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Abstract

a short-ranged nature of the ion influence.

The effect of ions on the properties of aqueous solutions is often categorized in terms
of the Hofmeister series that ranks them
from chaotropes (“structure-breakers”), which
weaken the surrounding hydrogen-bond network to kosmotropes (“structure-makers”),
which enhance it. Here, we investigate the
Hofmeister series in ∼ 1 M sodium-halide solutions using molecular dynamics simulations
to calculate the effect of the identity and proximity 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 temperature simulation is used, which also permits a
rigorous decomposition into contributions from
different interactions and motions. The mechanisms 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, Ea , is more complex, indicating a significant role for entropic effects.
However, water molecules in the first or second solvation shell of an ion exhibit a decrease
in Ea moving down the halide series and Na+
exhibits a larger effect than any of the anions.
The Ea for water molecules within the second
solvation shell of an ion are modest, indicating

Introduction
The Hofmeister series classifies ions based on
their effect on the salting in and out of proteins. Since its development, this series has
been explored in great detail, often with a particular focus on its broader implications for the
effects of ions on the structure and dynamics
of water in both biological and non-biological
milieus. 1–21 In particular, ions in aqueous solution have been categorized based on their
disruption or enhancement of the surrounding hydrogen-bonding (H-bonding) network
as chaotropes (“structure-breakers") or kosmotropes (“structure-makers"), respectively. 1–7
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 observed. 8,9 There is an ongoing debate over the
nature of the effect of ion identity. This includes, the length scale over which ions impact the solvent structure and dynamics, 13–18
the differences between anion and cation effects, 6,13,14,18,21 the relationship between between structure and dynamics, 3,4,16,22,23 and the
relative roles of energetic and entropic driving
forces. 3,4,16,21,22,24
An interesting issue in understanding the effect 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. 11–14 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. 6,13,18,21 In 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, including OH reorientation time, water diffusion coefficients, viscosity, and terahertz and infrared
spectroscopic probes, often vary significantly
with even relatively minor changes in the liquid 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 provide a sensitive measure of the solvent response
to ions with differing identities and concentrations. 1,20,24–33 They have the additional advantage that they are readily accessible in both
measurements, primarily based on nuclear magnetic resonance 1,20,24–29,33 (NMR) and quasielastic neutron scattering, 34 (QENS), and MD
simulations. 3,20,30–32,35–38 Thus, the water diffusion coefficient has been of significant interest in
the case of aqueous salt solutions. While many
of the trends are now clearly established, a complete picture of the underlying driving forces is
not yet available; interesting, sometimes nonintuitive, behavior as a function of salt identity
and concentration has been reported. 20,30–33
The self-diffusion coefficient of neat water has
been extensively measured, 39–44 serving as an
accurate reference for the influence of ions in
electrolyte solutions. This effect is often expressed as D/D0 where D0 represents the neat
water value. Some of the earliest NMR measurements of ionic solutions were reported by
McCall and Douglass, 24 who considered nearly
thirty different salts at varying concentrations,

including the NaCl, NaBr, and NaI solutions
considered in this work. Endom et al. likewise
carried out an extensive study of water diffusion (and other dynamics) in various salt solutions as a function of concentration and temperature. 25 Both studies found that D was smaller
than that in neat water (D/D0 < 1) for all
the NaCl, NaBr, and NaI salts with the effect
largest for Cl− and smallest for I− .
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 studied 8,16,20,24,30,45 and permits exploration of water dynamics in a diverse range of ionic environments. The aim is to better understand the
Hofmeister series and associated classifications.
In addition to the diffusion coefficient, we directly calculate the activation energy from simulations at a single temperature using the recently developed fluctuation theory for dynamics. 46–49 This approach also provides a rigorous
decomposition of the activation energy associated 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 elucidated 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 Activation Energies
The water diffusion coefficient can be obtained
from MD simulations by calculating the meansquared displacement (MSD),
N
1 ∑
⟨|⃗rj (t) − ⃗rj (0)|2 ⟩.
M SD(t) =
N j=1

(1)

Here ⃗rj (t) is the oxygen atom position of the
j th water molecule at time t, N is the number
of water molecules, and ⟨·⟩ represents a thermal average within the canonical ensemble. At
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puted from simulations at a single temperature.
As opposed to the numerical derivative used
in an Arrhenius analysis, eq. 5 is an analytical derivative. In practice in the present work,
we calculate Ea from the ratio of the slopes of
M SDH (t) and M SD(t) over the time interval
5-20 ps.
This approach for calculating the activation
energy also provides important, otherwise unavailable mechanistic information. 47–49,52,53 In
particular, the total energy can be decomposed
in numerous physically meaningful ways. In the
context of water diffusion in electrolyte solutions, a useful example is

longer times M SD(t) is linear in time with a
slope proportional to D as
M SD(t)
.
t→∞
6t

(2)

D = lim

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 examination of the activation energy of the water diffusion coefficient,
Ea = −

∂ ln D
,
∂β

(3)

where β = 1/kB T . This activation energy provides important insight into the barrier underlying the diffusion process. While Ea is typically obtained from an Arrhenius analysis, it
is well established that water dynamics, including diffusion, 49–51 exhibits significant nonArrhenius 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 calculating diffusion coefficient activation energies. 46–49
Specifically, we have previously shown that
the derivative of the M SD(t) with respect to
inverse temperature (β) is given by 47

δH(0) = δKE(0) + δVLJ (0) + δVCoul (0), (6)
where KE is the kinetic energy and VLJ and
VCoul are the Lennard-Jones and Coulombic potential energies. Substituting this for δH(0) in
eqs. 4 and 5 separates the total diffusion coefficient activation energy into contributions from
these motions and interactions as
Ea = Ea,KE + Ea,LJ + Ea,Coul ,
with, for example,
lim M SDCoul (t)

Ea,Coul =

(4)

lim M SDH (t)

Ea =

lim M SD(t)

.

lim M SD(t)

,

(8)

where M SDCoul (t) is M SDH (t) defined in eq. 4
with δH(0) replaced by δVCoul (0).
The physical interpretation of these contributions to the activation energy is provided
by Tolman’s perspective. 48,54–56 Tolman showed
that the activation energy for a chemical reaction is equal to the difference in the average
energy of reacting species minus the average
energy of the reactants. In other words, Ea
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 barrier. For water diffusion, the activation energy
is then the average energy of water molecules
that diffuse (i.e., surmount the barrier to diffusion) minus the average energy of all water

where δH(0) = H(0) − ⟨H⟩ is the fluctuation in
the total system energy, H, at time t = 0. Thus,
the temperature dependence of D is calculated
from the correlation of the instantaneous fluctuations of the energy with the diffusive motion of
the water molecules as measured by the MSD.
It is then straightforward to show that the activation energy of D can be written as,
t→∞

t→∞

t→∞

N
1 ∑
∂M SD(t)
= −
⟨δH(0) |⃗rj (t) − ⃗rj (0)|2 ⟩
∂β
N j=1

≡ −M SDH (t),

(7)

(5)

t→∞

Note that M SD(t) and M SDH (t) are both
time correlation functions that can be com3

molecules. From this viewpoint, the contribution Ea,Coul is the average electrostatic energy
of water molecules that diffuse minus the average 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 decelerate) diffusion.
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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 diffusive dynamics, i.e., M SD(t) and M SDX (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 1st or
2nd solvation shell of a cation, anion, a combination 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 populations that are defined in Table 1.
The cutoff distances used to determine residence in the solvation shells were obtained from
the minimums in the oxygen-ion radial distribution functions (RDFs) shown in Fig. 2a-e.
Only the NaF results for gON a (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. 2b-e illustrates
that descending the halide series from F− to
I− , the 1st and 2nd 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 coefficient, corresponding activation energy, and
activation energy components (i.e., associated
with the kinetic, Lennard-Jones, and Coulom-

Figure 1: Schematic illustration for an NaCl solution demonstrating the populations of water
molecules surrounding the ion pairs using the
notation from Table 1.
bic energies) are calculated to gain a mechanistic understanding of the ion effect. Namely, the
mean-squared displacement can be rewritten as
M SD(t) =

13
∑
α=1

=

13
∑

Nα
1 ∑
⟨|⃗rj (t) − ⃗rj (0)|2 ⟩
fα
Nα j=1

fα M SDα (t),

(9)

α=1

where α labels the categories of water molecules
based on solvation shell listed in Table 1, each
consisting of Nα molecules and representing the
fraction fα = Nα /N of all water molecules. An
analogous expression can be written for the water diffusion coefficient,
D=

13
∑

fα Dα ,

(10)

α=1

where Dα is determined from eq. 2 with
M SD(t) replaced by M SDα (t), i.e., from the
slope of M SDα (t) at long times. The activation
energy associated with the water ∑
diffusion coefficient is likewise additive, Ea = α fα Ea,α .

Entropic Effects
It is also interesting to estimate the entropic effects influencing the diffusion coefficient. One
4

Table 1: Definitions of the categories used to denote locations of water molecules
relative to sodium, Na+ , and halide, X− , ions.
Category
Definition
All
All water molecules
1X
1st solvation shell of halide X−
1Na
1st solvation shell of Na+
2X
2nd solvation shell of halide X−
2Na
2nd solvation shell of Na+
1X2X
1st solvation shell of one X− & 2nd of another
1X2Na
1st solvation shell of an X− & 2nd of an Na+
1Na1Xa
1st solvation shell of an Na+ & 1st of an X−
1Na2Na
1st solvation shell of one Na+ & 2nd of another
1Na2X
1st solvation shell of an Na+ & 2nd of an X−
2Na2X
2nd solvation shell of an Na+ & 2nd of an X−
3solv
Solvation shells (1st or 2nd ) of three different ions
Bulk
Outside the 1st or 2nd solvation shell of any ion
a
Corresponds to a water in a solvent-separated ion pair.

approach is to consider an Arrhenius description, D = Ae−βEa 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 description as
‡

‡

D(T ) ≃ DA e−β∆A = DA e−β∆U e∆S

‡ /R

molecules,
‡
‡
Dα
= e−β(Ea,α −Ea,0 ) e(∆Sα −∆S0 )/R .
D0

(12)

This relative measure of the activation entropy,
∆∆Sα‡ = ∆Sα‡ − ∆S0‡ , is then given by
(
)
Dα
Ea,α − Ea,0
‡
∆∆Sα = R ln
. (13)
+
D0
T

, (11)

where DA can be though of as an “attempt frequency” factor that has the units of D and ∆A‡ ,
∆U ‡ , and ∆S ‡ are the activation (Helmholtz)
free energy, internal energy, and entropy respectively. It is important to note that these quantities implicitly depend on the definition of a
transition state dividing surface based on a reaction 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)
DA is the same for waters in all environments,
and 2) the activation internal energy can be approximated by the activation energy, ∆U ‡ ≃
Ea . Then, for a given population α of water

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 DA or transition state recrossing.

Computational Details
All MD simulations were performed using the
Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). 59,60 Each simulation consisted of 331 water molecules, described
by the SPC/E model, 57 and 6 ion pairs, using
the Joung-Cheatham model. 58 The force field
parameters for each ion are shown in Table 2;
Lorentz-Berthelot mixing rules were used. 61,62
A total of 4 electrolyte solutions were consid5
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quent N V T ensemble simulations. The differences in average volume give rise to small deviations 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 parameter of 100 fs) was used. During the latter, the configurations and momenta were written every 1 ps. These were used as the initial
condition for 50,000 N V E trajectories of 20 ps
length from which the configurations were saved
every 10 fs. These results were used to calculate the diffusion coefficients and activation energies; 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 water molecules, and the electrostatics were calculated using the particle-particle particle-mesh
Ewald summation with an accuracy parameter of 1 × 10−4 . Previous studies have shown
that the diffusion coefficient is sensitive to the
size of the periodic boundary condition of the
simulation box. 63 Here we neglect this correction, which has been shown to not significantly affect the relative behavior of different
anions 20 or the diffusion activation energy. 53
Errors in computed quantities were obtained by
block averaging using 20 blocks (each consists
of 2,500 N V E trajectories) and are reported as
95% confidence intervals using the Student’s tdistribution. 64
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Figure 2: Water oxygen-ion radial distribution
functions for ∼ 1 M sodium-halide aqueous solutions. Results are shown where the ion is a)
Na+ (orange), b) F− (black), c) Cl− (red), d)
Br− (blue), and e) I− (violet). Dashed vertical lines indicate the 1st and 2nd solvation shell
cutoff distances for each case.
ered, all having Na+ as the cation, and with
the halides F− , Cl− , 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 N pT ensemble 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 average volume, which was then used in subseTable 2: Force field parameters used in
the simulations.

Results and Discussion

Atom σ (Å) ϵ (kcal/mol)
q (e)
57
SPC/E H2 O
H
0.000
0.0000
0.4238
O
3.166
0.15535
-0.8476
Joung-Cheatham Ions 58
Na+ 2.160
0.3526418
1.000
−
F
4.022
0.0074005
-1.000
Cl−
4.830
0.0127850
-1.000
−
Br
4.902
0.0269586
-1.000
I−
5.201
0.0427845
-1.000

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) defined by proximity to the ions.
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nation numbers for the halides as CNF = 5.3,
CNCl = 6.2, CNBr = 6.4, CNI = 6.7, which
are also in agreement with prior work. 4,5,66–69
There are significantly more water molecules
that are solely in the 2nd 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 H2 O for 2F to 78.9 molecules for 2I
(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 (I− ) (between 14.5
to 13.2% of all water molecules, respectively).
There are five classifications of the water
molecules in multiple solvation shells that occur with only a modest water population (≤
3% water molecules): 1X2X, 1X2Na, 1X1Na,
1Na2Na, and 3solv. The total for all these categories is between 26.1 and 26.8 H2 O 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 populations are a consequence of the concentration;
these environments will have a more significant
impact on the overall behavior of more concentrated electrolyte solutions.
Two multiple solvation shell classifications of
water molecules occur with larger populations:
1Na2X and 2Na2X. Both exhibit modest increases in the number of H2 O molecules moving 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 1st or 2nd solvation shell of any ion, i.e.,
“Bulk.” The number of Bulk H2 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 NaI (99.8 molecules;

Water Count
In the analysis of the diffusion coefficients and
activation energies presented below, a key component 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. 3
for the four sodium-halide systems.
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Figure 3:
Average percentage of water
molecules in each solvation shell category defined in Table 1 for ∼ 1 M sodium-halide solutions.
We can first consider water molecules that are
only within a 1st solvation shell of one of a single ion. In the case of Na+ , the percentage of
water molecules that are only in the first solvation shell (1Na) is ∼ 4.3% and is essentially
independent of the identity of the halide. This
corresponds to ∼ 2.3 H2 O molecules per ion,
which is not to be confused with the Na+ coordination number (CN) given from the sum of all
categories involving 1Na. We find CNN a = 5.2,
consistent with previous simulation studies. 5,65
The percentage of water molecules that are
only in the 1st 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 H2 O molecules in the 1F, 1Cl,
1Br, and 1I categories, corresponding to 2.6,
3.4, 3.5, and 3.7 molecules per F− , Cl− , Br− ,
and I− ion, respectively. Adding the results for
all categories in which a water molecule is in the
1st solvation shell of an anion gives the coordi7
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period to I− . This is consistent with what has
been observed previously in numerous experiments 1,20,24,25,27 and simulations 20,32,35,36,70,71 of
alkali-halide solutions. The magnitude of the
changes in D with the identity of the halide,
however, depends strongly on the initial location of the water molecule, which is examined
below.
Quantitatively, we obtain diffusion coefficients of 1.861 ± 0.003, 2.027 ± 0.002, 2.076 ±
0.003, and 2.161 ± 0.003 in units of 10−5 cm2 /s
when averaging over all the water molecules
in the NaF, NaCl, NaBr, and NaI solutions,
respectively. All are lower than the D0 =
(2.444 ± 0.003) × 10−5 cm2 /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 NaI our results give D/D0 = 0.83, 0.85,
and 0.88, respectively, while reported measured
values are ∼ 0.93, 1,24 ∼ 0.94 − 0.96, 24,27 and
∼ 0.97 − 0.98, 1,24,27 respectively.
The behavior of the water diffusion coefficients shown in Fig. 4a is consistent with the
ranking of the halides within the Hofmeister series, in which F− is the strongest kosmotrope
and I− 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 Na+ and outside the first two
solvation shells of an anion.
The effect of Na+ on the water molecule diffusion 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 latter are smaller than the former for all halides
except F− where they are the same within error. This is suggestive of a size, or more particularly 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 2nd solvation shell of
F− than for Na+ , but the reverse is true for water molecules in shared solvation shells, where
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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 1 and illustrated in Figs. 1 and
2. The results are presented in Fig. 4a and the
values are provided in Table S3 and plotted separately for each category in Figs. S3 and S5-S7.
For every category, the diffusion coefficient is
slowest for F− and increases moving down the
8

D(1F2Na) is larger than D(1Na2F) by roughly
the same factor.
The slowest diffusion is observed for water
molecules that are in the 1st solvation shell of
one Na+ and the 2nd solvation shell of another
(1Na2Na) 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.

3.60 ± 0.04 kcal/mol. This is generally consistent with the limited measured results that have
been reported, e.g., that indicate the water diffusion coefficient activation energy of 1 mol/kg
NaCl is nearly the same as that for neat water, 33 as well as the Arrhenius analysis of MD
results by Kim et al. 20 The trend for the All category is at least partly attributable to the large
fraction of the total number of water molecules
in the Bulk and 2Na categories (Fig. 3). These
results suggest that the measurable trend in Ea
with halide for all water molecules in the solution will change with increasing salt concentration as the different populations change and,
particularly, the number of Bulk molecules declines.
Note the Ea is consistently large within the
1Na category compared to the 1X category.
This larger trend in Ea is also apparent in overlapping solvation shells that include the 1Na
category: 1Na1X, 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 18 and dynamics. 21
For example, Gaiduk and Galli found that,
in density functional theory-based MD simulations of 0.87 M NaCl, Cl− affected the average
number of H-bonds per water molecule out to
the 3rd solvation shell while Na+ only had an
effect on the 1st solvation shell.

Activation Energy of Diffusion
The total activation energy of diffusion, Ea , was
calculated from the four ∼ 1 M sodium-halide
solutions using their respective diffusion coefficients for each water category and the results
are presented in Fig. 4b; 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. 4a 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 appears to be the case for some of the other categories (1Na, 2X, and 1Na1X) where the trend
is not as easily discerned.
Interestingly, three remaining water populations – All, 2Na, and Bulk – suggest a different
trend that is not consistent with a purely energetic (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 Ea is smaller
for the F− and I− cases and higher for Cl− 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 experimentally accessible All case where all waters
are included in the average, where we obtain
Ea,All = 3.64±0.05, 3.70±0.04, 3.67±0.04, and
3.60 ± 0.06 kcal/mol for NaF, NaCl, NaBr, and
NaI, respectively. These values are the same
as, or nearly so, that calculated for neat water,

Mechanism of Anion Effects in the
1st Solvation Shell
It is interesting to consider in greater detail
the simplest ion effects by examining the cases
where a water molecule is immediately adjacent to an ion. We first consider the effect
of the anion by examination of the 1X population dynamics. The diffusion Ea is significantly
enhanced, compared to the neat water value
of 3.60 ± 0.04 kcal/mol, for water molecules
in the 1st 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
Ea,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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Figure 5: Decomposition of the water diffusion
Ea (black) for molecules in the 1st solvation
shell of a halide (1X); Coulombic (blue), kinetic (red) and Lennard-Jones (violet) energy
components (all in kcal/mol) are shown.
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Figure 6: Relative activation entropy contribution for diffusion, −T ∆∆S ‡ from eq. 13, for
water molecules in the 1st 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 Ea,LJ increases (becomes less negative). Overall, the
leads to a decline in Ea for larger halides.
(There is an additional small contribution to
this trend from changes in Ea,KE for which we
do not currently have a simple physical interpretation.)
It is important to note, however, that the activation energies, with the underlying competition between interactions, are not sufficient to
describe the change in D for water molecules in
the halide 1st solvation shell. This can be seen
by calculating the activation entropy, relative to
neat water, through eq. 13, the results for which
are shown in Fig. 6. The data indicates that
entropic effects represent a significant contribution 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 Ea,1X values dominate, leading to slower
diffusion. These contributions are reversed for
I− where ∆∆S ‡ < 0 but Ea,1I < Ea,0 and the
former leads to a smaller D than for neat water.
In the case of water molecules in the 1st solvation shell of Br− , the slower diffusion can be

using the decomposition of Ea described in
the “Theory" section, the results for which are
shown in Fig. 5. As we have previously observed for neat water, 47,49 electrostatic interactions are the dominant contribution to the
Ea and nearly equal the total activation energy. The Coulombic component is partially
cancelled by the Lennard-Jones term, which
has a clear physical interpretation. The water donating an H-bond to the halide anion sits
up on the repulsive wall of the Lennard-Jones
potential; note that the gOX (r) 1st solvation
shell peak (Fig. 2) occurs at distances less than
(σO + σX )/2 (Table 2). This occurs because
it permits favorable Coulombic interactions between the water H and the anion. Thus, for
a water molecule to diffuse, which must of necessity involve the breakage of this water-anion
H-bond, it must move up the Coulombic potential while it simultaneously falls down to lower
Lennard-Jones energies. This is the origin of
the strong positive values of Ea,Coul and the
negative values of Ea,LJ . The former involve
the dominant interactions and are thus larger
in magnitude.
The results in Fig. 5 show that this competition between the Coulombic and Lennard-Jones
contributions differs quantitatively as we move
down the halide group. Namely, the water10
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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. 4b 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. 4b, it is
clear that Ea,Bulk is effectively the same as that,
3.60±0.04 kcal/mol, obtained in our simulation
of neat water for Cl− , Br− , and I− , but it is distinctly lower for the NaF solution. These values are suggestive of significant entropic effects
on water diffusion, given that DBulk is less than
the neat water value for all of the ionic solutions
considered here. Moreover, DBulk 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 compared to that for the energetic driving forces
(here measured by the activation energy).
These entropic effects can be estimated by
the relative activation entropy, ∆∆S ‡ in eq. 13,

nearly completely accounted for by a slightly
larger activation energy and ∆∆S ‡ ≈ 0. (At
this juncture, it is important to recall the assumptions used to obtain eq. 13, which make
the trends in ∆∆S ‡ 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 activation energies. Such a comparison is made in
Fig. 7, where Ea is plotted for water molecules
that fall within the 1st or 2nd solvation shell of
either Na+ or a halide ion, i.e., the 1X, 1Na,
2X, and 2Na populations. The activation energy is largest for waters within the 1st solvation shell of Na+ followed by waters within
the 1st solvation shells of the halide ions. Both
Ea,1N a and Ea,1X decrease moving down the series of halides, with the former exhibiting relatively modest changes while the latter drops by
more than 0.6 kcal/mol. Note that the Ea,1N a
is heavily dominated by the Coulombic contribution (see Fig. S2) as was seen in the previous
section for 1X.
However, for water molecules in the 2nd solvation shell of an ion, the activation energies are
11

which is plotted for Bulk water molecules in
Fig. 8 as a function of halide. The results presented in the figure indicate that the activation
entropy of "Bulk" water in all of the salt solutions 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 compensates for its lower activation energy, relative 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.

Third, the Hofmeister series is not reflected
in the same way in the diffusion coefficient activation 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 Ea are not sufficient to
explain the behavior of the diffusion coefficient.
In addition, the Ea for some populations of water molecules do not follow predictions based on
the Hofmeister series.
Fourth, this behavior of D and Ea point
strongly to an important role for entropic effects that are ion dependent. Because the activation entropy cannot be unambiguously calculated, these factors are harder to quantify;
we have estimated them from a transition state
theory-like approximation. As we generally observe energetic-entropic compensation, the estimated ∆∆S ‡ , like the activation energies, differ
between the various solvation shell-based water 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 indicates a strong competition between the latter 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 Ea moving from F− to I− that is partially compensated
by a smaller Lennard-Jones component that increases (grows less negative).
It will be interesting to use analogous activation energy calculations to explore several
other aspects of ion effects on water dynamics. Examination of the trends in water diffusion 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

Conclusions
We have utilized a method of dividing up water populations in sodium halide solutions to
gain insight into how water behaves in the proximity 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, Ea , have
been calculated. The activation energies are obtained using a fluctuation theory for dynamics
approach that gives Ea from single temperature
MD simulations. 46–49 It further provides mechanistic 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 anticipated by the Hofmeister series and observed in previous measurements and simulations. Namely, D increases moving down the
halide group from fluoride to iodide. This is
true not only when averaging over all the water 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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non-intuitive 30,31,33 ) effects on water diffusion.
The relative role of energetic and entropic contributions 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 interest to explore how other water dynamical processes – e.g., OH reorientation, viscosity, and
vibrational spectroscopy – might exhibit different temperature dependences than diffusion.
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