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Abstract

Thermodiffusion is the phenonenon by which molecules in a mixture present con-
centration gradients in response to an imposed temperature gradient. Despite decades
of investigations, this effect remains poorly understood at a molecular level. A com-
mon, phenomenological approach is to individuate the molecular factors that influence
the Soret coefficient, the parameter that quantifies the resulting concentration-gradient.
Experimental studies, often performed on organic mixtures, as well as simulations of
model particle systems have evidenced that the difference in masses between the mix-
ture components has an important effect on the amplitude of the Soret coefficient. Here,
we use molecular dynamics simulations of a thermophoretic setting to investigate the
mass dependence of the Soret coefficient in dilute aqueous solutions. An advantage of
simulation approaches is that they are not limited in the range of explored molecular
masses, which is often limited to isotopic substitutions in the experiments. Our simu-
lations reveal that the mass dependence of the Soret coefficient in these solutions is in
agreement with previous experimental and simulation work on molecular-size systems.
In particular, it is sensitive to the relative mass difference between the solute and the
solvent, but not to their absolute mass. Adjusting the mass of the solvent and of the
solute can turn a thermophobic solution into a thermophilic one, where solute accu-
mulation is reversed. This demonstrates that the mass effect can indeed compensate
for the other contributions to the Soret coefficient. Finally, we find that changing the
molecular moments of inertia has a much more limited impact as compared to a change

in the total molecular mass.

Introduction

When solutions containing at least two constituents are subject to temperature gradients,
they become inhomogeneous, i.e., the concentration of the different species are position-
dependent. In liquid phases, this effect, usually referred to as thermodiffusion, manifests

itself in many different contexts, from molecular mixtures up to micrometer-size particles in



water. 13

It may seem surprising to the physical chemists that there is, as of today, no simple
molecular model that is able to explain why thermodiffusion occurs, and no model to quantify
the amplitude of the concentration-gradient resulting from a given temperature-gradient
(the Soret coefficient, SC) in a system as simple as a binary liquid mixture of molecules A
and B. As a consequence, it is in practice impossible to predict, for a given mixture under
given thermodynamic conditions, the exact value of the expected SC.»3* This is particularly
striking as the vast majority of the structural, dynamical and thermodynamical properties
of the mixture are actually well understood and quantified by a variety of physical models.
For example, the self-diffusion coefficients of components A and B can often be predicted
by the Stokes-Einstein equation (even it fails in some situations), which states that the
diffusion coefficient is determined by the temperature, the viscosity of the mixture and the
hydrodynamic radius of this component. There is no such model for the Soret coefficient.

In order to get a better understanding of the SC, phenomenological descriptions have
been used, > that provide interesting information regarding the origins of the SC. For exam-
ple, a modification of the diffusion equation has been proposed to account for this additional
phenomenon of "thermal diffusion", on top of the regular, Fickian diffusion. For a unidi-
mensional temperature gradient along the z direction, and using the notations of refs.,%% the
total current of solute particles (concentration cs(2)) at a position z can be written as a sum

of the diffusion current jp(z) and of the thermal diffusion current jrp(z), such that

7°(2) = jp(2) + jrp(2), (1)

with
jp(z) = —=D*(2)Vel. (2)

and
Jrp(z) = —D7(2)es(2)VT. (3)



Note here that these are written for dilute solutions of solvent molecules s in a solvent w,
which will be the main focus of the present contribution. Equations are easily modified for
concentrated binary mixtures. Other derivations consider the mass currents instead of the
particle currents; for dilute solutions, both approaches are equivalent, and non-ideal effects
can be neglected as well. We know from experimental and simulation results that a steady-
state can be reached, which implies that j*(z) = 0 at each position. In the steady-state, we

thus obtain

dlncg D3.(z)
= ———— 4
dT |, Ds(z)’ 4)
or,
dlncg s

where S%(2) = D3.(2)/D?(#) is defined as the Soret coefficient. Again, both experiments and
simulations suggest that under "mild" gradient conditions, In ¢, is often a linear function of
T, i.e., Sy can be considered locally independent of T and c,.

As mentioned before, the Fickian, regular diffusion coefficient D*(z) is rather well un-
derstood and several models exist that can often lead to predictions for a given solute in a
mixture; however, less is known about the thermal diffusion coefficient D%.(z). This kind of
phenomenological approach does not really allow to understand the molecular bases for the
SC.

Another strategy consists in trying to relate the measured values of the SC to the physical
properties of the mixture constituents, for example, their molecular mass, their size, or the
intermolecular interactions, among other factors.!** An intriguing but noticeable feature of
the recent experimental and simulations studies is that the corresponding contributions of
each of these factors to the SC seem to be additive, at least within the framework of the
phenomenological approach where one parameter is varied, the others being fixed. We will
focus here on the so-called isotope effect, i.e., the dependence of the SC with the solute and

solvent masses.



In order to clearly separate mass from "chemical" effects pertaining to the molecular
interactions in the experiments, the most direct approach is the use of nuclear isotopes,
which is typically achieved by deuterating one of the mixture constituents. This mass effect
has been recognized in early studies of thermodiffusion in mixtures of normal and heavy
water,” and later, in mixtures of organic solvents.®!® Typically, experiments consider a
given molecule A in a mixture with a second constituent B whose mass is altered through
deuteration. Quite remarkably, the consequences of this mass change in terms of the SC
change are pretty similar among series of different constituents A.!''12 These experimental
studies performed on a variety of solutions point toward a typical change of the SC by
10~* K~! for a change in mass of one of the constituent on the order or 1%.

However, deuteration only leads to limited changes in molecular mass. Isotopic substitu-
tions of other nuclei would have even more limited effects. In order to increase the range of
investigated masses, while keeping the chemistry unchanged, some authors have for example
considered series of chemically analogous molecules, such as halobenzenes, varying the halo-
gen substituent from fluorine to iodine,'® or mixtures of linear alkanes.'* Quite noticeably,
the obtained data agrees with that obtained with isotope-substitution, with SC changes that
are similarly correlated to the changes in mass. But such an approach should be considered
with care, since chemical substitution necessarily affects the intermolecular interactions in
addition to the mass.

At the other end of the spectrum, molecular dynamics simulation approaches have been
trying to decompose the molecular factors that determine the SC. In particular, several
seminal studies have highlighted mass effects in mixtures of non-polar simple particles.® 7
On one hand, a great advantage of the simulations is that the amplitude of mass changes
is in principle not limited to isotope-substitution: in the simulation, particle can carry any
mass. Therefore, mass effects can easily be exaggerated.

On the other hand, simulations of realistic solutions, and especially of dilute mixtures,

are challenging because of the timescales involved to reach the steady-state as well as poor



statistics. To the best of our knowledge, mass effects have not been investigated in details
for these systems using MD simulations. The goal of the current contribution is to fill that
gap. Here, we specifically focus on dilute aqueous solutions of several small molecular so-
lutes. Building on the recent development of a reliable simulation strategy for these systems,
we here investigate whether the simulation results follow the same trend as earlier exper-
imental measurement on isotopically-substituted mixtures as well as simulation results on
simple Lennard-Jones fluid mixtures. In particular, is there a "universal" mass-dependence
for all solutes in a given solvent, or are there variations depending on the nature of the
solute? We find an overall good agreement between our results and those of the previous
experimental and simulation studies; in particular, we find that the SC is sensitive to the
relative mass difference between the solute and the solvent, but not to their absolute mass.
Interestingly, adjusting the mass of the solvent and of the solute can turn a thermophobic
solution (where the solute prefers the cold side) into a thermophilic one, where solute ac-
cumulation is reversed. This demonstrates that the mass effect can indeed compensate for
the other contributions to the SC. Finally, we specifically address the effect of the moment
of inertia in the pure water case. We find that, in agreement with previous simulations on
model particles, changing the molecular moments of inertia has a much more limited impact

on the SC as compared to a change in mass.

Methods and simulation stragegy

Most technical details can be found in a previous work,'® and only the main aspects are

summarized here.

In silico thermophoretic set-up

Each thermophoretic system consists in a parallelepipedic box of dimensions L, x L, x L.,

with L, = L, = 2.5 nm and typically L, = 2L, = 5 nm. Such systems typically contain



about 1000 water molecules and a few tens of solutes. To define a temperature gradient
along z, hot and cold slabs of thickness 0, are symmetrically positioned at z. = —L,/4 and
2z = L, /4. Thus, the temperature-gradient is established over L,/2, and is occurring twice
in the box. The temperature-gradient is generated using an enhanced version of the heat-
exchange algorithm (eHEX) as implemented in LAMMPS,'? where, at given time intervals,
heat —(@) is "pumped" out of what is decided to be the cold region, and +() is injected into
the hot region. Heat exchange was performed at each simulation timestep, formally in the
micro-canonical ensemble. For example, to impose a 60 K temperature difference, we used
Q = 0.0375 kcal.mol'.fs™! for the simulations with a regular solvent water mass (18.015
amu). The data used to measure the steady-state behavior of a given aqueous solutions
under a set thermal gradient is usually averaged over 20 independent trajectories.'® After
an equilibration procedure,'® each trajectory is propagated for 10 ns in the micro-canonical
ensemble and in the presence of the temperature-gradient. Overall, each SC is thus obtained

from 200 ns of trajectory.

Estimation of diffusion coefficients

We performed separated sets of simulations in order to determine the self-diffusion coefficients
of the solute and solvent molecules. We used in that case cubic boxes with L, = L, = L, =
3 nm, that were first minimized and equilibrated for 5 ns in the NPT ensemble. 5,000
regularly spaced configurations were taken along this long initial run and later propagated
for 20 ps each in the micro-canonical ensemble. Note that such a strategy is probably much
more than necessary for the only determination of diffusion coefficients, but we also used
the same runs to analyze activation energy properties (not presented here) that impose this

level of statistics, as shown before.?0:2!



Simulation details and forcefields

We employed the LAMMPS package (version 07Augl9) to perform the simulations, starting
from configurations created with Packmol.?? The chose water forcefield was TIP4P-05.23
The real space cutoff for Coulombic interactions was 8.5 A, and the Lennard-Jones cutoff
9 A (which is larger as compared to the electrostatic cutoff because of the difference in
the localization of the negative charge and of the mass of the oxygen atom). A long-range
interactions solver adapted to the chosen water model was employed (PPPM).2* The simu-
lation timestep was fixed to 1 fs. The solutes were described using state-of-the-art forcefields
(TMAO,?26 urea®” (bonded terms from?®), methanol??). The mass of solvent or solute
molecules was directly modified at the beginning of each simulation by rescaling accordingly
the mass of all the corresponding atoms, with the only exception of masses smaller than 1

atomic mass unit (amu) that were avoided for numerical stability (see main text).

Data analysis

We first define slabs along the x and y directions that are perpendicular to the direction of
the gradient z. We typically divide L, into 15 to 30 slabs. The more slabs , the smoother the
data, but at the expense of increased statistical noise, which is problematic when studying
properties with poor statistics (such as the solute distributions). We define molality in each
slab (indistinctively referred to as concentration here) by dividing the average number of
solutes centers of mass found in this slab by the average mass of water solvent molecules in
the same slab. It is given in units of molal m, for moles of solutes by kilogram of solvent.
Standard-deviations of the molality profiles were estimated from a set of 20 independent
production runs. Soret coefficients (SC) were determined using Equation 5 on the average
molality profile. Because individual trajectories lead to very noisy concentration profiles, the
determination of the error bars based on the estimation of the SC for each separate trajectory
would be meaningless and lead to unrealistic uncertainties. In that case, we therefore used

bootstrapping made with 50 samples of 10 trajectories each one to estimate the statistical



noise. Self-diffusion coefficients were estimated by fitting the mean-square displacement of
the molecules central atoms, passed an initial ballistic regime region that we took to be equal
to 1 ps for all systems. Note that we did not correct for box size effects,®® which are likely

to be very similar among all investigated systems.

Results

Rescaling of solute mass for fixed solvent mass

We start by discussing the results of thermophoretic simulations where the mass of the
solute has been varied for fixed solvent water masses. As in the rest of this work, a 2-m
concentration was chosen as to ensure enough statistics on a timescale of a few hundreds
of nanoseconds.'® While this clearly does not correspond to an an infinitely-diluted regime,
there are no direct interactions of the chosen solute molecules at this concentration (in
particular, no aggregation was observed) such that the solution behavior can be considered as
that of a dilute system. Unless otherwise specified, all results discussed below were obtained
using temperature differences of AT = 60 K around a median temperature of 330 K.
Increasing the solute mass above its regular value is computationally straightforward, and
the mass of all solute atoms was uniformly increased up to 4 to 8 times the regular value.
However, smaller masses may result in technical problems. In particular, decreasing the
hydrogen atom masses below 1 atomic mass unit (amu) may cause numerical instabilities
when using conventional simulation timesteps (1 fs here). As a consequence, when the
solute mass was decreased below its reference, natural value, the hydrogen masses were
always kept to ~ 1 amu, and other nuclei were uniformly rescaled so that to reach the target
molecular mass. Because of the interest in extracting the contribution to the Soret coefficient
originating from effects others than that of the mass, an appealing reference is the situation
where the solute and the solvent carry the same mass. Therefore, the lowest value for the

solute mass was set to 18.015 amu, i.e., the molar mass of the solvent water.



In Figure 1, we show the normalized molality profiles on a log-scale as a function of
temperature for a dilute TMAO solution (a model amphiphilic solute that was extensively

3173%) " the slope of which is equal to —Sr (Equation 5). In that case, the mass

used before
of TMAO was varied between 18.015 amu (the molar mass of water) and 600.88 amu (8
times the molar mass of TMAQO). As expected, the concentration gradient, and thus the SC
(inset), increases with the solute mass. However, the effect of a decrease in mass is stronger
than that of a mass increase: from its reference value of 75.11 g.mol™!, decreasing the mass
by a factor of 4 leads to a 36% decrease of the SC, while multiplying the mass by 4 leads to

a 24% increase.

Previous experimental and simulation studies typically found an empirical proportionality

Ms—M,y
Ms+My

between the relative difference in mass between the mixture components (here, 0 M =
with M, and M, the masses of the solute and that of water) and the Soret coefficient.! In
Figure 2, we then compare the SC dependence upon 6 M for TMAO, urea and methanol
solutions. In the last two cases, mass was rescaled following the procedure described in
detail above for TMAQO. The trend is similar to that observed for TMAO solutions, with
an increase of the SC with the mass ratio between the solute and the solvent, but with
two important differences. First, this dependence is actually more pronounced for urea and
methanol, as seen in the steeper slope in this representation. Second, the lines cross the
0M = 0 vertical at different positions. This shows both that the SC is not zero even when
the two component masses are identical, and that this value is sensitive to the chemical

nature of the solute. We will comment on these aspects later in the discussion.

Uniform rescaling of solute and solvent masses

The decompositions of the SC in terms of dependency to the solute and solvent masses (see
in the Discussion section) typically suggest that the SC is sensitive to any change in the mass
ratio between the mixture components, but not to their absolute masses. We now investigate

whether this is verified in dilute aqueous solutions, using our model TMAOQO solution. In a

10
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Figure 1: Concentration profiles as a function of temperature (with a reference Ty = 330 K),
for rescaled TMAO mass and fixed solvent mass (M" designates the normal molecule mass).
The blue and red bars represent the reservoirs where heat is pumped and injected, respec-
tively. Inset graph: Soret coefficient (S7) vs relative mass difference (0M). The Soret
coefficient values are calculated using the data outside the grey regions. dM is the relative

: My—M,,
mass difference, equal to Y

new set of thermophoretic simulations, both the solvent and solute masses were rescaled
by half following the procedure described above for the treatment of hydrogen atoms, or
multiplied by 4. Whereas a change in the solute mass only does not result in any significant
change in its diffusion timescale, rescaling the solvent mass leads to dramatic changes in
the viscosity and thus to the diffusion timescale of all molecules (solvent and solute) in the
system. This implies that the timescale required for establishing a concentration-gradient is
longer, which requires to pay a specific attention to the definition of the steady-state. In our

case, the employed value of 2 ns is conservative enough so that a steady-state is established
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Figure 2: Soret coefficients as a function of the relative mass difference (6 M) between rescaled
solutes and unrescaled solvent, for TMAO (magenta), urea (cyan) and methanol (orange)
solutions. The error bars are calculated by the bootstrap method.

at this timescale even when solvent molecules are as heavy (and thus slowly diffusing) as the
ones employed here.

As shown in Figure 3, the obtained concentration gradients and SC were the same within
error bars, for the two different solutions. This suggests that, at least in the range of
investigated masses, the SC is indeed sensitive to the asymmetry between the two component

masses, and not to the individual mass of one component.
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Figure 3: Concentration profiles as a function of temperature (with a reference Ty = 330 K)
for uniformly rescaled TMAO and solvent masses by a factor X. The blue and red bars
represent the reservoirs where heat is pumped and injected, respectively. Inset graph: Soret
coefficient (Sr) vs relative mass difference (6M), the Soret coefficient values are calculated
using the data outside the grey regions (same code color).

Rescaling the solvent mass for a fixed solute mass

All the solutions studied so far are thermophobic, i.e., the solute molecules tend to accu-
mulate in the cold region. Since the SC was observed to scale with the relative difference
of masses between the solute and the solvent, solute molecule with low molecular masses
exhibit SC values that are close to zero. This is for example the case for urea once rescaled
to have the molecular mass of water, with a corresponding SC of 1.2 1072 K~!. We now
investigate whether negative values of the SC could be obtained, so that to render the solute

thermophilic. For technical reasons, further scaling down the solute mass would be challeng-
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ing, with instabilities arising from the the existence of harmonic bonds between very light
atoms. Instead, negative values of 0M can be obtained by now increasing the mass of the
solvent up to 8 times its natural mass.

The obtained concentration profiles (Figure 4) unambiguously demonstrate that the so-
lution becomes thermophilic for very negative values of dM, and light urea in very heavy
water thus tend to accumulate on the hot side, whereas regular urea in regular water is
clearly thermophobic. The log-scale concentration profiles also exhibit significant deviations
from linearity, which is only observed in these peculiar cases, and typically not for usual and
realistic solutions.'® For urea, the slope close to the thermostatted regions can even switch
sign, especially when the masses of urea and water are close and when the SC is close to
zero. It is not clear whether this particular behavior is due to the simulation strategy where
only the velocities of the solvent molecules are exchanged by the heat-exchange algorithm,
in a situation where the solute mass becomes as light or lighter than the solvent mass, and
where there would be limitations to the concept of fluctuation-dissipation for a particle in
a solvent. It is also unclear if other thermophoretic simulation strategies would lead to the
same issue in that case.?® As the solvent mass increases, we also note larger fluctuations
among several replicas of the system, which leads to larger error bars in the SC. As detailed
above, increasing the solvent mass directly affects the solution viscosity and the equilibra-
tion timescale, but not beyond values that are accessible by the current simulation setup,
although they clearly lead to larger fluctuations. Another possibility for this behavior could
be a temperature-dependence of the SC in this regime. 1837

Since the SC corresponds to the slope of a linear fit of the concentration-gradient, the
obtained value is sensitive to the width of the region that is chosen for the fit. We typi-
cally exclude regions close to the thermostats, but given the concentration profiles shown
in Figure 4, changing the excluded zones will to some extent affect the SC, which already
suffers from large fluctuations among the different replicas anyway. Therefore, the exact

values should be taken with care; however, the trend for increasing solvent mass is unam-
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Figure 4: Concentration profiles as a function of temperature (with a reference 7Ty = 330 K),
with rescaled solvent mass for fixed urea mass (M"™ designates the normal molecule mass).
The blue and red bars represent the reservoirs where heat is pumped and injected, re-
spectively. Inset graph: Soret coefficient (Sr) vs relative mass difference (§M), the Soret
coefficient values are calculated using the data outside the grey regions.

biguous and when the solvent is much heavier than the solute, the solution is very clearly
thermophilic.

In order to confirm these observations on a system where the solute mass had not been
artificially reduced, the same approach was employed for the methanol solution, which read-
ily exhibits a low SC value with unrescaled masses (1.5 1073 K~!). The water mass was
systematically increased and the resulting SC were estimated and compared to that of the
urea solution(Figure 5), exhibiting qualitatively similar results. In particular, the solution

becomes thermophilic for largely negative values of the relative mass difference between the
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solute and the solvent. These results thus suggest that the mass contribution can actually
compensate for and overcome the chemical components, even for large interacting solutes

that are naturally thermophobic.
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Figure 5: Soret coefficients as a function of the relative mass difference (§M) for rescaled
solvent mass for urea and methanol fixed mass solutions. Urea (cyan) and methanol (orange)
solutions. The error bars are calculated by the bootstrap method.

Isotope substitution of water in water and moment of inertia effect

We then consider isotopic substitution in pure water. In that case, a fraction of the water
molecules were made heavier or lighter as compared to the "solvent" water molecules, at
concentrations similar to those employed for real solutes. By doing so, we can directly

measure the effect of the differences in masses at fixed chemistry, i.e., for two molecules for

16



which there would normally be no thermodiffusion.

As anticipated, when the solute water molecules are lighter than usual, they exhibit a

negative SC (Figure 6), while the Soret coefficient is positive and proportional to the relative

increase in mass when solute water molecules are heavier than in bulk.
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Figure 6: Concentration profiles as a function of temperature (with a reference Ty = 330 K)
for rescaled water solute mass in a system of bulk (unscaled) water. The blue and red bars
represent the reservoirs where heat is pumped and injected, respectively. Inset graph: Soret
coefficient (Sr) vs relative mass difference (6M), the Soret coefficient values are calculated

using the data outside the grey regions (same code color).

We use the same pure water system to investigate the

effect of changes in molecular

moments of inertia. Based on experiments performed on benzene derivatives,®!! the mass

effect has been decomposed into an wntrinsic mass contribution, due to changes in the total

molecular mass, and a contribution stemming from a change in the moment of inertia, due

17



to changes in the distribution of masses in the molecule. For water, we thus considered an
unperturbed solvent and dilute "solute" molecules for which the oxygen mass was varied
from 16 amu (regular mass) down the 2 amu, the total mass of 18.015 amu being constant,
and the remaining mass being distributed homogeneously on the two hydrogen atoms. For
a water molecule, the moment of inertia has three I,,, I, and I.. components, whose root

mean squared sum was considered as the total, average moment of inertia. In the spirit of

Is—Iy
Is+1w’

previous phenomelogical approaches, the resulting Soret coefficient is plotted against
where I is the moment of inertia of the solute water molecule and I,, that of the unscaled
water solvent (Figure 7).

Scaling the mass of the water oxygen down results in an increase of all three components of
the moment of inertia; yet, quite surprisingly, this leads to decreasing, negative values of the
Soret coefficient, while previous experimental studies on very different organic mixtures,? !
as well as simulations on model particles, !¢ noticed an opposite trend. In our simulations, the
average concentration profiles clearly point toward such negative SC values, but the overall

effect remains very limited as compared to the total mass effects discussed so far, even on

the same water system (Figure 6).

Discussion and comparison with previous work

Here, we have systematically varied the mass of solute, the mass of solvent, or the mass of
both solute and solvent, in dilute aqueous solutions. Changing the particle masses in the
simulation is rather straightforward, and the range of covered relative masse changes d M
is large compared to what can be achieved in the experiments, which are mostly limited to
isotope substitutions. A plot encompassing all SC data discussed so far, varying the solute
or solvent masses, is shown in Figure 8. The SC values are necessarily slightly noisy, but

their dependence with M can reasonably be fitted by a linear function

Sy = Si + SydM (6)
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Figure 7: Soret coefficients for rescaled moment of inertia for a dilute fraction of water
molecules in a pure water system, represented as a function of relative moments of inertia

difference (07).

whose values are given in Table 1. The fact that data corresponding either to the rescaling
of the solute, of the solvent, or both, all align in such a representation, further validates
the decomposition of the SC in terms of an isotope-independent contribution S%° and a
mass-dependency though a slope Sy, as extensively done before in the literature.

The effect of mass is dictated by the amplitude of the slope S);, which has been directly
or indirectly measured in several experimental and simulation studies.! Experimentally, this
can be achieved by several ways. In isotope-substitution studies, the SC can be determined
in a liquid where a fraction of the molecules have been deuterated. This has been done on

several molecular liquids, with reported data that ranges from Sy, = 0.0013 K~ for water,”
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Figure 8: Summary of the mass effect on the Soret coefficient for dilute aqueous solutions,
with methanol (orange), urea (green), TMAO (blue) and water (black). The blue and red
zones represent thermophobic and thermophilic regions. The cross dots are the simulations
at natural mass for both solute and solvent. The dashed lines are linear regressions of
Equation 6.

Table 1: Constant values of the linear fit of Equation 6 from Figure 8 for the
water, methanol, urea and TMAQO molecules.

Solute | S%° (1073K™!) | Sy (107°K™!) | Coefficient of determination (R?)
Water 0.0 4.5 0.96
Methanol 1.1 5.9 0.97
Urea 1.5 5.3 0.92
TMAO 3.2 3.4 0.94

with a very limited concentration dependence, Sy, = 0.007 K=! for equimolar mixtures
of deuterated and regular methanol,® and typically Sy, = 0.015-0.020 K—! for equimolar

mixtures of benzene and several deuterated derivatives.® 19 In slightly different experiments
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(still based on isotope substitution), the SC was measured in binary mixtures and compared
for two different systems: first, a regular mixture of A and B; and second, a mixture of A
and deuterated B. Experiments performed on various organic mixtures, typically in regular
or deuterated cyclohexane, led to S, values that are little sensitive to the nature of the first
component and typically on the order of 0.016 K~1.1%12 Such isotope effects have also been
reported for aqueous solutions of ethanol (Sy; = 0.019 K~!) and DMSO (Sy; = 0.012 K~1).3®

Isotope substitution can provide very valuable information, but it typically leads to mod-
erate changes in the relative mass. Other experimental studies could enhance these changes
by considering chemical substitutions or additions that are assumed not to alter the molec-
ular interaction and thus the chemical contribution to the SC. For example, mixtures of
linear alkanes were investigated.!* In that case, estimation of Sy, can be achieved by varying
the size of one component while keeping the other component fixed. Typically, this led to
values around Sy; = 0.01 K—!. Other studies focused on the series of monohalobenzenes in
organic solvents, '3 leading to Sy; = 0.017 K~!. Finally, simulations performed on uncharged,
model particle mixtures could also isolate the mass contributions to the SC by systematically
varying the mass of one of the component.!>!¢ Surprisingly, the values reported on rather
analogous systems range from Sy; = 0.004 K=! in ref.16 to Sy = 0.03 K~! in ref. s

The results of our simulations can be compared with those of these earlier measurements.
Our values range from Sy, = 0.004 K= to Sy = 0.006 K~! depending on the solute (Table 1).
While they all fall in the same range, the slopes Sy, thus slightly differ among the investigated
systems.

We first note that these values are on the same order as those mentioned above. In
particular, they are close to those for mixtures of deuterated methanol and methanol (Sy; =
0.007 K=1) as well as those obtained on model particles (Sy; = 0.004 K~'). They are 2-3
times below the values reported for larger molecular systems such as benzene derivatives
or long alkanes in organic solvents. While there is no obvious trend indicating that S,

should increase with solute size, it is not clear whether an agreement with systems that
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are significantly different from dilute aqueous solutions should actually be expected. In
particular, the system composition (the molar fraction of solute to solvent) and density are
known to affect the SC values, and our current simulations lie in a regime that is pretty
different from that explored in most experimental studies. A larger mismatch is observed
with experiments performed on water and heavy water mixtures, which led to Sy, values 3

7 or with those of ethanol in water,

times smaller than the one observed in our simulations,
which exhibits values typically 3 times larger.3® However, we note that experimental results
themselves often lead to largely different values on similar systems, and the overall good
agreement on the amplitude of the mass effect in our simulation compared to this vast body
of experimental and simulation results further reinforce our simulation approach.

We also note that our results are in agreement with an empirical correlation between
Sy and the system density derived before based on MD simulations of model particles. 3’
When rewriting Equation (2) of this reference, and rescaling the density by the critical point
density, we find that the infinite dilution limit of Sy, is expected to be 0.0038 K~!, which
is in very good agreement with our simulation results, although it does not explain why Sy,
slightly varies depending on the solute. This could be due to specific interactions between
the solute and the solvent, not taken into account in such a simple model, or to effects due
to the moments of inertia.

Indeed, inspired by theories on gaseous mixtures, it has been proposed to decompose

Equation 6 into three contributions and to write the following phenomenological equation:?*

Sy = Sz + 8, (7)
with
M, — M, I—1
r s w s w
Sh = e b ®)

that is, to decompose the effect of mass in an intrinsic effect of the total molecular mass,

and that of its moment of inertia. Such a decomposition was mainly motivated by studies on
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benzene derivatives with the same masses but slightly different thermophoretic response. %1°

It has also been verified for mixtures of simple diatomic model molecules in the simulations. 6
In our case, changing the mass of all the atoms in a molecule, even homogeneously, will not
only affect its molecular mass, but also the components of its moments of inertia. We thus
note that the intrinsic effect of mass and that of the moment of inertia both contribute to the
observed Sj;, and they are not easily separated. In particular, since the moments of inertia
of a molecule are not the same depending on the direction of its main axis for reorientation,
it is not clear which component(s) would contribute to the moment of inertia in Equation 8.
Originally, this formulation was proposed for molecules of much higher symmetry, such as
benzene, for which the definition of I is less ambiguous, and for which the specific ring
geometry leads to pretty large values of I. A systematic simulation study indicated that the
Soret coefficient was in fact much less sensitive to a change in the moments of inertia in the
mixtures than it was to change in masses.'® Our own investigation here on the pure water
system indeed confirms that the moment of inertia effect is at least 3-4 times more moderate
than that of the total molecular mass, with very limited changes in the SC that contrast
with important changes with the total solute/solvent mass.

Interestingly, that altering the solute mass with respect to that of the solvent can turn a
thermophobic solute into a thermophilic one can also be inferred from experimental results.
While such a regime of light solute in a heavy solvent is not typical of experimental systems,
we note that the sign inversion of the SC in that case has also been observed in previous
studies of mixtures of linear alkane chains.'* For example, for dilute solutions of a short
alkane in a solvent of a longer and thus heavier alkane, positive SC values with respect to
the heavy alkane have been reported.!* These thus correspond to negative SC values with
respect to the light component, which is the "solute" in that case.

Finally, while the detailed investigation of the molecular origins for such a mass depen-
dence of the Soret coefficient in the condensed phase goes beyond the scope of the current

manuscript, we briefly comment on the connection between the effet of mass on S7 and on
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its diffusion and thermal diffusion,

r=Dr/D’. (9)

Not surprisingly, given the symmetry of Equation 6, the effect of a decrease in mass of
the solute would be totally opposite to that of an increase in mass of the solvent. Yet, in
dilute solutions, these have very distinct effects on the solute and solvent diffusion coefficients.
Indeed, the self-diffusion coefficient of a dilute solute is not sensitive to a change in molecular
mass, as expected from stochastic equations and as verified in our simulations. For example,
the diffusion coefficient of bulk water at 298 K in a ~ 3-nm side cubic box was measured to
be 2.15 x 107° cm?/s. When the mass of a dilute fraction (corresponding to a 2-m system) of
water molecules is doubled, this results in a self-diffusion coefficient of both the "solute" and
solvent water that is barely affected and equal to 2.10 x 107° ¢cm?/s. However, now doubling
the mass of solvent water molecules while leaving the solute one unaffected, leads to a self-
diffusion coefficient of both types of molecules equal to 0.67 x 1075 cm? /s, very close to the
value of a pure bulk system with a doubled mass, 0.62 x 107° c¢m?/s. Despite these very
different consequences on the diffusion coefficients, we find that indeed the decomposition of
Equation 6 can describe both cases, with S = 2.2 1072 K~! with heavy solute in light solvent
and Sr = —2.2 1072 K~! for light solute in heavy solvent. Another striking observation is
that when the solute mass is now multiplied by a factor of 8, the self-diffusion coefficient of
both the solute and solvent water is barely affected and equal to 1.75 x 107> cm?/s. At the
same time, the Soret coefficient is multiplied by a factor of 2 (Figure 6).

These observations thus suggest, on one hand, that upon changes in the mass of one of
the components, very large variations can be observed for the SC with almost no variation
of the self-diffusion coefficient of both species, and, on the other hand, that similar SC (in
absolute value) can be measured while the diffusion coefficients dramatically vary. Following

Equation 9, this means that the (phenomenological) thermal diffusion coefficient Dy would
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significantly vary in the first scenario, and totally compensate for the variations of D in the
second one. Unfortunately, a molecular theory that would be able to directly predict the
variations of Dr is currently not available to be compared with the results of this indirect

estimation.

Concluding remarks

Here, we have performed molecular dynamics simulations of dilute aqueous solutions under
thermal gradients. Following our previous work that demonstrated the success of such a
strategy for a variety of molecular solutes in water,'® addressing in particular the challenge
of dilute regimes that require very long simulation timescales, we investigate here the effect of
mass on the amplitude of the concentration-gradient of the solute that is observed in response
to the temperature-gradient. For different solutes, including heavy/light water in normal
water, the mass of the solute, the mass of the solvent, or both, were systematically varied.
In a way, this echoes experimental isotope-substitution experiments, with the noticeable
difference that simulations are not limited to naturally-accessible chemical isotopes. As a
consequence, a much larger spectrum of mass differences can be explored.

Quite remarkably, we find that the SC typically varies linearly with the relative mass dif-
ference between the solute and the solvent, in agreement with previous experimental studies
as well as computer simulations on simple model particles. However, a similar rescaling of
both the solvent and the solute molecules does not lead to noticeable variations of the SC,
as expected. The slope of the mass dependence upon the relative mass difference were seen
to slightly vary among the solutes, but were always on the order of 1072 K~!. These values
are in good agreement with available experimental and simulation results on a variety of
solutions, including organic, aqueous, and model mixtures. This suggests that molecular dy-
namics simulations on real dilute aqueous systems are able to capture the mass dependence

of thermodiffusion. We also found that differences in the moments of inertia of the solute
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and solvent molecules has a much more limited effect on the Soret coefficient as compared
to changes in the total molecular mass. Finally, we show that the large variations of the
Soret, coefficient upon a change in mass of the solute necessarily come from large variations
of its thermal diffusion component, because the diffusion coefficient is largely insensitive to
the mass of dilute species. Provided with an approach and a set of simulations that reliably
reproduce experimental data, we are currently working on the molecular interpretation of

these mass effects.
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