are consistent with estimated data of 
alkali halide ions in water at infinite dilution, which are typically of the order of ~−371 kJ mol−1 for chloride in 
water41 and ~−480 kJ mol−1 for lithium in water39 at 298 K.

We compare in Fig. 3 the thermodynamic factor at 290 K, calculated from our chemical potentials, using the 
equation (5), and the experimental data from Hamer and Wu42. Our thermodynamic factors feature the typical 
increase with ion concentration and are of the same order as typical experimental data for alkali halides at similar 
temperatures42.

We have computed the individual heats of transport α
⁎Q  for α = (Li+, Cl−), from the derivative, (dμα/db)PT, 

using as input our simulated chemical potentials, the simulated Soret coefficients and equation (1) to model the 
concentration dependence of μα. As noted above the same sT was used for cations and anions. The derivative of 
the chemical potential, dμα/db, were calculated using the fitting curves obtained through equation (9). Figure 4 
shows our heats of transport at 290 K. It is instructive to compare our predictions with values reported in the lit-
erature. The estimates of Q* by Agar et al.15 at 298 K, 1 bar (calculated using the Born theory) are of the order of 
0.53 kJ mol−1 for Li+ and Cl−. Our heats of transport at 290 K are similar in magnitude, ~1.14–1.10 kJ mol−1 in 
absolute value for ~1–3 m, but have opposite sign. Our simulations show that unlike in the infinite dilution esti-
mate, the heats of transport of anions and cations are different, with that of Li+ being about 3–4 larger than that 
of Cl−. In another study Gaeta et al.7 estimated values for the heats of transport obtaining Q* ~ 1.38 kJ mol−1 for 
0.80 M NaCl and ~0.86 kJ mol−1 for 1.25 M KCl aqueous solutions at 303.15 K, again of the same order as the Q* 
values found here. The estimates of heats of transport for NaCl and KCl at 1 M concentration reported by Gaeta  
et al.7 were also different from the estimates at infinite dilution using Agar’s approach. This confirms that salt 
concentration influences the heats of transport, a conclusion consistent with our simulation results.

Figure 2. (a) Temperature dependence of the Soret coefficient as a function of the LiCl salt concentration 
at 600 bar. The diamonds and full lines represent our NEMD data. (b) Soret coefficient of LiCl solutions as 
a function of molality along different isotherms, as specified in the legend. The full diamonds represent the 
NEMD simulations performed at 600 bar. We performed additional simulations at 100 bar (empty squares). The 
lines are just a guide to the eye.
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Colombani et al.13 investigated the Soret coefficient of LiCl in a range of concentrations and temperatures 
similar to the one investigated here, although they did not report heats of transport. We have therefore analyzed 
the existing experimental data and estimated Q*. Extrapolating the experimental sT to 273 K, and the thermody-
namic factor Γ values from ref. 42 we estimate that Q* of LiCl varies between −6.58 kJ mol−1 for 1.85 m concen-
tration and −12.57 kJ mol−1 for 0.56 m. These values are much higher than the ones reported for NaCl or KCl, 
and they are negative, therefore in agreement with the sign of the heats of transport calculated with our method. 
Considering together the experimental estimates and our data we conclude that the heat of transport can vary 
significantly in sign and magnitude with respect to the values estimated at infinite dilution. We cannot compare 
the individual heats of transport of ions with experiment, since these cannot be extracted from experimental 
studies. Indeed, one major strength of the simulation method discussed here is that it allows the calculation of 
individual heats of transport.

We have used our individual heats of transport to estimate the Seebeck coefficient, Se, of the solutions. To 
obtain these coefficients we used the relationship = −+ −

⁎ ⁎S Q Q T e( )/(2 )e  (see e.g. ref. 34), where e is the electron 
charge. This equation assumes that the transference number34 of each component, which depends on the ionic 
mobility, is equal to 1/2 for both ions. The simulated Seebeck coefficients (see Table 1) are in the range expected 
for this quantity, namely, ~kB/e. At the lower concentration investigated, 1.0 m, and T = 290 K, we get, 
Se = −14.96 ± 5.62 μV K−1. This value is of the order of the Seebeck coefficient of NaCl using the recommended 
data by Agar et al.15 at infinite dilution, but it is different from the Seebeck coefficient for LiCl at infinite dilution15, 
which would be zero according to data by Agar. Our work again reveals substantial differences between the trans-
port coefficients at infinite dilution and finite concentrations, which must be connected to the ionic correlations 
and deviations from ideality (see Fig. 3). A temperature dependence of the Seebeck coefficient is also expected 
based on previous investigations43.

One interesting aspect of the thermodiffusion behavior of alkali halide solutions is the experimental observa-
tion of minima in the Soret coefficient7,13. We do not find evidence for a minimum at 290 K using our simulation 
model (see Fig. 2). We therefore performed additional simulations scanning different temperatures. Figure 2 
shows two additional isotherms, which show distinctive changes in the behavior of the Soret coefficient with 
temperature. At 270 K our model predicts a Soret coefficient that is essentially independent on salt concentration, 
and at 240 K (25 K higher than the melting temperature of SPC/E water at 1 bar pressure44) we find evidence for 
a clear minimum. To the best of our knowledge this is the first time that a minimum in the Soret coefficient is 
observed using a theoretical approach. This is an important result of our work, since the observation of minima in 
experiments is restricted to a few experiments. A minimum in the Soret coefficient implies a maximization of the 
thermodiffusive response of the solution. We tested the impact of the pressure on the Soret coefficients. We find 
the pressure does not influence significantly the Soret coefficient in the interval 100 to 600 bars (see Fig. 2 - right 
panel).

How do the heat of transport and the Seebeck coefficient change near the minimum of the Soret coefficient? 
We have tackled this question using our computational approach. Following the analysis of the high temperature 
system, we computed the thermodynamic factor at 240 K (see Fig. 4). We find that this quantity does not depend 
significantly with temperature. Such behavior is in reasonable agreement with the one that can be inferred from 
existing experiments of aqueous solutions (see Fig. 3).

Our results for the heats of transport are reported in Table 1 and Fig. 4. Unlike in the high temperature case 
(c.f. results for 290 K and 240 K in Fig. 4), the heat of transport is found to change significantly near the minimum. 
Again we find large differences between the Li+ and Cl− heats of transport, with the Li+ contribution being much 
stronger than the Cl− one. These results highlight again the differences between the heats of transport at finite 
concentrations and infinite dilution. The increase in the magnitude of the heat of transport near the minimum 
of the Soret coefficient is consistent with experimental analyses of NaCl and KCl solutions (see Fig. 4). Using our 
approach, we can go one step further and obtain the individual contributions of the ions to the heat of transport. 
Our calculations show that Li+ contributes significantly more to the heat of transport than Cl−. The magnitude 
of the heats of transport of LiCl is larger than the one estimated experimentally for NaCl and KCl. Again we did 
not find experimental data for the heat of transport of LiCl. Hence, we reanalyzed the existing data for Soret 

Figure 3. Thermodynamic factor as a function of the molality. The filled circles represent the experimental 
data from ref. 42 at 300 K, while the yellow triangle are data extrapolated from ref. 13 the diamonds and squares 
represent the data obtained in this work at 240 K (blue) and 290 K (red), respectively.
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coefficients and thermodynamic factors and estimated the heat of transport of LiCl near the minimum of sT. 
We find that the experimental heats of transport for LiCl at the minimum should be stronger than those for 
NaCl or KCl. The estimated data show good agreement with our simulation predictions. Q* has been identified 
before with the entropy transported by the solute, S*14,15,45. Considering this connection our results imply that the 
transported entropy of LiCl is higher than that of other salts. Further we show that the main contribution to the 
observed behavior is associated to the transport of the lithium cation.

Finally, we used the individual ionic heats of transport to examine the dependence of the Seebeck coeffi-
cient with salt concentration (see Table 1). We find that the coefficient increases significantly near the minimum 
of the sT. Our results indicate that the thermoelectric response of LiCl might be maximized at thermody-
namic conditions corresponding to the minimum of the Soret coefficient. We estimate a Seebeck coefficient of  
−157.85 ± 10.19 μVK−1, which is definitely larger, by one order of magnitude, than the result obtained at higher 
temperatures.

Conclusions
We have proposed a computational approach to compute the heats of transport of aqueous solutions. Our 
approach is suitable to investigate solutions at intermediate concentrations, where non-ideal effects become 
important, and for which there are no predictive theoretical approaches. Our method relies on the computa-
tion of Soret coefficients using Non-Equilibrium Molecular Dynamics simulations and chemical potentials using 
equilibrium simulations.

We have applied this method to investigate the heats of transport of LiCl solutions as a function of interaction 
strength and temperature. The Soret coefficients computed in our work are consistent with existing experimental 
data of alkali halide solutions, in terms of magnitude and thermophilic character. They also reproduce the inver-
sion behavior observed experimentally in a variety of systems, where the solution changes from thermophilic to 
thermophobic at a specific temperature. We have reported the first theoretical demonstration of a minimum in 

Figure 4. Heat of transport as a function of the salt concentration and temperature for different salt 
solutions, as specified in the legend. Data for Q*, +

⁎QLi  and −
⁎QCl  are shown, for 240 K (a) and 290 K (b), 

respectively. The yellow diamond in panel (b) represents experimental data taken from ref. 52 at ~298 K. The 
circles in panels (b,c) represent data at infinite dilution and 298 K from ref. 15. Panel (c) shows experimental 
estimates of ⁎QNaCl and ⁎QKCl at 298 K taken from ref. 7.

T b +
⁎Q
Li

−⁎QCl Q* Se

240

0.93 −3.38 ± 0.27 −0.44 ± 0.03 −3.82 ± 0.27 −63.54 ± 5.83

1.41 −5.53 ± 0.32 −0.90 ± 0.05 −6.43 ± 0.32 −99.95 ± 7.02

1.90 −6.78 ± 0.16 −1.08 ± 0.03 −7.86 ± 0.16 −123.05 ± 3.50

2.39 −8.80 ± 0.47 −1.49 ± 0.08 −10.28 ± 0.47 −157.85 ± 10.19

2.88 −6.63 ± 0.49 −1.48 ± 0.11 −8.11 ± 0.50 −111.24 ± 10.80

290

1.06 −0.99 ± 0.31 −0.15 ± 0.05 −1.14 ± 0.31 −14.96 ± 5.62

1.62 −0.88 ± 0.17 −0.26 ± 0.05 −1.14 ± 0.18 −11.11 ± 3.24

2.12 −0.81 ± 0.26 −0.26 ± 0.08 −1.07 ± 0.28 −9.79 ± 4.94

2.73 −0.86 ± 0.14 −0.25 ± 0.04 −1.10 ± 0.14 −10.90 ± 2.52

Table 1.  Heats of transport (in kJ mol−1) and Seebeck coefficients (in μVK−1) as a function of the salt 
molality (in mol kg−1) and temperature (in K).
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the Soret coefficient of aqueous solutions. This result supports the existence of such physical behavior in the Soret 
coefficient, which was reported so far in a very limited number of experiments.

Although further analyses of specific systems at quantitative level may require more investigations, we find 
the following key conclusions, which should be taken into consideration for future experimental and theoretical 
studies:

•	 The heat of transport, Q*, at finite concentrations is found to depend both on concentration and temperature. 
Q* can be significantly different from the heats of transport that have been estimated theoretically at infinite 
dilution, and that have been used to interpret thermodiffusion at finite concentrations. The heat of transport 
of LiCl can be of opposite sign and larger than the estimates in the zero concentration limit. A re-analysis of 
existing experimental data, allowed us to validate our simulation predictions.

•	 Our approach provides a theoretical route to calculate heats of transport of individual ions as a function of 
concentration and temperature. At finite concentrations the heat of transport of Li+ differs substantially from 
that of Cl−. This result deviates from the expected values at infinite dilution, where the heats of transport of 
Li+ and Cl− are identical. Such deviations should be connected to the increasing role of non ideal effects, as 
demonstrated by the thermodynamic factor. Our computations show that Li+ provides the larger contribution 
to the heat of transport of the solution.

•	 The calculation of individual heats of transport of ions allows the estimation of the Seebeck coefficients, and 
therefore a quantification of thermoelectric effects in aqueous solutions. The Seebeck coefficient is found to 
change significantly with temperature and salt concentration. The thermoelectric response is maximized at 
thermodynamic conditions corresponding to the minimum of the Soret coefficient, where the Seebeck coeffi-
cient reaches values of the order of 100 μV/K−1 in absolute value. The minimum of the Soret effect is therefore 
a relevant physical phenomenon that may influence significantly the thermoelectric behavior of solutions. 
More experimental work focusing on thermoelectric phenomena at experimental conditions compatible with 
minima in the Soret coefficient would be desirable.

Methods
Computer simulation approach. We performed all the NEMD and equilibrium simulations by using a 
modified version of GROMACS v. 4.6.346.

In the NEMD approach we restrained the position (in the direction of the heat flux – z) of those oxygen atoms 
belonging to water molecules lying in the hot and cold thermostatting regions, at the beginning of the simulation. 
We used a harmonic potential with a force constant equal to 1000 kJ mol−1 nm−2. In our approach the restrained 
water molecules rotate freely, and they also translate in the xy plane. The restrained molecules were thermostatted 
every time step using the v-rescale algorithm47.

The cross interactions between different species were computed using standard combining rules: 
σαβ = (σαα + σββ)/2, ε ε ε=αβ αα ββ . To model the water-water interactions we employed the SPC/E model26 
while the model by Dang et al.27–30 was chosen to compute the LiCl interactions. This model predicts water coor-
dination numbers for Li+ compatible with a tetrahedral arrangement of water molecules and is consistent with 
accurate density functional theory computations32. Numerical values for the potential are given in Table 2. The 
Lennard-Jones interactions were truncated at rc = 1.5 nm, and the Coulombic interactions were computed in full 
using the particle-mesh Ewald method (PME) with a mesh width of 0.12 nm and an interpolation order of 4. The 
equations of motion were integrated with the leap-frog algorithm using a time step of 2 fs.

A typical simulation involved a 1 ns pre-equilibration, in the NPT ensemble, of a box containing pure water at 
either ~100 bar or ~600 bar and temperature, T = (TCOLD + THOT)/2, where TCOLD and THOT are the temperatures in 
the NEMD simulations. The ions were then added to the desired concentration and the whole system was equili-
brated again for 1 ns at the corresponding pressure and T = (TCOLD + THOT)/2. Following the set up of the hot and 
cold regions of width .0 1 nm, the whole system was simulated by switching on the thermostats at temperatures 
TCOLD and THOT for several ns, to ensure the stationary state is reached. We then performed production runs of 16 ns. 
The trajectories were analyzed every 100 time steps to extract temperature, and concentration profiles, by dividing 
the simulation box in 100 sampling volumes along the direction of the thermal gradient, z. The temperature profile 
was calculated using the equipartition principle by sampling the velocities of the water molecules and the ions. The 
Soret coefficients were fitted to the empirical equation of Iacopini et al.35, τ= − −∞s T s T T( ) [1 exp(( )/ )]T T 0 , 
which describes accurately the temperature dependence of sT. ∞sT  and T0 represent the asymptotic limit of sT and the 
inversion temperature, respectively, and τ is a parameter that determines the temperature dependence of the Soret 
coefficient. Using equation (2) along with Iacopini et al.’s equation35, we derived an equation for the temperature 
dependence of the concentration,

atom type mass [au] σ [Å] ε [kJ/mol] q(e)

Li+ 6.941 1.506 0.6904 +1.0000

Cl− 35.453 4.401 0.4184 −1.0000

OW 15.9994 3.166 0.65 −0.8476

HW 1.0 0.0 0.0 +0.4238

Table 2.  Lennard-Jones parameters describing the interactions between the ions Li+, Cl− and the water 
molecule. The parameters for the ions are taken from Dang et al.27–30, and for water from the SPC/E model26.



www.nature.com/scientificreports/

8Scientific RepoRts | 7:44833 | DOI: 10.1038/srep44833

τ=




−





+ +












τ∞
−

b T b s T k( ) exp e
(8)

T

T T

0
0

where b(T) is the molality at temperature T, b0 is the average molality of the solution and ∞sT , T0, τ and k are fitting 
parameters. Equation (8) provides an excellent fitting of all our NEMD simulation data. The standard deviation 
of the concentration profiles and sT at ~100 and 600 bar were obtained from the analysis of 20 independent trajec-
tories (16 ns each).

Free energy computations. In our computations we decoupled the van der Waals and the Coulombic 
contributions by considering a thermodynamic path where first a neutral Lennard-Jones atom in the solution is 
created, which is then fully charged, q = ±1e. Previous works dealing with chemical potential computations have 
discussed corrections to the free energy of solvation of the ions, which need to be included in non-neutral systems 
when the computations are performed using the Ewald Summation method48,49. The correction factor decreases 
as the simulated box size increases, since it is connected to the electrostatic interactions between periodic images. 
Unlike in many previous studies concerned with ionic solvation free energies, our computations are performed 
in aqueous solutions at finite concentrations. We expect that the additional salt will screen the electrostatic inter-
actions. Computations of NaCl at typical concentrations studied here, >1 M, and 300 K, revealed a weak size 
dependence of the electrostatic contribution to the chemical potential of Na+. For box sizes 3, 4 and 6 nm we 
found, −370.2 ± 0.1, −370.1 ± 0.1 and −370.0 ± 0.1 kJ mol−1, which are within the uncertainty of our computa-
tions. This observation agrees with previous studies of KF aqueous solutions50, who did not include corrections 
to the chemical potential. Therefore, we did not include additional corrections in our chemical potential results.

In order to use the perturbation approach and calculate the chemical potential of the cation, µ +Li  and the 
anion µ −Cl  we used 30 λvdw values for the growth of the Lennard-Jones spheres and 20 λc values for the charging 
process of Li+ and Cl−, respectively. The chemical potential computation were performed in LiCl aqueous solu-
tions at the desired concentrations. The chemical potentials for Li+ and Cl− ions were calculated separately by 
using two independent simulations sets. The total chemical potential µ µ µ= ++ −LiCl Li Cl  was then computed by 
adding the anion and cation contributions.

For each λ, the simulations were performed in the NPT ensemble using a time step of 2 fs. A typical simulations 
involved a 5 ns equilibration period, followed by a 40 ns to 80 ns production period. We discarded the first 1 ns of the 
trajectories. We used the v-rescale thermostat with a time constant of 0.1 ps and the Parrinello-Rahman barostat, with 
time constant 1 ps. In the chemical potential computations, the cutoff radius for the Lennard Jones and the Coulombic 
potentials and for the neighbor list were set to 0.9 nm and the neighbor list was updated every step. We tested the 
impact of the cutoff on the chemical potentials. We find that simulations with 0.9 and 1.5 nm cutoffs predict chemical 
potentials within the statistical uncertainty of the computations, since the chemical potentials are dominated by the 
electrostatic contribution, which is treated in full. The system sizes for the systems used to compute the chemical 
potential are reported in the Supporting Information. We tested that our simulation set up produced chemical poten-
tials consistent with those published by different authors for NaCl salts using the same ion and water force fields51.

To calculate the thermodynamic factor using the equation (6), we fitted our chemical potentials to the 
equation51,

µ β= +








+




−
+

+ + +













K k TN b A b
B b

b Cb Db2ln 2ln
1 (9)

B A 10
2 3

where K, A, B, β, C, D are constants and NA is the Avogadro’s number. The fitting parameters are reported in the 
Supporting Information. Our values of the chemical potential for Cl− are noisier than those of Li+. To improve the 
quality of the fitting curve we fitted first μLiCl(b) and µ + b( )Li  and then extracted the fitted function for the chemical 
potential for the anion from µ µ µ= −− +b b b( ) ( ) ( )Cl LiCl Li , in this way we overcome the appearance of unphysical 
oscillations that can result from the direct fitting using equation (9). The resulting fitting interpolates well our 
simulation data.
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