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Abstract

In this study, we explore the impact of alkali metal ions (Li*, Na®™, KT, Rb", and
Cs™) on the hydration structure of water using molecular dynamics simulations carried
out with the MB-nrg potential energy functions (PEFs). Our analyses include radial
distribution functions, coordination numbers, dipole moments, and infrared spectra of
water molecules, calculated as a function of solvation shells. The results collectively
indicate a highly local influence of all the alkali metal ions on the hydrogen-bond
network established by the surrounding water molecules, with the smallest and most
densely charged Lit ion exerting the most pronounced effect. Remarkably, the MB-
nrg PEFs demonstrate excellent agreement with available experimental data for the
position and size of the first solvation shells, underscoring their potential as predictive
models for realistic simulations of ionic aqueous solutions across various thermodynamic

conditions and environments.

INTRODUCTION

The investigation of the hydration properties of ions in aqueous solutions has been a subject
of scientific curiosity and intensive research for nearly a century.! Initial interest was stimu-
lated by understanding chemical reactions in aqueous media, which requires a comprehensive
knowledge of ion hydration in terms of both energetics and formation of water microstruc-
tures around ions.? The study of ion hydration has increasingly gained more significance
across a wide spectrum of scientific domains, encompassing biological research, environmen-
tal science, and energy storage systems, where a molecular-level understanding of how ions
behave plays a central role.3

In this context, the study of alkali metal ions (Lit, Na™, K™, Rb™, and Cs™) holds
significant importance in both biological* and industrial realms.® The relevance of Lit ions
in today’s society cannot be overemphasized given the key role that they play in rechargeable

batteries.® Nat and K™ ions are abundant in living systems, mediating fundamental processes



such as nerve signal transmission and cellular function regulation through mechanisms like
the sodium-potassium pump.” While the role of Rb* is more limited, radioactive 3"Cs atoms
are common byproducts of nuclear reactors, posing a significant concern given their relatively
long half-life of about 30 years and their high solubility in water as Cs* ions.® Moreover, a
precise molecular-level understanding of the hydration properties of alkali-metal ions has far-
reaching implications for various technological applications, ranging from water desalination
to implantable electrical power generation.

The Hofmeister’s series was the first attempt to conceptualize ion’s effects on the prop-
erties of aqueous solutions.?!? Based on these findings, Gurney introduced the concept of
“structure makers” (or “kosmotropes”) and “structure breakers” (or “chaotropes”) to de-
scribe ions with strong and weak hydration, respectively.!! According to this classification,
small, highly charged ions are considered “structure makers” because they reinforce the
water’s hydrogen-bond network, whereas large, monovalent ions are considered “structure
breakers” because they disrupt the water’s hydrogen-bond network, resulting in a more dis-
ordered liquid structure. This classification suggests that “structure makers” can influence
the structural properties of aqueous solutions over long distances, leading to long-range
ordering. 2

Over the years, significant advancements have been made in both the sophistication of
experimental techniques and the realism of theoretical and computational models to probe
the behavior of hydrated alkali metal ions. Gas-phase clathrate-like structures with Cs™ ions
encaged within water hydrogen-bonded networks were first observed using a fast-flow reactor
for cluster production under thermalized conditions.® Among possible clathrate-like struc-
tures, Cs™(H20)q0 was found to exhibit remarkable stability. Diverse clathrate configurations
were also identified for clusters of 18, 22, 24, 27, and 29 water molecules surrounding the
Cs* ion. Subsequently, infrared predissociation (IRPD) spectra of Mt (H20),_7 clusters were
reported using a triple-quadrupole mass spectrometer paired with an infrared (IR) laser.

Detailed analyses of the spectral features provided evidence of multiple photon absorption



processes as well as how water—water interactions begin to dominate as more water molecules
are added to the clusters. In addition, the fragmentation processes were found to be mode
specific, with free-OH and linear hydrogen-bonded OH stretching features being relatively
unaffected by the loss channel, and cyclic- and bent-type hydrogen-bonded OH stretches
displaying diminished cross sections. Using IRPD spectroscopy and blackbody infrared ra-
diative dissociation (BIRD), clusters of KT, Rb*, and Cs™ with 18 and 20 water molecules
were found to have anomalously high abundances, providing support for the formation of
clathrate structures .'®> Conversely, the presence of significant acceptor-donor bands in the
IRPD spectra suggested different types of structures for Na™, while Lit showed evidence of
clathrate structures only for clusters with 20 water molecules.

Dielectric relaxation spectroscopy (DRS) measurements showed that the hydration num-
bers for alkali-metal fluorides did not follow a simple sequential trend, instead varying as
CsF < NaF < RbF < KF, which was attributed to the differences in MT-OH, bonding
strength.!® It was also found that the number of strongly bound water molecules around
each alkali metal ion varies systematically with the charge density, following the order Li*
> Nat > KT > Rb* > Cs™. Interestingly, the same trend was also found for the number of
moderately bound water molecules, except for Li* and Na™, where the presence of strongly
bound water molecules in the hydration shells reduces the possibility of further interactions
with surrounding water molecules, leading to an absence of slow water around these ions.
Large angle X-ray scattering (LAXS) and double difference infrared spectroscopy (DDIR)
measurements showed that Na®™, K*, Rb*, and Cs* ions are weakly hydrated with a single
shell of water molecules, while the smaller Li* ion is more strongly hydrated, likely showing
a second hydration shell.'” Except for lithium, the LAXS measurements also allowed for
fairly accurate determination of the mean M*—O distances, which were found to be 2.43(2),
2.81(1), 2.98(1) and 3.07(1) A, for Na*, K*, Rb*, and Cs*, respectively, corresponding to
coordination numbers of six, seven, eight, and eight. Based on the analyses of the LAXS

and DDIR measurements, it was concluded that Li* is a structure maker, while K*, Rb*,



and Cs™ are structure breakers. The role of Nat was less clear, suggesting a borderline
behavior. Polarization-selective IR pump-probe spectroscopy and two-dimensional IR vibra-
tional echo spectroscopy were used to probe the dynamics of the hydrogen-bond network in
dilute HOD in H,O/salt solutions.!® It was found that the shift in the absorption frequency
of the OD stretch becomes more pronounced as the size of the alkali-metal ion of the salt
pair decreases. Liquid-jet X-ray photoelectron experiments found that Li* ions adsorb to
the air-water interface, exhibiting “surfactant-like” behavior, while K* ions do not.'® The
difference in adsorption behavior of Li™ and K ions was attributed to the different resilience
of their hydration shells.

On the theoretical /simulation side, early molecular dynamics (MD) simulations of small
Nat(H30),, clusters predicted that Na™ resides in the interior of the clusters independently
of whether pairwise additive or polarizable force fields were used to model the underly-
ing molecular interactions.?’ Subsequent studies focused on improving the description of
ion—water interactions through empirical parameterization of pairwise additive force fields.
Refined models of Li™, Na™, KT, Rb™, and Cs™ compatible with the TIP3P, TIP4PEW,
and SPC/E water models were obtained by tuning the Coulombic and Lennard-Jones pa-
rameters to balance crystal and solution properties.?! Along similar lines, improved pairwise
parameterizations compatible with the OPC3, OPC, TIP3P-FB, and TIP4P-FB water mod-
els were introduced to describe monovalent ions in liquid water.?? By adopting scaled charges
to effectively account for electronic polarization, new pairwise parameters for alkali metal
ions compatible with the TIP4P /2005 water model were shown to result in more accurate
predictions of the density, viscosity, and structural properties of ionic solutions up to high
concentrations.??* Although using scaled charges led to an improved description of some
properties of ionic aqueous solutions, it was also found that different sets of scaled charges
are required to predict different structural, thermodynamic, and dynamical properties.?>
MD simulations using a polarizable force field accurately predicted the ion-oxygen distances

within the first hydration shell of KT in water. These predictions were within 0.05-0.1 A of



the values determined experimentally from extended X-ray absorption fine structure (EX-
AFS) spectra.? More accurate representations of ion—water interactions, including charge
penetration, charge transfer, and geometry-dependent charge flux effects were introduced
with the AMOEBA + polarizable force field.?” AMOEBA+ demonstrates improved accuracy
in capturing a range of ion properties from gas phase to solution phase and crystals, providing
energy components consistent with quantum-mechanical energy decomposition schemes.
Electronic structure calculations carried out for small ion—water clusters using density
functional theory (DFT) indicated that, as the number of water molecules increases, molec-
ular polarization is primarily influenced by water—water interactions rather than ion—water
interactions.?® Based on these results it was concluded that as the cluster size grows, the
average dipole moment of all water molecules, including those in the first solvation shell,
tends to match the average of a similarly sized cluster of pure water. Ab initio molecular dy-
namics (AIMD) simulations of aqueous solutions under physiological conditions found that
Lit, Na™, and K strongly coordinate with four water molecules, and revealed the presence
of additional “loosely” coordinated water molecules, leading to hydration numbers of 5 and
6 for Nat and KT, respectively.? Analyses of the self-diffusion coefficient and rotational
correlation time of water calculated from AIMD simulations carried out with the HCTH
density functional suggested that LiT ions act as structure makers, whereas Kt ions are
structure breakers, and Na't ions function as weak structure breakers.?® AIMD simulations
carried out with various van der Waals (LMKLL, DRSLL, DRSLL-PBE, DRSLL-optB88),
dispersion-corrected (BLYP-D3), and conventional gradient-corrected (GGA-BLYP) density
functionals found that incorporating dispersion forces enhances the accuracy in predicting
the local hydration structure of both Na™ and K* in solution, aligning the simulation results
more closely with the experimental data.3! Similar conclusions were reached from analo-
gous AIMD simulations carried out with the revPBE functional including a van der Waals
correction.®? MD simulations carried out with a pairwise additive model as well as AIMD

simulations carried out with the revPBE and BLYP density functionals were used to ex-



amine the hydration structure of aqueous Na't.33 Both revPBE and BLYP predicted Na—O
distances longer by about 0.05 A than the experimental value, with the difference increasing
to 0.07 A after including a dispersion correction. In contrast, a pairwise additive force field
based on the SPC/E water model was found to predict the Na—O distance in good agree-
ment with the experimental value, though the resulting Na—O peak in the EXAFS spectrum
was overstructured compared to the experimental data. AIMD simulations carried out with
density functionals belonging to different rungs across the Jacob’s ladder of DFT approxima-
tions (i.e., revPBE and SCAN) as well as using the random phase approximation (RPA) were
employed to model the hydration structure of Na* and K™ in solution.?* Comparisons with
X-ray measurements showed that the SCAN functional accurately reproduces key structural
details of the hydration structure around both ions, unlike revPBE-D3. However, it was also
found that the SCAN density functional is less effective in describing bulk water compared to
revPBE-D3, which is related to the interplay of functional-driven and density-driven errors in
DFT models of aqueous systems.?> 38 The RPA simulations also showed some improvement
in the description of the hydration structure of K ions, but slow convergence precluded a
more systematic comparison.

More recently, our group introduced the many-body energy (MB-nrg) theoretical and
computational framework for data-driven many-body potential energy functions (PEFs) of
generic molecules.?? 43 Building upon the accuracy of the MB-pol PEF,* 48 which was shown
to accurately predict the properties of water across the entire phase diagram,* from gas-
phase clusters® 52 to liquid water® 58 and ice®® %2 phases, the MB-nrg PEF of a given
molecular system is rigorously derived from the corresponding many-body expansion (MBE)
of the system’s energy. Within the MB-nrg framework, the MBE is calculated at the coupled
cluster level of theory, including single, double, and perturbative triple excitations, i.e.,
CCSD(T), which is currently considered as the “gold standard” for chemical accuracy.%3%4
A series of MB-nrg PEFs developed for alkali metal ions was shown to accurately predict

the structures, binding and interaction energies, and vibrational spectra of small MT(H,0) y



clusters (M™ = LiT, Na™, KT, Rb*, and Cs*)*0567 a5 well as the hydration structures of
Na®, K*, and Cs* in solution.®% The Supporting Information includes an overview of the
main results obtained so far using the MB-pol and MB-nrg PEF, along with comparisons
with common force fields and DFT models. This short overview aims to provide the reader
with an up-to-date perspective on the performance of MB-pol and MB-nrg in the context of
state-of-the-art computer simulations of various aqueous systems.

In this study, we employ the MB-nrg PEFs to characterize the hydration properties of
the alkali metal ion series by linking structural, dynamical, and electrostatic properties to
IR spectra calculated for individual solvation shells around each ion from MD simulations.
Our analyses provide a unified molecular-level picture of the hydration structure of alkali
metal ions in solution and allow for unambiguously assessing the effects of each ion on the

surrounding water’s hydrogen-bonding network.

METHODS

All MD simulations were performed using the Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS) ™ interfaced with the MBX C++ library for data-driven many-
body PEFs. ™™ Each system consisted of 277 water molecules and 1 alkali metal ion (Li",
Na®, K*, Rb* or Cs*) placed in a cubic box in periodic boundary conditions, corresponding
to a concentration of ~0.2 M. The initial configurations were taken from previous simulations
carried out with the MB-nrg PEFs, %% which were further equilibrated for at least ~150 ps
in the isothermal-isobaric (N PT: constant number of atoms, pressure, and temperature)
ensemble at 298 K and 1 atm. This was followed by a 400 ps-long simulation carried in the
canonical (NVT: constant number of atoms, volume, and temperature) ensemble at 298 K
and the equilibrated volume obtained from the NPT simulations. 30 distinct configurations
were extracted at intervals of 10 ps from the last 300 ps of the NV'T trajectories, which were

then used to generate 30 independent 50 ps-long trajectories in the microcanonical ensem-



ble (NVE: constant number of atoms, volume, and energy). These 30 NV E trajectories
were used to calculate all the structural and dynamical properties as well as infrared spectra
reported in the following section. The temperature in the NPT and NV simulations was
controlled by a global Nosé-Hoover chain of three thermostats with a characteristic time
of 1 ps.™ The pressure in the NPT simulations was maintained by a global Nosé-Hoover
chain of three barostats with a characteristic time of 2 ps.”™ The equations of motion were
propagated with a time step of 0.5 fs according to the velocity-Verlet algorithm.™ The non-
bonded interactions were truncated at an atom-atom distance of 9.0 A, and the long-range
electrostatic interactions were treated using the particle mesh Ewald method as implemented
in MBX 71.72.75,76

The dipole moments of the water molecules were calculated using the many-body MB-u
model.?® MB-u leverages the fast convergence of electrostatic properties within the MBE
formalism " to rigorously express the total dipole moment of a molecular system (j;) as a
sum of individual n-body terms (1 < n < N), integrating explicit machine-learned 1-body
(u'B) and 2-body (u?®) terms with an implicit N-body polarization term (u™B) describing

all higher-body contributions:®?

(Lo, N) = D () 3 (i) + i (1, N) (1)

MB-p accurately reproduces the dipole moment of generic water systems containing an
arbitrary number of water molecules and has been used to calculate the infrared spectra of
diverse water systems.%2 94607880 The IR spectra of water were calculated within a time-

dependent formalism from the dipole-dipole time correlation function according to:

Iinle) | T e 0) () dt @)

o0

where p is the total dipole moment of the water molecules represented by the MB-u model

along the NV E trajectory, and the angular brackets imply an ensemble average. It has



been shown that MB-p quantitatively accounts for all many-body contributions to both
the permanent and induced dipole moments of water and allows for accurate simulations

52-56,60-62,78,81,82

of the IR spectra of water across different phases and in different environ-

79808386 The simulated IR spectra were redshifted by 60 ecm™! and 175 cm™! in the

ments.
bending and stretching regions, respectively, to account for nuclear quantum effects in classi-
cal MD simulations of water carried out with the MB-pol PEF as discussed in Refs. 53-55,78.
It should be emphasized that, apart from the red shifts mentioned above, quantum simula-
tions of the infrared spectra of liquid water using centroid molecular dynamics (CMD)87 93
yield vibrational lineshapes that are equivalent to those calculated from classical MD simu-
lations.? This similarity justifies the use of classical MD in our study of the infrared spectra
of water around alkali metal ions.

The residence time of the water molecules residing within the first solvation shell (ng)

of each alkali metal ion was calculated according to the algorithm introduced in Ref. 94,

) = 5 33 Bttt 3

Here, P;j(t,t;t*) is equal to 1 if water molecule j lies within the first solvation shell at both
time steps t,, and t,,+t, and does not leave the first solvation shell for a period longer than ¢*.
Under all other circumstances, P;(t,t;t*) = 0. From Eq. 3, it follows that 114 (0) = (nis),
which is the average first-shell coordination number, whereas ni4(t) corresponds to the
number of molecules that reside initially within the first solvation shell and are still there
after a time ¢ has elapsed. The parameter ¢t* is introduced to account for molecules which
only transiently leave the first coordination shell. Following Ref. 94, t* was set to 2 ps in our
analyses. Given the exponential decay of ni4(t), the residence time of the water molecules in
the first solvation shell of each alkali metal ion ( 74 ) was determined as the time ¢ at which
C(t) = nise(t)/(n1st) = 1/e, where (nig) is the average first-shell coordination number. It

should be noted that the actual value of the residence time 714 shows some dependence on

10



the choice of t* although the trend across the different ions is independent of it. In our

analyses, we opted to use t* = 2 ps in order to be consistent with the original definition.%*

RESULTS

In Figure la, we present the MO radial distribution functions (RDFs) that directly map
the spatial correlations between each alkali metal ion (M™) and the oxygen atoms (O) of
the surrounding water molecules. Complementing the RDFs, Figure 1b displays the cor-
responding MTO cumulative distribution functions (CDFs) reporting the variation of the
coordination number (nya.¢) with respect to the distance from each alkali metal ion. Both
RDFs and CDFs trace the gradual change in coordination environment, providing insights
into the evolving nature of the hydration shells as one moves from Li* to Cs* ions. In this
context, it should be noted that previous MD simulations carried out for Nat, K, and Cs*
with the corresponding MB-nrg PEFs provided quantitative agreement with the experimen-
tal EXAFS spectra, outperforming both force fields and DFT models. %% Drawing from
the systematic analyses of many-body interactions reported in Ref. 40, Figure 1a highlights
a direct correlation between the ion—water interaction strength and the observed trends in

both the position and the width of the first peak of the RDFs. This peak, representing

a) 10 b) 40
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Figure 1: a) lon—water radial distribution functions (gy;+q) calculated from MD simulations
carried out with the MB-nrg PEFs of each alkali metal ion (M™). b) Coordination number
(Nwat) as a function of the M*-O distance (ry+q)-
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Table 1: Main characteristics of the first and second solvation shells around
each alkali metal ion, as predicted by MD simulations with the MB-nrg PEFs.
It includes the positions of the first-shell and second-shell peaks, the distances
marking the end of these shells, and the corresponding coordination numbers.
The experimental values are taken from Ref. 17 and references therein. The

DFT wvalues are taken from Refs. 29-32,34,95.

Lit Nat K+ Rb* Cst
Experiment 1st-shell peak position (A) 1.90-2.17  2.34-2.50 2.65-2.97 2.83-3.05 2.95-3.21
*P 1st-shell coordination number 4-6 4-8 5.6-8.3 6-8 8-9
Ist-shell peak position (A) 1.93 2.38 2.73 2.88 3.13
1st-shell boundary (A) 2.70 3.18 3.53 3.73 4.03
1st-shell coordination number 4.1 5.8 6.7 7.6 8.7
MB-nrg
2nd-shell peak position (A) 4.08 4.53 4.88 5.08 5.23
2nd-shell boundary (A) 5.13 5.48 5.73 5.83 5.92
2nd-shell coordination number 19.9 24.5 26.6 27.9 28.4
DET 1st-shell peak position (A) 1.96-2.00 2.36-2.51 2.74-2.98 3.0-3.12 3.2
Ist-shell boundary (A) - 2.81-3.40  3.43-3.81 - -
1st-shell coordination number 4.0-4.2 5.0-6.09 5.5-7.5  6.95-7.77 7.07-7.69

water molecules in the first solvation shell of each alkali metal ion, not only moves to larger
distances but also increases in width from Lit to Cst. The increasing ion’s size leads to
progressively less defined boundaries between the first and second solvation shells, result-
ing in a barely noticeable inflection point in the Cs™ CDF. The changes in the RDFs and
CDF's underscore the delicate balance between the underlying ion-water and water—water
interactions, which directly correlate with the ion’s and charge density.

Table 1 summarizes the main characteristics of the first and second solvation shells around
each alkali metal ion calculated from the RDFs and CDF's of Figure 1. Specifically, besides
the position of the first and second-shell peaks, Table 1 also lists the boundary distances de-
fined the extent of these shells, alongside their respective coordination numbers. In all cases,
the MB-nrg PEF's predict first-shell peak positions and coordination numbers in remarkable
agreement with the available experimental data.” This level of agreement is particularly
noteworthy given that the MB-nrg PEF's are rigorously derived from first principles to repre-

sent individual many-body contributions to the multidimensional Born-Oppenheimer energy

12



landscape. Therefore, contrary to pairwise-additive force fields that are empirically param-
eterized to reproduce a predetermined subset of experimental properties,?*2° the MB-nrg
PEFs do not have prior knowledge of any property of alkali metal ions in solution, which
highlights the high degree of transferability and predictive capability of the MB-nrg PEF's.
On the other hand, large variations in the AIMD predictions for both position and size of the
first hydration shell are found for all the alkali metal ions. These differences highlight the
challenges faced by current DFT models in accurately representing aqueous environments,
particularly the delicate interplay and competition among different many-body effects in

39,40,65,96,97

ion—water and water—water interactions, which are directly related to functional-

35,37,98-101

driven and density-driven errors. In this context, it should be noted that recent

developments have demonstrated that density-driven errors in the description of ion—-water
interactions can be partially corrected through a density-corrected DFT scheme. 36:38102,103
Figure 2 shows C(t) = nis(t)/(nist) as a function of time, whose decay directly reports

on how long the water molecules remain in the first solvation shell of the different alkali metal

ions. As discussed in the Methods section, in our analyses, the residence time, 7y, is defined

—— Cs*
Rb*

0.0

0 5 10 15 20 25 30
time (ps)

Figure 2: C(t) = nys(t)/(n1s) as a function of time. The black dashed line corresponds
to C(t) = 1/e. The residence time values for Li*, Na®, K*, Rb*, and Cs™ are > 100 ps,
~20 ps, ~11 ps, ~7.5 ps, and ~4.5 ps, respectively.
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as time at which C(t) = 1/e, which is indicated as a black dashed line in Figure 2. The
present MD simulations with the MB-nrg PEF's show a clear pattern, with the residence time
progressively increasing as the strength of the underlying ion-water interactions increases.*’
Specifically, the data in Figure 2 indicate that the water molecules stay in the first solvation
shell of Cs*, which has the weakest interactions with water among the alkali metal ions,
for only ~4.5 ps. In contrast, for Li*, which has the strongest interactions with water, the
residence time extends beyond 100 ps. This trend of shorter residence times with weaker
ion—water interaction strength is an important aspect of how ions influence their surrounding
water molecules. The strong binding of Li* results in a more rigid first solvation shell, while
larger ions like Cs™ have a looser hold on the surrounding water molecules, allowing water
molecules to diffuse in and out the first solvation shell over a significantly shorter time
interval.

Further insights into the hydration properties of the alkali metal ions in solution are
gained from the analysis of the dipole moment of water molecules residing in different solva-
tion shells. To this end, Figure 3a compares the dipole moment distributions associated with
water molecules residing within the first and second solvation shells of each alkali metal ion
and the corresponding distribution calculated for water molecules in the bulk. This analysis
shows that Li™, with its high charge density and small size, significantly increases the dipole
moment by about 10% for water molecules in the first shell compared to bulk water. As
the ion size increases, from Lit to Cs™, the dipole moment of the water molecules lying
within the first solvation shells decreases, with the water molecules around the largest ions,
Rb*™ and Cs™, exhibiting dipole moments that are ~2% smaller than that of bulk water.
Figure 3b demonstrates that the effects of all alkali metal ions on the dipole moment of the
surrounding water molecules is quite local; water molecules further out in the second shell
display dipole moments similar to those in the bulk water, regardless of the ion present in
solution. Interestingly, the present MB-nrg simulations predict that Na™ does not affect the

dipole moment of the water molecules, independently of the solvation shell they occupy. This
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observation might explain why several models that assume a simple additive effect between
ions and water can still reasonably predict the behavior of Na™ in solution since Na™ is the
ion that changes the properties of the surrounding water the least. The lack of variation of
the dipole moment for water molecules around Na™ also suggests that using Na™ as a bench-
mark for testing the accuracy of ion—water models might not be the best approach to the
validation of these models since Na™ alters the water properties only minimally. Similar local
effects on the hydration properties of aqueous alkali halide solutions were observed in AIMD

104

simulations using the PBE functional for NaCl,"* as well as in MD simulations utilizing

a
) —— First shell Second shell =— Bulk water

Li*

Na*

Rb*

Normalized Probability

Cs*

2.00 225 250 275 3.00 3.25 3.50 3.75 4.00
u (Debye)

b)

Lit Nat Kt Rb* Cs*
first shell 3.16 2.78 2.71 269 2.68

second shell 2.75 2.75 2.75 2.75 2.75
bulk water 2.74 2.74 2.74 2.74 2.74

Figure 3: a) Dipole moment distributions for water molecules located in the first and second
solvation shells around each alkali metal ions as well as in bulk water. b) Average dipole
moment (in Debye) of water molecules located in the first and second solvation shells around
each alkali metal ion as well as in bulk water.
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Figure 4: Infrared spectra calculated for water molecules located in the first (a) and second
(b) solvation shells of each alkali metal ion. All spectra are redshifted by 60 cm~* and 175
cm~! in the bending and stretching regions, respectively, to account for nuclear quantum
effects in classical MD simulations of vibrational spectra of water calculated with MB-pol
as discussed in Refs. 53-55,78. The top trace corresponds to the infrared spectrum of liquid
water calculated with MB-pol at 298 K.?

deep neural network potentials trained on SCAN and revPBE-D3 reference data for NaCl,
KCl, and NaBr, % and NaCl and CsI, % respectively. These similarities, however, should be
considered cautiously. Given the known functional-driven and density-driven errors in GGA
and meta-GGA functionals?19%101 a5 well as the limitations of deep neural network poten-

107,108

tials, which prevent these models from correctly reproducing many-body interactions

35-38 it remains unclear if the locality observed in these simulations arises

in aqueous systems,
from the same physical mechanisms as those predicted by the present simulations with the
MB-nrg potentials.

It should be noted that previous AIMD simulations reported slightly smaller dipole mo-
ments for water molecules residing within the first solvation shells of Na™ and K* than in
bulk.? The present MB-nrg simulations refine and extend the predictions from those AIMD
simulations, showing that Na™ does not modify the dipole moment of the surrounding water
molecules, while Rb™ and Cs™ induce the larger reduction to the dipole moment of water

molecules in their first solvation shells.

Figure 4 displays how the specific arrangement of water molecules around different alkali
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metal ions and their varying dipole moments distinctly alter the IR spectra of the surrounding
water molecules. In particular, independently of the alkali metal ion, the IR spectra change
significantly from the first (panel a) to the second (panel b) solvation shells. As discussed
above, due to its high charge density and small size, Li™ induces a notable increase in the
dipole moment of the water molecules that reside within the first solvation shell. These
highly polarized water molecules thus form relatively stronger hydrogen bonds with water
molecules in the second solvation shell, leading to a pronounced redshift in the OH-stretch
band and a consequent blueshift in the HOH-bend band of the IR spectrum. Moreover,
the wider OH-stretch band resulting from water molecules in the first solvation shell of Li™
indicates a relatively larger distribution of hydrogen-bond strengths compared to the other
alkali metal ions, reflecting a more inhomogeneous local environment.

As the ion’s size increases, the IR spectral bands gradually shift. The shifts in the OH-
stretch and HOH-bend bands for the larger alkali metal ions slowly approach the frequencies
typical for bulk water, indicating a lesser impact on the water molecules’ dipole moments.
Figure 4b effectively confirms the predictions based on the variation of water’s dipole moment
as a function of the ion—-water distance. The spectral differences seen in the IR spectra
calculated for water molecules residing within the first solvation shell of each alkali-metal
ion are no longer present in the second shell. The variation of the IR spectra from the first to
the second solvation shells provides further support to the notion that the impact of the alkali
metal ions on the hydrogen-bond network established by the surrounding water molecules is
quite local, with water molecules beyond the first shell displaying similar behavior to those

in bulk water.

CONCLUSIONS

In this study, we systematically examined the hydration structure of alkali metal ions (Li*,

Na®, K*, Rb*, and Cs*) in water using MD simulations carried out with the MB-nrg PEF's.

17



Our analyses include radial distribution functions, coordination numbers, residence times,
dipole moments, and infrared spectra, providing a comprehensive view of the ions’ influence
on the hydrogen-bond network established by the surrounding water molecules. We found
that Li* significantly increases the dipole moment of the water molecules residing within its
first solvation shell, while larger alkali metal ions (i.e., Rb™ and Cs™) have the opposite im-
pact, slightly reducing the dipole moment of the water molecules in their first solvation shells
compared to bulk water. The changes in the dipole moments were found to directly reflect
in appreciable frequency shifts of the OH-stretch and HOH-bend bands of the corresponding
IR spectra. Importantly, the distinct variations in dipole moments and IR spectra between
the first and second solvation shells predicted by the MD simulations with the MB-nrg PEFs
demonstrate that, independently of their size and, consequently, charge density, the influ-
ence of all alkali metal ions on the properties of the surrounding water molecules is local,
not extending beyond the first solvation shell. The remarkable agreement with available
experimental data for the position and size of the first solvation shell around alkali metal
ions in solution, along with previous results for interaction energies, vibrational spectra, and
isomeric equilibria in small alkali metal ion-water clusters, 4?5767 and simulations of EXAFS

68,69 provides further evidence for the accuracy and predictive power of the MB-nrg

spectra,
PEFs, making them highly promising for realistic simulations of ionic aqueous systems across

different thermodynamic conditions and environments.
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