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ABSTRACT

Thermodiffusion is the migration of a species due to a temperature gradient and is the driving phenomenon in many applications ranging
from early cancer detection to uranium enrichment. Molecular dynamics (MD) simulations can be a useful tool for exploring the rather
complex thermodiffusive behavior of species, such as proteins and ions. However, current MD models of thermodiffusion in aqueous ionic
solutions struggle to quantitatively predict the Soret coefficient, which indicates the magnitude and direction of species migration under a
temperature gradient. In this work, we aim to improve the accuracy of MD thermodiffusion models by assessing how well different water
models can recreate thermodiffusion in a benchmark aqueous NaCl solution. We tested four of the best available rigid non-polarizable water
models (TIP3P-FB, TIP4P-FB, OPC3, and OPC) and the commonly used TIP3P and SPC/E water models for their ability to predict the
inversion temperature and Soret coefficient in 0.5, 2, and 4M aqueous NaCl solutions. Each water model predicted a noticeably different ion
distribution yielding different inversion temperatures and magnitudes of the Soret coefficient. By comparing the modeled Soret coefficients to
published experimental values, we determine TIP3P-FB to be the water model that best recreates thermodiffusion in aqueous NaCl solutions.
Our findings can aid future works in selecting the most accurate rigid non-polarizable water model, including water and ion parameters for
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investigating thermodiffusion through MD simulations.
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I. INTRODUCTION

Temperature gradients can induce the movement of a species
within a convectionless solution,’ much like concentration gradients
induce Fickian diffusion. This effect, known as thermodiffusion (or
thermophoresis or the Soret effect), was first observed over 150 years
ago when both Charles Soret and Carl Friedrich Wilhelm Ludwig
independently observed that salty solutions in non-isothermal envi-
ronments built up non-homogeneous ion concentrations.” Since
then, thermodiffusion has been observed in all kinds of mobile
mixtures of gases and liquids, including aqueous electrolytes,””
colloidal suspensions,” hydrocarbons,’ rarefied gases, and plasma.”*
Furthermore, thermodiffusion is the driving phenomenon in many
applications, including early cancer detection’ and uranium enrich-
ment.'” Although the terms thermodiffusion and thermophoresis
are sometimes used inconsistently, in general, thermodiffusion is
used in reference to the movements of low molecular weight solutes,
such as ions in aqueous solutions, and thermophoresis is used in
reference to larger macromolecules or colloids.

Despite the rich history of observation, there is no universal
explanation as to why thermodiffusion occurs. Consequently, the
migration of species is described using a phenomenological model
that considers the competition between thermodiffusion due to a
temperature gradient and Fickian diffusion that opposes concentra-
tion gradients. In a binary mixture, the macroscopic mass diffusion,
J, of a thermodiffusive species is described by the addition of these
two diffusive currents' and described as

J =—-pDVc—pc(1—c)DrVT. (1)

Here, p is the solution density, D represents the isothermal mass
diffusion coefficient that opposes the concentration gradient (i.e.
Fickian diffusion), ¢ is the molar fraction (or mass fraction) of the
diffusing species, T is the temperature of the solution, and Dr is the
thermodiffusion coefficient.

The steady-state separation of species in the mixture occurs
when thermodiffusion and Fickian diffusion are balanced, i.e. J = 0
in Eq. (1). The Soret coefficient, St, describes the magnitude and
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thermal preference of the species diffusion and is defined as the ratio
of thermodiffusion and Fickian diffusion coefficients, i.e., (assuming
that a temperature gradient is only in one dimension)

_ & -1 dc

ST_ D /:0: C(I—C)ﬁ (2)

J=0

Typically the Soret coefficient of a solute is positive, meaning ther-
modiffusion causes the species to diffuse toward the colder region.
Interestingly though, thermodiffusion can cause some solutes,
including but not limited to ions,”'"'? colloids,” ° polymers,“‘“‘lh
charged nanoparticles,”' ' proteins, """ DNA,"""" and vesicles,”’
to diffuse either toward warmer regions (thermophilic, negative St)
or colder regions (thermophobic, positive St), depending on the
local temperature and concentration of the solution. The tempera-
ture at which this behavioral change occurs is called the inversion
temperature, Ty. This behavior is thought to only occur in solu-
tions with a strong coupling between the migrating particle and the
thermal environment.”” The sign of the Soret coefficient reflects the
thermal preference of the diffusive species, as shown in Fig. 1.
Molecular dynamics (MD) simulations have previously been
used to reproduce the thermodiffusive behavior of various solu-
tions, including binary solutions of hydrocarbons,”” *° argon and
krypton,”” water, methanol, ethanol, dimethyl-sulfoxide and
acetone,”””’ aqueous electrolytes, "’ ** urea,”’ and DNA frag-
ments.”’ Previously, MD simulations have been shown to predict
the correct trend and order of magnitude of the Soret coefficient
and inversion of thermal preference for [Na*, K*, Li*] ClI™ aqueous
solutions.'””"*> To improve predictions of thermodiffusion, the
accuracy limitations of MD modeling must be considered. MD is
based on classical mechanics and, therefore, inherently approx-
imates real-world molecules and their behavior. In an aqueous
electrolyte MD simulation, the major approximations lie upon the
choice of the ion and water models (force fields), which define
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FIG. 1. Depiction of thermophilic and thermophobic behavior of an aqueous NaCl
solution under a linear temperature profile that encompasses an inversion tem-
perature. The direction of thermally driven ion diffusion is indicated by the sign of
the Soret coefficient, Sr, and depends on whether the local temperature of the
solution, T, is greater or less than the inversion temperature, Ty.
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the structure and interactions of these molecules. Therefore, ion
and water models are key players in the accurate representation
of the modeled solution and its thermodiffusive behavior. It has
been shown that ion force fields (with the same water model)
minimally affect the thermodiffusive behavior of [NaCl]sq and
[KCI]aq solutions.'””! However, the effect of the water model has
not previously been investigated, despite a greater accuracy in
predicting thermodiffusion likely to be achieved by selecting the
most appropriate water models in the MD simulation.

Given the importance of the water model in defining the forces
leading to thermodiffusion, we sought to test which model is the
most appropriate for modeling thermodiffusion of [NaCl].q solu-
tions. This solution was chosen because its Soret coefficient has been
accurately measured, ' its thermodiffusive behavior is well known,'!
and it is a broadly relevant simple solution for both biological and
industrial systems and to other projects in our laboratory. While
the exact mechanism of thermodiffusion is not well understood,
multiple sources emphasize the importance of hydrogen bond struc-
tures, solute-water interactions, and hydration entropy in defining
thermodiffusive behavior.””">"* The water model and its associated
ion parameters define the molecule structure and the water-water,
ion-ion, and water-ion interactions in the solution and are there-
fore integral to accurately recreating thermodiffusion. Water models
come in a range of types with rigid, non-polarizable water models
being by far the most commonly used in MD simulations. They are
simple, computationally inexpensive, and have previously been used
in modeling thermodiffusion.'”"" " They represent water molecules
as rigid bodies of a given number of points that interact via electro-
static and van der Waals potentials, which are parameterized against
reference data, such as experimentally measured properties or higher
level calculations.

In this work, the thermodiffusive behavior of three- and four-
point models from two of the best performing water model families
were tested: TIPnP-FB (which focuses on experimental reference
data’”) and OPCn (which focuses on quantum mechanically calcu-
lated reference data™”’). We also tested two commonly used mod-
els: TIP3P,* an old but regularly used water model that is expected
to perform more poorly, and SPC/E,” the three-point water model
commonly used in other MD thermodiffusion works.'”"* These
commonly used models serve as a good comparison point between
results from this work and the literature. Specifically, we sought to
compare the performance of the chosen water models in reproduc-
ing the inversion temperature of 0.5 M [NaCl],q solutions and the
Soret coefficient of 0.5, 2, and 4 M [NaCl],q solutions, as compared
to the experimental values obtained by Rémer et al.'?

Il. METHODS
A. Model setup

A typical model setup is shown in Fig. 2. The MD model
consisted of ~47 000 atoms (15 000 water molecules and <2000
ions), contained in a rectangular prism (volume 50 x 100 x 100 A)
with periodic boundaries. The system size and boundaries were cho-
sen to ensure simulation of bulk solution dynamics with no edge
effects while minimizing computational effort. The length of all
axes were larger than the Debye shielding length of any modeled
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feature of the Nanoscale Molecular Dynamics (NAMD) simula-
tion software. At each simulation time step (every 2 fs), any water
molecule to enter a defined thermostat region had a probability of its
relative velocity being reassigned via a collision with the temperature

3 ¢ o
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FIG. 2. Simulation strategy for reproducing thermodiffusion in an MD model of 2.20
aqueous sodium chloride subjected to temperature control with two thermostats.
A front-facing visualization of the model is depicted with the volume occupied by 80
water molecules shown graphically in light gray, sodium ions shown in yellow, and 2.15
chloride ions in purple. Cold (T¢) and hot (T} ) thermostats of width 10 A (high- © E
lighted blue and red regions, respectively) are centered at z = 25 Aand z = 75 A to ; 2100
achieve a quasi-linear temperature profile across the z axis. The simulation strat- 5 60 ©
egy has three main steps: equilibration in a constant number of atoms, pressure, = E
and temperature (NPT) ensemble; thermostat calibration in a constant number of o 2,059
atoms, volume, and energy (NVE) ensemble; and production run also in an NVE Q S
ensemble. GE) 40 k=]
©
+ 2.00 5
)
& 5
@© (U]
ion to avoid charged particles interacting electrostatically with their E) 1.95 §
periodic images. <20 ©
Water molecules were modeled using the structure and 1.90
geometry parameters of the six water models sourced from the
corresponding literature: TIP3P-FB,** TIP4P-FB,*> OPC3,”” OPC,* 0 : : ‘
SPC/E,” and TIP3P.* Ton parameters are most accurate when used 0 20 40 60 80 100
in conjunction with the water model that they were parameter- z/ A
ized with. Therefore, for TIP3P-FB, TIP4P-FB, OPC3, and OPC, the : : .
monovalent ion parameters for Na* and Cl~ ions were sourced from T T(—T;mpler?ture proﬁle. """" D:swed maX|mum': Th
Ref. 40, having been fit to each water model to recreate theion hydra- Simulation average: Tavg — Thermostat target: 7, +20
) R s Desired minimum: Tc ¢ Concentration profile
tion free energy. Monovalent ion parameters that match TIP3P were  Thermostat taraet: T. — 20
sourced from Ref. 41. Monovalent ion parameters for SPC/E were ermostat farget: Te
d identically to those in the MD simulati f RO tal'?
sse r cle de?r ;z tﬁ e (c) o m(l;sii elg oiks Ofgzl]u a(}lzzset(t) anczlrrslzifh f_u: FIG. 3. MD model of a 2.0 M aqueous NaCl solution with a linear temperature
u . . w & > : profile spanning ~20-70 °C. The ion concentration increased as the temperature
Sourced values are listed in Tables S1 and S2. decreases, demonstrating thermodiffusion of sodium and chloride ions in silico.
The model volume (top) is occupied by water molecules (light gray), sodium ions
B. Temperature regulation (yellow), and chloride ions (purple). A cold and a hot thermostat of width 10 A (high-
Temperature gradients used to measure thermodiffusion in lighted blue and red regions, respectively) are ocentered atz=25Aandz = 75 A.
hvsical experiments are tvpically on the order of 1°C cm~! Thelrmostat target temperatures were set 20 'C more extreme than the qes!red
phy ) p . - YP Y > minimum and maximum temperature. The achieved temperature (black solid line)
w?ere:a_sl n MD mmulatlgns, they are usual.ly on the order of and concentration profiles (purple markers) in the solution are plotted. The temper-
1°C A™". While non-physical, these large gradients are not thought ature gradient is approximately linear between thermostats and has a gradient of
to impact the thermodiffusive behavior of the system."" »a132 ~1.1°C A~". The ion concentration profile is averaged over (ty = 5, tgng = 200)
To achieve a non-uniform temperature profile within the sys- ns of simulation time, corresponding to the steady-state regime. The error bars
tem, two spatially defined thermostats were applied. The thermostat represent the standard error in the mean concentration considering temporal

method was designed by Belkin ef al.”’ by altering a pre-existing fluctuations. The TIP3P-FB water model was used in this simulation.
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bath (that is, a velocity sampled from a Maxwellian distribution for
the set temperature) by Lowe—Andersen dynamics with a collision
frequency of 50 ps~'. The average temperature across the system
was determined directly from the particle velocities and, as seen in
Fig. 3 and Fig. S1, is approximately linear in the region between the
thermostatted regions. Note that Non-equilibrium MD simulations,
such as this one, do not achieve linear temperature gradients.’® The
hot and cold thermostat regions were spaced symmetrically about
the midpoint of the z-axis and defined in a volumetric grid with a
grid size of 1.0 A. Two coordinate files were created with all water
molecules flagged with an occupancy of 1.0 and a beta value of the
thermostat target temperature. Thermostats were only active on the
water molecules in the system and, therefore, did not directly alter
the velocities of the diffusing ions under investigation.

It was found that the temperature profile achieved within the
simulation depended on the width of the thermostats, the thermo-
stat target temperatures, the ion concentration, and the water model
being used. As there were both a hot and cold thermostat working
simultaneously, the maximum and minimum temperatures of the
system were less than the target temperature defined in the ther-
mostats (see Fig. 3). Thermostat target temperatures were calibrated
to each specific model setup to achieve consistent temperature pro-
files across simulations (Fig. S1). The width of the thermostat did not
affect the approximate linearity of the steady-state temperature pro-
file (Fig. S2). Therefore, a 10 A width was used in all simulations as
it is larger than the mean free path of the water molecules (~7 A) but
small enough for observing thermodiffusion in the computational
domain outside the temperature-controlled region.

C. Simulation time step and non-bonded interactions

All simulations were conducted with NAMD""" and a time
step of 2 fs. The short-range nonbonded interactions were calculated
every 2 fs, while the full electrostatic field of the system was evalu-
ated every 4 fs, a multiple time step approach supported by NAMD.
Van der Waals interactions were truncated smoothly at a distance
12 A from each atom, with truncation beginning a distance 10 A
from each atom. All pairs of bonded atoms connected by less than
two bonds were excluded from non-bonded interactions, as dictated
by the force field choice. Therefore, no inter-molecular interactions
were modeled within water molecules. Electrostatics under periodic
boundary conditions were calculated directly within a distance 12 A
from each atom. Beyond 12 A, electrostatics were calculated with the
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particle mesh Ewald scheme using all default settings and a grid size
of {X =54,Y = 108,Z = 108} A.

D. Simulation systems and equilibration

The overall simulation strategy is shown graphically in Fig. 2
and detailed as follows. Initial configurations of the aqueous solu-
tions had molecules placed randomly in the simulation system and
were energetically minimized for 100 steps using a conjugate gra-
dient and line search algorithm. To allow these molecules to adopt
a more natural organization, an equilibration simulation was run
at constant temperature, Tavg, and pressure of 1.01325 bar. An
equilibration simulation length of 1 ns was found to be sufficient
for the volume of the system to reach a steady equilibrium value.
The temperature was maintained using Langevin dynamics with a
damping coefficient of 1 ps™". Langevin dynamics introduced addi-
tional damping and random forces to the atoms of the system to
maintain a velocity distribution centered around Tavg. The pressure
was maintained using Nosé-Hoover Langevin piston control. The
Langevin piston was employed with a period of 100 fs and a decay
of 50 fs.

The last frame from the equilibration simulation was used as
the first frame in a set of thermostat calibration simulations. The
thermostat calibration simulations were run in a constant volume
environment for 0.5 ns, long enough to reliably quantify the gradi-
ent of the time-averaged temperature profile. The thermostats were
set to target temperatures that center around the simulation aver-
age temperature Tayg. The resulting temperature profile through the
system was calculated from the atom positions and velocities at each
frame, as described in Sec. IT E (data analysis). The thermostat tar-
get temperatures that achieve the desired temperature values and
gradient were then used for the production run of the simulation.

Independent replicates of the simulation were created before
the data production run. Initial coordinates for each replicate were
randomly sampled from the last 0.25 ns of the equilibration sim-
ulation. The initial velocities of replicates were randomly assigned
to atoms to recreate a temperature distribution centered around
Tavg. The production run of the simulation lasted 200 ns with
constant volume and two thermostats applied. ¢y (ns) corresponds
to the time taken for the concentration profile to reach a steady
state. Steady state concentration and temperature profiles were ana-
lyzed in the simulation time interval of ¢ € [to, tina ], as described
below.

TABLE I. Thermal conditions and number of replicates for the simulation runs in this study. The simulation time for each run

was set to f,g = 200 ns.

1€:%G:00 ¥202T UoleN G2

Average ion Average Desired temperature

concentration temperature range

[NaCl]/M Tavg/°C [Te, Tu]/i°C Replicates Purpose
0.5 10 [-10, 30] 5 To
0.5 30 (5, 55] 3 Sr(T)
0.5 45 (20, 70] 3 Sr(T)
0.5 70 (45, 95] 3 Sr(T)
2 45 (20, 70] 3 Sr(T)
4 45 (20, 70] 3 Sr(T)
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Distinguishing between the time required to reach steady state
and the time required to calculate a meaningful average of the ion
concentration profile was challenging. Therefore, the time required
to reach steady state (fp) was determined by considering two
factors. First, we considered a scaling law approach inspired by
Diaz-Marquez and Stirnemann,”

2
fy ~ 0( ;N) 3)

where t, is the time taken for N diffusing particles to reach a steady
state concentration profile, % is the length the temperature gradient
spans (A), D is the solute diffusion coefficient (A2 ns™'), and N is
the number of diffusing solute particles. Second, we considered the
independence of the final results on the choice of f.

To make a conservative upper bound of ¢y for NaCl concentra-
tion profiles, the diffusion coefficient, D, of NaCl was measured in a
simulation of Tayg = 10 °Cand C=0.5 M (N =298 ions). It was found
that 500 < D < 1150 A% ns™', consistent with experimental results.'’
Using Eq. (3) and D ~ O(100 A% ns™"), L, = 100 A, and N > 298
ions, the upper bound was found to be #y < 0.34 ns. Account-
ing for the rough nature of this scaling law, the upper bound was

ARTICLE scitation.org/journalljcp

conservatively increased to an estimate of #p = 5 ns applied to all sim-
ulations. The independence of the computed inversion temperature
in each simulation to the choice of ¢, is shown in Fig. S3.

A summary of the simulation conditions (average concen-
tration, average temperatures and desired temperature ranges) is
shown in Table 1. These simulations were constructed for all water
models and run with three or five independent replicates of duration
thinal = 200 ns.

E. Data analysis

The production portion of each simulation trajectory was used
to calculate the average concentration and temperature profiles over
the z-axis of the simulation. To do this, the z-axis was discretized
into bins of width 4 = 2.5 A, and the number of molecules N;(z;,t)
and their velocities (vyj, vy, V) were recorded in each bin for each
timeframe using a Fortran script. The concentration of each species
at each time step was calculated from

NS(Z,', t)

CS(Z,‘, i’) = VNA

, (4)

where s € {H,0, Na*, CI"} is the number of molecules of species s
in the subvolume, V = Ly x L, x h = 2 x 1072* L is the volume of the
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subvolume, and N4 = 6.022 14 x 10” mol ™" is Avogadro’s number,
and the position of a water molecule was defined by the position
of the oxygen atom. The temperature was calculated using Eq. (5)
where each ion had three degrees of freedom (Df ), each rigid water
molecule had six degrees of freedom, and k = 1.3807 x 107 JK™" is
the Boltzmann constant,

N; (22 2
138 2my(vy + vy

Z pij

+v§j)
2k Dfj

T(Zi> t) = (5)

The steady state behavior of an aqueous electrolyte solution
under a temperature gradient was assessed by averaging the con-
centration and temperature profiles from each trajectory across all
frames considered in the steady state. To remove the arbitrary spatial
dimension from the analysis, the average concentration Cs(z;) and
average temperature T(z;) profiles are combined to create an aver-
age concentration against the average temperature profile Cs(T).
As the Na* and CI” ions diffuse together at the macro-scale level
due to their electrostatic attraction, the combined ion concentration
Craci(T) is reported in further analyses. The molar fractions of the
ions were calculated from the ratio of the ion concentration to the
sum of the ion and water concentrations.

There were large fluctuations in the instantaneous values of
Cnaci(zi, t) due to there being a finite number of ions in the sim-
ulation with pronounced random motion. To better represent the
variation in the concentration profile, the standard deviation and
standard error in the mean of the average ion concentration pro-
files Cnaci(zi) were calculated from a subset of decorrelated frames.
The decorrelation analysis was completed using the timeseries
module of the pymbar package.”*"” All data analysis was completed
using Fortran scripts or in Jupyter Notebooks™ using the pack-
ages pandas, numpy, math, scipy.optimise, scipy.stats, and
pymbar.

Data points that fall within the thermostatted regions were
excluded from the calculation of the inversion temperature and
Soret coefficient. The inversion temperature, Ty, was found from
the maximum of the NaCl molar fraction concentration profile (see
Fig. 4). To obtain a physically meaningful and smooth NaCl con-
centration profile, the combined molar fraction data were fit to its
theoretical functional form,

Ctheory (T') = €0 exp[—Sq"f’(TTeTo%T + k)] (6)

The empirical fit was first proposed by lacopini ef al.'* and its use
inspired by Di Leece et al.*” It contains four fitting parameters: To
is the temperature at which Sy =0, S is the Soret coefficient at
the limit of T — oo, 7 is a measure of the rate at which Sr varies
with T, and k is a non-physical fitting parameter. An estimate of the
inversion temperature and its associated uncertainty were obtained
explicitly from the fitting parameter Ty in the theoretical functional
form. Equation (6) was fit to the molar fraction data using the python
package scipy.optimise and the function curve_fit using a
least squares fitting method with parameter boundary conditions
(see Table S3).

The predicted Soret coefficient vs temperature was determined
by first obtaining estimates of the parameters S7°, Ty, and 7 as above
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for each simulation replicate and then used in the corresponding
functional form

S2(T) :S?(l—ew). @)

The final estimate of the Soret coefficient over temperature
was reported as an average and standard deviation of the Soret
coefficients measured from three simulation replicates.

Ill. RESULTS
A. Thermodiffusive behavior

An example of the average steady-state temperature and ion
concentration profiles from a simulations run is shown in Fig. 3. The
concentration of ions increases as the temperature decreases, show-
ing the ions exhibiting realistic thermophobic behavior in this region
above the expected inversion temperature. The temperature within
the simulation reached a steady approximately linear profile between
the hot and cold thermostats within 0.5 ns of simulation time, con-
verging much faster than the concentration profiles (see Fig. S4).
This is consistent with the diffusion of heat being more rapid than
the diffusion of mass. No explicit energy conservation algorithm
was employed. The instantaneous total energy and temperature of
the system fluctuated over the simulation time frame, but there was
no overall change to the average total energy and temperature of
the system. We, therefore, report reasonable energy conservation
achieved by the Lowe—Andersen thermostats and no thermal slip,
indicating that energy injection in the hot thermostat was compen-
sated by energy withdrawal in the cold thermostat. Importantly,
mass diffusion in the simulation was observed as a result of the
imposed temperature gradient, demonstrating thermodiffusion. The
convergence of the ion concentration profile was more challenging
to characterize than for the temperature profile (Fig. S5). This was
due to the large uncertainty associated with the small number of ions
in the simulation, resulting in large fluctuations in the instantaneous
local concentration. As noted in Sec. 11, this meant that replicate sim-
ulations of relatively long duration were required to generate reliable
averages, as well as an approach to determine the time required to
reach steady state and to remove correlated data in the uncertainty
calculations.

B. Inversion temperature

The inversion temperature is a key trait of thermodiffusion in
aqueous electrolytes. Therefore, it is a good benchmark for assessing
the accuracy of the chosen water models. For a 0.5 mol kg™' [NaCl].q
solution, the inversion temperature was experimentally reported as
10 °C by Rémer et al.'> To determine how well each water model
can predict this inversion behavior, simulations of 0.5 M [NaCl].q
(0.53 mol kg_l) were set with an average temperature of Tayg = 10 °C
and a temperature gradient of ~1.1°C A™", spanning the tempera-
ture range —10 °C < T < 30 °C. These simulation conditions were set
for all water models, with five models (TIP3P-FB, TIP4P-FB, OPC3,
OPC, and SPC/E) run with five independent replicates of duration
thnal = 200 ns. As TIP3P replicates showed significantly less variation
in the ion concentration profiles within and between replicates, only
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three replicates of TIP3P were run for a duration of tsn, = 120 ns
(to conserve computational resources) with no adverse effect on the
certainty of the result.

As shown in shown in Fig. 4(a), all water models, except TIP3P,
predicted a molar fraction profile with distinct curvature and evi-
dence of a maximum in the temperature range T € [—10,30] °C. The
occurrence of a maximum in the molar fraction profile demonstrates

that these water models can predict the inversion behavior in the
NaCl solution. The molar fraction profile of TIP3P was linear in tem-
perature, and hence, TIP3P did not yield an inversion temperature
within the tested range.

The molar fraction profiles of TIP4P-FB showed the most vari-
ation among replicates of the water models presented in Fig. 4(a).
This presents a broader range for isolating a maximum in the curve

o = N W H» U O

FIG. 6. Soret coefficient as a function
of temperature for each water model in
simulations of 0.5 M (0.53 mol kg=')
(three temperature ranges), 2 M (2.24

Soret coefficient, St/ K1

o = N W H» U1 O

20 30 40 50 60 70 20 30 40 50 60 70
Temperature/ °C

¥ TIP3P-FB ¢
# oPC3

SPC/E
4 TIP4P-FB

+ oprc }
§ TIP3P

20 30 40 50 60 70

mol kg~'), and 4 M (4.88 mol kg~")
NaCl. The black dots in each plot show
the experimentally measured value of
the Soret coefficient from Ref. 12 at cor-
responding comparable solution concen-
trations of 0.5, 2, and 4 mol kg=". Soret
coefficients (average over three repli-
cates +standard deviation) from each
water model are shown as an empha-
sized data point at the simulation aver-
age temperature, and the shape of the
St(T) curve is plotted by a solid line.

Exp., Rdmer et al. (2013)
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and larger uncertainty in the fit between the data and Eq. (6).
Equation (6), derived from the well-used empirical fit of the Soret
coefficient against temperature,'” fits the data of the other water
models reasonably well and fits the data of TIP4P-FB at other aver-
age temperatures and concentrations (see Fig. 5 and Figs. S7-S11).
Therefore, we attribute the dispersion in the TIP4P-FB molar frac-
tion profiles in Fig. 4(a) to random variation among replicates and
rationalize the continued use of Eq. (6) to isolate the inversion
temperature of TIP4P-FB.

The predicted inversion temperatures of each water model are
summarized in Fig. 4(b). TIP3P-FB reproduced an inversion tem-
perature of 11 +1°C, closest to the experimental value. TIP4P-FB
and OPC3 predicted the next closest inversion temperatures of
6+3°C and 6+2°C, respectively; SPC/E followed, predicting
-2 +2°C; and OPC predicted —6 + 8 °C, furthest from the exper-
imental value. The large uncertainty in the inversion temperature
of OPC was likely due to the temperature range of the simulation
not having centrally encompassed a clear maximum in the molar
fraction curve.

C. Soret coefficients

The Soret coefficient is essentially a cross-coupling coefficient
that describes the interplay between a thermal gradient and a mass
flux. The magnitude of the Soret coefficient of aqueous ionic solu-
tions is typically quite small (on the order of 1 x 107> K™'), and
it is therefore much more difficult to measure than direct coeffi-
cients, such as self-diffusion or thermal expansion.”! To determine
how well each water model predicts the Soret coefficient of [NaCl]aq
solutions, we constructed a suite of simulations that span a tem-
perature range of 5°C < T < 95°C at average concentrations of
0.5, 2, and 4 M (equivalently 0.53, 2.24, and 4.88 mol kg™ respec-
tively). The Soret coefficients obtained from these simulations were
compared directly to experimental values in comparable conditions
sourced from Ref. 12 at 0.5, 2, and 4 mol kgfl. The Soret coefficient
changes minimally between these corresponding concentrations of
molality and molarity, particularly for 0.5 mol kg™" solutions and
the 2 and 4 mol kg™ solutions with an average temperature of 45 °C
(see Fig. S6). While this difference in concentration between labo-
ratory measures and simulation measures is not ideal, it is does not
affect the assessment of a water model’s performance in reproducing
thermodiffusion made in this work.

The average fitted molar fraction profile of each water model
from 0.5 M NaCl simulations with a temperature range of
[5, 55] °C is shown in Fig. 5 as an example of the typical results
obtained. The fitted molar fraction profile of each of the three repli-
cates of this simulation is included in Fig. S7. Simulations from all
concentration and temperature ranges listed in Table I were ana-
lyzed in the same way and are included in Figs. S8-S11. Figure 5
shows that all water models, except TIP3P, had distinct curvature
in their molar fraction profiles and, therefore, predicted tempera-
ture dependent thermodiffusion. As with the inversion temperature
simulations, TIP3P predicted a linear molar fraction profile.

The temperature range [5, 55] °C encompasses the expected
inversion temperature of Ty ~ 10°C, so the molar fraction pro-
files might be expected to show a maximum near 10°C. Indeed,
all water models, except TIP3P, showed a distinct curvature at the
lower temperature end of the molar fraction profile that is captured
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by the curve fit. However, the temperature range did not extend
low enough to have confidently placed the temperature at which the
curve achieves its maximum.

The Soret coefficients of each water model across the full tem-
perature and concentration ranges tested are shown in Fig. 6. Water
models predicted different Soret coefficients and, hence, different
thermodiffusive behavior of the ions in the solution. In general, the
TIP3P-FB water model appears to have predicted the Soret coeffi-
cient closest to the experimental values, while the TIP3P water model
had the largest disagreement with the experimental values. Across
the different NaCl concentrations, it appears that the TIPnP-FB and
OPCn water model families predicted Soret coefficients in 0.5 and
2 M solutions more accurately than in 4 M solutions.

Insight into the performance of the water models for 0.5 M
NaCl across the full temperature range was gained by observing the
Soret coefficients measured at each simulation average temperature
in Fig. 7, including the results from the inversion simulations. All
water models, except TIP3P, showed temperature dependent Soret
coefficients that reasonably followed the empirical functional form
for Sy(T), ie., Eq. (7). TIPnP-FB, SPC/E and OPCn water mod-
els confidently recreate the qualitative change in Soret coefficient
with temperature. Therefore, these water models are recreating the

le—-3
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I
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— 3_ ; ]
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ET x? from water model data
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FIG. 7. Soret coefficient and inversion temperature in 0.5 M NaCl (0.53 mol kg—")
solutions as a function of temperature for each water model. Experimental data
from Ref. 12 is shown in black for the comparable concentration of 0.5 mol kg~
NaCl and fit to the S7(T) functional form from Eq. (7), with maximum error in the
fit shaded in gray. A measure of distance between the predictions of each water
model and the experimental curve is quantified by a XZ value in the right-hand side
table, where smaller x? values imply the water models predictions are closer to the
experimental curve.
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dynamics and behavior of water and ion molecules that result in a
complex thermodiffusive transport of electrolytic species, display-
ing both thermophobic and thermophilic diffusion with an inversion
value.

IV. DISCUSSION
A. How well did each water model perform?

As hypothesized, the water model impacted the thermodiffu-
sive behavior of the modeled NaCl solutions. Simulations with all
rigid non-polarizable water models were able to qualitatively repro-
duce thermodiffusion. All water models, except TIP3P, predicted an
inversion temperature in a 0.5 M NaCl solution [Fig. 4(b)], with the
ions showing thermophilic and thermophobic behavior within the
non-isothermal calculation domain [Fig. 4(a)]. Furthermore, water
models of the TIPnP-FB, SPC/E, and OPCn families were able to
recreate the increase in the Soret coefficient with temperature with
reasonably accurate quantitative predictions when compared to the
laboratory-based measurements of Romer et al.'’ at comparable
concentrations (Fig. 6). The most accurate quantitative predictions
of thermodiffusion in the temperature range of [-10,70] °C were
obtained with TIP3P-FB, followed by TIP4P-FB and OPC3 for a
0.5 M NaCl solution (Fig. 7).

The tested water models differed by the number of atoms in
their molecular structure and the reference data that they were
parameterized against. The success of the models being able to
recreate complex thermodiffusive behavior is notable, given that
thermodiffusion was not part of the reference data for any of the
water models. Therefore, parameterization of a new water model
that includes thermodiffusion reference data, e.g., via the ForceBal-
ance methodology,” can improve the accuracy in the quantitative
prediction of thermodiffusion. However, with the time consuming
nature of predicting thermodiffusion coefficients using MD, tun-
ing new models could be a very computationally expensive venture,
while the reasonable accuracy of the TIP3P-FB water model (and
indeed the TIPnP-FB and OPCn families) to predict Soret coeffi-
cients encourages further assessment with more salts and other types
of binary mixtures.

1. TIP3P

TIP3P was undoubtedly the worst performing water model
in our study, consistently predicting linear molar fraction profiles
of the ions with temperature [Fig. 4(a)]. This result demonstrates
that either TIP3P is incapable of modeling temperature-dependent
behavior or it predicts an inversion temperature for NaCl far out-
side the range explored in this study. TIP3P is a relatively old water
model with a limited set of reference data, e.g. the density of water
at 25°C.*® It may not be surprising that TIP3P cannot predict
the temperature-dependent thermodiffusive behavior, given that
no temperature dependence is included in its reference data. The
poor performance of TIP3P, however, has broader implications to
future simulations of thermodiffusion and thermophoresis. TIP3P
is the default water model for the Chemistry at Harvard Molecular
Mechanics (CHARMM) force field,® so many biologically rele-
vant molecules and atoms have been parameterized against it. Poor
results are likely to be obtained in simulations of thermophoresis for
biomolecules when implementing CHARMM force fields with the
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TIP3P water model. Better results may be obtained with biomolec-
ular force fields that use other water models (e.g. AMBER ff19 with
OPCQ), so further testing on the compatibility of the CHARMM force
field with different water models, such as TIP3P-FB (as in Ref. 52) is
required.

2. SPC/E

SPC/E has been the most commonly used water model for
MD simulations of thermodiffusion, e.g., see Refs. 12, 31, and 32.
Although this model reproduced the expected qualitative behav-
ior, neither our nor other simulations, gave precise quantitative
results. We found that SPC/E predicted an inversion temperature for
0.53 mol kg™' NaCl of —2 + 2°C at 1.013 bar. Direct comparison
with previous simulations is difficult due to the use of different con-
ditions. Roémer et al.'” predicted an inversion temperature of around
26 °C for a 2.5 mol kg™" at 100 bar with identical ion parameters,
while Di Lecce and Bresme’ with almost identical ion parameters
(only a small difference in the e value of the CI~ parameters) found
an inversion temperature of —8 °C for a 2.0 mol kg™ at 600 bar.
Extrapolated laboratory-based measurements for the inversion tem-
peratures are 10.0 £0.2°C for 0.5 mol kg™' and -5+6°C for
2.0 mol kg™!. Although it has been stated that pressure has only
a small influence on the predicted Soret coefficients'””""* in the
range of 100-600 bar, the dependence of inversion temperature on
pressure has not been fully characterized. We found that SPC/E
performed better at higher NaCl concentrations (Fig. 6).

3. TIPnP-FB and OPCn

The TIPnP-FB and OPCn water models could all qualitatively
predict the temperature-dependent Soret coefficient, with TIP3P-FB
overall yielding values closest to those measured in the laboratory.
Therefore, these water models can recreate the dynamics and behav-
ior of water and ion molecules that display complex thermodiffu-
sion. Surprisingly, there was no advantage of the four-point model
over its three-point counterpart, despite TIP4P-FB and OPC models
generally being found to perform better at predicting standard prop-
erties of water than TIP3P-FB and OPC3.”>" Our result is similar to
the observation that four-point water models do not have an advan-
tage over three-point water models in their ability to model heat
conduction.”””* Our data showed that the TIPnP-FB water model
family performed better than the OPCn family. The TIPnP-FB
family is parameterized against a large dataset of water properties
measured over a large range of temperatures and pressures, as well
as small amount of molecule data generated by quantum mechan-
ics calculations. It is therefore expected that the TIPnP-FB water
models can recreate temperature-dependent behavior. The OPCn
family has a stronger focus on the electrostatic potential of a water
molecule obtained from quantum mechanical calculations, so it is
a more fundamental theoretical approximation that can recreate
temperature-dependent properties in aqueous solutions.

B. Why do water models perform differently?

It is not entirely clear why any of the TIPnP-FB, OPCn, or
SPC/E water models performed better than any other. By compar-
ing with the works of Wang et al.”* and Izadi et al.,””" we see that
these water models reproduce standard properties of water well (self-
diffusion, density, heat of vaporization, isothermal compressibility,
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isobaric heat capacity, dielectric constant, sheer viscosity, radial dis-
tribution functions for O-O and O-H, and thermal expansion) and
with comparable accuracy. There does not appear to be any obvi-
ous correlation between their performance in reproducing standard
water properties and with their performance in reproducing ther-
modiffusion. In particular, while TIP3P-FB predicts these standard
properties of water well, it does not generally perform better than
the four-point models OPC and TIP4P-FB, or the three-point model
OPC3.

In this work, the thermodiffusive performance based on the
combined water and ion model pair was assessed, not only the inde-
pendent water model. A standard property that is reproduced by the
combined water and ion models is the solution density. We have
found that the water and ion model pairs used in this study repro-
duce the changes in density of the NaCl solutions across temperature
and concentration well (see Fig. S13). However, TIP3P-FB was not
the most accurate for this task. TIP4P-FB most accurately and con-
sistently reproduced solution density of the TIPnP-FB, OPCn, and
SPC/E water models, and OPC3 the least accurately. This result
demonstrates that the ion parameters influence the predicted solu-
tion density, since OPC is the most accurate at predicting the density
of pure water (see Fig. S14), but TIP4P-FB is the most accurate
at predicting the NaCl solution densities. However, it appears that
water and ion models” ability to reproduce the density of a solution
is not indicative of their ability to reproduce the Soret coefficient.

It is possible that another set of ion parameters could change
the thermodiffusive behavior and performance reported here for the
water models (even TIP3P). Previous studies have shown a small
dependence of inversion temperature and Soret coefficient on the
ion parameter choice.'”! In our case, we focused on a single set of
ion parameters for each water model, each optimized in the same
way to recreate the hydration free energy in 0.3 M cation-anion pair
solutions.”” Despite the ion parameters being optimized in the same
way, there were reported differences in the overall performance of
the ions for each water model in their ability to recreate the hydra-
tion free energy and ion-oxygen distance of Na* and CI~."**" The
ion hydration free energy predicted by each combined water and
ion model used in this study is reported in Table II. In general, the
ions of three-point water models were more accurate in reproduc-
ing ion hydration free energies than their four-point counterparts

TABLE II. Hydration free energies (HFEs) of Na* and Cl~ ions predicted by each
combined water and ion model used in this study, compared to experimental values.
Experimental HFE sourced for Na* from Ref. 55 and for CI~ from Ref. 56. Predicted
hydration free energies sourced for TIP3P-FB, OPC3, TIP4P-FB, and OPC from Sl of
Ref. 40 and for TIP3P and SPC/E from Ref. 41.

Na™ HFE (kcal mol™!)  CI™ HFE (kcal mol™)

Experimental -87.2 -89.1
TIP3P-FB -87.2 -89.1
OPC3 -87.1 -89.0
TIP4P-FB -87.5 -89.4
OPC -86.6 -89.2
SPC/E -87.2 -87.8
TIP3P —-88.7 -89.6
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(i.e. TIP3P-FB was more accurate than TIP4P-FB), TIPnP-FB mod-
els were more accurate than OPCn models (for the same n-point
model), SPC/E had reasonably accurate ions, and TIP3P had the
least accurate ions. These trends roughly reproduce the accuracy of
the water models in predicting thermodiffusive behavior, suggest-
ing that the overall accuracy of the ion model is an important factor
in determining how well thermodiffusion is modeled. Nonetheless,
we find it encouraging that we obtained good results without the
need to consider thermodiffusion in the ion or water parameteri-
zation. We note that the choice of ion parameters can also explain
why our Soret coefficient predictions of the 0.5 and 2.0 M NaCl
solutions are much closer to the experimental values than those
predicted for the 4.0 M solutions (Fig. 6). This is likely due to the
ion concentration of 4.0 M being far outside of the parameterized
range.

C. Implications of water model performance

We note that a water model’s ability to recreate thermod-
iffusion is not reflective of its overall performance in recreating
other phenomena. It is expected that an MD water model will be
able to produce certain properties better than others, with greater
accuracy in reproducing the properties in their reference data. The
choice of which water model to use in a simulation is guided by
the properties that the researcher decides are important for their
phenomena of interest. Because of this, multiple works assess the
abilities of different water models to recreate a wide variety of impor-
tant water properties.””””” Notably, the recent 2021 publication of
Pathirannahalage et al.”” comprehensively compares performance of
30 commonly used water models to assist researchers with this deci-
sion. In fact, OPC is the best general performing water model of the
TIPnP-FB and OPCn families.””” That TIP3P-FB performed best
for modeling thermodiffusion in aqueous NaCl solutions does not
imply it will be better than the other tested water models for all
solutes in all conditions of temperature, pressure, and concentra-
tion. Indeed, the temperature and concentration dependence of
thermodiffusion in more aqueous electrolyte mixtures would need
to be studied for a more general water model recommendation
to be made. In particular, aqueous KCl and KBr solutions would
make good candidates for further simulation as laboratory measures
of their Soret coefficients and inversion temperatures are already
available.”'* Another direction for future work would be to examine
how well other force fields could replicate thermophoresis, includ-
ing polarizable potentials and fixed charge models with scaled ionic
charges that have proven able to reproduce many properties of
aqueous electrolyte solutions.””’

V. CONCLUSIONS

All tested rigid non-polarizable water models qualitatively
reproduced thermodiffusive behavior. Simulations using TIP3P-FB,
followed by TIP4P-FB and OPC3, resulted in the most accu-
rate quantitative predictions of thermodiffusion in the temperature
range [—10,70] °C for a 0.5 M NaCl solution. However, all of the
TIPnP-FB, OPCn and SPC/E water models predicted a temper-
ature at which the thermal preference of ions switch in 0.5 M
NaCl solution and could predict the increase in the Soret coeffi-
cient with temperature with reasonable accuracy when compared

J. Chem. Phys. 156, 164503 (2022); doi: 10.1063/5.0088325
Published under an exclusive license by AIP Publishing

156, 164503-10

1€:%G:00 ¥202T UoleN G2


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

to the laboratory-based measurements of Romer et al.'’> More accu-
rate thermodiffusion predictions were obtained by using combined
water and ion models that accurately recreate standard properties
of the ion-water interactions, such as hydration free energy and
ion-oxygen distance, rather than standard properties of water.

Our results provide guidance for the choice of water and ion
models to use in future simulations of thermodiffusion in aqueous
NaCl solutions. Importantly, the results provide further confidence
that such simulations can capture molecular scale details of the
interaction between ions and water molecules to achieve a bet-
ter understanding and predictions of thermodiffusive behavior. A
limitation in our study is that we could only compare to experimen-
tal data from one source due to the lack of such laboratory-based
measurements. Future experiments that characterized thermodiffu-
sion for a number of binary electrolyte mixtures across a range of
temperatures and concentrations would allow for more complete
validation of the simulation predictions. Interestingly, the different
performances of the water models could help explain the mecha-
nisms of temperature sensitive thermodiffusion. Future directions
of this work could focus on exploring the fundamental reasons why
different water models yield varying thermodiffusive predictions.

SUPPLEMENTARY MATERIAL

The supplementary material contains tables of the parameters
of the water and ion models used in this study and the boundary
conditions of parameters for fitting the molar fraction against tem-
perature data. Graphs of the calibrated temperature profiles of each
simulation environment, the effect of thermostat width on the tem-
perature profile, the effect of the equilibration time on the inversion
temperature, convergence of the temperature and ion concentra-
tion profiles, and the influence of solution concentration on the
Soret coefficient are included. The supplementary information also
contains the molar fraction profiles obtained from each simulation
environment, a more in-depth fitting of the predicted Soret coef-
ficients of 0.5 M NaCl solutions over temperature, the density of
the NaCl solutions across temperature and concentration, and the
density of water predicted by each water model used in this study.
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