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ABSTRACT: The abundance and isotopic composition of noble gases dissolved in water
have many applications in the geosciences. In recent years, new analytical techniques have
opened the door to the use of high-precision measurements of noble gas isotopes as tracers
for groundwater hydrology, oceanography, mantle geochemistry, and paleoclimatology.
These analytical advances have brought about new measurements of solubility equilibrium
isotope effects (SEIEs) in water (i.e., the relative solubilities of noble gas isotopes) and their
sensitivities to the temperature and salinity. Here, we carry out a suite of classical molecular
dynamics (MD) simulations and employ the theoretical method of quantum correction to
estimate SEIEs for comparison with experimental observations. We find that classical MD
simulations can accurately predict SEIEs for the isotopes of Ar, Kr, and Xe to order 0.01%o, on the scale of analytical uncertainty.
However, MD simulations consistently overpredict the SEIEs of Ne and He by up to 40% of observed values. We carry out
sensitivity tests at different temperatures, salinities, and pressures and employ different sets of interatomic potential parameters and
water models. For all noble gas isotopes, the TIP4P water model is found to reproduce observed SEIEs more accurately than the
SPC/E and TIP4P/ice models. Classical MD simulations also accurately capture the sign and approximate magnitude of temperature
and salinity sensitivities of SEIEs for heavy noble gases. We find that experimental and modeled SEIEs generally follow an inverse-
square mass dependence, which implies that the mean-square force experienced by a noble gas atom within a solvation shell is similar
for all noble gases. This inverse-square mass proportionality is nearly exact for Ar, Kr, and Xe isotopes, but He and Ne exhibit a
slightly weaker mass dependence. We hypothesize that the apparent dichotomy between He—Ne and Ar—Kr—Xe SEIEs may result
from atomic size differences, whereby the smaller noble gases are more likely to spontaneously fit within cavities of water without
breaking water—water H-bonds, thereby experiencing softer collisions during translation within a solvation shell. We further
speculate that the overprediction of simulated He and Ne SEIEs may result from the neglection of higher-order quantum corrections
or the overly stiff representation of van der Waals repulsion by the widely used Lennard-Jones 6—12 potential model. We suggest
that new measurements of SEIEs of heavy and light noble gases may represent a novel set of constraints with which to refine
hydrophobic solvation theories and optimize the set of interatomic potential models used in MD simulations of water and noble
gases.
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1. INTRODUCTION

Dissolved noble gas isotopes are useful tracers in hydrology
and oceanography due to their chemical and biological

comparison to measurements of noble gas isotope fractiona-

. 16—19
tion.

In principle, solubility equilibrium isotope effects (SEIEs) of

inertness. For example, dissolved helium isotope ratios in
groundwater' ~* and seawater’~* have been used to determine
water-mass residence times, quantify volcanic volatile inputs,
and constrain physical and biogeochemical fluxes in the ocean.
Recent analytical developments’™'' for precise measurement
of dissolved argon, krypton, and xenon isotope ratios in
groundwater and seawater have enabled new applications for
paleoclimate,'” groundwater hydrogeology,'” and atmos-
phere—ocean gas exchange.''® In addition to their broad
applications in the geosciences, noble gas isotopes are also of
fundamental interest to physical chemistry because of their
inherent simplicity as inert, monatomic gases. For example,
vapor—pressure isotope effects (VPIEs) of noble gases—i.e,,
the difference in vapor pressure between isotopes of the same
noble gas—provide a useful means of evaluating physical
models rooted in interatomic potential functions via
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noble gases in water—i.e., differences in solubility between
isotopes of the same noble gas—similarly provide insight into
the physics of hydrophobic solvation as well as into the
accuracy of water and noble gas interatomic potential
functions.”® Whereas SEIEs for polyatomic gases in fluids
arise because of hindered translational, rotational, and internal
vibrational frequencies of the gas molecule in solution,”"*”
SEIEs of noble gases are governed purely by hindered
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translation””*® because noble gases are monatomic. This
simplicity makes noble gas SEIEs attractive for the evaluation
of physical models. However, until recently, experimental
constraints on noble gas SEIEs were known only for helium
isotopes.”¥”> Over the past decade, analytical advances have
facilitated the determination of SEIEs for neon, argon, krypton,
and xenon.'"*° Each of these noble gases displays a “normal
isotope effect””” whereby the heavier isotope (e.g, *’Ar) is
more soluble than the lighter isotope (e.g., *°Ar), as shown in
Figure 1.

2
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Figure 1. Experimentally determined solubility equilibrium isotope
effects in freshwater from prior studies,'"”**™>® normalized by isotope-
pair mass difference, as a function of the mean atomic mass of an
isotope pair, m (Da). Data are reported as € values (where e = a —
1), in %o, normalized by isotopic mass difference, Am (Da). Note that
analytical error bars are smaller than the symbols.

In this study, we explore the extent to which a classical
molecular dynamics (MD) approach can accurately simulate
SEIE:s for the stable isotopes of noble gases. We closely follow
the theoretical framework of Dang et al,”> who employed
classical MD to simulate SEIEs of He, N,, and Ar. To our
knowledge, Dang et al”’ made the first prediction of Ar
isotopic solubility differences, several decades before the first
experimental observations.'"”*° Here, we carry out a suite of
classical MD simulations for isotopes of He, Ne, Ar, Kr, and Xe
in water at different temperatures, salinities, and pressures and
with different water models and interatomic potential functions
to compare simulated SEIEs with observations. We also report
new high-precision measurements of the SEIEs for Ar isotopes
in liquid water. We discuss our results in the context of the
applicability of various water models and potential functions as
well as the viability of classical MD simulations, with quantum
corrections for translation, to simulate equilibrium isotope
effects of monatomic gases.

2. THEORETICAL BASIS AND CLASSICAL MD
SIMULATION APPROACH

Our study is concerned primarily with differences in the Henry
solubility coefficient (H) of the heavy and light isotopes of
noble gas. H is defined according to Henry’s Law as

H= Cdiss/ Cgas ( 1)

where Cg, and C,,, refer to dissolved and gas-phase
concentrations of a noble gas isotope, respectively. We adopt
conventional isotope geochemistry notation (ay,) to refer to
SEIEs, where a is an equilibrium fractionation factor
representing the ratio of heavy-to-light isotope ratios in the
dissolved and gas phases, respectively, at solubility equilibrium:

— G diss __
a = H;/H,

sol— /. \
(2), o

In eq 2, and hereafter, the subscripts h and 1 refer to heavy
and light isotopes of noble gas, respectively.

Following Dang et al,** and based upon Bigeleisen—Meyer
theory,”” equilibrium isotope effects are equal to the ratio of
reduced isotopic partition function ratios between dissolved

and gas phases:

- (Sh/sl)fdiss
! (Sh/sl)fgas (3)

The reduced isotopic partition function ratio in the gas
phase, (s./s) fea is unity for isotopes of a monatomic gas,
while the reduced isotopic partition function in the dissolved
phase, (sp/s)) fys is derived from the method of quantum
correction for translational degrees of freedom. Here, as in
Dang et al,,”* we adopt the first quantum correction, yielding
the following relationship between isotopic solubility differ-
ences, @, and the mean square force experienced by the noble
gas atom, ((F)?), which can be estimated using classical MD
simulations and is independent of isotopic mass:

" 1

Ogo1 = (Sh/sl)fdiss =1+ m(;
1

- ()
my (4)
In eq 4, m refers to isotopic mass in Da, 7 is the reduced

Planck constant (1.054572 X 10°* J s), k is the Boltzmann

constant (1.380658 X 107* J K™'), and T is absolute

temperature.

To illustrate how this framework allows for the estimation of
SEIEs via classical MD simulation, we consider the example of
Ar isotopes in freshwater at 298 K. For this example, we carried
out five separate simulations (see Section 3 for a detailed
description) each with an Ar atom of varying mass (either 4,
23, 40, 53, or 132 Da) surrounded by 1000 water molecules,
using the software LAMMPS.”” We represent water—water
interatomic interactions using the SPC/E water model*® and
noble gas—water interactions with a Lennard-Jones 6—12
model (using the parameter values of ref 29). This set of
interatomic potential models has been extensively validated
against experimental results on the structure and dynamics of
liquid water’>*" and on the solvation structure, solubility, and
self-diffusion coefficients of noble gases in liquid water.””**
Each simulation was equilibrated in the isothermal—isobaric
(NPT) ensemble at 298 K and 1 bar (see Section 3) and then
simulated for 25 ns in the canonical (NVT) ensemble with a 1
fs time step.

For each simulation, the mean squared translational force,
((F)*), is determined by evaluating the curvature of the
normalized velocity autocorrelation function (VACF) of the
noble gas atom at time t = 0. We calculate the normalized
VACEF as

_ (v(®)-v(0))
o(t) = ————
(V(0)) (s)
where V(t) is the instantaneous velocity in any direction at
simulation time t. We split each 25 ns simulation into 100

equal-time (250 ps) segments, and within each segment, we
compute the average VACF over 3 ps intervals, averaging
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across %, y, and z dimensions. As an example, Figure 2 shows
the mean VACEF, prior to normalization, evaluated across each

Figure 3 shows an example of Ar isotopes in water at 298 K,
evaluated at Ar isotope masses of 36, 38, and 40 Da (green

8

VACF (A%/ps?)

0 0.5 1 15 2 2.5 3
Time (ps)

Figure 2. Velocity autocorrelation function (VACF) for **Ar in pure
liquid water at 298 K averaged over the x, y, and z directions. The
thick blue line represents the mean VACF over the entire 25 ns
simulation, and the thin gray lines represent mean VACF values
across one hundred 250 ps-long subsegments.

of the 100 segments (thin gray lines) and averaged over the
entire simulation (thick blue line) for *°Ar in pure water at 298
K.

The normalized VACF may be used to calculate the mean
square translational force experienced by the noble gas by
taking the second-order Taylor expansion and applying the
equipartition theorem (see ref 23), which yields the following
relation:

(5 )@
3mkT ()

Ultimately, eq 6 can be converted to a relation between the
second derivative of the normalized VACF at t = 0, and the
mean square force ((F)?), which can then be used to
determine a translational Einstein frequency, v,

_ (@@=,
Ly = dt2 /(2 ) (7)

where variable ¢ in the denominator is the speed of light.
Finally, values of v, determined for a pair of isotopes of
different mass using eq 7 can be substituted into the relation
between v, and ((F)*), eq 4, to determine the solubility
equilibrium fractionation factor between the two isotopes:

n 2 2

QA = (Sh/sl)fgas =1+ W(Uet,l — Uaip) )

We refer the reader to Dang et al.” for further details and
discussion of this derivation. We emphasize that the relative
simplicity of eq 8 is inherently tied to the monatomic nature of
the solute. For multiatomic solutes, a,, also depends on
contributions associated with solute rotations and intra-
molecular vibrations, such that eq 8 becomes significantly
more complex.”"**

In practice, we use a wide range of noble gas isotopic masses
to obtain better statistical precision on the mass dependence of
V. In other words, we estimate the function v (m) by linear
regression of In(v,,) against In(m) using values of v,
determined via simulations carried out at five real or
hypothetical noble gas isotopic masses. We then evaluate this
function at the masses of the existing stable noble gas isotopes.

c(t)=1-

400

0 20 40 60 80 100 120
m (Da)

Figure 3. Translational Einstein frequency (v.) as a function of
isotopic mass for Ar in freshwater at 298 K. Blue circles represent v,
values obtained from individual 25 ns MD simulations carried out at
Ar isotopic masses of 4, 23, 40, 53, and 132 Da, and the blue line is a
line of best fit [linear fit of In(v,) vs In(m)]. Inset: fitted curve
evaluated at stable Ar isotope masses of 36, 38, and 40 Da (green
circles) for the purpose of determining fractionation factors via eq 8.

symbols) based on MD simulations carried out at Ar isotope
masses of 4, 23, 40, 53, and 132 Da (blue symbols). With
estimates of v, for *°Ar and *°Ar and using eq 8, we find a
mean qy, value of 1.001057 (&, = 1.058%o), which is close to
observations of €, for **Ar/3%Ar in freshwater at 293 to 298 K
(1.012 + 0.012%o0 at 298 K from ref 11; 1.04 + 0.05%o at 293
K from ref 26). The statistical uncertainty on our estimate is
negligible (~0.0002%0) owing to the length of the simulations,
but it is prone to systematic bias due to the choice of model
parameters (i.e., water—water and noble gas—water interatomic
potentials models). Quantifying these biases is the purpose of
the sensitivity tests we carry out in this study (Section 3). We
also note that the In(v,,) vs In(m) linear fitting approach is
rooted in the physical expectation that the rattling frequency of
a gas within a solvation shell should vary with the inverse
square root of the mass of the gas for a simple harmonic
oscillator. Our linear fit does not impose a slope of —0.5.

Notably, the simulated and experimental o, values listed
above for *Ar and **Ar agree within a factor of 2 with the 34-
year-old simulation prediction of Dang et al,,”* who suggested
a value of 1.0017 based on a 1.25 ps-long simulation with 192
water molecules. Although Dang et al.”> did not report a
statistical uncertainty, we suspect that the deviation of their
value from our simulation and recent experimental constraints
is primarily attributable to the three orders-of-magnitude
shorter simulation time due to computational limitations of
that era. Our only substantive advance, therefore, is simply the
application of their theoretical framework to a set of new and
much longer classical MD simulations. In doing so, we find
astonishingly close agreement with experimental data, not only
for Ar isotopes but also for isotopes of other noble gases, as
described in detail in the remainder of the paper.

3. METHODS

3.1. MD Simulations. We carried out a total of 12 series of
classical MD simulations (Table 1) to evaluate SEIEs of noble
gas isotopes in water under different temperature, salinity, and
pressure conditions and to test the sensitivity of these results to
the choice of Lennard-Jones 6—12 parameters, water model,
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Table 1. Overview of the Features That Were Varied in the 12 Series of MD Simulations”

freshwater control saltwater tests

temperature (K) 298 278 298 298 298
salinity (g/kg) 0 0 35 115 0
pressure (bar) 1 1 1 1 —100
water model a a a a a
noble gas L] parameters Bos8 Bo8 Bos8 Bos8 Bos8
run time (ns) 25 25 25 25 S
rigid H,0? No No No No No
simulation series # 1 2 3 4 N

pressure tests

rigid test LJ test TIP4P model TIP4P/ice model
298 298 298 298 278 298 278
0 0 0 0 0 0 0
100 1
a a a b b c c
Bo8 Bo8 Wis Bo8 Bo8 Bo8 B08
S S 25 S S S S
No Yes No No No No No
6 7 8 9 10 11 12

“Water models are labeled a (SPC/E*®), b (TIP4P**), or ¢ (TIP4P/ice’®). The two sets of noble gas—water Lennard-Jones 6—12 parameters

employed are referred to as BO8 (ref 29 and W15 (ref 35).

Table 2. Compilation of Noble Gas SEIEs in Water from Prior Experimental Wor

This Study”

ratio £, (293,0) (%0) a (%o K7')

‘He/*He 16.6 —0.088
22Ne/*Ne 1.04 n/a
“OAr/3Ar 1.041 —0.0072
BAr/3Ar 0.548 —0.0037
86Kr/*Kr 0.232 —0.0008
86Kr/SKr 0.167 —0.0007
8K /3K 0.115 —0.0007
136Xe/12Xe 0.145 —0.0014
B34Xe/1Xe 0.117 0.0003
132Xe/1¥Xe 0.067 0.0001

11,14,24,26 .
k ’ and New Measurements Made in

b (%o kg g7) Am (Da) reference
0.008 0.9866 ref 24
n/a 1.9989 ref 26
0.0009 3.9948 this study
0.0004 1.9952 this study
0.0002 3.9971 refs 11,14
0.0004 2.9965 refs 11,14
—0.0001 1.9991 refs 11,14
0.0003 7.0024 refs 11,14
0.0004 5.0006 refs 11,14
0.0001 2.9994 refs 11,14

“£,,1(293,0), a, and b, refer to the 293 K isotope effect and temperature and salinity dependences, respectively. The isotopic mass difference
associated with each ratio, Am, is given in Da, along with the reference for each set of SEIE values.

and treatment of water molecules as rigid bodies. For each
series (i.e., for each column in Table 1), 25 separate classical
MD simulations were run for five prescribed masses of helium
(1,4, 7,20, 40 Da), neon (4, 20, 34, 84, 132 Da), argon (4, 24,
40, 53, 132 Da), krypton (4, 69, 84, 99, 132 Da), and xenon (4,
40, 84, 119, 132 Da). Each simulation was initialized with a
single noble gas atom surrounded by 1000 water molecules in a
cubic cell with periodic boundary conditions. Simulations were
first initialized at the desired temperature and a constant
volume (30 X 30 X 30 A), ie, in the canonical (NVT)
ensemble, for 20 ps. Next, the system was equilibrated for 80
ps at a constant pressure (1 bar) at the desired temperature in
the isothermal—isobaric (NPT) ensemble. Following this, the
average cell dimensions from the constant pressure equilibra-
tion were adopted, and the simulation was equilibrated for an
additional 150 ps in the NVT ensemble. Finally, the
simulations were carried out for 5—25 ns in the NVT
ensemble, as shown in Table 1. This equilibration process
was repeated separately for each noble gas and in each
simulation series. Depending on the series (Table 1), the SPC/
E,*® TIP4P,* or TIP4P/ice>* models were used to represent
water molecules. Noble gas—O interatomic interactions™* were
represented using the Lennard-Jones (LJ) 6—12 model:

$(r) = 4€l(2) - (D))

r r ©)
where ¢ is the interatomic potential (k] mol™), r is the
interatomic distance (A), 2"%s is the distance (A) of the
potential well, and € is the depth of the potential well (kJ
mol™"). Depending on the series, we used one of two sets of
published LJ parameter values’”** for noble gas—water
potentials. Simulations were carried out with the LAMMPS

software®” using Verlet integration of Newton’s equations of
motion™ to calculate molecular trajectories at 1 fs resolution.
As described in the example presented in Section 2, VACFs
were determined from the instantaneous velocities of noble gas
atoms in each of these simulations such that eqs 5—8 could be
used to calculate @, values for isotopes of He, Ne, Ar, Kr, and
Xe by evaluating fitted mass-dependence curves of v,, at actual
isotopic masses (e.g,, 22 and 20 Da, for Ne). To evaluate the
influence of salinity, two “saltwater” simulation series were
carried out at NaCl concentrations of 35 or 115 g kg™' and
implemented using the NaCl model of Smith and Dang.”” In
these saltwater simulations, Na—O and CI—O interatomic
interactions were represented using the L] 6—12 parameters of
Smith and Dang’’ and Na-noble gas and Cl-noble gas
interaction parameters were calculated via Lorentz—Berthelot
mixing rules.

3.2. Experimental SEIE Determinations. Air—water
equilibration experiments were carried out in the Seltzer Lab
at Woods Hole Oceanographic Institution (Woods Hole, MA)
to redetermine SEIEs and their temperature and salinity
dependences for the stable isotopes of Ar. In total, 46 new
measurements were made using a recently developed air—
water equilibration system that was used in a separate recent
study to redetermine the bulk elemental solubilities of the
noble gases in water.>® In this study, experiments were carried
out at temperatures between ~275 and 296 K and salinities
between 0 and ~33 g kg™". A new technique for high-precision
dynamic mass spectrometry measurements of dissolved noble
gas isotopes in water was used”'’ in which evacuated 6-L
stainless steel flasks were filled part way (~2 to 4 L of water),
equilibrated on a shaker table at constant temperature (~295
K) for a minimum of 3 days, and drained to remove
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Table 3. Summary of SEIE Results from the 12 Classical MD Simulation Series Described in Table 1 (Columns Labeled #1

through 12), Reported as &, Values in %o

sol

ratio #1 #2 #3 #4 #3S
*He/*He 20.16 22.63 20.77 21.45 20.53
Ne/*Ne 1.306 1.499 1.334 1.413 1.328
“0Ar/30Ar 1.058 1214 1.077 1.116 1.074
38Ar/%Ar 0.557 0.639 0.567 0.587 0.565
86Kr/5Kr 0233 0.265 0.238 0.250 0.238
86Kr/53Kr 0.173 0.196 0.176 0.185 0.176
8Ky /3K 0.114 0.129 0.116 0.122 0.116
136Xe/12Xe 0.177 0.202 0.182 0.187 0.143
134X e/12%Xe 0.129 0.147 0.132 0.135 0.103
132X e /19Xe 0.078 0.089 0.080 0.082 0.063

equilibrated water, leaving behind the headspace gas and a
small (quantified) residual amount of water. The headspace
gas was purified by exposure to a chemical getter (Ti sponge)
at 900 °C and cryogenically transferred to a Thermo MAT 253
Plus mass spectrometer using a silica gel-containing dual-valve
dip tube as an intermediary, following the method of ref 10.
Small corrections were made for the noble gases contained in
drained and residual water, following ref 9. Although isotopes
of Ar, Kr, and Xe, in addition to Kr/Ar and Xe/Ar elemental
ratios, were measured, here we report only Ar isotope ratios
(**Ar/*Ar and *¥Ar/*Ar) due to the fact that Kr and Xe
isotope and elemental ratios in water are used to constrain
instrumental matrix effects in this method, and thus our
measured values are implicitly tied to published values for Kr
and Xe SEIEs.'"'* Our new Ar isotope measurements are
made entirely independently of prior studies and thus provide
an opportunity to comprehensively redetermine SEIEs.

Table 2 provides a summary of published and new
experimental determinations of noble gas SEIEs. We report
SEIEs as &, values (e, = a,, — 1) in %o in Table 2, and
temperature and salinity dependences are treated linearly, such
that

(T, S) = £,(293, 0) + a(T — 293) + bS (10)

where T is water temperature (K), S is salinity (g kg™'), and
€593 1s the & value at 293 K in freshwater. We note that the
published helium isotope SEIE function is quadratic in form,**
but that our linear approximation is accurate to within ~0.1%o
(between 273 and 298 K and 0—100 g kg™'), which is well
below the precision of noble gas mass spectrometry for
dissolved helium isotopes in water. The temperature and
salinity dependences of neon isotope SEIEs are not presently
known, but the freshwater value at 293 K has been
experimentally determined.”®

4. RESULTS

Table 3 contains a summary of results (&, values) from the 12
series of classical MD experiments carried out in this study. For
each series, SEIEs are reported for each noble gas isotope ratio
considered in this study (i.e., those listed in Table 2). For
convenience, we also report these same results as percent
differences from the results of Series 1 (the base case) in Table
S1. Below, we discuss these findings and compare freshwater
and saltwater MD-derived SEIEs to experimental observations.

4.1. Pure Water Simulations. Figure 4 shows a
compilation of SEIEs (&, values) determined via MD
simulations and experimental measurements between 278

#6 #7 #38 #9 # 10 #11 #12
19.58 19.57 20.65 19.51 2225 22.46 24.39
1.281 1.283 1.322 1.281 1.454 1.453 1.616
1.037 1.051 1.158 1.027 1.189 1.207 1.332
0.546 0.553 0.609 0.541 0.626 0.635 0.701
0.231 0.231 0.254 0.226 0.258 0.267 0.290
0.171 0.171 0.188 0.167 0.191 0.198 0.215
0.113 0.113 0.124 0.110 0.126 0.130 0.142
0.138 0.174 0.195 0.171 0.200 0.202 0.226
0.100 0.126 0.141 0.124 0.145 0.147 0.164
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Figure 4. Comparison of simulated and experimentally observed
SEIEs for isotope ratios of helium, neon, argon, krypton, and xenon in
freshwater between 278 and 298 K. Marker symbols refer to
experiments run with different water models (WM) or noble gas—
water Lennard-Jones interaction parameters (LJ), as listed in Table 1.
€01 values from MD simulations were calculated following the method
outlined inSection 2 (i, eqs 5—8). Experimentally observed &,
values come from Table 2.

and 298 K in pure water. Overall, independent of the water
model or solute—water interatomic potential functions used, all
MD simulations broadly reproduce the relative magnitude of
experimentally determined SEIEs (i.e., Figure 1), where
isotope effects (normalized by Am) monotonically decrease
in magnitude as elemental mass increases such that isotope
effects are largest for He and smallest for Xe. Across the three
water models used (Table 1), we find the closest agreement
between simulated and observed SEIEs when the TIP4P water
model is employed for all five noble gases considered in this
study. We generally observe the poorest simulation—observa-
tion agreement for the TIP4P/ice model. The sensitivity of
simulated SEIEs to the choice of water model or gas—water
interatomic potential parameters is generally small. For
example, the largest observed deviation between predictions
obtained with different interaction potentials (at 298 K) is
2.95%o for *He/>He at 298 K (Tables 3 and S1), representing
a range of less than 20% of the observed magnitude of the
SEIE (16.2%0). We find that the sensitivities of SEIEs to
pressure and the treatment of water molecules as rigid bodies
(i.e., comparison of Experiments 1 and 7) are negligible for all
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noble gas isotopes considered in this study, in both an absolute
and relative sense (Figure S1, Table S1).

We find the closest agreement between simulations and
observations for the isotopes Ar, Kr, and Xe. For the best-
performing water model (TIP4P; series #9 and #10), simulated
€, values agree with observations at 278 and 298 K to within
0.041%0 for isotope ratios *°Ar/*°Ar, **Kr/**Kr, and
136Xe/12Xe (Table 3), which is on the same order as the
analytical uncertainty.'”"" For the isotopes of He and Ne, we
find poorer overall agreement, with simulations consistently
overpredicting mean-square forces acting on He and Ne atoms
and thus overestimating the magnitude of SEIEs (Figure 4).
Nonetheless, even for He and Ne, the poorest simulation—
observation agreement is still within 40% of the experimentally
observed value for each simulation shown in 4. Note that
experimental errors are quite small, on the orders of 0.1%o for
*He/*He (ref 24) and 0.001—0.01%0 for Ne, Ar, Kr, and Xe
isotopes (refs 11,14,26). The sensitivity of SEIEs to the choice
of noble gas—water Lennard-Jones 6—12 parameters is in all
cases smaller than the sensitivity to the choice of water model
(Table 3, Table S1). Simulations carried out with the Warr et
al.>> Lennard-Jones 6—12 parameters (series # 8) yield &,
values slightly higher (up to 10%) than those carried out using
the Bourg et al.? parameters and using the same SPC/E water
model (Tables 3 and S1).

We find that magnitudes of simulated SEIEs decrease with
increasing temperature for all noble gas isotopes, based on
series of 278 and 298 K simulations carried out with three
different water models (Figure 4, Table 3; series #1—2, 9—10,
and 11—12). Experimentally determined He, Ar, Kr, and Xe
SEIEs similarly display a clear anticorrelation with temperature
(Table S2, Figure 4), while no experimental determinations of
the temperature dependence of the Ne SEIEs exist. Although
the temperature dependence of experimentally determined
SEIEs is well approximated as linear (e.g., eq 10), we note that
eq 8 suggests an inverse-square temperature dependence,
provided that all other variables in eq 8 are insensitive to
temperature. Over the small range of temperatures for which
experimental data exist (~275—298 K), we find that
experimentally determined and simulated SEIEs are similarly
well described by an inverse-square temperature dependence
(Figure S2). Further, as a sensitivity test, we calculated SEIEs
by holding T constant (at 298 K) in eq 8. We find that the
temperature dependences of SEIEs calculated with a constant
T value in eq 8 are substantially reduced. For example, the
mean difference in magnitude of simulated &, values for
*He/*He between 278 and 298 K (averaged across the three
different water models) was 2.38 + 0.41%0 (16) without
holding T fixed in eq 8, but it was reduced to —0.61 + 0.54 %o
(1o) with T fixed at 298 K. This implies that the mean-square
force acting on a noble gas atom is very weakly dependent on
temperature and suggests that the observed anticorrelation
between SEIE magnitude and temperature is dominated by the
inverse-square temperature dependence of eq 8. For the
remainder of this section, we focus on the isotopes of Ar, K,
and Xe, for which simulations closely match the magnitude and
temperature dependence of recent high-precision observations.

Consideration of Ar, Kr, and Xe isotopes also provides a
unique opportunity to consider the mass dependence of SEIEs
(i.e., the dependence of &, on isotopic mass difference, Am),
because precise experimental determinations of SEIEs have
now been made for multiple isotopes of each of these gases

(Table 2). One peculiar aspect of SEIEs in freshwater noted by
ref 11 is the nonlinear mass proportionality of SEIEs for Ar
isotopes but linear mass proportionality of SEIEs for Kr and Xe
isotopes. For example, the experimentally determined 293 K
£, value for 3¥Ar/*Ar is 0.548 + 0.004%o, which is more than
half the value for **Ar/**Ar (1.041 + 0.004%o), despite the fact
that the isotopic mass difference of **Ar/**Ar (Am = 2) is half
that of “°Ar/3Ar (Am = 4; Table 2). However, the
experimentally determined SEIE magnitude for %Kr/**Kr
(0.115 + 0.009%0; Am = 2) is exactly half that of *Kr/*Kr
(0.232 + 0.014%o0; Am = 4), within analytical error (Table 2).
As shown in Figure S, we find that the mass proportionality (or
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'©
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Figure 5. Comparison of the mass dependence of SEIEs for argon,
krypton, and xenon isotopes in classical MD simulations (lines) and
experimental observations (symbols). Observed values are from Table
2 (at 298 K via eq 10). Shown here are simulated values using the
TIP4P water model at 298 K, where the fitted mass curve of v, is
evaluated at the isotopic masses of the isotope ratios reported in
Table 2 and &, values are computed via eq 8. Note that the linear
dependence of &, on the isotopic mass difference should appear as a
horizontal line on this plot, consistent with simulations and
observations for krypton and xenon isotopes. For Ar isotopes, the
nonlinearity of &, as a function of isotopic mass difference is apparent
in both simulations and observations.

lack thereof) suggested by classical MD simulations matches
the experimentally observed mass proportionalities. Mechanis-
tically, we can understand these differences in mass
proportionality as a function of the steepness of the v, vs m
curve (e.g., Figure 3). In the mass range of argon isotopes, this
logarithmic curve is substantially steeper than those in the
mass range of krypton and xenon isotopes. Thus, via eq 8, we
find a greater SEIE magnitude (per isotopic mass difference)
for Ar isotope ratios with a lighter mean isotopic mass (i.e., a
greater magnitude for 38Ar/3°Ar than for “°Ar/ 36Ar). ‘While no
experimental observations exist for SEIEs containing *'Ne, we
can predict that the SEIE for *'Ne/**Ne will be more than
twice as large as that for 2Ne/*Ne, since Ne isotopes lie
within an even steeper portion of the v, curve than do Ar
isotopes.

4.2. Saltwater Simulations. Most dissolved gases,
including the noble gases,ss’39 exhibit a Setschenow “salting
out” effect, whereby the bulk (molecular) solubility of the gas
in liquid water decreases with increasing solution ionic
strength.40 Until recently, it was unknown to what extent
salinity might impact the relative solubility of noble gas
isotopes (i.e., the magnitude of SEIEs), except for the *“He/*He
ratio of dissolved He, which exhibits a slight increase in the
magnitude of its SEIE with increasing salinity”"** (e.g, an
increase in &, of ~0.2%o in seawater relative to freshwater).
More recently, experimental determinations of Ar, Kr, and Xe
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Figure 6. Salinity dependence of helium, neon, argon, krypton, and xenon SEIEs. Results from MD simulation experiments carried out at salinities
of 0, 35, and 115 g kg™" are shown in panel (A), where salinity effects are reported as deviations Ae,, between the magnitude of fractionation at
given salinity and in freshwater at 298 K. As listed in Table 1, these simulations were carried out using the SPC/E water model with Bourg and
Sposito™” and Smith and Dang”” interatomic potentials for noble gases and NaCl, respectively, at a pressure of 1 bar and treating water molecules as
flexible. Also shown (colored circles) are observationally constrained He SEIE salinity effects from experiments carried out by ref 24 at salinities up
to 167 g kg™ and temperatures between 278 and 313 K (not shown are two experiments of ref 24 carried out at salinities of 323 and 325 g kg™,
temperatures of 278 and 313 K, and resulting in Ae of 2.6 and 1.7%o, respectively). Panel (B) shows these same simulations in the salinity range
between freshwater and seawater (~35 g kg™") for Ar, Kr, and Xe, compared with experimental observations (salinity dependence functions of this
study and ref 14; see Table 2). Experimental data are offset in salinity by 1—2 g kg™ for visual clarity.

SEIEs in freshwater'' and seawater'* have shown small, yet
statistically significant, salinity dependences of SEIEs in the
same sense as the He salinity effect (i.e., a slight increase in £
with increasing salinity).

Precisely quantifying the magnitude of salinity dependences
of SEIEs is crucial for the meaningful interpretation of
dissolved noble gas isotopes as tracers in seawater' ”'>*' and
saline groundwater.*” Across three classical MD simulations
carried out at salinities of 0, 35, and 115 g kg_1 at 298 K (with
all other system properties identical; Table 1), we find a
salinity effect on SEIEs such that & increases with salinity for
all isotope ratios considered in this study (Figure 6; Table 3).
The simulated increases in &, (Ag,,) are consistent in sign
with experimental observations, but the magnitude of
simulated Aeg, values is higher than observations for He
isotopes, lower than observations for Ar isotopes, and equal
(within error) to observations for Kr and Xe isotopes. For
example, the simulated Ag, value of *He/*He of ~0.6%o at
~35 g kg™' salinity (roughly the salinity of seawater) is nearly
three times the observed value.”* In both an absolute and
relative sense, simulations more closely match experimental
observations for salinity dependences of Ar, Kr, and Xe SEIEs,
falling within error of *Kr/**Kr and **Xe/'?Xe Aey,
observations, while underpredicting the *’Ar/ ®Ar Ag,, value
by ~50% of its overall magnitude at ~35 g kg™" salinity. We
suggest that future MD simulation experiments and future
experimental determinations to reduce uncertainties may
provide a useful opportunity to further evaluate the choice of
water model and water—solute interatomic potential functions.

5. DISCUSSION

The close agreement that we observe between simulated and
observed SEIEs in this study suggests that a deeper
investigation of the simulations may shed light on the
fundamental processes driving these isotope effects. Here, we
consider the processes and properties that lead to SEIEs within
the context of eq 4, which is derived from the Bigeleisen—
Meyer equation.2 3 We begin by rearranging eq 4 (converting
) to € and approximating my,m; as m”) to note that the per-

mass-unit magnitude of a given isotope ratio’s SEIE (&,,/Am)
is proportional to the mean-square force acting on a dissolved
noble gas atom ((F)*) divided by the squared mean atomic
mass ()%

a  (F))
Am i (11)

Thus, starting with experimental observations, we can
explore the relative importance of these two potential drivers
of SEIEs (i.e, force and mass) by first asking: do observed
SEIEs follow an inverse-square relationship with mean atomic
mass? If so, this would imply that all dissolved noble gas atoms
experience a similar mean-square force.

By comparing In(e,;/Am) to In(m) for experimentally
determined freshwater SEIEs of He, Ne, Ar, Kr, and Xe at 293
K, we find that the data are well explained by a linear trendline
with a slope of —1.8 (R* = 0.996; Figure 7), which is close to
the expected slope of —2 for a constant mean-square force (eq
11). However, a closer examination reveals that Ar, Kr, and Xe
SEIEs fall along a trendline with a slope of exactly —2.0 (R* =
0.998; Figure 7), while Ne and He SEIEs systematically fall
below the trendline. Taken together, these observations point
to several key physical properties of dissolved noble gas atoms
in water. First, the close agreement of experimental SEIEs with
the inverse square mass prediction for Ar, Kr, and Xe indicates
that the heavier noble gases must indeed experience a virtually
identical mean square force acting upon them in a solvation
shell. Second, the lighter noble gases (He and Ne), whose
SEIEs fall below the inverse square mass prediction, must
experience a slightly weaker than expected mean-square force.
That is, SEIEs of He and Ne are lower than those predicted for
hypothetical Ar, Kr, and Xe atoms of the same mass. Notably,
the predicted *He/*He &, value based on the Ar—Kr—Xe
trendline in Figure 7 is ~32.1%o, which falls much further from
the experimentally known value (16.6%0; Table 2) than do the
simulated values in freshwater (e.g, ranging from ~19.5 to
22.5%0 at 298 K; Series # 1, 9, and 11 in Table 3). This
indicates that the MD simulations and Dang et al.** framework
must, at least in part, capture this fundamental shift in {(F)?)
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Figure 7. An observed linear relationship between In(ey,;/Am) and
In(m) for experimentally observed freshwater SEIEs (at 293 K)
indicates that the magnitude of fractionation (&) normalized by the
isotopic mass difference (Am) is generally proportional to the inverse
square of the mean isotopic mass (#n1). Notably, whereas SEIEs for Ar,
Kr, and Xe plot along a linear trendline with a slope of —2.0 (R* =
0.998), a trendline encompassing all five noble gases has a slope of
—1.8 (R* = 0.996). This exact inverse-square mass dependence for Ar,
Kr, and Xe is consistent with the theoretical expectation for SEIEs (eq
11) provided that all noble gas atoms experience the same mean-
square force.

between the light/small (He, Ne) and heavy/large (Ar, Kr, and
Xe) noble gases.

Indeed, we find that translational frequencies, v, found by
MD simulations carried out at different hypothetical noble gas
atomic masses yield virtually identical mass-dependent
functions for Ar, Kr, and Xe, but they are shifted to lower
values for He and Ne (Figure 8). This suggests that, at the

He simulations
Ne simulations
Arsimulations
Krsimulations
Xe simulations
Linear fits

Figure 8. Individual simulation results (markers) and lines of best fit,
showing a close linear relationship between In(v,) and In(m) for
simulations carried out at 298 K for five isotopic masses of each noble
gas in freshwater using the SPC/E water model (Series # 1). The
slopes of these lines are —0.500, —0.499, —0.498, —0.499, —0.499 for
He, Ne, Ar, Kr, and Xe, respectively. We note that virtual identical
results (ie., tight clustering of Ar, Kr, and Xe trendlines, clearly
plotting above Ne and He trendlines) were obtained in other
simulation series (e.g., implementing the TIP4P water model).

same hypothetical mass, dissolved He and Ne atoms
experience a weaker mean-square force acting upon them
(and thus a lower rattling frequency) than do Ar, Kr, and Xe
atoms, which is consistent with the analysis of experimentally
determined SEIEs and their mass dependence (Figure 7).
Why do He and Ne experience a weaker mean-square force
acting upon them within a solvation shell? One possibility is
that the smaller sizes of He and Ne might allow them to
occupy cavities in water without breaking water—water H-
bonds, unlike larger Ar, Kr, and Xe atoms. Under this

hypothesis, collisions of He and Ne atoms with water
molecules may be softer than those for Ar, Kr, and Xe
atoms, which require breaking of H-bonds and formation of a
tight cage of water molecules around the solute. Softer
collisions would lead to a smaller mean-square force action
upon the noble gas atom and a lower rattling frequency. The
existence of a solute size threshold that governs H-bond
breaking and its impact on the nature of noble gas—water
collisions is qualitatively consistent with a hydrophobic
solvation theory suggesting a solute size dependence of
solvation-free energy, with a threshold size partitioning
entropic from enthalpic regimes.””** It is also notable that
He and Ne are small enough to have appreciable solubilities in
ice, whereas the solubilities of Ar, Kr, and Xe in ice are
negligible by comparison.”*® An examination of noble gas—
oxygen radial distribution functions also indicates that He and
Ne exhibit broader peaks associated with the first solvation
shell than do Ar, Kr, and Xe, consistent with the notion that
the smaller noble gases are more loosely held within their
solvation shell and likely experience softer collisions (Figures
S3 and S4).

The In(v,) — In(m) relationships shown in Figure 8 also
suggest that all noble gases (He, Ne, Ar, Kr, and Xe) follow a
simple power low whereby translational frequencies are
proportional the inverse-square-root of atomic mass (i.e., all
trendlines in Figure 8 have a slope very close to —0.5). This
suggests that movement of noble gas atoms in water is well
described by a simple harmonic oscillator, implying that a
solvation shell effectively behaves as an immobile rigid cage
with respect to a noble gas atom on the time scale of noble gas
rattling. This physical understanding of water behaving in a
rigid cage on the characteristic time scale of dissolved noble
gas translation is also consistent with the fact that SEIEs can be
approximately solely as a function of noble gas mass (Figure
7), as opposed to the reduced mass of a noble gas—water pair.

6. CONCLUSIONS

In this study, we carried out a suite of classical MD simulations
and applied the theoretical approach of Dang et al.”’ to
compare simulated and experimentally observed SEIEs for the
isotopes of He, Ne, Ar, Kr, and Xe in water. We find
remarkably close agreement between simulated and observed
SEIEs for the heavy noble gases (Ar, Kr, and Xe). Our results
suggest that future refinements to experimental determination
of SEIEs and their temperature and salinity dependences may
provide a useful testbed with which to evaluate and optimize
the parameters of classical MD simulations of solutes in water,
including the choice of water model and interatomic potential
function parametrization. In addition, our results suggest that
classical MD simulations may accurately predict equilibrium
isotope effects associated with noble gas equilibrium
partitioning in other systems, such as dissolution in ice®¥*°
or adsorption on mineral surfaces.”’~* We find that both
experimentally determined and simulated SEIEs exhibit an
exact (or near-exact, in the case of Ne and He) inverse-square
mass dependence, suggesting that the mean-square force acting
on dissolved noble gas atoms is generally similar, although it
appears to be somewhat lower for He and Ne. We hypothesize
that the smaller size of the He and Ne atoms may allow them
to occupy cavities in water with minimal disturbance to the
structure of water, thereby experiencing softer collisions in a
more loosely held solvation shell. While the simulations
capture the weaker mass dependence of He and Ne SEIEs

https://doi.org/10.1021/acs.jpcb.3c05651
J. Phys. Chem. B XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c05651/suppl_file/jp3c05651_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c05651/suppl_file/jp3c05651_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05651?fig=fig8&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c05651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

suggested by experimental observations, simulated He and Ne
SEIEs are still consistently higher than observations. While
further work beyond the scope of our study is needed to
ascertain the cause of persistent overprediction of He and Ne
SEIEs, it is conceivable that some of the data-model
disagreement may arise because He and Ne are more sensitive
to quantum effects (owing to their lower atomic masses),
which are not directly captured by classical MD. However, it is
notable that the divergent behavior of He—Ne vs Ar—Kr—Xe
is, at least in part, apparent in our classical MD simulations, as
the He—Ne vs Ar—Kr—Xe differences in simulated rattling
frequencies (Figure 8) are consistent with observation-implied
differences in the mean square force acting on a dissolved
noble gas (Figure 7). Nonetheless, the poorer He—Ne data-
model agreement may still result from unresolved quantum
effects, perhaps implying that higher-order quantum correc-
tions may be required. Future MD simulations that incorporate
quantum effects directly (e.g., path integral MD methods’*~>%)
may be more successful in simulating He and Ne SEIEs.
Alternatively, our results may imply that the interatomic
interaction potentials used here yield comparatively less
accurate predictions of noble gas—water short-range repulsion
(which plays an important role in the solvation of all noble
gases) relative to water—water and noble gas—water attractive
interactions (which play an increasingly important role in the
case of larger noble gases, because of their deeper L] potential
well and their stronger tendency to distort the structure of
water). A previous study of Ar VPIEs similarly attributed
overprediction of the magnitude of VPIEs to an overly stiff
representation of van der Waals repulsion in the LJ potential
function.”> We suggest that replacement of the L] potential
with a model that has a weaker exponential dependence for
repulsion, such as a modified Buckingham (exp-6) poten-
tial,>*>* may prove fruitful in future efforts to robustly simulate
SEIEs of all noble gases.

Taken together, our model data evaluations suggest that the
TIP4P model” may be most accurate for simulations of simple
solutes in water. Further investigation into the influence of
water models on the magnitude of kinetic fractionation factors
for the noble gases™ (i.e., isotopic differences in diffusivity in
water) and for the SEIEs of diatomic gases in water may
further enable observational constraints of isotopic fractiona-
tion to optimize classical MD simulations of water for other
applications. We note that Dang et al.”* employed an expanded
version of the approach used in this study to consider vibration
and rotation, in addition to translation, in simulating the SEIE
of N, in water, finding remarkably close agreement with
observations. Future efforts to refine our understanding of
SEIEs through experimental determination and classical MD
simulation are promising as a means of better understanding
fundamental physical processes and optimizing MD simu-
lations for other applications (e.g, simulating systems at
temperatures and pressures that are challenging to replicate in
a laboratory setting).
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