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Solvent-shared pairs of densely charged ions induce
intense but short-range supra-additive slowdown of
water rotation®

Ana Vila Verde,* Mark Santer, Reinhard Lipowsky

The question “Can ions exert supra-additive effects on water dynamics?” has had several op-
posing answers from both simulation and experiment. We address this ongoing controversy by
investigating water reorientation in aqueous solutions of two salts with large (magnesium sulfate)
and small (cesium chloride) effects on water dynamics using molecular dynamics simulations
and classical, polarizable models. The salt models are reparameterized to reproduce properties
of both dilute and concentrated solutions. We demonstrate that water rotation in concentrated
MgSQO, solutions is unexpectedly slow, in agreement with experiment, and that the slowdown is
supra-additive: the observed slowdown is larger than that predicted by assuming that the resultant
of the extra forces induced by the ions on the rotating water molecules tilts the free energy land-
scape associated with water rotation. Supra-additive slow down is very intense but short-range,
and is strongly ion-specific: in contrast to the long-range picture initially proposed based on exper-
iment, we find that intense supra-additivity is limited to water molecules directly bridging two ions
in solvent-shared ion pair configuration; in contrast to a non-ion-specific origin to supra-additive
effects proposed from simulations, we find that the magnitude of supra-additive slowdown strongly
depends on the identity of the cations and anions. Supra-additive slowdown of water dynamics
requires long-lived solvent-shared ion pairs; long-lived ion pairs should be typical for salts of mul-
tivalent ions. We discuss the origin of the apparent disagreement between the various studies on
this topic and show that the short-range cooperative slowdown scenario proposed here resolves
the existing controversy.

1 Introduction

Most biological, geological and atmospheric processes take place
in aqueous solutions containing various inorganic salts. These
salts are known to significantly alter the properties of aqueous

T Electronic Supplementary Information (ESI) available: [Full details of the param-
eterization of anion-cation interactions, density of the CsCl and MgSO, solutions,
dipole moment of sulfate as a function of the magnitude of the electric field from
quantum mechanics calculations, fitting parameters and average reorientation times
associated to the reorientation decay of water in CsCl or MgSO,4 solutions, long-
range convergence of the anion-cation radial distribution functions, P (¢) for each
hydration layer around isolated ions and corresponding average reorientation decay
times, position and intensity of the extrema in anion-cation radial distribution func-
tions, discussion of the types of ion pairs formed in CsCl and MgSO4 solutions with
respect to experimental information, probability per ion of forming » ion pairs, cal-
culation of ion pair lifetimes, origin of ion pair lifetimes, reorientation decay times
and cooperativity factors for ion pairs and ion clusters, deeper discussion of the ef-
fects of low charge density ions on the dynamics of water around anions, analytical
model to calculate the average solution P (¢) from contributions of water near ion
pairs or clusters, reorientation times of the local electric field near MgSO4 SIP;s with
fixed SO~ orientation, correlation between average OH reorientation times, {|E|)
for MgSO4 SIP;s with fixed SO?{ orientation. ]. See DOI: 10.1039/b000000x/
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solutions — e.g., their viscosity — or the properties of other so-
lutes in those solutions — e.g., the solubility of molecular oxygen
— relative to pure water!. Because solution properties strongly
influence the kinetics and thermodynamics of any chemical or
physical processes occurring in solution, a large number of stud-
ies have addressed the molecular scale details of the interactions
of ions with water, with their counterions and with other solutes
in solution.

The effect of salts on any given solution property strongly de-
pends on the identity of both ions but, for a given counterion, it
is possible to create a series of anions or cations ranked by their
impact on any given property. These ionic series are commonly
known as Hofmeister series. Notably, these series are remark-
ably similar for widely different properties, suggesting that ion-

ion or ion-water interactions are at least partly at their origin2~7.
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In this context, multiple experimental and simulation studies in-
vestigating the effect of ions on the structure and dynamics of
water molecules have been reported®21. These studies indicate
that most ions affect water structure and/or dynamics only within
their first hydration shell. Only those ions with an unusually large
charge density, such as Lit or Mg?*, appear to perturb water up
to their second hydration shell.

While most studies indicate that the magnitude of the effect
of a given ion on a particular solution property depends on the
identity of the counterion, it is commonly believed that the ef-
fects of anions and cations are simply additive. The possibility of
supra-additive effects, however, was raised a few years ago. Fem-
tosecond infrared spectroscopy (fs-IR) and dielectric relaxation
(DR) studies done in the groups of Bakker and Bonn suggested
that pairs of multivalent and/or densely charged ions may supra-
additively slow down the rotational dynamics of water molecules
much beyond the first hydration shell of the ions2%23. This possi-
bility is still controversial, though, because other studies on sim-
ilar salt solutions came to different conclusions. Some studies
found no evidence of ion-specific, supra-additive slowdown of
water dynamics2%-24-26; another study found that supra-additive
effects are restricted to the first hydration layer of the ions27; still
another found that supra-additive effects are not ion-specific2°.

Here we examine the issue of supra-additive effects of ions on
the rotational dynamics of water by using molecular simulations
to investigate aqueous solutions of MgSQy, the salt for which the
largest cooperative slowdown effect was proposed based on ex-
perimental data. For comparison, we also examine water dynam-
ics in solutions of CsCl, for which experiments suggest only mini-
mal slowdown of water dynamics22-23, We use polarizable water
and ion models because densely charged ions polarize neighbor-
ing water molecules,282° an effect which may influence water
dynamics3°. Because our prior work3! indicates that the anion-
cation distance dictates the magnitude of slowdown of water ro-
tation induced by an ion pair, we reparameterize the anion-cation
interactions to reproduce the activity derivative of CsCl or MgSOy4
solutions at a concentration of 2.5 m, where m denotes “molal”
(mol solute/kg solvent) without affecting their ion-water inter-
actions, which were previously parameterized to reproduce the
free energy of hydration at infinite dilution. The optimized ion
models used here thus adequately capture ion-ion and ion-water
interactions, which is indispensable for the proposed study. We
relate the dynamics of water molecules in solutions of CsCl and
MgSOy at 0.5, 1.5 and 2.5 m to the contributions of isolated ions,
ion pairs, and small ion clusters forming cubes, and identify (i)
the extent to which water dynamics near an ion depends on the
counterions; (ii) the spatial range and magnitude of additive and
supra-additive effects; (iii) the correlation between solution struc-
ture as given by its anion-cation radial distribution function and
water rotational dynamics; (iv) the correlation between the local
electric field experienced by water molecules and their rotational
dynamics.

2| Journal Name, [year], [vol.],1-14

2 Methods

2.1 Models.

The “simple water model with four sites and negative Drude po-
larizability” (SWM4-NDP) together with compatible models for
the Mg?", Cs*, CI~ and SO?~ ions are used®!-33. In these mod-
els, polarizability is explicitly included using classical Drude os-
cillators. The water model reproduces reasonably well several
experimentally determined properties of water at room temper-
ature such as the change in internal energy upon liquefaction,
molar volume, diffusion coefficient, relaxation time from nuclear
magnetic resonance measurements, dielectric constant, free en-
ergy of hydration and surface tension32. The model’s ability to
reproduce both static and dynamic properties of water makes it
a suitable choice for this study. The ion models reproduce static
properties that reflect both ion-water and ion-ion interactions at
room temperature: hydration free energies, the minimum energy
and ion-water distance of a monohydrate (1 water + 1 ion) sys-
tem, the residence time of water molecules in the first hydration
layer of magnesium (of order 1 us) 34, the density and the activity
derivative of concentrated solutions of the salts studied here, as
shown in a prior publication3! and in the ESI". Adequately re-
producing ion-water and ion-ion interactions is indispensable for
the study of water dynamics in salt solutions because our prior
work indicates that the dynamics of water in the vicinity of an ion
pair greatly depends not only on the ion-water interactions, but
also on the anion-cation distance3!. Since the published models
for the ions adequately capture ion-SWM4-NDP water properties
only31:33 we reparameterize them’ and obtain new ion models
that reproduce properties of concentrated salt solutions — specif-
ically, the activity derivatives of CsCl or MgSQ, solutions with
concentration 2.5 m — while leaving the ion-water interactions
unchanged. We note that, since we aim to study water dynam-
ics in salt solutions, it would have been desirable to parameterize
ion-water and ion-ion interactions to reproduce dynamic solution
properties. We did not do so because of the larger uncertainty
associated with the measured values of these properties in com-
parison with the static target properties we selected.

2.2 Simulation details.

We perform simulations on three different types of systems for
each salt: isolated ions, individual ion pairs of freely rotating ions
at several fixed anion-cation distances, and solutions of concen-
tration 0.5, 1.5 and 2.5 m; for MgSO4 we perform also simulations
of clusters of eight freely rotating ions in cube configurations. Ex-
amples of the simulation boxes for some of the systems are shown
in Figure 1. In all simulations of freely rotating ions at fixed ion-
ion distances, the negative Drude charges associated with the ions
remain free so that the dipole moment of the ions responds to the
local electric field; in the case of SOi’, only the sulfur atom is
fixed in space.

The molecular dynamics package NAMD is used for all simu-
lations3°. Visualization and analysis of trajectories is done using
the package VMD - Visual Molecular Dynamics3°. Electrostatic
interactions are calculated directly up to inter particle distances
of 12 A and via the Particle Mesh Ewald method with 1 A grid-

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Example geometries of the simulated systems after equilibration,
shown here for magnesium sulfate. (a) Isolated ions. (b} Isolated ion
pairs. (c) Isolated ion clusters. (d) 2.5 m solution.

spacing for larger distances. Van der Waals (vdW) interactions
are switched to zero between 10 and 12 A, and correction terms
are applied to the energy and pressure to minimize artifacts in-
troduced by the use of a cutoff. The Briinger-Brooks-Karplus al-
gorithm with multiple time stepping is used for integration, with
bonded forces calculated at every time step, and Lennard-Jones
and electrostatic forces every two time steps®. Unless otherwise
noted, 0.5 fs time steps are used. Simulations at constant pressure
use a Langevin barostat with a target pressure 1 atm, oscillation
period 100 fs and damping timescale 50 fs. Integration is done
using an extended Lagrangian dynamics formalism, which yields
classical dynamic trajectories near the self-consistent field limit37.
This formalism encompasses two thermostats, one for the Drude
particles and a Langevin thermostat for all other particles in the
system. The target temperature for the Drude thermostat is 1 K
in all cases, and for the Langevin thermostat it is 298.15 K unless
otherwise noted. The geometry of the water molecule is kept fix
using the SETTLE algorithm 3. Periodic boundary conditions are
used.

The initial configurations for the simulations with isolated ions
are obtained by placing four pairs of anions and cations (Cs™
and CI~ or Mgt and SO%’) in alternating vertices of a cube of
edge length 24 A. Initial configurations for the simulations of iso-
lated ion pairs are generated by placing the ions at the desired
anion-cation distance. For CsCl, isolated ion-pairs at two anion-
cation distances (D = 3.6,5.4 A), corresponding to contact and
solvent-shared ion pairs as shown in the Results section, are sim-
ulated. For MgSO,, solvent-separated (D = 7.4 &) and two types
of solvent-shared (D = 5.0,5.6 A) ion pairs are simulated. The
MgSO0, cubic clusters are characterized by these anion-cation dis-
tances as well. The ion configurations are subsequently solvated
with SWM4-NDP water using tcl scripts implemented through
VMD; between each ion in the main simulation box and the ions
in the periodic copies of the box there is a minimum of 24 A of
water. The initial configurations for the simulations of CsCl and
MgS0, solutions are generated by randomly placing the desired
number of ions in the simulation box and solvating the system
with SWM4-NDP water so that the target concentrations of 0.5,
1.5 and 2.5 m are obtained. The large simulation boxes (see Ta-
ble 1) used here are necessary because the ion-ion radial distribu-
tion functions of concentrated salt solutions may exhibit correla-

§ The rotational decay times depend on the choice of multiple time stepping parame-
ters ! but ratios of rotational decay times do not; our conclusions are independent
of the multiple time stepping parameters used.

This journal is © The Royal Society of Chemistry [year]
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tions up to tens of angstroms’. Further details of the systems are
given in Table 1.

Table 1 Details of the simulated systems. np,;,, is the number of
anion-cation pairs, and n,, the number of water molecules

System Box size (A%) Rpairs Ay

Isol. ions 47 x 47 x 47 4 3448
Ion pairs 29 x 29 x 36 1 1040
Ion clusters 31 x31x31 4 987

CsClL 0.5m 60.4 x 60.4 x 60.4 64 7087
CsClL 1.5m 60.5x60.5x60.5 185 6845
CsCl, 2.5m 60.6 x 60.6 x60.6 298 6619
MgS04,0.5m 809x809x809 156 17327
MgS04,1.5m 80.2x80.2x80.2 453 16733
MgSOy4,2.5m 79.8x79.8 x79.8 727 16185

The solvated configurations are minimized for 10 to 100 steps
and then equilibrated for 2 ps in the canonical (NVT) ensemble at
298.15 K using 0.1 fs time steps. Individual ions, ion pairs and ion
clusters are further equilibrated in the NPT ensemble at 298.15 K
for 2 ns, sufficient time to ensure that the average volume of the
simulation box stabilizes. The starting configurations for the pro-
duction runs of simulations with isolated ions, ion pairs and ion
clusters are extracted from the equilibration simulations by se-
lecting a configuration with box size close to the average box size
during the equilibration. Simulations of salt solutions are equi-
librated in the NPT ensemble at 298.15 K for 5 ns. From the
equilibration simulation of each salt solution, a configuration for
which the box size is close to the mean is selected as the starting
point for a simulation at constant volume and T=400 K lasting
9 ns. The starting configurations for the production runs of salt
solutions are extracted from this high temperature simulation at
equally spaced intervals. This protocol for producing initial con-
figurations for concentrated salt solutions is necessary for MgSOy4
because these solutions have very slow dynamics at 298.15 K. To
ensure adequate sampling of configuration space at this temper-
ature one must thus perform multiple production runs starting
from substantially different initial configurations, which are ob-
tained from the high temperature run. We confirm that the high
temperature indeed allows the sampling of substantially differ-
ent system configurations by calculating the average root mean
square displacement (RMSD) of sulfate ions. For the solution with
slowest dynamics — MgSOy4 at 2.5 m — the RMSD between the start
and end times of the high temperature simulation is 30 A, indicat-
ing that substantially different system configurations are sampled
during this simulation. For consistency, the same protocol is used
to prepare the initial configurations for the simulations of CsCl so-
lutions even though they have much faster dynamics than MgSOy4
solutions. During equilibration, both the Langevin and the Drude
thermostats use a damping coefficient of 5 ps~1.

Production runs are performed in the NVT ensemble. For the
systems with isolated ions, a single production run of duration
5 ns is carried out. For the systems with single ion pairs or ion
clusters, 20 production runs each 5 ns long are performed for
each anion-cation separation, for a total simulation time of 100 ns
for each type of ion pair or ion cluster. This long simulation time

Journal Name, [year], [vol.], 1-14 |3
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is indispensable for the statistically accurate analysis of the re-
orientation dynamics of small water subpopulations near the ion
pairs performed in this study. For the systems with salt solutions,
10 production runs each 5 ns long are performed for each salt
concentration. The average temperature during the production
runs is T = 298 4 5 K. The damping coefficient is 0.1 ps~! for the
Drude pairs and 0.05 ps~! for the Langevin thermostat. Very low
values of these damping constants are used here because they
only minimally perturb the system dynamics: a prior study shows
that these values lead to diffusive behavior very similar to that
observed in simulations in the microcanonical (NVE) ensemble3”.
Unless otherwise indicated, the statistical uncertainty of reported
quantities is estimated by calculating the standard deviation using
block averages39-40,

3 Results and Discussion

3.1 Water dynamics in MgSO, and CsCl solutions

We characterize the rotational dynamics of water through the sec-
ond order rotational autocorrelation function,

P = (3 (360 72 1)) &

calculated for each hydroxyl group. In this expression, iy and i,
are unit vectors defining the orientation of a OH group at time 0
and ¢, respectively, and the average is over all time origins and all
OH groups considered in the water population being investigated.
This function typically decays from its maximum, P, = 1, to zero
as the system achieves full, isotropic 3D decorrelation, but could
assume values —0.5 < P, < 0 when decorrelation is not isotropic.
The minimum P, = —0.5 occurs if all OH groups simultaneously
form a 90° angle relative to their initial orientation. This function
is particularly useful because it approximates the observable in
pump-probe spectroscopy experiments — the anisotropy decay of
OH groups*! — allowing for comparisons with experiment.

Figure 2 shows P,(t) for solutions of MgSO4 or CsCl at three
concentrations: 0.5, 1.5 and 2.5 m. The P,(¢) for pure water is
also shown. These functions are calculated over a 5 ps interval
only because we aim to compare results with femtosecond in-
fra red experiments and longer times are not accessible to that
technique. All P;(¢) curves have the typical2’-31:41-44 fast, non-
exponential decay for r < 200 fs. For larger time scales, the ob-
served decay is well-described by a bi-exponential. The short-time
decay is a result of librational motion, whereas the long-time de-
cay arises from structural changes 1424445 Various prior stud-
ies27:31 indicate that structural change for water in the bulk is
the result of two main processes: hydrogen bond exchange (i.e.,
breaking and reformation) and slow reorientation of the intact
O-H--- O atom triad; it is reasonable to expect that the same pro-
cesses lead to water reorientation in salt solutions and give origin
to the decay observed here beyond r > 200 fs.

The two salts have markedly different effects on water dynam-
ics. MgSO, visibly slows down the reorientation of water, even
at the relatively low concentration of 0.5 m where only 30% of

0 L 1 i 1 i 1 i 1

0 1 2 3 4 5
time, ps

Fig. 2 Reorientation decay, P»(t), of water in solutions of (a) MgSO,4 and
(b) CsCl, at the indicated concentrations. For reference, the
reorientation decay of pure water is also shown.

all water molecules! belong to the first and second hydration lay-
ers of Mg?* or the first hydration layer of SOi‘, i.e., the water
subpopulations slowed down by isolated ions’. In contrast, CsCl
has only a rather weak influence on the reorientation dynam-
ics of water, even at a concentration of 2.5 m where 75% of all
water molecules belong to the first hydration layers of the ions.
These results qualitatively agree with experimental ones from
pump-probe spectroscopy and terahertz dielectric relaxation ex-
periments, lending confidence to our choice of parameterization
scheme 2246, We avoid making quantitative comparisons with ex-
periment here because the experimental anisotropy includes con-
tributions from non-Condon effects, excited-state absorption and
spectral diffusion4”, which are not included in Equation 1. These
contributions are of second order but are not negligible, so only
qualitative comparisons between experiment and simulation are
appropriate.

3.2 Contribution of isolated ions to water slowdown in salt
solutions
We next ask what fraction of the large differences in water dynam-
ics between MgSO,4 and CsCl solutions arises from differences in
the contributions of isolated Mg>* and SO3~ or Cs* and Cl~ to
the rotational dynamics of water. To investigate this issue, we first
characterize the rotational dynamics of water hydroxyl groups in
the first and second hydration layers of each isolated ion. We
do so by calculating the autocorrelation function given by Equa-
tion 1 for all water hydroxyl groups that, at r = 0, have oxygens
belonging to either the first or the second hydration shells of each
ion. The boundaries of the hydration shells are the minima of
the ion-water oxygen radial distribution function. The reorienta-
tion decay curves calculated in this way are shown in the ESI.

q Percentage estimated from the hydration numbers of isolated ions.
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Magnesium markedly slows down the rotation of water in its first
hydration shell and also slows down, to a lower extent, rotation
of waters in its second hydration shell. In contrast, chloride and
sulfate slow down the rotation of water in their first hydration
shell only, and cesium has virtually no effect on water rotation.
We then make the simplifying assumption that all ions in CsCl or
MgSO0y solutions are isolated, and estimate the average water re-
orientation dynamics in CsCl or MgSOy4 solutions, Ps sopyion(f), as
the sum of the contributions of water near isolated ions and from
water in the bulk, according to the expression:

1
Py solusion(£) = L Pap(6) + 2Py (1) + "= Y 1P 4 i(0)
Hy y Ry =

(2)
In this expression, n_ is the number of C1~ or SO%’ anions present
in simulations of salt solutions, #,,_ is the number of water
molecules in the first hydration shell of an isolated anion, and
P, _(r) is the reorientation autocorrelation function for that wa-
ter subpopulation, calculated as described above. n ;, n,, 1 ; and
P, . ;(7) are the analogous quantities for the cations; for Cs™, only
the first hydration layer is included (/ = 1); for Mg>", both the
first and the second hydration layers are used in the calculation
(I =2). Pyp(t) is the reorientation autocorrelation function cal-
culated from a separate simulation of water in the bulk. =, in-
dicates the total number of water molecules in the simulations
of salt solutions. The number of water molecules considered in
bulk environment in the simulations of salt solutions is obtained
as np = max [0,my —n_my— —ny Y1 my;]. The results of this
model are presented in Figure 3. For CsCl, the water reorienta-

(a)

2.5m
A 1.5m—o i
0.75 e

0.25

0
(b)

0.75
fc’v 0.5
0.25

Fig. 3 Estimated average reorientation autocorrelation function, (), of
water in solutions of (a) MgSQO4 and (b) CsCl, calculated from the
contributions of water near isolated ions and water in the bulk according
to Equation 2 (lines) or direcily calculated from simulations of salt
solutions (symbols).

This journal is © The Royal Society of Chemistry [year]
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tion dynamics at all concentrations predicted by the model closely
matches that directly calculated from simulations of salt solutions
at the three concentrations examined here. This result indicates
that the average water reorientation in CsCl solutions can indeed
be understood as the additive contribution of ions that, from the
point of view of water reorientation dynamics, behave as iso-
lated. The model predicts water dynamics equally well at the
lowest CsCl concentration tested here, 0.5 m, where 85% of wa-
ter molecules are considered in the bulk, and at the highest CsCl
concentration, 2.5 m, where only 25% of the water molecules are
in the bulk. These results suggest that water dynamics in CsCl so-
lutions of concentrations higher than 2.5 m but low enough that
each ion still retains an intact first hydration layer may still be
understandable as the sum of contributions from isolated ions.

In contrast, for MgSO, the water dynamics predicted by the
model only closely matches that calculated directly from simula-
tions for salt solutions at the lowest concentration, 0.5 m, where
only 30% of all water molecules belong to either the first hydra-
tion layer of sulfate or the first and second hydration layers of
magnesium, i.e., 70% of water molecules are in a bulk-like en-
vironment. The model fails visibly already at the intermediate
concentration, 1.5 m, where only 8% of water molecules lie in a
bulk-like environment, and fails quite dramatically at the highest
concentration, 2.5 m, for which 90% of water molecules belong
to the first hydration layers of the ions, and the remaining 10%
are assigned to the second hydration layer of magnesium. These
results show that, although the marked slowdown of water rota-
tion in MgSO, can partly be assigned to the effect of individual
ions on the dynamics of water around them, this effect is insuf-
ficient to explain the observed water dynamics at intermediate
and high salt concentrations. Our prior work suggests that an-
other effect may be at play in MgSO, solutions: we have shown
that isolated pairs of magnesium and sulfate ions with 5, 6 or
7 A inter ionic distance may supra-additively slow-down water
rotational dynamics®!. In the next section we assess whether ion
pairs with inter ionic distances between 5 and 7 A indeed form in
MgSO, solutions. For comparison, an analogous study is done for
the CsCl solutions.

3.3 Ion pairs in MgSO,4 and CsCl solutions

We investigate the association of anions and cations in CsCl or
MgSO4 solutions by calculating their anion-cation radial distribu-
tion function; for MgSOy, the magnesium-sulfur radial distribu-
tion function is calculated. These functions are shown in Figure 4
for the three concentrations simulated; the position and intensity
of the extrema is given in the ESI'.

The anion-cation radial distribution functions for each of the
MgSO0, solutions have three peaks. The first and second peaks (A
and B in Figure 4 (a)) are both solvent-shared ion pairs (SIPs): in
both cases the ions share one water layer. The difference between
the configurations associated with these two peaks is illustrated
in the insets: in peak A, called an inner SIP (SIP;), the two water
molecules directly bridging Mg>™ and SO}" often donate a hy-
drogen bond to the sulfate whereas in peak B, called an outer SIP
(SIP,) the sulfate orientation relative to magnesium allows one

Journal Name, [year], [vol.], 1-14 |5
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12 15

Fig. 4 Anion-cation radial distribution functions, g(r), for (a) MgSQO4 and
(b) CsCl solutions of different concentrations; for MgSQ,, the sulfur
atom is used for the calculation. Configurations characteristic of the
maxima (indicated by A, B, C, D and E) of the g(r) are shown as insets.

of the water molecules belonging to the first hydration shell of
magnesium to often donate a hydrogen bond to a second water
molecule, which then donates a hydrogen bond to sulfate. Peak
C corresponds to solvent-separated ion pairs (2SIP), i.e., each ion
retains its intact first hydration shell. In contrast to MgSQOy, the
anion-cation radial distribution functions for CsCl solutions have
only two strong peaks, the first one corresponding to contact ion
pair and the second to solvent-shared configurations (see peaks D
and E in Figure 4 (b)). Configurations corresponding to solvent-
separated CsCl ion pairs show only a low probability of occur-
rence, as indicated by the small height of the third peak in Fig-
ure 4 (b). These findings are consistent with experimental data’.

The contribution of ion pairs to the average water dynamics in
solution necessarily depends on their number and lifetime. In Ta-
ble 2 we show the average number of CIP, SIP and 2SIP ion pairs
(ncyp, nsyp or nygrp) formed per ion, for each concentration. These
numbers are obtained by integrating the anion-cation radial dis-
tribution functions (shown in Figure 4) between consecutive min-
ima. Both MgSO,4 and CsCl form large numbers of ion pairs, even
at the relatively low concentration of 0.5 m. Such large number
of ion pairs may at first sight appear somewhat high if one con-
siders that the average distance between ions, estimated from the
number of ions and the volume of the simulation box, is approx-
imately 9 A at 2.5 m and 15 A at 0.5 m. We note, however, that
the concentration of ion pairs that can be expected from a simple
random mixing model*8 with physically reasonable parameters

Table 2 Number (n) of ion pairs of each type per ion, formed in MgSQOy,
and CsCl solutions of different concentration. The types of ion pairs are
identified in Figure 4

Salt Conc. (m) Type n
SIP; 0.5
0.5 SIP, 0.6
2SIP 0.8
SIP; 0.8
MgSOy4 1.5 Sip, 1.0
2SIP 1.6
SIP;, 1.1
2.5 SIp, 1.3
2SIP 2.3
CIP 0.2
0.5 SIP 0.5
CIP 0.5
CsCl 1.5 SIP 11
CIP 0.8
25 SIP 1.5

for ions is already of the same magnitude as, albeit lower than,
the numbers shown in Table 2 (calculations not shown), so large
numbers of ion pairs are, in fact, to be expected even at low con-
centrations. In the ESI" we also show the probability that each
ion is involved in 0,1,2,---, ion pairs. These distributions show
that at the highest concentration, the probability that each ion in
a MgSO; solution is involved in three or more ion pairs is high,
i.e., ion clusters should be abundant in solution.

The ion pair lifetimes are given in Table 3; note that here the
inner and outer SIPs seen in MgSO, solutions are considered a
single state. The lifetimes are calculated using the stable states
picture of Northrup and Hynes*°, as implemented by Joung and
Cheatham®°. In this framework, only transitions between sta-
ble ion pair configurations are considered in the calculation of
the lifetime; transient events where the ion pairs breakup and
quickly reform are disregarded’. The differences between the ion

Table 3 Lifetimes of ion pairs in MgSO,4 and CsCl solutions at different
concentrations. The types of ion pairs are identified in Figure 4. For
MgSOQy,, the inner and outer SIPs are considered a single state

Salt Conc. (m) Type 1p (ps)
MgSO, L5 285153 13546
25 ZSSIIPP 25237
S
Cscl T
T

pair lifetimes of the two salts are striking: ion pairs in MgSOy4
solutions are much longer lived than ion pairs in CsCl solutions.
Whereas both CIPs and SIPs in CsCl solutions have lifetimes of a
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few picoseconds - i.e., larger than, but still of the same magnitude
of the average reorientation decay times of water in the bulk —
MgSOy, solutions have 2SIP lifetimes of 20-50 ps and SIP lifetimes
of 100-200 ps. The lifetime of each ion pair increases at higher
concentrations for both salts, but the magnitude of this increase
is much larger for MgSOy4 (Ts7p0.5m = 118 PS, Tsipa.5m = 227 ps)
than for CsCl (t¢rp0.5m = 6.7 PS, Tcrp2.5m = 7.5 ps). The short life-
time of CsCl ion pairs is consistent with the notion that this salt
forms only weak ion pairs, as discussed in the ESIT. The long
lifetime of MgSO, ion pairs compared to typical water reorien-
tation times means that their inter ionic distance is essentially
unchanged during water rotation. CsCl ion pair lifetimes are gov-
erned by diffusion, and the same occurs for the MgSO, 2SIPs; the
large differences between these two sets of data arise from the
large differences in the solution viscosity. The very large lifetimes
of MgSOy SIPs arise from both the large solution viscosity and the
strong electrostatic interactions between the two ions at this short
distance, as demonstrated in the ESI'.

These results confirm that ion pairs with inter ionic distances
between 5 and 7 A — shown previously to have the largest ef-
fect on water dynamics for all types of ion pairs3! — are indeed
abundant in both MgSO, and CsCl solutions. Since in both salt
solutions the ion pair lifetimes are larger than the characteristic
reorientation time of water in the bulk, it is natural to ask: (i)
what is the effect of isolated versions of the most frequent types
of CsCl and MgSQ, ion pairs on the dynamics of water around
them; and (ii) why the contributions from isolated Cs™ and CI~
are sufficient to understand the overall water dynamics in CsCl
solutions despite the abundance of ion pairs in those solutions.
The large number of long-lived ion pairs in MgSOy solutions also
suggests that it might be reasonable to think of ions in these solu-
tions as forming clusters rather than pairs. In this context, we ask:
(iii) what is the effect of isolated ion clusters on the dynamics of
water around them; and, finally: (iv) whether water dynamics in
MgSO, solutions can be understood in terms of the effect of iso-
lated ion pairs or clusters. These questions are addressed in the
following section.

3.4 Water dynamics near isolated ion pairs and clusters

We characterize water reorientation near isolated, ion pairs or oc-
tameric clusters with fixed anion-cation distances by calculating
the P,(¢) function shown in Equation 1 for each hydroxyl group in
a given water subpopulation. The inter ionic separations consid-
ered correspond to the maxima of the radial distribution functions
shown in Figure 4, i.e., the most abundant ion pair configura-
tions in CsCl and MgSO, solutions. Each water subpopulation is
defined as illustrated in Figure 5(a): at r = 0, the water oxygens
of each subpopulation must simultaneously belong to a spherical
layer of mid-radius d and thickness 1 A centered at one of the
ions, and to a slab of thickness 0.5 A perpendicular to the cation-
anion direction and at a given position along that direction. Each
position of the slab is associated to an angle 6,,,, with vertex at
the ion indicated in subscript, as shown in Figure 5. Water sub-
populations are thus identified by the triad (ion,d, 6;,,), and can
be graphically represented as shown in Figure 5(b).
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Fig. 5 (a) Example water subpopulations (small green dots) near an
anion-cation pair. The image shows only water subpopulations centered
on magnesium, but similar subpopulations centered on sulfate are also
investigated. The same water subpopulations are investigated near ion
clusters. (b) Water subpopulations near ions are represented by the
grey spheres and referred to in the text by the reference ion, distance d
and angle 6 associated with them, as exempilified for point P (green).

The P, (r) function is calculated for a 5 ps interval, similarly to
what was described above for the isolated ions. During this time,
the water molecules will diffuse away from their initial positions
and some of them will no longer belong to the spatial region de-
fined at time 0. Despite their movement, these water molecules
are still included in the calculation of P (). Within the 5 ps inter-
val for which P (r) is calculated, waters typically diffuse no further
than the immediately neighboring subpopulations, so each P»(t)
retains a strong local character and gives insight into local water
dynamics.

Our prior work3! indicates that the P;(¢) curves of water sub-
populations near ions are well-fitted by a sum of three exponen-
tials. We thus fit aexp(—t/1;) + bexp(—t/1;) + cexp(—t/13) to the
P5(t) curves of all water subpopulations near MgSO,4 and CsCl
ion pairs. The parameters of the fitted curves are then used to
estimate the average OH reorientation decay time of each water
subpopulation, Ty : Trer = (aTy + b7 +¢13)/(a+ b+ c¢). This time
constant can be interpreted as that of a single exponential func-
tion with the same value at r = 0 and with the same area under
the curve as the fitted function. The reorientation decay times ob-
tained in this manner for water subpopulations near MgSO,4 and
CsCl SIPs are shown in Figure 6; similar figures for other ion pair
configurations are shown in the ESI.

3.4.1 The largest slowdown of water rotation occurs for ions
pairs and ion clusters in SIP configuration

Figure 6 shows that the MgSQ, inner solvent-shared ion pair has a
spatially inhomogeneous effect on the dynamics of water around
it: it dramatically slows down the rotation of water molecules in
the first hydration layer of magnesium and directly between the
two ions, but has a much lower effect on the rotation of other
water subpopulations. Similar qualitative trends are observed for
the outer solvent-shared and the solvent-separated ion pairs (see
Figure 6(b) and Supporting Information), with one main differ-
ence: the magnitude of the water slowdown in the two subpopu-
lations directly between the ions is much smaller than that shown
in Figure 6(a). The inner SIP configuration for MgSO,, shown in
Figure 6(a), is the ion pair configuration that induces maximum
slowdown of water rotational dynamics for MgSOy.

The results shown in Figure 6(c) for the CsCl SIP share some
qualitative similarities to those found for the MgSO,4 SIPs: water
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Fig. 6 Average reorientation decay times (ps) of water subpopulations
near the indicated isolated ion pairs. The color of the small spheres
conveys the magnitude of the average reorientation time shown next to
them. Consecutive spheres indicate water subpopulations 1 or 2 A apart
except for the (Mg?+,3.53A,45°) and (Mg2*,3.95A,45°) subpopulations
in the MgSO, SIP; and SIP,, respectively.

slowdown is no longer spherically symmetric around each of the
ions as it was for the isolated ions, but instead the water sub-
populations directly between the ions show the slowest water dy-
namics. Similar trends are observed for the CsCl CIP, but the
magnitude of the water slowdown in the water subpopulations
between the ions is much smaller than that observed for CsCl in
solvent-shared ion pair configuration. Our results on MgSO, and
CsCl ion pairs indicate that, irrespective of the identity of the ions,
solvent-shared ion pairs induce the largest slowdown of rotational
dynamics of water. The effect of CsCl ion pairs on the dynamics
of nearby water molecules is small enough that the overall solu-
tion dynamics can still be understood as the sum of the effect of
isolated ions. See the ESI' for a deeper discussion of the effects of
low charge density ions on the dynamics of water around anions.

In Figure 7 we look at water dynamics near cubic ion clusters
of MgSO4. We consider three types of clusters, with edge dis-
tance equal to the location of the first, second or third peak in the
MgSO, radial distribution function; we refer to these clusters as
the SIP;, SIP, or 2SIP cluster. Perfect cubic clusters do not exist
in solution, but these ideal cases give insight into the dynamics
of water near multiple ions. Comparing Figures 6(a) and 7(a)

it is apparent that, for equivalent subpopulations, in most cases
the reorientation times increase markedly as one transitions from
ion pairs to clusters with identical distance between first-neighbor
cations and anions. For example, the (Mg2t,2A,45°) subpopula-
tion is always the slowest to reorient for the SIP; ion pairs or
clusters; its reorientation time goes from 18.6 ps in the ion pair
configuration, to 60.6 ps in the cubic cluster. Furthermore, the
length scale up to which marked slowdown is observed is also
larger for clusters. Whereas reorientation times larger than 2 ps,
i.e., 1.5 times larger than the reorientation time of bulk water,
are limited to the second hydration layer for ion pairs, they can
be found up to the third hydration layer for ion clusters’. Recent
simulations of MgCl, solutions using a non-polarizable force-field
also support the existence of slowly rotating water molecules be-
yond the ions’ first hydration shell>!.

(b) D=5.6 A.

Fig. 7 Average reorientation decay times (ps) of water subpopulations
near isolated MgSO, clusters with the indicated minimum anion-cation
distance, D. The water subpopulations are defined as illustrated in
Figure 5. The color of the small spheres conveys the magnitude of the
average reorientation time shown next to them.

3.4.2 Very slow rotation of water molecules in the first hy-
dration shell of MgSO, ions forming SIP: pairs or clus-
ters is a supra-additive effect

The very large OH reorientation times observed for the two water
subpopulations directly between the Mg>t and SOi’ ions shown
in Figure 6(a) suggest that, for these two water subpopulations
at least, the SIP; has a supra-additive effect on water rotational
dynamics. A similar possibility may be raised about all the water
subpopulations near ion clusters, shown in Figure 7. To investi-
gate whether supra-additive effects are indeed occurring, we first
create a simple analytical model to estimate the expected water
reorientation dynamics near ion pairs if the ions’ effect on water
rotation were strictly additive. We make the simplifying assump-
tion that the reorientation time constants shown in Figures 6 and
7 are the result of a single, activated, molecular process, so that
the reorientation time constants are a function of the free en-
ergy barrier, AG*, separating the initial and the final states. This
assumption is reasonable because water rotation has a large con-
tribution from hydrogen-bond exchange, and this process is in-
deed activated, both for water in the bulk and for water near
solutes *32-57_ We also assume that the pathway for water rota-
tion near one or multiple ions remains identical to that in the ions’
absence, and that the presence of the ions will simply tilt the free
energy landscape associated with water rotation because of the
extra work that the rotating water molecule will need to realize
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against the new forces introduced by the ions. The height of the
free energy barrier associated with rotation of water molecules in
subpopulation i near an ion j will change relative to the bulk free
energy barrier, AGiul > DY AAGf IE

. g
AAGE = /q " Figdi ©)

where ]_‘; ; is the sum of the extra forces acting on the rotating
water molecule because of the presence of the ion, ¢ denotes a
generic reaction coordinate along which water rotation proceeds,
q° is the starting point for water rotation and ¢* is the location of
the maximum of the free energy barrier. The free energy barrier
to rotation of waters in subpopulation i near an ion j, AG;‘F‘ It is
then given by AGiu,k +AAG;‘EJ» and the reorientation time for that

. AAGE;
water subpopulation by T,ui,j = Tror putk €XP (TTJ
Boltzmann’s constant. For the reference additive model, ion-ion
polarizability is neglected, so the extra force acting on a water
molecule rotating in the presence of M ions is equal to the sum
of the extra forces acting on the equivalent water molecule near
each ion in the absence of other ions: f; = 2’}”:1 f; ;- The expected
additive water reorientation times, 7, ; 444, Of water subpopula-
tion i near isolated ion pairs or clusters with M ions can then be
estimated as

) where kg is

M M
LY AAGEH ) T T
Trot i,add = Trot bulk €XP kT = M—1 . 4
B rrot,bulk

from the reorientation times of water subpopulation i calculated
from simulations of isolated ions j. M = 2 for the case of a single
ion pair and M = 8 for an ion cluster with four ion pairs. The
Tror,i,j for ion-water distances for which the time constants were
not directly calculated from simulation is obtained by linear in-
terpolation between the two nearest water subpopulations. We
establish whether slowdown in water subpopulation i near ion
pairs or clusters is additive by comparing these additive reorien-
tation times with those directly measured in the simulations of
isolated ion pairs or ion clusters, T,y ;, via a cooperativity factor,
S;

T
Si _ rot,1 ( 5)
Trotiadd

for each water subpopulation near these pairs or clusters. § =1
indicates purely additive slowdown of water dynamics by the two
ions, S > 1 indicates supra-additive and S < 1 sub-additive slow-
down. To calculate the supra-additive factor for the ion clusters,
the 7, 444 for each subpopulation ring (see Figure 5) is estimated
as the average over the additive reorientation times in 20 sections
of that ring, under the simplifying assumption that each section
of the subpopulation ring is equally populated. This assumption
implies that the cooperativity factors calculated for water near
the ion clusters are approximate. For water around ion pairs, the
system has radial symmetry along the anion-cation direction so
this assumption rigorously holds; for that case the cooperativity
factors are, within the context of the model used to estimate the
Trot,add > €Xact.

In Figures 8(a) and 8(b) we show the cooperative factor, S, for
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the inner and outer solvent-shared ion pairs formed by MgSO,.
This factor is only much larger than one for the two water
subpopulations directly between the ions in the SIP; ion pair,
ie., (Mg2t 2A,45°) and (Mg2t,2A,0°), the two water subpopu-
lations that have the slowest rotational dynamics, as discussed
above. These subpopulations undoubtedly experience supra-
additive slowdown. The majority of the remaining water sub-
populations around this ion pair, as well as all the water subpop-
ulations in the SIP,, have 0.7 < § < 1.2. Small deviations such as
these from S = 1 indicate that water dynamics for these subpopu-
lations is dominated by additive effects.

The supra-additive slowdown seen in the ion pairs becomes,
in general, larger for the clusters. For example, the supra-
additive factor for subpopulation (Mg?",2A,45°) in the SIP; series
is S = 1.8 for the ion pair, but S = 2.0 for the cluster; also, whereas
the SIP, ion pairs do not induce any marked supra-additive slow-
down of water rotation, visible supra-additive effects are at play
in the SIP, cluster for the waters shared between the first hy-
dration layers of magnesium and of sulfate, see (Mg2+,2A,0°) in
Figure 8(d). We note that supra-additive effects are limited to
the SIP clusters; the 2SIP ion cluster does not show noteworthy
supra-additive slowdown of water rotation”. We also point out
that there are exceptions to the general trend of increasing supra-
additive slowdown of water rotation with increasing number of
nearby ions: e.g., the subpopulation (SO4_,3.5A45°) in the SIP;
ion pair has S=1.4, but has S=0.4 in the corresponding ion clus-
ter. The level of supra-additivity thus appears to strongly depend
on the molecular scale details of the water and ion configurations.

3.4.3 Supra-additive slowdown of water rotation occurs in
MgSO, solutions

The results presented so far show that supra-additive slowdown
of water rotation indeed occurs for isolated inner solvent-shared
ion pairs and for both inner and outer solvent-shared isolated
ion clusters with fixed ion-ion distances. For these ion configu-
rations, the supra-additive effect is very intense but is limited to
the first hydration layer of the ions. In solutions, however, the ion
pairs and clusters are not fixed, so the connection between supra-
additive effects of ion pairs and ion clusters with fixed inter ionic
distances and the dynamics of water in MgSO, solutions must be
explicitly demonstrated.

We first ask whether water reorientation in solutions of MgSOy4
can be reconstructed from the sum of contributions of water dy-
namics near isolated ion pairs and pure water. We develop an
analytical model® similar in concept to that already described
above to estimate the water dynamics in solutions from the con-
tributions of isolated ions (see Equation 2). In Figure 9 (a) we
compare predictions from this model against the orientation dy-
namics directly measured in the simulation. This model predicts
water dynamics in MgSO, solutions of 0.5 and 1.5 m very well,
but still fails at the 2.5 m concentration. Comparison of Fig-
ure 9 (a) with the results of the isolated ion model predictions
shown in Figure 3 (a), however, shows that the predictions of the
ion pair model are substantially better than those of the isolated
ion model. This result indicates that the isolated ion scenario
only holds at concentrations of 0.5 m or lower. At concentrations
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Fig. 8 Cooperativity factor for MgSQOy4 (a,b) ion pairs and {c,d) ion
clusters. The anion-cation distance is (a,c) 5 A, corresponding to the
SIP; configuration, and (b,d) 5.6 A, corresponding to the SIP,
configuration.

near 1.5 m, water dynamics can only be understood by account-
ing for the presence of ion pairs and explicitly considering their
cooperative slowdown of water rotation. While the sizable num-
ber of ion pairs formed at this concentration indicates that small
ion clusters also exist in solutions, these clusters appear to be un-
necessary to satisfactorily explain water dynamics. The marked
effect of ion pairs on water dynamics is also clearly present at
even higher concentrations, near the solubility limit, but in this
case it appears to be insufficient to explain the large slowdown
of water dynamics seen at such high concentrations. To do so,
we must consider the enhanced slowdown of water rotation in-
duced by the presence of large numbers of ion clusters. Similarly
to what was done above for the ion pairs, we predict the water
dynamics in MgSO, solutions at 1.5 and 2.5 m from the contri-
butions of water near ion clusters and any remaining water in a
bulk-like environment’. The results from this model are shown
in Figure 9 (b). The water dynamics at the 2.5 m concentration
can be predicted from the contributions of water near isolated
ion clusters, supporting the notion that the very slow water ro-
tation observed at such high concentrations indeed arises from
the strong supra-additive slowdown of water rotation induced by
such clusters.
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Fig. 9 Estimated average reorientation autocorrelation function, P(¢), of
water in solutions of MgSQy4, calculated from the contributions of water
near (a) isolated ion pairs (lines), and (b} isolated ion clusters (lines)
using analytical models. The reference P(¢) functions directly calculated
from simulations of salt solutions are shown as symbols.

3.5 Origin of additive and supra-additive slowdown
3.5.1 Water slowdown correlates with the magnitude of the
electric field only for salts with high valence ions.

Given the difference in ion valence between CsCl and MgSQOy, it
is natural to ask whether the differences in water dynamics be-
tween CsCl and MgSO, solutions originate from differences in
the magnitude of the electric field, E, between these salt solu-
tions. In Figure 11 we show the average magnitude, {|E|), of
the electric field experienced at the negative Drude charge of wa-
ter molecules. These results indicate that slower water dynamics
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Fig. 10 Average electric field magnitude, (|E|), for CsCl and MgSO,
solutions.

correlates with higher (|E|) for MgSO,4 but not for CsCl solutions.
A similar correlation between (|E|) and water reorientation has

This journal is © The Royal Society of Chemistry [year]
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been found for Na,SO4, but not for NaClO426. Water slowdown
in solutions is known to have multiple origins. Two slowdown
mechanisms that are well understood are the reduction in the
number of transition states associated with hydrogen-bond ex-
change near solutes, and the stronger hydrogen bonds between
water and some anions®8; the first is independent of the char-
acteristics of the local electric field whereas the second is not.
The correlation between (|E|) and water slowdown observed for
MgSO,4 and for Na,SO4 suggests that simple electrostatic effects
will slow down some mechanisms of water rotation, but that this
contribution is of importance only for some salts.

3.5.2 Supra-additive slowdown does not correlate with elec-
tric field magnitude

To further understand how both additive and supra-additive slow-
down of water rotation depend on the electric field, we charac-
terize the average magnitude of the electric field for different wa-
ter subpopulations near MgSO, ion pairs. In Figure 11 we show
the magnitude of the local electric experienced by the negative
Drude charges of water molecules as a function of the water OH
reorientation times for different water subpopulations; the water
reorientation times are those shown in Figures 6(a) and 6(b), and
in the ESIT. We find that correlations between OH reorientation
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Fig. 11 Electric field magnitude, (|E|), as a function of the reorientation
time of water OH groups belonging to different water subpopulations
around MgSO; SIP;, SIP, and 2SIP with freely rotating ions. The
different data points are for water subpopulations in regions A, B and C
around the ion pairs, as shown in the inset.

dynamics and the magnitude of the local electric field depend
strongly on which water subpopulations are considered.

Water subpopulations in Mg?*’s first hydration layer, corre-
sponding to regions A and B in the inset of Figure 11, have re-
orientation times that are independent of the field’s magnitude:
water reorientation times vary by a factor of 3 while the magni-
tude of the electric field varies by +10%. Region A includes those
water subpopulations that show supra-additive slowdown in SIP;
ion pairs; these results thus suggest that supra-additive slowdown
is unrelated to the local electric field.

The absence of correlation between supra-additive slowdown
and the magnitude of the local electric field for water molecules
in region A is surprising because intuitively one would expect that
these water subpopulations should reflect the influence of ion-
ion polarization, which is one possible cause for supra-additive

Physical Chemistry Chemical Physics

slowdown. The extra forces acting on water molecules near two
polarizable ions relative to the forces acting on water molecules
in the absence of those ions can be written as

F=h+h+ 6)

where f; and f, are the extra forces acting on water molecules
near a single, isolated, ion of type 1 or 2, and f,,lz is the extra
force acting on the water molecules because of the different po-
larization state of ions with nearby counterions relative to the
situation where the ions are isolated. The fplz term is not in-
cluded in our reference additive model so, if fp12 were large, the
cooperativity factor § given by Equation 5 should differ from 1.
The absence of correlation between the water reorientation times
in region A and the electric field magnitude indicates that f,,lz
is small, even for water molecules in between the two ions in
SIP; configuration; it follows that ion-ion polarization is not at
the origin of supra-additive slowdown of water rotation. See the
ESI'for results of extra simulations of SIP; ion pairs with fixed ori-
entation, which further support this conclusion. Because supra-
additive slowdown cannot be explained by ion-ion polarization, it
should arise from the remaining possible source of non-additive
effects: changes in the length and/or shape of the pathway as-
sociated with water rotation. Such a detailed study of rotation
pathways is outside the scope of the present work and will be the
subject of a future paper.

3.5.3 Additive slowdown beyond the first hydration layer of
Mgt correlates with the magnitude of the local elec-
tric field

For waters in region C in the inset of Figure 11, i.e., those not
belonging to the first hydration layer of Mg?t, slower OH re-
orientation correlates with higher magnitude of the local electric
field; see the ESI' for a magnified version of these graphs focus-
ing on region C. This correlation suggests that water slowdown in
these subpopulations can be understood as arising from a simple
electrostatic effect increasing the magnitude of the free energy
barrier to water rotation according to equation 3. Furthermore,
these water subpopulations show only additive slowdown (see
Figures 8(a) and 8(b)). The absence of supra-additive effects in
these water subpopulations further confirms that the mutual po-
larization of the two neighboring ions contributes little to water
dynamics.

4 Concluding remarks

Our present and prior results3! demonstrate that intense supra-
additive slowdown of water rotation by ions occurs in MgSO, so-
lutions. Supra-additive slowdown occurs via an intense decrease
in the rotation rate of the small water subpopulation that directly
bridges anions and cations in solvent-shared configuration. The
model initially proposed by Tielrooij, Garcia-Araez, Bonn, and
Bakker?? to explain supra-additive slowdown of water rotation
— long-range changes in the number of slow water molecules — is
not supported by our calculations. Supra-additive effects are asso-
ciated with ions in solvent-shared ion pair configurations only: in-
tense supra-additive slowdown already occurs for single ion pairs,
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and increases in magnitude for water molecules belonging to ion
clusters because of the influence of multiple nearby ions. Clus-
ters of MgSO,4 ions may also induce marked slowdown of water
rotation up to the third hydration layer of the ions, but these long-
range effects are additive, not supra-additive.

Bakker et al.’s notion of a long range supra-additive slowdown
effect stems from fitting their experimental data using a simple
two-population model2223: the global water dynamics in all salt
solutions investigated by them was modeled as the sum of contri-
butions of only two types of water subpopulations — with bulk-like
or slow dynamics — the latter with a reorientation time four times
that of the bulk-like subpopulation for all salts. Their model thus
assumes that all slow water molecules are identical: the magni-
tude of the water reorientation times of the slow water subpop-
ulation is independent of the identity of the salt, its concentra-
tion, and the position of the water molecule relative to nearby
ions; only the number of slow water molecules changes with salt
identity and concentration. Our results show that such a model
is overly simplistic, because the dynamics of water molecules in
salt solutions is highly heterogeneous: it strongly depends on the
identity of the salt and on the number and lifetime of nearby ion
pairs and clusters: e.g., near CsCl ion pairs the slowest reorient-
ing water is only 2.5 times slower than pure water, whereas near
MgSO, ion pairs it is 14 times slower than pure water. Further-
more, the magnitude of water slowdown by an isolated ion pair
is strongly spatially inhomogeneous, as illustrated in Figure 6.
Our simulation work shows that the assumptions underlying the
two-population model used by Bakker et al. to interpret their re-
sults are not met, which suggests that the spatial range for supra-
additive effects inferred from that model is incorrect. Their ob-
servation of supra-additive slowdown of water rotation, however,
is independent of the two-population model they used for analy-
sis. The existence of supra-additive slowdown of water rotation
is supported by both their experiments and our simulations.

Our results suggest that supra-additive slowdown of water rota-
tion will be strongest in solutions of salts that preferentially form
solvent-shared ion pairs and have high viscosity, i.e., where these
ion pairs are expected to have lifetimes longer than the typical
water reorientation times. Sodium sulfate, for example, forms
solvent-shared ion pairs®® and has reasonable high viscosity at
high concentration®?, so cooperative slowdown of water rotation
should occur in solutions of this salt. Bakker et al.22 in fact de-
tected large cooperative slowdown of water rotation in Na;SOy
solutions. Recent simulations of Na; SO, solutions using polariz-
able models done by Stirnemann, Laage et al. 26 however, stated
that ion-specific cooperative effects did not occur there, which
apparently contradicts the experimental results and the extrapo-
lations we make from the present work on MgSO,. Careful read-
ing of that work, however, indicates that it is in fact largely con-
sistent with our own: both works do not support the increase
in the number of slowly rotating water molecules by ions pro-
posed by Bakker et al., but instead indicate that cooperative ef-
fects consist in increases in the magnitude of the slowdown and
are short-range, arising largely from the overlap of the first hy-
dration layers of two ions. In Figure 2B of Ref.26, the authors
show that adding the contributions of water reorientation near

isolated cations, anions and bulk-like water is insufficient to pre-
dict the water reorientation dynamics for Na,SOy4 solutions with
concentration larger than 1 m. In Figure 3B of the same reference,
the authors show that water subpopulations bridging Na,SO, ion
pairs in concentrated solutions rotate much more slowly than an
additive picture would predict. These findings are entirely consis-
tent with our own on MgSQy,, as mentioned above. The authors
clearly state that ions have a short-range effect on water, and that
deviations from additivity arise from overlapping hydration shells
of the ions, with which we agree. Stirnemann, Laage et al. indi-
cate that deviations from additivity are connected to increases in
solution viscosity with increasing salt concentration, as our work
also suggests, but claim that this effect is not ion specific, with
which we disagree. The viscosity at the same high concentration
may vary greatly between different salts, making such an effect
undoubtedly ion-specific.

Our results show that intense supra-additive slowdown of wa-
ter dynamics by ions occurs in concentrated solutions of partic-
ular salts, but does not extend beyond the ions’ first hydration
shell. Long-range, supra-additive effects of ions on water thus
appear not to be important to understand the Hofmeister series,
even for densely charged ions. The present work also provides
clear guidelines for the development of coarse-grained or analyt-
ical models of ion solvation. These models should include supra-
additive effects for salts of divalent or densely charged ions only
up to the first hydration layer. For high concentrations of MgSO,
and possibly other salts these models should, however, reproduce
the ability of these ions to additively slowdown water dynamics
up to the ions’ third hydration shell, and may need to include
long-range ion-ion structural correlations arising from additive
effects. Even in the case of salts like MgSO,4, models based on
the Generalized Langevin Equation (GLE), which are often used
to investigate ion dynamics at long time scales®1-%3 need only
include distance-dependent memory kernels to simulate concen-
trations beyond 0.5 m.
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