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ABSTRACT: Aqueous salt systems are ubiquitous in all areas of life. | . Koi-Hoo
The ions in these solutions impose important structural and dynamic = cor-0
perturbations to water. In this study, we employ a combined neutron £ J\"v_
scattering, nuclear magnetic resonance, and computational modeling =2
approach to deconstruct ion-specific perturbations to water structure
and dynamics and shed light on the molecular origins of bulk
thermodynamic properties of the solutions. Our approach uses the
atomistic scale resolution offered to us by neutron scattering and
computational modeling to investigate how the properties of particular
short-ranged microenvironments within aqueous systems can be
related to bulk properties of the system. We find that by considering
only the water molecules in the first hydration shell of the ions that the
enthalpy of hydration can be determined. We also quantify the range
over which ions perturb water structure by calculating the average enthalpic interaction between a central halide anion and the
surrounding water molecules as a function of distance and find that the favorable anion—water enthalpic interactions only extend to
~4 A. We further validate this by showing that ions induce structure in their solvating water molecules by examining the distribution
of dipole angles in the first hydration shell of the ions but that this perturbation does not extend into the bulk water. We then use
these structural findings to justify mathematical models that allow us to examine perturbations to rotational and diffusive dynamics in
the first hydration shell around the potassium halide ions from NMR measurements. This shows that as one moves down the halide
series from fluorine to iodine, and ionic charge density is therefore reduced, that the enthalpy of hydration becomes less negative.
The first hydration shell also becomes less well structured, and rotational and diffusive motions of the hydrating water molecules are
increased. This reduction in structure and increase in dynamics are likely the origin of the previously observed increased entropy of
hydration as one moves down the halide series. These results also suggest that simple monovalent potassium halide ions induce
mostly local perturbations to water structure and dynamics.
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Bl INTRODUCTION of inserting the ion into the water network (hydrophobic).®

The interactions between water and ions play a vital role in life
across multiple length scales.™ At the molecular level, the
delicate interplay between ion—water interactions and ion—
biomolecule interactions results in perturbations to biomo-
lecular stability fundamental to life as we know it.° " At the
mesoscale, ion—water interactions play a key role in the
manufacturing of food,'® textiles,"" and the mining industry.12
Finally, at the macroscale, understanding the ion—water
interactions present in clays can help us to understand and
prepare for environmental processes such as mudslides'” and
also understand the properties of recently discovered
extraterrestrial bodies of liquid water,"*™"”

An important and long-standing question that applies to all
of these fields concerns the distance over which ions perturb
water structure and dynamics.'®”** These perturbations
principally occur as a result of a balance between favorable
electrostatic interactions between the charged ion and the local
partial charges present on the water molecule (hydrophilic), as
well as the excluded volume and network reshaping as a result
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The nature of these interactions means that small highly
charged ions exhibit a more hydrophilic character than larger
more weakly charged ions; however, both require substantial
water network reorganization, and therefore perturbations to
water—water hydrogen bonding, to incorporate the ions.

The work of Hofmeister in the 1880s showed that different
ionic species can affect the stability of biomolecules such as
proteins to different extents,”* > resulting in a ranking of ions
from stabilizing agents, or kosmotropes, to destabilizing agents,
or chaotropes. The previously accepted view was that the
origin of this effect was due to long-ranged effects of the ions
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3,27,28
on water structure. Kosmotropes were suggested to

enhance water structure, and therefore increase protein
stability, and chaotropes were suggested to destroy water
structure and hence reduce protein stability.”*”*’ However,
recent studies from spectroscopic, scattering, and simulation
techniques™* have demonstrated that the effects of several ion
species on water are limited to the first few hydration shells
(~5 A) and do not extend into the bulk solution. This is
particularly true for simple monovalent ions, such as those
discussed in this work; however, divalent and polyatomic ions,
such as Mg** and ClO,”, have been shown to induce more
global changes to water structure at high concentrations
(44 wt %) in a similar manner to large external pressures.30
The ability of particular ion species to act as a protein is
therefore thought to be due to local interactions between ions
and the protein surface.

Neutron scattering studies allow for the determination of
site-specific radial distribution functions (RDFs), which allow
changes in the solute—water and water—water correlations to
be monitored. These studies have shown that water forms two-
to three-ordered hydration shells around ions, corresponding
to a distance of ~5 A,’°7 suggesting that short-range
perturbations are relevant. Studies of ions in solution from X-
ray’ ™ scattering, nuclear magnetic resonance (NMR),"*>*
dielectric spectroscopy,”*”*® infrared spectroscopy techni-
ques,””*” simulations, and modeling”>*"** also suggest short-
ranged effects over similar length scales (~5 A).

In this study, we choose to investigate aqueous potassium
halides and employ a novel combination of neutron diffraction
with computational modeling and NMR to obtain a detailed
structural and dynamic analysis of the effects of monovalent
ions in solution. The combined study attempts to bridge the
gap between atomistic level information and bulk ensemble
information. This is done by studying specific microenviron-
ments present in aqueous potassium halide solutions and
testing whether the properties of these microenvironments can
be extrapolated to capture experimentally observable bulk
thermodynamic properties. As measurable thermodynamic
properties of aqueous systems originate from both structural
and dynamic perturbations to water, it is crucial that both
perturbations are monitored. Neutron scattering and computa-
tional modeling are used to study the structural perturbations
to water present in the microenvironments of interest;
however, this method is incapable of monitoring dynamic
perturbations. Hence, NMR is used as a complimentary
experimental technique to study the dynamic perturbations to
water present in the microenvironments of interest and
complete the microscale picture of aqueous potassium halides.
This novel combination of the two techniques allows us to
highlight the structural and dynamic perturbations that result
in the observed thermodynamics of hydration of potassium
halides.

Halides are those elements that belong to group 7 of the
periodic table, including fluorine, chlorine, bromine, and
iodine. These were chosen as they are simple monovalent
ions with large biological relevance™** for which neutron
scattering data is already available.” We observe that structural
perturbations are almost entirely limited to the first hydration
shell of the ion and that these interactions can account for bulk
experimental measurements such as the enthalpy of hydration.
We then go on to use this observation as the foundation for
mathematical modeling, which allows us to quantify the
perturbations to rotational and diffusive dynamics of water

molecules in the first hydration shells of potassium halide ions
from NMR data. Finally, we consider the results for both
structural and dynamic perturbations to the hydrating water
molecules induced by the ions and comment on the entropy of
hydration for each salt.

B MATERIALS AND METHODS

Neutron Diffraction. Neutron diffraction data on the
aqueous potassium halides KF, KCl, KBr, and KI at 0.6, 1.2,
and 2.4 mol/kg H,O in H,0, D,0, and HDO was taken from
the previous work of Soper and Weckstrom.’” These
concentrations are of biological relevance. For example, the
intracellular concentration of K* is 0.14 M and of Cl™ is 0.25
M™ and the concentration of saturated KCl is 4.8 mol/ kg H,O
at 25 °C.* Original data was taken at the ISIS neutron and
muon source on the Small Angle Neutron Diffractometer for
Amorphous and Liquid Samples (SANDALS) instrument
using TiZr cans normalized to a vanadium standard. Data was
corrected for multiple scattering, attenuation, and inelasticity
effects using Gudrun.*’

Empirical Potential Structure Refinement (EPSR). The
data was analyzed using the Monte Carlo-based structural
refinement technique, empirical potential structure refinement
(EPSR).** This first builds a simulated box of atoms and
molecules at the same concentration and density as the
experimental sample. Each atom present in the sample is
characterized by a reference potential consisting of a charge g
and the Lennard-Jones parameters ¢ and € using the standard
Lorentz—Berthelot mixing rules (see Table S1 for numerical
values for each atomic species present in the simulations
adopted from Soper and Weckstrom®). Water molecules are
modeled using the SPC/E potential, which has been shown to
accurately model dynamics and structure’® and has been
previously used in a host of EPSR studies on aqueous
solutions.”*****%*!755 T¢ remain consistent with the previous
neutron scattering and EPSR study of aqueous potassium
halides of Soper and Weckstrdm,”” the ions were modeled
using the same reference potentials as the original study. The
simulations contain 5000 water molecules, and the concen-
tration of ions is varied by introducing 60, 120, or 240 ion pairs
for each of the three studied concentrations.

The simulation is then equilibrated through a Monte Carlo
procedure using this reference potential for several hundred
iterations to allow the simulation to reach a physically
reasonable starting point. This is deemed to have occurred
when the quality of the fit between the simulated and supplied
diffraction data no longer changes appreciably as the
simulation proceeds. Once this is complete, a further empirical
potential is applied, which takes the form of a series of Poisson
functions and is derived from the difference between the
predicted scattering data from the simulation and the
experimentally supplied scattering data.’® The simulation
then evolves further through automated modifications to the
empirical potential until a satisfactory agreement exists
between the simulation and the supplied scattering data. The
quality of the agreement can be determined by comparing the
simulated and supplied diffraction data. The result is a
simulated box of atoms whose structure is consistent with
the supplied scattering data, which can then be used to
calculate radial distribution functions (RDFs) by accumulating
>1000 iterations.

This approach has been previously employed to study
various liquid systems, including aqueous amino acids,”” ionic
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Figure 1. Schematic representation of an example potassium halide solution containing a potassium ion (purple sphere), a chloride ion (green
sphere), and water molecules (red and white spheres). The first hydration shell around each ion, as well as an example for a water molecule, is
shown in the color corresponding to the central atom species. The definition of the dipole angle around each of the three central ion/molecule

species is labeled as 6.

.58 . 60
liquids,”® water—alcohol mixtures,”” and aqueous sugars.

RDFs show the local density of a particular atomic species as a
function of distance from a central atomic species. Hydration
shells around a given central atomic species therefore occur as
a series of peaks. These peaks diminish in intensity with
increasing distance because the liquid nature of the samples
means that only short-range order is observed, rather than
solid crystalline samples where long-range order is observed
through a series of Bragg peaks. At large distances, the local
density of a particular atomic species therefore approaches the
bulk density over the whole solution, and the radial
distribution function approaches unity. EPSR can also be
used to calculate coordination numbers, spatial density
functions and molecular clustering.”®'~** The nature of this
procedure does not guarantee a single unique solution to the
supplied scattering data, merely one that is consistent with the
scattering data and based on sensible starting potentials.
Calculation of Dipole Angle Distribution, Enthalpy of
Hydration, and Distance Dependence on Enthalpic
Interactions between Central lons and Surrounding
Water Molecules. Building on previous studies,”">* we have
extracted further information from the atomic coordinates
produced through EPSR to distinguish between bulk water
molecules and hydration water molecules and perform a
detailed analysis of various microenvironments present in the
aqueous potassium halide solutions. The process of EPSR
produces a simulated box of atoms consistent with the
experimental neutron scattering data, each of which is given a
coordinate relative to the center of the box in the «, y, and z
directions. Hydration water molecules are defined as those
water molecules that lie within the first hydration shell of either
a potassium cation or halide anion and therefore lie within the
first peak of the X—O,, RDF, where X is the ionic species and
O,, is the water oxygen. The cutoff distance for the first
hydration shell therefore corresponds to the minimum
between the first and second peaks of this RDF (see Figure
S1 and Table S2 for RDFs and calculated cutoff distances).
The remaining water molecules are then classified as the bulk
water molecules as they are not directly hydrating a solute ion.
The results that will be shown in Figure 3 and Table 2 later in
this work demonstrate that this is a sensible choice for the
cutoff distance between bulk and hydration water, as beyond

this point, enthalpic interactions between the ion and the
surrounding water molecules are negligible. Once this
distinction is made, we can then calculate various geometric
and energetic properties for the hydration water molecules and
the bulk water molecules, such as hydrogen bond interaction
energies and angles. This latest expansion allows for the
calculation of several new parameters, including the total
interaction energy (enthalpy AH) between an ion and the
water molecules in its first hydration shell (by calculating the
sum of the Coulomb and van der Waals interaction potentials),
the interaction energy AH between an ion and the surrounding
water molecules as a function of distance, and the dipole angle
of water molecules around both a solute ion and a bulk water
molecule 6. Here, the dipole angle 6 is defined as the angle
between the vector that points from the ion/central bulk water
oxygen to the hydrating water oxygen and the vector that is
parallel to the dipole moment on the hydrating water molecule,
as described in Figure 1. The dipole moment is the vector that
points from the area of net negative charge on a molecule/
molecular group to the area of net positive charge and
therefore on a water molecule that originates at the oxygen and
bisects the two hydrogens. Interatomic distances and bond
angles within EPSR are described by harmonic potentials;
hence, the structure of each water molecule will fluctuate
slightly as the simulation proceeds. This will perturb the dipole
direction; hence, to account for this, the dipole vector is
calculated for each individual water molecule for every
iteration by considering the coordinates for each constituent
atom within the molecule, such that the dipole vector is
accurately described.

H' Nuclear Magnetic Resonance T, Relaxation and
Diffusion Coefficient Measurements. Samples of KF, KC],
KBr, and KI were prepared from 0 to 2.4 mol/kg H,O in 0.3
mol/kg H,O increments using ultrapure water such that the
same concentrations studied through neutron scattering are
investigated, as well as additional intermediate concentrations.
T, relaxation time and diffusion coefficient D data are taken as
previously described.”” T, relaxation, data taken using a
Magritek Spinsolve 43 MHz NMR spectrometer via inversion
recovery, occurs following a 180° pulse, which inverts the net
magnetization of the spins present in the sample. The
movement of molecules in solution causes the spins on

https://doi.org/10.1021/acs.jpcb.1c06728
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individual atoms to experience time-dependent local magnetic
fields of frequency w. The spectral density of the fluctuations at
the Larmor frequency @, and twice the Larmor frequency
determines the relaxation rate. The spectral density function
J(w) is shown in eq 1. In the fast limit (w7, < 1) where . is
the rotational correlation time, approximately equal to the time
it takes for the root-mean-square deflection of a molecule to be
equal to 1 rad, this expression decays to J(w) = 27.. This is the
case for water molecules in aqueous solution, as rotational

. . ) 1
motions are on the order of picoseconds. The relaxation rate T
1

is therefore proportional to J(@), which in turn is proportional
36,65—67
tor.

J(w) = L“
1+ o't (1)
Diffusion coeflicient data was acquired using a Bruker
Avance II 400 MHz NMR spectrometer using the principle of
pulsed field gradient spin echo.”® Here, a magnetic field
gradient G is applied parallel to the large external magnetic
field causing the Larmor frequency for a particular atomic spin
to be dependent on its position in the z direction. Signal
attenuation is then monitored as a function of the field
gradient, and the diffusion coeflicient is calculated using the
Stejskal—Tanner expression® shown in eq 2, where I is the
signal at gradient strength G, y is the gyromagnetic ratio of the
nuclei in question, in our case hydrogen, 0 is the length of the
gradient pulses, and A is the diffusion period between gradient
pulses

)
I, =I5 exp[—(}/&G)zD(A - g)} @

B RESULTS

Thermodynamics of Hydration for Potassium Hal-
ides. As a first step, we calculate an important thermodynamic
parameter, the enthalpy of hydration of KF, KCl, KBr, and KI,
by making use of structural information from the neutron
diffraction data and computational modeling. The enthalpy of
hydration AH, for an ion is defined as “the amount of heat
released when a mole of the ion dissolves in a large amount of

water forming an infinitely dilute solution in the process”.”’
Here, we employ an analysis routine to calculate the total
interaction energy between a central ion and all of the water
molecules in its first hydration shell, defined by a distance
corresponding to the first minima in the ion—water RDF as
described previously (see Figure S1). The calculated values for
the total interaction energy around a given ion species were
then averaged over the whole simulation box over 30
iterations. The results for the potassium cation and the
relevant halide anion were then summed to allow the salt
species to be addressed as a whole. To be consistent with the
definition of the enthalpy of hydration described above, the
average total first shell interaction energy was calculated for
each salt species at each concentration of 0.6, 1.2, and 2.4 mol/
kg H,O and the results were extrapolated to 0 concentration to
approximate an infinitely dilute solution, yielding the final
value of AHppgg (see Figure S2). The authors are unaware of
any previous attempt to use the simulations generated through
EPSR in this manner. These results are compared with
experimental values for the Gibbs free energy of hydration
AG,,, and the enthalpy of hydration AH, as reported by

Tissandier et al.”® These values are calculated by taking the
difference between the free energy/enthalpy of formation of
the corresponding salt and that of the gas-phase ions. The
resulting values are reported in Table 1. The values for the

Table 1. Free Energy of Hydration, AG,,,, Enthalpy of
Hydration, AH,,, and Entropy of Hydration Multiplied by
Experimental Temperature, TAS,,, of Potassium Halides
Taken from Previous Literature””*

salt AG, AH, TAS,q1y AHgpsg
species (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
KF —780.8 —844 —63.2 —910 + 60
KCl —656.2 —700 —43.8 —650 + 20
KBr —629.4 —669 -39.6 —600 + 20
KI —592.1 —627 -34.9 —610 + 60

“Enthalpy of hydration calculated through EPSR by considering the
total enthalpic interaction between a central halide anion and all of
the water molecules in its first hydration shell and the total enthalpic
interaction between a central potassium cation and all of the water
molecules in its first hydration shell. Reported values correspond to
the values calculated by extrapolating the calculated enthalpies within
EPSR at each of the three studied concentrations to 0 mol/kg H,O
such that the definition of enthalpy of hydration, requiring an
infinitely diluted solution, is maintained (Figure S2). The reported
uncertainties are therefore linear combinations of the calculated
uncertainties on the y intercept from the linear extrapolation of the
raw data presented in Figure S2.

entropy of hydration multiplied by the experimental temper-
ature TAS,, are also included and calculated using the
standard expression for Gibbs free energy, as shown in eq 3;
however, this quantity is unfortunately inaccessible through
EPSR for comparison

AG = AH — TAS (3)

Here, we observe that as one moves down the halide group
from F~ to I” the Gibbs free energy, enthalpy, and entropy of
hydration all become less negative. This indicates that with
increasing ionic radius, and therefore decreasing charge
density, the introduction of the ion into water becomes less
energetically and enthalpically favorable but there is also a
decreased entropy penalty. The procedure outlined in the
Materials and Methods section allows the experimental
enthalpy of hydration to be directly compared with the
enthalpy of hydration calculated through EPSR. These results
demonstrate that by only considering water molecules in the
first hydration shell of an ion, the enthalpy of hydration
calculated through EPSR is in close agreement with the values
calculated by Tissandier et al.”’ This suggests that the
thermodynamics of hydration calculated for bulk solutions of
aqueous potassium halides are dominated by short-ranged
interactions.

However, we must pause here to discuss the slight
discrepancy between the values for the enthalpy of hydration
calculated through EPSR and those calculated by Tissandier et
al. The values calculated through EPSR are based on the
Lennard-Jones and charge parameters for each atomic species
in the system (parameters given in Table S1). They therefore
derive solely from the reference potential in EPSR. However,
the simulation also includes the empirical potential derived
from the difference between the supplied diffraction data and
the predicted diffraction data from the simulation.’® This is
expressed as a series of Poisson functions, and while its total

https://doi.org/10.1021/acs.jpcb.1c06728
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amplitude can be directly controlled, its precise form evolves
with each iteration. It is therefore highly nontrivial to include
in a separate analysis routine. Were the empirical potential to
be included in the calculation of AHgpgy, it is likely that the
calculated values would be in closer agreement with those
reported by Tissandier et al. However, the general overall
agreement between the two sets of values suggests that solely
using the reference potential as has been done in this work can
still provide useful insight into the studied aqueous systems.
The hypothesis that short-range interactions dominate the
thermodynamics of hydration in aqueous potassium halides is
strengthened further when we also consider the average
hydrogen bond interaction energy between water molecules in
the bulk in the same manner as our previous work.*” This is
calculated by first identifying bulk water molecules as described
in the Materials and Methods section. Next, we determine
which neighboring water molecules are donating hydrogen
bonds to a central bulk water molecule. A neighboring water
molecule is deemed to be donating a hydrogen bond to the
central water molecule if it simultaneously satisfies two criteria:
the neighboring water molecule oxygen is within a distance to
the central water molecule oxygen corresponding to the first
minimum in the O,—O,, RDF (see Figure S3a), and at least
one of the neighboring water molecule hydrogens is within a
distance to the central water molecule oxygen corresponding to
the first minimum in the O,,—H,, RDF (see Figure S3b). Once
this condition is satisfied, the total enthalpic interaction
between the two water molecules is calculated, as described in
the Materials and Methods section. This process is repeated for
every bulk water molecule in the simulation over 30 iterations
to produce a distribution of bulk water—water hydrogen bond
interaction energies. The resulting distributions can be seen in
Figure S4ab and are then fit using a Gaussian function to
determine the average hydrogen bond interaction energy.
These results are shown in Figure 2. Here, it can be seen that
the average hydrogen bond interaction energy between two
bulk water molecules is only negligibly altered in the presence
of each of the four salt species, again indicating only short-
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Figure 2. Average hydrogen bond interaction energy between bulk
water molecules as a function of solute concentration. Average
hydrogen bond interaction energy is calculated by first calculating the
total interaction energy between individual pairs of bulk water
molecules that are deemed to be hydrogen-bonded and fitting the
resultant distribution with a Gaussian function. The displayed error
bars correspond to the calculated error in the Gaussian peak location.

range perturbations to water structure and enthalpic
interactions as a result of the ions in solution.

To investigate the range over which ions perturb water
structure further, the average enthalpic interaction AH
between a central potassium halide anion and surrounding
water molecules as a function of distance can be considered.
These results are shown in Figure 3. From this data, it is clear

S 20,
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Figure 3. Average enthalpic interaction strength (AH) between a
central potassium halide anion and its surrounding water molecules at
a given distance. The enthalpic interaction strength between two
molecules calculated as the sum of the Lennard-Jones and Coulomb
potential calculated using the standard Lorentz—Berthelot mixing
rules (see Table S1). Only data for the highest concentration of 2.4
mol/kg H,O samples is shown for clarity (see Figure S5 for the
remaining data sets).

that at small distances, below ~3.5 A, there are significant
enthalpic interactions between the central anion and the
surrounding water molecules, shown by negative values of
average interaction energy. However, at larger distances, this
quickly decays toward 0, indicating negligible enthalpic
interactions between anions and water molecules in solution
at distances above ~4.0—4.5 A.

To quantify the distance over which the anion has a
favorable enthalpic interaction with the surrounding water
molecules, a linear function was fit to the data shown in Figure
3 at low distances. The distance cutoff for the linear fits was
varied for each salt to correspond to the region over which AH
shows roughly linear behavior with distance. Details of the
range over which the linear fits were performed, the resultant
gradients and intercepts of the linear fits, and the quality of fit
through the calculated R? value are shown in Tables S4a—d
and SSa—d for each case. Points were chosen such that the
range was consistent for each concentration of each salt; the
quality of fit indicated by the R* value was suitably high (above
0.95), and the maximum number of possible points was used.
The linear fits were then extrapolated to determine the
distance at which AH = 0, as demonstrated using example data
in Figure S6. This procedure yields an apparent enthalpic
interaction distance for each potassium halide anion at each of
the three concentrations studied. The calculated distances for
each concentration, in turn, were then extrapolated back to 0
concentration to yield a final value for the enthalpic interaction
distance rpp-o for each potassium halide anion, as shown in
Figure S7. The resultant distances are shown in Table 2. These
results show that with increasing ionic radius the distance over
which the anion interacts enthalpically with water molecules

https://doi.org/10.1021/acs.jpcb.1c06728
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Table 2. Enthalpic Interaction Distances for Each Potassium
Halide Anion Species Determined by Monitoring the
Enthalpic Interaction Energy between the Potassium Halide
Anion and the Surrounding Water Molecules as a Function
of Distance”

potassium halide  enthalpic interaction cutoff distance for first

anion distance (A) hydration shell (A)
F~ 3.40 + 0.02 3.21
Cl™ 4.03 + 0.04 3.81
Br~ 421 + 0.05 4.20
1~ 445 + 0.03 449

“The final values reported are the enthalpic interaction distances
extrapolated to O concentration for each potassium halide species.
Cutoff distances for the first hydration shell for each potassium halide
anion included. These are defined as the location of the first minimum
in the X—0O,, RDF, where X is the potassium halide anion species.
The displayed uncertainties correspond to the calculated uncertainty
in the y intercept of the linear fits shown in Figure S7.

rap=o is greater; however, the total enthalpic interaction, as
shown by Table 1, is weaker. Table 2 also compares these
results to the cutoff distances for the first hydration shell
around each potassium halide anion, as described previously as
corresponding to the location of the first minimum in the X—
O,, RDF, where X is the potassium halide anion species. Here,
we observe that for the smaller anion species F~ and ClI~ the
enthalpic interaction distance rpy_, extends outside the first
hydration shell; however, for the largest anion species Br™ and
I, rap—, the two quantities are approximately equal. These
results indicate that rppy_, varies more weakly with anionic

species than the ability of the anion to form ordered hydration
shells.

Water Dipole Orientation. The length over which
potassium halides perturb water can also be considered by
monitoring perturbations to water structure through the ion—
water dipole angle 8, as shown in Figure 1. Monitoring the
water dipole angle distribution around molecules of interest in
aqueous solution, whether this be solutes or bulk water
molecules, has been previously employed to investigate the
structural perturbation in aqueous solution through neutron
scattering and molecular dynamic simulation techniques.'***
In this work, we calculate the dipole angle for water molecules
around the potassium cation and halide anions, as well as
around bulk water molecules, as described in the Materials and
Methods section. Here, the dipole angle for a water molecule
within the first hydration shell (water molecules that lie within
a distance corresponding to the first minima in the relevant
RDF) around an ion/bulk water molecule is calculated for
every appropriately placed water molecule over several
iterations. The results are then binned in intervals of 2° for
plotting and normalized to the total number of calculated
dipole angles, such that the area under the resultant
distributions is equal to unity. This allows each of the different
salt types and concentrations to be compared directly. The
normalized distribution of dipole angles around the halide
anion and potassium ion is reported in Figure 4. The data is
fitted using a function containing two summed Gaussian
components, as shown in eq 4, where y, is the vertical offset, A,
is the area under Gaussian peak x, w, is the width of the
Gaussian peak x, and x, is the peak location for Gaussian peak
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Figure 4. Distribution of dipole angles for water molecules hydrating a central halide anion (a) or potassium cation (b) within its first hydration
shell. The dipole angle is defined as the angle between the vector pointing from the halide anion/potassium ion to the hydrating water oxygen and
the vector corresponding to the hydrating water molecular dipole, as shown in Figure 1. Values normalized to the total number of data points. Only
data for the highest concentration of 2.4 mol/kg H,O samples is shown for clarity with the remaining data shown in Figure S8.
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Figure 5. Inverse T, decay time (a) and diffusion coefficient D (b) from NMR experiments as a function of solute concentration.

x. The resultant fitting parameters for the water dipole angle
distribution data around the halide anions and potassium
cation at each of the three studied concentrations with
associated uncertainties are reported in the Supporting
Information (Tables S4a—d and SSa—d). We also report the
calculated peak location, the full width at half-maximum
(FWHM), and quality of fit through the calculated R value for
each case
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Figure 4a,b shows that all ions induce a local structure in the
first hydration shell due to interactions between the charge on
the halide anion/potassium cation and the partial charges
located on the water molecule hydrogen/oxygen. This is
shown by a peak in the normalized dipole angle distribution at
~50° for water in the first hydration shell of halide anions and
at ~155° for water in the first hydration shell of potassium
cations. For water in the first hydration shell of halide anions,
the peak occurs at lower values than for water in the first
hydration shell of potassium cations. This is because the
surrounding water molecules will tend to point one positively
charged hydrogen toward the negatively charged halide anion,
as opposed to pointing both positively charged hydrogens away
from the potassium cation, as illustrated in Figure 1.

As one moves down the halide group in the periodic table
from F to I, the ionic radius increases from 119 to 206 pm’"
and therefore the absolute ionic charge density decreases from
0.142 to 0.027 e/A% As seen in Figure 4a, with decreasing
anionic charge density, we observe that the peak height in the
anionic water dipole angle distribution reduces and the peak
width broadens. We also observe the emergence of a second
Gaussian component at higher angles, occurring at ~90° in the
most extreme case of KI, therefore suggesting an increasingly
disordered hydration shell with increasing ionic radius of the
halide anion.

Next, we consider the water dipole angle distribution around
the potassium cation (Figure 4b). Here, we observe that as the
ionic radius of the associated potassium halide anion increases,
the water dipole angle distribution around the potassium

cation is unchanged, showing a single clear peak at ~155° in
the case of KCI, KBr, and KI at 2.4 mol/kg H,O. However, in
the case of KF at 2.4 mol/kg H,O, the peak moves inwards to
~145° while becoming shorter and broader. This dependence
of the water dipole angle distribution around the potassium
cation on the species of the corresponding halide anion
suggests nonlocal longer-ranged effects on water structure
induced by the halide anion. However, if we consider the water
dipole angle distribution around the potassium cation at the
lower concentrations of 0.6 and 1.2 mol/kg H,O (see Figure
S8), we observe that the water dipole angle distribution is
unchanged for all four salt species, suggesting local short-
ranged effects of the halide anions on water structure. The
dependence of the water dipole angle distribution around the
potassium cation on the species of the corresponding halide
anion at high concentration can also be explained by local
short-ranged effects. At the highest concentration of 2.4 mol/
kg H,O, the average distance between ions is calculated to be
42—4.4 A, and the anion-K* coordination number begins to
approach unity (see Table S3). As shown in Table 2, the first
hydration shell of water around any of the ion species
discussed in this work extends from 3.21 A in the case of F~ to
449 A in the case of I". Therefore, at a potassium halide
concentration of 2.4 mol/kg H,O, it is highly likely that a
significant proportion of water molecules are in the first
hydration shell of two or more separate ions and are therefore
experiencing strong enthalpic interactions from multiple
sources, which in turn will perturb the water dipole angle
distribution. The influence of the halide anion species on the
water dipole angle distribution around a potassium ion is
therefore due to a local effect of overlapping/directly
interacting hydration shells around the ions, rather than
long-ranged effects induced by the anions, as these would be
evident at the lower concentrations. The evidence for short-
ranged rather than long-ranged effects on water structure by
the potassium halide ions studied here is strengthened further
as the dipole angle distribution around central bulk water
molecules is unchanged for all salt species at all studied
concentrations (see Figure S9). However, we must also
mention here that earlier neutron scattering work by Soper
and Weckstrom found subtle perturbations to the ion—water
dipole angle distribution in the second ion hydration shell, but
that these perturbations are far weaker than those found in the
first hydration shell.*”

https://doi.org/10.1021/acs.jpcb.1c06728
J. Phys. Chem. B 2021, 125, 12774—12786



The Journal of Physical Chemistry B

pubs.acs.org/JPCB

NMR Dynamics of Potassium Halide Solutions. NMR
experiments were completed on KF, KCl, KBr, and KI over a
range of 0—2.4 mol/kg H,O in 0.3 mol/kg H,O increments to
observe dynamic perturbations to water in the presence of the
ions. To determine their impact on water dynamics, here we
report the inverse T, decay time, proportional to the rotational
correlation time of the water molecules (Figure Sa), and the
diffusion coefficient (Figure Sb). The raw NMR data used to
calculate these values is presented in Figures S11 and S12. In
both instances, the calculated inverse T, and D measurements
represent an ensemble average of the motions of individual
water molecules. This is because the time period of one
Larmor precession (approximately 23 ns at 43 MHz and 2.5 ns
at 400 MHz) far exceeds the rotational correlation time of the
water molecules (on the order of picosecond). Therefore,
while the different microenvironments present in the solutions
will be influencing the measured T, and D values separately,
they will fast average to a single value.

These results are in good agreement with NMR results on
aqueous potassium halides reported by Laage et al.”* Using the
inverse T decay time data for each salt species, it is possible to
quantify the perturbation to the rotational correlation time of
the water molecules in the hydration shell of the various ionic
species. This method is identical to that outlined by Engel and
Hertz in 1968.>° The method assumes that within an aqueous
solution containing two separate ionic species, such as the
potassium halide salts discussed in this work, there exist three
distinct rotational correlation times for water molecules. Each
of these rotational correlation times is attributed to water
molecules in each of the three different microenvironments
present in the solution: water molecules located in the
potassium cation hydration shell 7, water molecules located
in the halide anion hydration shell 7, and the remaining bulk
water molecules not located in the hydration shell of either the
potassium cation or the halide anion 7°. The results for the
previous sections (Table 1 and Figures 2 and 3) all suggest that
potassium halide ions only significantly perturb water structure
and energetics within their first hydration shells. This is
therefore in good agreement with the assumption required by
the method of Engel and Hertz.*®

As mentioned previously, the inverse T relaxation time is
proportional to the rotational correlation time of the water
molecules. The measured inverse T, relaxation time for a
particular aqueous solution is therefore proportional to the
weighted average of the three rotational correlation times for
each of the three environments described above. This is
described mathematically in eq 5, where one mole of salt
dissolves into v* moles of cations/anions, both equal to unity
in the simple case of potassium halides, i is the coordination
number for the cation/anion, and c is the concentration of the
salt in mol/kg H,O. A factor of 55.5 originates from the
molarity of pure water.*® The coefficient for each of the three
rotational correlation times described in eq S is therefore
equivalent to the fraction of water molecules located in each of
the three environments

vinfe _
TC
55.5
()
We now also consider a form of the Jones—Dole equation,””

which describes the ratio between the viscosity of a solution to
the viscosity of pure water as a polynomial function of

I/+n:c +
555 °©

vt

SS8.5

vnpcl

IS (A
SS8.5
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concentration. A version of this equation as applicable to T
relaxation measurements is shown in eq 6, where T, is the
relaxation time of pure water and c is the solute concentration
in mol/kg H,O

1

=1+ Bc+ Cc* + -
0 (6)

We now allow the B coefficient to be expressed as the sum of
the contributions from the rotational correlation times of water
molecules in the potassium cation hydration shell B* and the
rotational correlation times of water molecules in the halide
anion hydration shell B~, as shown in eq 7

‘»—|H|»—-

]

7)

. 1 .
We then assume that for low concentrations where o i
1

linearly dependent on concentration, such is the case for the
potassium halides studied here, as shown by Figure Sa, that
only the first two terms of the polynomial expression shown in
eq 6 are necessary to sufficiently describe the solution. This in
turn means we can also safely assume that the rotational
correlation times of water molecules in the hydration shells of
the potassium cation or the halide anion are independent of
concentration in this concentration range. We can then
combine eqs 5—7 to form eq 8, which describes the rotational
correlation times for water molecules in the hydration shell of
the potassium cation/halide anion normalized to the rotational
correlation time of pure water

B=B"+ B

5S8.5

+

C

*
T
0

=1+ B*

ol

(8)

Finally, to use this expression, we must already have
knowledge of the B parameter for one of the ion species
present in any of the potassium halide salts studied here. The
simplest way of achieving this is to state that two ion species
have identical B parameters. For this, we again follow the
procedure of Engel and Hertz’® who state that B(Cl") =
B(K"). While this is a simple assumption, we can consider
several parameters relating to the two ion species to justify that
this is the most reasonable assumption as the potassium cation
and chloride anion are the most similar These
comparisons are shown in Table 3.

ions.

Table 3. Comparison of Ionic Radius, Enthalpy of
Hydration, Coordination Number, and Enthalpy of
Hydration per Coordinated Water Molecule to Determine
Which Halide Anion Is Most Similar to the Potassium
Cation”

ionic AHgpsr per
ion radius”* AHgpsg coordination coordinated water
species (pm) (kJ/mol) number (kJ/mol)
K* 152 —360 + 2 6.4 -56.3 + 0.3
F 119 —550 + S0 6.3 —87 £ 8
ClI™ 167 —290 + 10 7.0 41 +1
Br 182 241 £ § 8.7 =277 + 0.6
I~ 206 —250 + 30 10.1 -25+3

“This demonstrates that the ionic radii AHgpsz and AHgps per
coordinated water are the most similar between K* and CI~ ions.
Coordination number is most similar between K" and F~ ions.
Therefore, overall, K* and CI~ are the most similar.

https://doi.org/10.1021/acs.jpcb.1c06728
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We can now fit the data shown in Figure Sa using eq 6 using
the assumption that terms beyond Bc are negligible to extract
the B parameter for each potassium halide ion. This can then
be combined with the coordination numbers, calculated
according to the cutoff distances shown in Table 2 and given
in Table 3, and assuming that B(CI™) = B(K") to yield the B
parameter for each ion and the rotational correlation time for
water molecules in the hydration shell of the potassium cation/
halide anion normalized to the rotational correlation time of
pure water, as shown in Table 4. These results show that the

Table 4. Calculated Parameters for Each of the Five Ion
Species Discussed in This Work”

+

ion species B (kg H,0/mol) ny, =
K* —0.0264 64 077
F~ 0.1072 6.3 1.94
Cl™ —0.0264 7 0.79
Br™ —0.0387 8.7 0.75
I~ —0.0592 10.1 0.67

“NMR B parameter calculated through linear fits to the inverse T,
relaxation data given in Figure Sa according to eq 6, coordination
number n, calculated through EPSR using cutoff distances described
in Table 2, and calculated rotational correlation time for water
molecules in the hydration shell of the ion normalized to the
+
rotational correlation time for pure water * according to eq 8.
T

C

rotational dynamics of water are retarded in the hydration shell
of F~ but accelerated in the hydration shells of CI~, K¥, Br~,
and I~ (listed in order of decreasing normalized rotational
correlation time and therefore increasing acceleration).

We can now apply the same technique to the diffusion
coefficient data, using the same assumptions as applied to the
inverse T relaxation data (see eqs S2—S4 for full details) and
using the relation that the inverse T, relaxation time is

proportional to the inverse water molecule diffusion

coefficient™® %oc% (see Figure S10) to determine the
1

diffusion coefficient for water molecules in the hydration
shells of the potassium halide ions D* normalized to the
inverse diffusion coefficient for pure water D°, as shown in
Table S. Just as for the normalized rotational correlation time
results, shown in Table 4, these results show that the diffusive
dynamics of water are retarded in the hydration shell of F~ and
accelerated in the hydration shell of CI~, K*, Br~, and I~ (listed

Table S. Calculated Parameters for Each of the Five Ion
Species Discussed in This Work”

ion species B (kg H,0/mol) ny %j
K* 0.0422 6.4 1.13
F~ 0.0645 6.3 0.47
Cl™ 0.0422 7 1.12
Br~ —0.0139 8.7 1.59
I~ —0.1319 10.1 1.62

“NMR B parameter calculated through linear fits to the normalized
inverse diffusion coeflicient D data given in Figure 5b according to eq
S3, coordination number ny, calculated through EPSR using cutoff
distances described in Table 2, and calculated diffusion coefficient for
water molecules in the hydration shell of the ion normalized to the

diffusion coefficient for pure water D—; according to eq S4.
D

in order of increasing acceleration). These results demonstrate
that with increasing ion size, and hence decreasing charge
density, that both the rotational and diffusive dynamics of
water molecules in the ion’s first hydration shell are
accelerated.

B DISCUSSION

Our results are in agreement with the growing consen-
sus"??93%7% that simple monovalent ions, such as the
potassium halide ions discussed in this work, only perturb the
structure of water within their first hydration shells. We first
consider the enthalpy of hydration, defined as the heat released
when a mole of the ion dissolves in a large amount of water
forming an infinite dilute solution in the process.”” This term
would contain three contributions: the ion—ion interactions,
the ion—water interactions, and the water—water interactions.
The requirement of an infinitely dilute solution means that the
ion—ion interactions are negligible by definition. Our data
shown in Table 1 shows that the enthalpy of hydration,
calculated by only considering structural data on water
molecules in the first hydration shell of an ion, is in close
agreement with the experimental enthalpy of hydration.”””*
This demonstrates that by only considering short-ranged
interactions in aqueous solutions of potassium halides, we can
recapture bulk experimental properties. Figure 2 then shows
that the average hydrogen bond interaction energy between
two bulk water molecules is essentially unaffected by the
potassium halide salts KF, KCl, KBr, and KI up to a maximum
studied concentration of 2.4 mol/kg H,O. These two
observations, combined with the requirement of an infinitely
dilute solution, show that of the three contributions to the
enthalpy of hydration listed previously, the ion—ion
interactions, the ion—water interactions, and the water—water
interactions, only the short-ranged ion—water interactions are
significant and the other two contributions are negligible. This
is further supported by Figure 3, which demonstrates that
anions only have a significant enthalpic interaction, shown by
negative enthalpic interaction energies, with water molecules at
distances below ~4.5 A. We also use this data to quantify the
range over which each potassium halide anion has significant
enthalpic interactions with the neighboring water molecules.
These results show that the enthalpic interactions between
halide anions and neighboring water molecules decay to AH =
0 at distances that closely correspond with the cutoff distance
of the first hydration shell (see Table 2).

The water dipole angle distribution around halide anions
shows a strong dependence on ion species, as shown by Figure
4a for the water dipole angle distribution around the halide
anions at a concentration of 2.4 mol/kg H,O. At the two lower
concentrations of 0.6 and 1.2 mol/kg H,O, the water dipole
angle distribution around the potassium cation is unchanged
with halide anion species; however, at the highest concen-
tration of 2.4 mol/kg H,O, where the overlap of ion hydration
shells becomes significant, the dipole angle distribution around
the potassium cation varies with halide anion species, as shown
by Figure 4b. This is therefore likely a local effect due to the
direct interaction between hydration shells of neighboring ions.
We also observe that the dipole angle distribution around bulk
water molecules is unchanged at all concentrations for all salt
species (see Figure S9), suggesting local rather than global
effects.

We also observe correlations between the dipole angle
distribution (Figure 4ab) and several key parameters that

https://doi.org/10.1021/acs.jpcb.1c06728
J. Phys. Chem. B 2021, 125, 12774—12786



The Journal of Physical Chemistry B

pubs.acs.org/JPCB

describe the system. Previous simulation and infrared spec-
troscopy studies have shown that the rotational dynamics of
water in the hydration shell of potassium halide ions observe a
trend from slow to fast with F~, CI-, Br~, K*, I".*"”® This
order correlates with the height of the peak in the water dipole
angle distribution around the ion, as these also occur in the
same order. If we consider the normalized rotational
correlation time data (Table 4) for water molecules in the
hydration shell of potassium halide ions and the normalized
diffusion coefficient data (Table S), we observe the order from
slow to fast as F~, Cl7, K, Br, I". Considering these results
together, we can observe that within the halide anion series
(F,, CIT, Br, I7), that water molecules are increasingly
mobile, in both their rotational and diffusive motions, with
increasing halide anion size when monitored using multiple
techniques. However, it becomes difficult to confidently state
where the dynamics of water molecules in the hydration shell
of the potassium cation fall on these scales. This difficultly
likely arises from the assumptions involved with different
experimental techniques. Within the simulation and EPSR
studies, water molecules and ions are described with a
relatively simple potential, consisting of a Lennard-Jones and
Coulomb component.”””> Within our NMR approach,
introduced by Engel and Hertz,*® we make the assumption
that the NMR B parameter derived from both inverse T and
inverse diffusion coefficient D data is identical for K* and CI7,
as described previously. This is almost certainly not the case
but is still a useful way of observing the relative perturbing
ability of ions on the rotational and diffusive dynamics of water
molecules within their hydration shells. We must also consider
the difference in the nature of cationic vs anionic hydration. In
positively charged cations, water molecules within the first
hydration shell will tend to orient both hydrogens away from
the central cation, whereas, in negatively charged anions, water
molecules within the first hydration shell will tend to orient
one hydrogen toward the central anion. This will certainly
result in subtle differences in the mechanism for hydrogen
bond switching events resulting in diffusive and rotational
motion of the water molecules within ionic hydration shells, as
explored by Laage et al.”

We can now consider the relation between structural
perturbation and dynamic perturbation within the first
hydration shell of halide anions. If we consider the water
dipole angle distribution (Figure 4a) alongside the halide
anion—O,, RDFs (Figure S1), we observe that both the peak of
the water dipole angle distribution around the halide anion and
the first peak of the anion—O,, RDF become shorter and
broader with increasing size of the halide anion. Simply put, it
can therefore be said that water molecules are less structurally
constrained in the hydration shells around the halide anions
with increasing anion sizes and are freer to adopt a larger range
of distances and orientations. As stated above, we also observe
that with increasing halide anion size, water molecules in the
first hydration shell exhibit accelerated rotational and diffusive
dynamics. It would therefore appear that how structurally
constrained the water is within the hydration shell of an ion
plays a key role in the dynamics of the water molecules. Less
constraint over the preferred orientation and distance of the
hydrating water molecules relative to the central halide anion
likely means that they can more often be found in an
appropriate conformation to undergo hydrogen bond switch-
ing, and a reduced enthalpic interaction provides a lower-

energy barrier to carry out the hydrogen bond switching event,
resulting in the increased dynamics.

This reduction of how structurally constrained water
molecules are in the first hydration shell around halide anions
is also reflected in bulk thermodynamic properties, namely, the
calculated entropy of hydration at the experimental temper-
ature TAS,, shown in Table 1. We observe that with a less
structurally constrained hydration shell with increasing halide
anion size, shown by the shorter and broader peaks in the
water dipole angle distribution (Figure 4a) and the anion—O,,
RDFs (Figure S1), there is a reduction in the entropy penalty
associated with including the halide anion into the water
network at constant temperature TAS, shown by less
negative values of TAS,;, with increasing halide anion size
(Table 1). This is unsurprising, as less structurally constrained
water molecules are clearly free to explore a larger variety of
different states, resulting in a reduced entropic penalty by
definition. We also observe increased rotational (Table 4) and
diffusive (Table S) dynamics of water molecules, shown by the
calculated % and g—i values for each ion in the first hydration
shells of the halide anions with increasing anion size. These
increased rotational and diffusive water molecule dynamics
suggest that not only are water molecules free to explore a
larger variety of different conformations but they can do so at a
faster rate. This is therefore also consistent with the observed
reduced entropic penalty of hydration shown by less negative

values of TAS,,, with increasing anion size.

Bl CONCLUSIONS

The conclusions drawn here, that the effects of ions are local
rather than global, clearly hold for simple monovalent
electrolytes such as potassium halides. We observe that with
increasing ion size, and therefore decreasing ion charge density,
water molecules in the first hydration shell are less well
structured. This is coupled with a less negative enthalpy of
hydration, as electrostatic interactions between the ions and
surrounding water molecules become less favorable as the
hydration shell becomes more disordered. The rotational and
diffusive dynamics of water molecules in the first hydration
shell of the ions are also observed to be accelerated with
increasing ion size. The combined effects of a more structurally
disordered hydration shell and increased water molecule
dynamics result in a less negative entropy of hydration.
These observations suggest that we can study these short-
ranged local environments to calculate bulk properties of the
complete aqueous system, such as the enthalpy of hydration
AH,,,, and reveal correlations between other bulk properties,
such as the entropy of hydration AS,,,. However, we have
previously observed more global effects with divalent and
polyatomic ions such as Mg’ and (ClO,), as well as
osmolytes such as trimethylamine N-oxide,” that not only
perturb water in the first hydration shells of the solutes but go
on to significantly perturb hydrogen bonding and water
structure in the bulk. Recent molecular dynamics studies by
Gaiduk et al."” also suggest that while water in the hydration
shells of simple salts such as NaCl may appear to only be
perturbed in the immediate vicinity of the ions, water
molecules can experience polarizability changes at much larger
distances. These more complicated solutes merit further
investigation through complimentary techniques such as
those illustrated in this work to determine at which point
solutes begin to perturb aqueous solution more globally.

https://doi.org/10.1021/acs.jpcb.1c06728
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