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Abstract

The effect of ions on the properties of aque-
ous solutions is often categorized in terms
of the Hofmeister series that ranks them
from chaotropes (“structure-breakers”), which
weaken the surrounding hydrogen-bond net-
work to kosmotropes (“structure-makers”),
which enhance it. Here, we investigate the
Hofmeister series in ~ 1 M sodium-halide so-
lutions using molecular dynamics simulations
to calculate the effect of the identity and prox-
imity of the halide anion on both the water
diffusion coefficient and its activation energy.
A recently developed method for calculating
the activation energy from a single tempera-
ture simulation is used, which also permits a
rigorous decomposition into contributions from
different interactions and motions. The mecha-
nisms of the salt effects on the water dynamics
are explored by separately considering water
molecules based on their location relative to
the ions. The results show that water diffusion
is accelerated moving down the halide group
from F~ to I”. The behavior of the diffusion
activation energy, F,, is more complex, indi-
cating a significant role for entropic effects.
However, water molecules in the first or sec-
ond solvation shell of an ion exhibit a decrease
in E, moving down the halide series and Na™
exhibits a larger effect than any of the anions.
The E, for water molecules within the second
solvation shell of an ion are modest, indicating

a short-ranged nature of the ion influence.

Introduction

The Hofmeister series classifies ions based on
their effect on the salting in and out of pro-
teins. Since its development, this series has
been explored in great detail, often with a par-
ticular focus on its broader implications for the
effects of ions on the structure and dynamics
of water in both biological and non-biological
milieus.*! In particular, ions in aqueous so-
lution have been categorized based on their
disruption or enhancement of the surround-
ing hydrogen-bonding (H-bonding) network
as chaotropes (“structure-breakers") or kos-
motropes (“structure-makers"), respectively. ™"

A number of studies have shown that the
Hofmeister series ordering does not hold for all
properties, complicating the structure-making
and rev-breaking interpretation. In fact, in
some cases a ‘reverse” Hofmeister series is ob-
served.® There is an ongoing debate over the
nature of the effect of ion identity. This in-
cludes, the length scale over which ions im-
pact the solvent structure and dynamics,*#18
the differences between anion and cation ef-
fects, GABEISEL the relationship between be-
tween structure and dynamics,*#192223 and the
relative roles of energetic and entropic driving
forces BATEZIZ212

An interesting issue in understanding the ef-
fect of ions on solvent properties is the differing
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roles of cations and anions. In experiments, it
can be challenging to separate the influence of
the two, though some spectroscopic approaches
have been exploited.* ™ Molecular dynamics
(MD) simulation studies of ionic solutions have
reported a stronger effect on the dynamics of
the surrounding solvent molecules due to the
anion compared to the cation. 382U T water
and other H-bonding solvents, the asymmetry
of the anion and cation solvation structure is
a natural driving force of this difference, but
the specific mechanisms that connect it to the
dynamical properties are still being elucidated.
It has long been known that liquid structure
and dynamics are closely related; disruptions in
solvent structure lead to changes in solvent and
solute dynamics. Dynamical timescales, includ-
ing OH reorientation time, water diffusion co-
efficients, viscosity, and terahertz and infrared
spectroscopic probes, often vary significantly
with even relatively minor changes in the lig-
uid structure. Understanding these ion effects
on dynamics are key to unraveling the origins
and interpretations of the Hofmeister series.
Diffusion coefficients have been found to pro-
vide a sensitive measure of the solvent response
to ions with differing identities and concentra-
tions. 2024533 They have the additional advan-
tage that they are readily accessible in both
measurements, primarily based on nuclear mag-
netic resonancet?¥242%33 (NMR) and quasi-
elastic neutron scattering,** (QENS), and MD
simulations. #208Ur82:85538 Thyg the water diffu-
sion coefficient has been of significant interest in
the case of aqueous salt solutions. While many
of the trends are now clearly established, a com-
plete picture of the underlying driving forces is
not yet available; interesting, sometimes non-
intuitive, behavior as a function of salt identity
and concentration has been reported.2%s0 33
The self-diffusion coefficient of neat water has
been extensively measured,”**¥ serving as an
accurate reference for the influence of ions in
electrolyte solutions. This effect is often ex-
pressed as D /D, where Dy represents the neat
water value. Some of the earliest NMR mea-
surements of ionic solutions were reported by
McCall and Douglass,** who considered nearly
thirty different salts at varying concentrations,

including the NaCl, NaBr, and Nal solutions
considered in this work. Endom et al. likewise
carried out an extensive study of water diffu-
sion (and other dynamics) in various salt solu-
tions as a function of concentration and temper-
ature.”” Both studies found that D was smaller
than that in neat water (D/Dy < 1) for all
the NaCl, NaBr, and Nal salts with the effect
largest for CI~ and smallest for ™.

In this Paper, we present calculations of the
water self-diffusion coefficient, D, in ~ 1 M
sodium-halide solutions to gain insight into
the effects on water dynamics at a moderate
concentration that has been frequently stud-
ied 81020243045 and permits exploration of wa-
ter dynamics in a diverse range of ionic envi-
ronments. The aim is to better understand the
Hofmeister series and associated classifications.
In addition to the diffusion coefficient, we di-
rectly calculate the activation energy from sim-
ulations at a single temperature using the re-
cently developed fluctuation theory for dynam-
ics. 449 This approach also provides a rigorous
decomposition of the activation energy associ-
ated with different motions and interactions,
e.g., kinetic, Lennard-Jones, and electrostatic
energies. The particular effects of the different
ions in the sodium-halide solutions are eluci-
dated by separately examining the behavior of
water molecules based on their location (defined
by solvation shells) relative to the ions present.

Theory

Diffusion Coefficients and Activa-
tion Energies

The water diffusion coefficient can be obtained

from MD simulations by calculating the mean-
squared displacement (MSD),

| N

MSD(t) = + > ) =70, (1)

Jj=1

Here 7}(t) is the oxygen atom position of the
4" water molecule at time ¢, N is the number
of water molecules, and () represents a ther-
mal average within the canonical ensemble. At



longer times MSD(t) is linear in time with a
slope proportional to D as

D = lim M5

t—o0 6t

(2)

In practice, D is determined from the slope of
a linear fit to M SD(t) over a time interval.

A central focus of this Paper is the examina-
tion of the activation energy of the water diffu-
sion coefficient,

olnD
o’

where = 1/kgT. This activation energy pro-
vides important insight into the barrier under-
lying the diffusion process. While FE, is typ-
ically obtained from an Arrhenius analysis, it
is well established that water dynamics, in-
cluding diffusion,**®!' exhibits significant non-
Arrhenius behavior. The present work makes
use of a recently developed method, derived
from the application of fluctuation theory to
dynamics, that has been demonstrated for cal-
culating diffusion coefficient activation ener-
gies. 2649

Specifically, we have previously shown that
the derivative of the MSD(t) with respect to
inverse temperature () is given by’

E,=—

(3)

OMSD(t)

20 - _%Z(éH(O) [75(t) — 75(0)[)

= _MSDy(t), (4)

where 6H (0) = H(0) — (H) is the fluctuation in
the total system energy, H, at time ¢ = 0. Thus,
the temperature dependence of D is calculated
from the correlation of the instantaneous fluctu-
ations of the energy with the diffusive motion of
the water molecules as measured by the MSD.
It is then straightforward to show that the ac-
tivation energy of D can be written as,

lim MSD(t)

t—o00

E, =

Note that MSD(t) and MSDg(t) are both

time correlation functions that can be com-

puted from simulations at a single temperature.
As opposed to the numerical derivative used
in an Arrhenius analysis, eq. [5| is an analyti-
cal derivative. In practice in the present work,
we calculate F, from the ratio of the slopes of
MSDpy(t) and MSD(t) over the time interval
5-20 ps.

This approach for calculating the activation
energy also provides important, otherwise un-
available mechanistic information.#749%5253 Ty
particular, the total energy can be decomposed
in numerous physically meaningful ways. In the
context of water diffusion in electrolyte solu-
tions, a useful example is

6H(0) = KE(0) + 6V5y(0) + 0Veou(0), (6)

where K FE is the kinetic energy and Vp; and
Veoow are the Lennard-Jones and Coulombic po-
tential energies. Substituting this for dH(0) in
eqgs. [] and [5] separates the total diffusion coeffi-
cient activation energy into contributions from
these motions and interactions as

Ea = Ly, KE + Eg,LJ + Ea,Coula (7)

with, for example,
lim MSDCoul(t)

Ezz oul = t—o0
Coul lim MSD(t) ’ (8)
—00

where M SDcou(t) is MSDy(t) defined in eq.
with 0 H(0) replaced by 0V (0).

The physical interpretation of these contri-
butions to the activation energy is provided
by Tolman’s perspective. 432490 Tolman showed
that the activation energy for a chemical reac-
tion is equal to the difference in the average
energy of reacting species minus the average
energy of the reactants. In other words, FE,
is the energy required to overcome the barrier
to reaction (rather than just the height of the
barrier itself). As such, the activation energy
can be subdivided into different components of
the total energy needed to pass over the bar-
rier. For water diffusion, the activation energy
is then the average energy of water molecules
that diffuse (i.e., surmount the barrier to dif-
fusion) minus the average energy of all water



molecules. From this viewpoint, the contribu-
tion E, cou is the average electrostatic energy
of water molecules that diffuse minus the aver-
age electrostatic energy of all water molecules.
In this way, the decomposition in eq. [7] provides
insight into which components of the system’s
energy most effectively accelerate (or deceler-

ate) diffusion.

Categorization of the Water

Molecules

To gain insight into the specific effect of the
sodium and halide ions, each water molecule
within a simulation is categorized — at every
time origin used in the calculation of the diffu-
sive dynamics, i.e., MSD(t) and MSDx(t) -
according to its location with respect to the ion
solvation shells for both the cation and anion.
We classify each water molecule according to
whether its oxygen atom lies within the 1%¢ or
274 solvation shell of a cation, anion, a combina-
tion of two such solvation shell locations based
on the specific ions involved, a combination of
three (or more) solvation shells irrespective of
the ions involved, or outside any such solvation
shells. Fig. [1| provides a simplified illustration
of how the water molecules are characterized
in the case of an NaCl solution. This scheme
results in a total of thirteen separate water pop-
ulations that are defined in Table [Il

The cutoff distances used to determine resi-
dence in the solvation shells were obtained from
the minimums in the oxygen-ion radial distri-
bution functions (RDFs) shown in Fig. [2p-e.
Only the NaF results for gon.(r) are shown in
Fig.[2a as the RDF is nearly independent of the
halide (see Fig. S1) and nearly the same cutoff
distances for Na™ solvation shells are used in
all cases (see Table S2). Fig. 2p-e illustrates
that descending the halide series from F~ to
I, the 1°¢ and 2" solvation shell peaks flatten
and broaden. This leads to changes in solvation
shell cuttoffs; the values used are indicated in
Fig. 2 by dashed lines and listed in Table S2.

For each category of water, the diffusion co-
efficient, corresponding activation energy, and
activation energy components (i.e., associated
with the kinetic, Lennard-Jones, and Coulom-
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Figure 1: Schematic illustration for an NaCl so-
lution demonstrating the populations of water
molecules surrounding the ion pairs using the
notation from Table [I]

bic energies) are calculated to gain a mechanis-
tic understanding of the ion effect. Namely, the
mean-squared displacement can be rewritten as

MSD®) = Y- a7 = HOP)
= 3 fa MSD(1), 9)

where « labels the categories of water molecules
based on solvation shell listed in Table |1} each
consisting of N, molecules and representing the
fraction f, = N, /N of all water molecules. An
analogous expression can be written for the wa-
ter diffusion coefficient,

13
D=>" fuDa, (10)
a=1

where D, is determined from eq. with
MSD(t) replaced by MSD,(t), i.e., from the
slope of M SD,(t) at long times. The activation
energy associated with the water diffusion coef-
ficient is likewise additive, E, =Y fo Faa

Entropic Effects

It is also interesting to estimate the entropic ef-
fects influencing the diffusion coefficient. One



Table 1: Definitions of the categories used to denote locations of water molecules
relative to sodium, Na't, and halide, X, ions.

Category Definition

All All water molecules

1X 1t solvation shell of halide X~

1Na 1% solvation shell of Na*t

2X 274 solvation shell of halide X~

2Na 27 golvation shell of Na®

1X2X 1% solvation shell of one X~ & 2™ of another
1X2Na 1% solvation shell of an X~ & 2"? of an Nat
1NalX® 1%t solvation shell of an Na®™ & 1% of an X~
1Na2Na 1%t solvation shell of one Nat & 2"? of another
1Na2X 1%t solvation shell of an Nat & 24 of an X~
2Na2X 274 golvation shell of an Nat & 27 of an X~
3solv Solvation shells (1%¢ or 2"?) of three different ions
Bulk Outside the 1°¢ or 2" solvation shell of any ion

“Corresponds to a water in a solvent-separated ion pair.

approach is to consider an Arrhenius descrip-
tion, D = Ae PP« and use the prefactor, A, as
a proxy for the entropy-determined factors. A
more explicit, but also approximate, approach
is to consider a transition state theory-like de-
scription as

D(T) ~ Dje P24 = Dy e PAUT AT (11

where D4 can be though of as an “attempt fre-
quency” factor that has the units of D and AA*,
AU* and AS* are the activation (Helmholtz)
free energy, internal energy, and entropy respec-
tively. It is important to note that these quan-
tities implicitly depend on the definition of a
transition state dividing surface based on a re-
action coordinate and are thus not explicitly
measurable, in contrast to the activation energy
which is determined by how D changes with
temperature.

With that caveat in mind, we can estimate
the relative change in activation entropy from
that of neat water with two assumptions: 1)
D, is the same for waters in all environments,
and 2) the activation internal energy can be ap-
proximated by the activation energy, AU* ~
E,. Then, for a given population a of water

molecules,

& — ¢—B(Baa—Ea) e(AS(i—ASé)/R. (12)
Dy

This relative measure of the activation entropy,

AASE = ASE — AS} is then given by

D Eyo—E
P~ RIn | =~ —aa — Fal 1
AASY Rn( 0>+ (13)

This expression reflects the general expectation
that differences in D that are not associated
with the activation energy are attributable to
entropy. This neglects possible effects due to
changes in the attempt frequency D4 or transi-
tion state recrossing.

Computational Details

All MD simulations were performed using the
Large-Scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS).?*0 Each simula-
tion consisted of 331 water molecules, described
by the SPC/E model,®” and 6 ion pairs, using
the Joung-Cheatham model.”® The force field
parameters for each ion are shown in Table [2}
Lorentz-Berthelot mixing rules were used.©%02
A total of 4 electrolyte solutions were consid-
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Figure 2: Water oxygen-ion radial distribution
functions for ~ 1 M sodium-halide aqueous so-
lutions. Results are shown where the ion is a)
Na® (orange), b) F~ (black), ¢) Cl~ (red), d)
Br~ (blue), and e) I~ (violet). Dashed verti-
cal lines indicate the 1% and 2"¢ solvation shell
cutoff distances for each case.

ered, all having Nat as the cation, and with
the halides F~, CI~, Br™, and I~ as the anion.
Each electrolyte system was first equilibrated
for 500 ps and then run for 10 ns at constant
pressure and temperature using an NpT ensem-
ble with a Nosé-Hoover barostat with a pressure
and temperature chain length of three. The
damping parameters for the barostat and the
thermostat were 1000 and 100 fs, respectively.
The latter stage was used to determine the av-
erage volume, which was then used in subse-

Table 2: Force field parameters used in
the simulations.

Atom o (A) € (kcal/mol) ¢ (e)
SPC/E HyO"f
H  0.000 0.0000 0.4238
O 3.166 0.15535 -0.8476
Joung-Cheatham Ions®®
Nat 2160  0.3526418 1.000
F~ 4.022 0.0074005  -1.000
Clm  4.830 0.0127850 -1.000
Br= 4902  0.0269586 -1.000
I~ 5.201  0.0427845 -1.000

quent NVT ensemble simulations. The differ-
ences in average volume give rise to small devi-
ations from the nominal 1 M concentration; the
precise values are given in Table S1.

Based on the calculated equilibrium volume,
constant volume and temperature simulations
were run for 1 ns of equilibration and 50 ns of
production. A Nosé-Hoover thermostat (again
with a chain length of three and a damping pa-
rameter of 100 fs) was used. During the lat-
ter, the configurations and momenta were writ-
ten every 1 ps. These were used as the initial
condition for 50,000 NV E trajectories of 20 ps
length from which the configurations were saved
every 10 fs. These results were used to calcu-
late the diffusion coeflicients and activation en-
ergies; the approach removes any effect of the
thermostat on the dynamics of interest.

In every simulation the timestep was 1 fs,
the SHAKE algorithm was used for the wa-
ter molecules, and the electrostatics were calcu-
lated using the particle-particle particle-mesh
Ewald summation with an accuracy parame-
ter of 1 x 107*. Previous studies have shown
that the diffusion coefficient is sensitive to the
size of the periodic boundary condition of the
simulation box.®® Here we neglect this cor-
rection, which has been shown to not signifi-
cantly affect the relative behavior of different
anions®’ or the diffusion activation energy.®?
Errors in computed quantities were obtained by
block averaging using 20 blocks (each consists
of 2,500 NV E trajectories) and are reported as
95% confidence intervals using the Student’s t-
distribution.®

Results and Discussion

We now turn our attention to examining the
diffusion coefficients and activation energies for
water molecules in the sodium-halide aqueous
solutions. We first examine the populations of
water molecules in the categories (Table [1)) de-
fined by proximity to the ions.



Water Count

In the analysis of the diffusion coefficients and
activation energies presented below, a key com-
ponent of understanding the effect of the ions
is the classification of water molecules based on
their location in the ion solvation shells. The
percentage of water molecules in each of the
categories listed in Table [1| are plotted in Fig.
for the four sodium-halide systems.
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Figure 3:  Average percentage of water

molecules in each solvation shell category de-
fined in Table [l for ~ 1 M sodium-halide solu-
tions.

We can first consider water molecules that are
only within a 1%¢ solvation shell of one of a sin-
gle ion. In the case of Na™, the percentage of
water molecules that are only in the first sol-
vation shell (1Na) is ~ 4.3% and is essentially
independent of the identity of the halide. This
corresponds to ~ 2.3 HyO molecules per ion,
which is not to be confused with the Na™ coor-
dination number (CN) given from the sum of all
categories involving 1Na. We find C' Ny, = 5.2,
consistent with previous simulation studies.”*>

The percentage of water molecules that are
only in the 1% solvation shell of a halide is
greater and increases moving down the group
from 4.7 to 6.6%. Namely, we find 15.7, 20.2,
21.0, and 21.9 H,O molecules in the 1F, 1Cl,
1Br, and 1I categories, corresponding to 2.6,
3.4, 3.5, and 3.7 molecules per F~, CI~, Br™,
and I~ ion, respectively. Adding the results for
all categories in which a water molecule is in the
1% solvation shell of an anion gives the coordi-

nation numbers for the halides as CNp = 5.3,
CNCl = 62, CNB’/’ = 64, CN[ = 67, which
are also in agreement with prior work #2:6-62

There are significantly more water molecules
that are solely in the 2" solvation shell of an
ion due to the larger volumes involved. The
numbers in this category increase for the 2X
solvation shells moving down the halide series
from 52.6 H,O for 2F to 78.9 molecules for 21
(between 15.9 to 23.9% of all water molecules
respectively). However, they decrease (albeit
quite weakly) for the 2Na category for the same
series from 47.9 (F~) to 43.6 (I7) (between 14.5
to 13.2% of all water molecules, respectively).

There are five classifications of the water
molecules in multiple solvation shells that oc-
cur with only a modest water population (<
3% water molecules): 1X2X, 1X2Na, 1X1Na,
1Na2Na, and 3solv. The total for all these cat-
egories is between 26.1 and 26.8 HyO molecules
for the different anion cases. As will be seen
below, the limited number of molecules in some
of these categories leads to larger error bars in
the dynamical properties. The small popula-
tions are a consequence of the concentration;
these environments will have a more significant
impact on the overall behavior of more concen-
trated electrolyte solutions.

Two multiple solvation shell classifications of
water molecules occur with larger populations:
1Na2X and 2Na2X. Both exhibit modest in-
creases in the number of H,O molecules mov-
ing down the halide series. The number in the
1Na2X category increases from 10.4 to 11.4 and
in the 2Na2X from 29.0 to 34.3 from F~ to I~.

Finally, the largest category of water
molecules in these ~ 1 M simulations is outside
the 1% or 2" solvation shell of any ion, i.e.,
“Bulk.” The number of Bulk H,O molecules
decreases with the size of the ion because, as
we noted above, more waters are part of the
halide solvation shells moving down the halide
group. Thus, we find that an average of 135.3
Bulk water molecules for the NaF solution,
corresponding to 40.9% of all the waters in the
solution. This number is significantly reduced
even for the NaCl solution to 113.6 (34.3%) and
it becomes slightly smaller for the NaBr (108.5
molecules; 32.8%) and Nal (99.8 molecules;
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Figure 4: a) Diffusion coefficients and b)
corresponding activation energies for water
molecules in different initial locations relative
to ions in ~ 1 M sodium halide solutions.

30.1%). As will be seen below, water molecules
in this Bulk classification should not be thought
of as identical to those in neat water, but rather
only as water molecules in the solution that do
not fall within the first two solvation shells of
any ion.

Diffusion Coefficients

The water diffusion coefficients in the four ~
1 M sodium-halide solutions were calculated
and subdivided based on the initial location of
the water oxygen atom based on the categories
defined in Table[T] and illustrated in Figs. [[]and
2l The results are presented in Fig. [l and the
values are provided in Table S3 and plotted sep-
arately for each category in Figs. S3 and S5-S7.
For every category, the diffusion coefficient is
slowest for F~ and increases moving down the

period to I7. This is consistent with what has
been observed previously in numerous experi-
mentsT20222527 o 1 q simulations20B82B5BE6T0T
alkali-halide solutions. The magnitude of the
changes in D with the identity of the halide,
however, depends strongly on the initial loca-
tion of the water molecule, which is examined
below.

Quantitatively, we obtain diffusion coeffi-
cients of 1.861 4+ 0.003, 2.027 £ 0.002, 2.076 +
0.003, and 2.161 £ 0.003 in units of 107° cm? /s
when averaging over all the water molecules
in the NaF, NaCl, NaBr, and Nal solutions,
respectively. All are lower than the Dy =
(2.444 £ 0.003) x 107® cm? /s obtained for neat
water. Compared to NMR measurements, the
simulation model systematically overestimates
the slowdown due to the ions, but captures the
trend (even quantitatively). For NaCl, NaBr,
and Nal our results give D/Dy = 0.83, 0.85,
and 0.88, respectively, while reported measured
values are ~ 0.93%% ~ (0.94 — 0.96,*%47 and
~ 0.97 — 0.98 12427 regpectively.

The behavior of the water diffusion coefhi-
cients shown in Fig. [dh is consistent with the
ranking of the halides within the Hofmeister se-
ries, in which F~ is the strongest kosmotrope
and [~ is the most chaotropic. It is interesting
that this behavior is independent of the local
environment of the water molecule and persists
even for water molecules that are in the first
solvation shell of Nat and outside the first two
solvation shells of an anion.

The effect of Na™ on the water molecule dif-
fusion is greater than that of any of the halides,
but comparable to F~. This is apparent in the
1X and 1Na diffusion coefficients, where the lat-
ter are smaller than the former for all halides
except F~ where they are the same within er-
ror. This is suggestive of a size, or more particu-
larly a charge density effect, given that Na™ and
F~ are isoelectronic while the other halides are
significantly larger. Similar behavior is found
in comparing within the 2F and 2Na and the
1F2Na and 1Na2F pairs of categories. In the
case of the former, D is slightly (~ 3%) smaller
for water molecules in the 2" solvation shell of
F~ than for Na*t, but the reverse is true for wa-
ter molecules in shared solvation shells, where



D(1F2Na) is larger than D(1Na2F) by roughly
the same factor.

The slowest diffusion is observed for water
molecules that are in the 1% solvation shell of
one Nat and the 2"? solvation shell of another
(INa2Na) and in the solvent-separated ion pair
of an Na™ and an F~ (1F1Na). These water
molecules have diffusion coefficients ~ 2.2 times
smaller than that of the Bulk water in the NaF
solution. These results indicate the significant
effect of the sodium cation.

Activation Energy of Diffusion

The total activation energy of diffusion, F,, was
calculated from the four ~ 1 M sodium-halide
solutions using their respective diffusion coef-
ficients for each water category and the results
are presented in Fig. [db; the values are provided
in Table S4 and plotted separately in Figs. S2,
S4, S6, and S7. One expects that, if the trends
in D with halide shown in Fig. are due to
energetic effects, the activation energy should
decrease moving down the halide group. This
expectation is borne out for many of the water
molecule populations, particularly 1X, 1X2X,
1X2Na, 1Na2X, 2Na2X, and 3solv. It also ap-
pears to be the case for some of the other cat-
egories (1Na, 2X, and 1NalX) where the trend
is not as easily discerned.

Interestingly, three remaining water popula-
tions — All, 2Na, and Bulk — suggest a different
trend that is not consistent with a purely ener-
getic (as opposed to entropic) explanation for
the halide dependence of D. (The 1Na2Na case
involves too few molecules and does not show
a clear trend.) Namely, we find F, is smaller
for the F~ and I~ cases and higher for CI~ and
Br~, which are nearly equivalent. The halide
dependence in these populations is weak, but
clearly not consistent with F~ giving rise to the
largest activation energy.

Most importantly, this includes the experi-
mentally accessible All case where all waters
are included in the average, where we obtain
E, an = 3.64£0.05, 3.70£0.04, 3.67£0.04, and
3.60 +0.06 kcal /mol for NaF, NaCl, NaBr, and
Nal, respectively. These values are the same
as, or nearly so, that calculated for neat water,

3.60 £ 0.04 kcal/mol. This is generally consis-
tent with the limited measured results that have
been reported, e.g., that indicate the water dif-
fusion coefficient activation energy of 1 mol/kg
NaCl is nearly the same as that for neat wa-
ter,%? as well as the Arrhenius analysis of MD
results by Kim et al.®? The trend for the All cat-
egory is at least partly attributable to the large
fraction of the total number of water molecules
in the Bulk and 2Na categories (Fig. . These
results suggest that the measurable trend in F,
with halide for all water molecules in the so-
lution will change with increasing salt concen-
tration as the different populations change and,
particularly, the number of Bulk molecules de-
clines.

Note the E, is consistently large within the
1Na category compared to the 1X category.
This larger trend in F, is also apparent in over-
lapping solvation shells that include the 1Na
category: 1NalX, 1Na2Na, and 1Na2X. Some
previous studies reported in the literature have
argued that the cation has a smaller effect than
the anion on water structure® and dynamics.*!
For example, Gaiduk and Galli found that,
in density functional theory-based MD simula-
tions of 0.87 M NaCl, Cl~ affected the average
number of H-bonds per water molecule out to
the 3" solvation shell while Na* only had an
effect on the 1% solvation shell.

Mechanism of Anion Effects in the
15! Solvation Shell

It is interesting to consider in greater detail
the simplest ion effects by examining the cases
where a water molecule is immediately adja-
cent to an ion. We first consider the effect
of the anion by examination of the 1X popula-
tion dynamics. The diffusion F, is significantly
enhanced, compared to the neat water value
of 3.60 £+ 0.04 kcal/mol, for water molecules
in the 1% solvation shell of an F~ (4.17 +
0.10 kcal/mol) and, to a lesser degree, Cl~
(3.83+£0.08 kcal/mol). On the other hand, the
effect is much smaller for Br~ and I~ for which
E.1x = 3.73+0.10 and 3.49 & 0.09 kcal/mol,
respectively.

We can explore the origin of these changes
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E, (black) for molecules in the 1% solvation
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using the decomposition of FE, described in
the “Theory" section, the results for which are
shown in Fig. As we have previously ob-
served for neat water, 4™ electrostatic inter-
actions are the dominant contribution to the
E, and nearly equal the total activation en-
ergy. The Coulombic component is partially
cancelled by the Lennard-Jones term, which
has a clear physical interpretation. The wa-
ter donating an H-bond to the halide anion sits
up on the repulsive wall of the Lennard-Jones
potential; note that the gox(r) 1% solvation
shell peak (Fig. [2) occurs at distances less than
(00 4+ 0x)/2 (Table ). This occurs because
it permits favorable Coulombic interactions be-
tween the water H and the anion. Thus, for
a water molecule to diffuse, which must of ne-
cessity involve the breakage of this water-anion
H-bond, it must move up the Coulombic poten-
tial while it simultaneously falls down to lower
Lennard-Jones energies. This is the origin of
the strong positive values of E, ¢y and the
negative values of E, ;. The former involve
the dominant interactions and are thus larger
in magnitude.

The results in Fig. [ show that this competi-
tion between the Coulombic and Lennard-Jones
contributions differs quantitatively as we move
down the halide group. Namely, the water-
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Figure 6: Relative activation entropy contribu-
tion for diffusion, —TAAS* from eq. , for
water molecules in the 1% solvation shell of a
halide (1X).

halide electrostatic interactions become weaker
as the size of the anion increases. This leads to
the water molecule sitting lower down on the
Lennard-Jones repulsive wall so that F, ; in-
creases (becomes less negative). Overall, the
leads to a decline in E, for larger halides.
(There is an additional small contribution to
this trend from changes in E, kg for which we
do not currently have a simple physical inter-
pretation.)

It is important to note, however, that the ac-
tivation energies, with the underlying competi-
tion between interactions, are not sufficient to
describe the change in D for water molecules in
the halide 1% solvation shell. This can be seen
by calculating the activation entropy, relative to
neat water, through eq. [I3] the results for which
are shown in Fig. [0l The data indicates that
entropic effects represent a significant contribu-
tion to the trend in D along the halide series.
Specifically, the diffusion activation entropy of
water molecules adjacent to an F~ or Cl™ ion
is greater than that in neat water; this entropic
effect would tend to make D larger, but the
larger F,,x values dominate, leading to slower
diffusion. These contributions are reversed for
[~ where AAST < 0 but E,ir < E, and the
former leads to a smaller D than for neat water.
In the case of water molecules in the 1%¢ solva-
tion shell of Br™, the slower diffusion can be
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Figure 7: Diffusion activation energy, E,, for
water molecules in the 1Na (red), 1X (violet),
2Na (orange), and 2X (magenta) populations;
the neat water result is shown for comparison
(dashed blue line with uncertainties indicated
by lighter dashed lines).

nearly completely accounted for by a slightly
larger activation energy and AAS* ~ 0. (At
this juncture, it is important to recall the as-
sumptions used to obtain eq. [[3] which make
the trends in AAS* more meaningful than the
quantitative values.)

Length Scale of Ion Effects

It is useful to examine the spatial extent of the
effect of the ions on the water diffusion activa-
tion energies. Such a comparison is made in
Fig. [7} where E, is plotted for water molecules
that fall within the 1°* or 2" solvation shell of
either Na' or a halide ion, i.e., the 1X, 1Na,
2X, and 2Na populations. The activation en-
ergy is largest for waters within the 1% sol-
vation shell of Na™ followed by waters within
the 1% solvation shells of the halide ions. Both
E,1nq and E, 1 x decrease moving down the se-
ries of halides, with the former exhibiting rela-
tively modest changes while the latter drops by
more than 0.6 kcal/mol. Note that the E, jnq
is heavily dominated by the Coulombic contri-
bution (see Fig. S2) as was seen in the previous
section for 1X.

However, for water molecules in the solva-
tion shell of an ion, the activation energies are

2nd
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Figure 8: Relative activation entropy contribu-
tion for diffusion, —TAAS?* from eq. , for wa-
ter molecules outside any ion 1% or 2"¢ solvation

shell (Bulk).

the same, within error, as that for neat water.
The data for these 2Na and 2X categories shown
in Fig. [7] hint at some changes with the identity
of the halide but no differences can be resolved
outside of the statistical uncertainties. This
suggests that, at the activation energy level,
the effect of individual sodium and halide ions
on water diffusion is primarily restricted to the
first solvation shell. It is clear from Fig. @b that
water molecules in overlapping solvation shells
manifest much stronger effects of interactions
with ions in their diffusion activation energy.
In this context, it is interesting to compare
the results for the Bulk water category to that
for neat water. From the results in Fig. [db, it is
clear that E, g, is effectively the same as that,
3.60£0.04 kcal /mol, obtained in our simulation
of neat water for C17, Br™—, and 17, but it is dis-
tinctly lower for the NaF solution. These val-
ues are suggestive of significant entropic effects
on water diffusion, given that Dp, is less than
the neat water value for all of the ionic solutions
considered here. Moreover, Dpg, . is lowest for
the NaF case for which the activation energy is
also lowest. The suggests a longer-range effect
for the entropic factors governing diffusion com-
pared to that for the energetic driving forces
(here measured by the activation energy).
These entropic effects can be estimated by
the relative activation entropy, AAS* in eq. [13]



which is plotted for Bulk water molecules in
Fig. [§] as a function of halide. The results pre-
sented in the figure indicate that the activation
entropy of "Bulk" water in all of the salt solu-
tions is smaller than that for neat water. For
the larger halides (chloride through iodide) this
entropic factor accounts for the slower diffusion
of uncoordinated waters in the salt solutions
given the equality of the activation energies. A
significantly larger entropic effect is observed
for the NaF solution, which more than com-
pensates for its lower activation energy, rela-
tive to neat water or Bulk water in the other
sodium halide solutions. The nature and origin
of these entropic effects that extend well outside
the first two ion solvation shells is still unclear
and a more direct investigation of this behavior
is needed.

Conclusions

We have utilized a method of dividing up wa-
ter populations in sodium halide solutions to
gain insight into how water behaves in the prox-
imity of an ion as a function of the identity
of and distance from the ion. For each water
population so defined, the diffusion coefficient,
D, and activation energy of diffusion, E,, have
been calculated. The activation energies are ob-
tained using a fluctuation theory for dynamics
approach that gives F, from single temperature
MD simulations.#*“? Tt further provides mecha-
nistic insight by decomposition of the activation
energy into components from the interactions
and motions present in the system. This work
has yielded several interesting observations.

First, the diffusion coefficient of water in
sodium-halide solutions follows a trend an-
ticipated by the Hofmeister series and ob-
served in previous measurements and simula-
tions. Namely, D increases moving down the
halide group from fluoride to iodide. This is
true not only when averaging over all the wa-
ter molecules in the solution, but also for each
population of water molecules.

Second, the sodium ion exhibits a stronger
effect on water diffusion than any of the halides,
though the behavior of F~ is nearly comparable.
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Third, the Hofmeister series is not reflected
in the same way in the diffusion coefficient ac-
tivation energy. While several water molecule
environments (categorized by the proximity to
an ion or ions) do follow the trend expected
from the Hofmeister series for the halides, the
quantitative changes in F, are not sufficient to
explain the behavior of the diffusion coefficient.
In addition, the F, for some populations of wa-
ter molecules do not follow predictions based on
the Hofmeister series.

Fourth, this behavior of D and FE, point
strongly to an important role for entropic ef-
fects that are ion dependent. Because the ac-
tivation entropy cannot be unambiguously cal-
culated, these factors are harder to quantify;
we have estimated them from a transition state
theory-like approximation. As we generally ob-
serve energetic-entropic compensation, the esti-
mated AASH, like the activation energies, differ
between the various solvation shell-based wa-
ter molecule populations. A key observation is
that, for water molecules in the first solvation
shell of a halide, entropic effects increasingly
disfavor water diffusion with larger halide size.

Fifth, the decomposition of the activation
energy into contributions from the kinetic,
Lennard-Jones, and Coulombic energies indi-
cates a strong competition between the lat-
ter two, as has been observed previously in
neat water. This competition plays out most
clearly for water molecules that are in the first
solvation shell of (donating an H-bond to) a
halide ion. The larger the anion the weaker
the Coulombic attraction in the H-bond and the
lower on the Lennard-Jones repulsive wall the
H-bonding water molecule sits. This leads to a
decreasing Coulombic contribution to £, mov-
ing from F~ to I~ that is partially compensated
by a smaller Lennard-Jones component that in-
creases (grows less negative).

It will be interesting to use analogous ac-
tivation energy calculations to explore several
other aspects of ion effects on water dynam-
ics. Examination of the trends in water dif-
fusion with alkali metal cation in comparison
to Hofmeister series predictions is of interest.
Similarly, the effect of salt concentration has
been found to exhibit interesting (sometimes



non-intuitive®*142) effects on water diffusion.

The relative role of energetic and entropic con-
tributions to diffusion as well as electrostatic
and Lennard-Jones interaction components of
the activation energy in water diffusion around
polyatomic and multiply-charged ions requires
further investigation. Finally, it is of inter-
est to explore how other water dynamical pro-
cesses — e.g., OH reorientation, viscosity, and
vibrational spectroscopy — might exhibit differ-
ent temperature dependences than diffusion.

Supporting Information

The Supporting Information is available free of
charge on the ACS Publications website at DOI:

Additional simulation details, O--- Na radial
distribution functions, solvation shell cutoff dis-
tances, numerical values and additional plots of
diffusion coefficients and activation energies.
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