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The aqueous solvation structure of the Na* ion is studied both by molecular dynamics (MD) sim-
ulations and K-edge X-ray absorption near edge spectroscopy (XANES). We present a systematic
study contrasting the differences in the predicted XANES spectra, using molecular configurations
generated from classical and quantum MD. Using a set of suitable order parameters, we elucidate
how the spectroscopic features are influenced by the local solvation structure around the Na* ion.
Our findings suggest that XANES is sensitive to fluctuations between the first and second solvation
shells and can distinguish between classical and quantum interaction representations used to generate
molecular ensembles. Published by AIP Publishing. https://doi.org/10.1063/1.5024568

I. INTRODUCTION

Metal cations in aqueous solution play a crucial role
in many chemical and biological systems.'™ Many basic
questions regarding the solvation of ions, namely, how the
water structure is perturbed in the presence of an ion are
still not resolved.>%~ Although we have access to many dif-
ferent ion solvation experiments, the experimental'®-'# and
theoretical>~!3 picture of the first solvation shell and coor-
dination numbers around the ion is still an active area of
research. The sodium cation (Na") is one of the most com-
mon metal ions whose aqueous chemistry plays a signifi-
cant role in many geochemical, biochemical, and industrial
processes.> 1?21 Although the electronic structure is under-
stood, the solvation of Na* in water is exceedingly complex
due to the delicate balance between ion-water and water-
water interactions. Monovalent cations have a much more
labile solvation structure than divalent or trivalent cations.?>~*
The solvation environment of cations is also distinctly dif-
ferent from that of anions.>>?® Powerful X-ray and neu-
tron spectroscopic techniques like XRD, neutron diffraction
(ND), EXAFS, and X-ray absorption near edge spectroscopy
(XANES) have been used to investigate the local solvation
structure of Na* in water.'%'423 In a recent study, the Na—O
distance in the first solvation shell has been measured with
improved precision by both XRD and EXAFS, which has
resolved the inconsistency in the Na—O distances reported in
the earlier literature.?? In contrast to XRD, EXAFS has the
selective advantage of reporting only on the Na—O distance
without interference from the other solution pair distribu-
tion functions. However, an important experimental limitation
is that the EXAFS signal for Na* primarily arises from the
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photoelectron backscattering of the atoms within the first sol-
vation shell. In contrast to EXAFS, the XANES signal for
Na* is sensitive to the chemical environment that includes the
longer range interactions. Since core level spectroscopy is sen-
sitive to the local configuration, i.e., nearest neighbors of the
excited atom beyond the first solvation shell, it is natural to
expect correlations between the local configuration and the
excited spectra. K-edge XANES can therefore be used as a
powerful experimental tool with complementary EXAFS to
probe details of the local geometric and electronic structure of
Na* in water.

The effect of the local structure on the O K-edge spectra
of water with and without solvated ions has been investi-
gated theoretically.>*3! Kulik et al. determined that the tilt
angle of the first shell water molecules with the Na*™ [shown
schematically in Fig. 1(c)] significantly impacts the shape of
the main and post-main edge peaks of the O K-edge.’! In
a recent study, Sun efr al. demonstrated that the population
of water molecules in the interstitial region is crucial to the
main-edge intensity of the O K-edge XANES spectra for pure
water.”” Similarly, Niskanen et al. have carried out a system-
atic investigation of the correlation between O K-edge spectra
for water and structural parameters.’® They found that the
structural deviations from tetrahedral symmetry were corre-
lated with the intensity of both the pre-edge and post-edge
regions. Aziz et al. studied the Na K-edge spectra and proposed
that the spectra are sensitive to the Na—O distances and their
coordination environment.?? In their theoretical calculations,
Aziz et al. only considered small clusters containing up to six
waters.

Here, we present detailed classical and quantum (DFT-
based) molecular dynamics (MD) simulations for Na* in water
combined with calculations of the K-edge XANES spectra
for Na* solvated by large water clusters using time-dependent
density functional theory (TDDFT). To analyze and establish
the correlations between the local structure and the calculated

Published by AIP Publishing.
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FIG. 1. Schematic representations of the order parameters as described in the main text. (a) The coordination number is defined as the number of water molecules
in the first solvation shell. A large O—O distance deviation between two adjacent nearest neighbors defines the position between the first and second solvation
shells. The water molecules in the gray area correspond to the first solvation shell and those in the blue area correspond to the second solvation shell. Both shells
are clearly separated from each other as shown by the white area. (b) The INTg order parameter distinguishes between an ordered and a disordered inter-shell
structure. When INTg >> 0, the second solvation shell is clearly separated from the first solvation shell. When INT¢ = 0, an interstitial water resides between
these two solvation shells. The fluctuation of the interstitial water diminishes the separated area between two solvation shells. (c) The tilt angle is defined as the
angle between the vector from the oxygen to the ion and the dipole moment vector of the water molecule.

spectra, we present a systematic approach using a set of five
suitably chosen order parameters. The correlation between the
local structure and XANES spectra shows that XANES is sen-
sitive to both the short and intermediate range ordering of
water around Na*. We also show how XANES can be used to
benchmark and distinguish between configurations obtained
via classical and quantum simulations. By investigating the
local structure of ion solvation in the condensed phase, our
calculations also serve to validate, consolidate, and extend
previous studies on the bulk solvation of Na*. The paper is
organized as follows. In Sec. II, we present the computational
details. In Sec. III, we present and discuss our results, and
finally, in Sec. IV we present our conclusions.

Il. COMPUTATIONAL DETAILS

A. Classical and first principles molecular
dynamics simulations

Classical simulations were carried out using the Joung-
Cheatham [JC] force field*® and the extended simple point
charge [SPC/E]?* water model. In the JC force field, the ion
water interaction parameters were determined by fitting both
the experimental ion hydration free energies and crystal prop-
erties. The simulation box contained one NaCl ion pair and
2625 water molecules in a cubic box of 42.76 A in each side
providing a 0.02 molal solution. The simulations were per-
formed in a constant volume ensemble at a temperature of 300
K. Electrostatics were carried out using the smooth version of
the particle mesh Ewald (SPME)* method with a real space
cutoff of 7.5 A. A time step of 0.5 fs was used. The simulations
were carried out for 2 ns of equilibration and then a period of
4 ns of production using the DL_POLY simulation software.¢

DFT-based molecular dynamics simulations were car-
ried out in the canonical ensemble (NVT ensemble) using
the Quickstep module of the CP2K software®’ and periodic
boundary conditions. A periodic cubic simulation box of side
14.23 A containing one NaCl ion pair solvated with 95 water
molecules was used providing a 0.58 molal solution and pro-
ducing a density of 0.0333 molecules per A3 (1.02 g/cm?). We
maintained a temperature of 300 K using the Nosé-Hoover
chain thermostat’® having the characteristic frequency of
3000 cm™'. The valence electrons were treated explicitly
at the DFT level employing the revised version of the

Perdew-Burke-Ernzerhof (PBE) functional [revPBE] func-
tional®® and TZV2P basis set with density from a cutoff of
400 Ry.?” The core electrons on all atoms were represented by
Goedecker-Teter-Hutter (GTH) pseudopotentials.*’ We also
used the Grimme dispersion correction (DFT-D3)*! along with
revPBE. The choice of revPBE-D3 protocol for the simulations
of Na* ions in water was motivated by a recent successful study
of ambient and high-pressure water in our group.*> A time step
of 0.5 fs was used to generate an 80 ps trajectory. The data were
collected from the last 50 ps of that trajectory.

B. Simulating the K-edge XANES spectra

XANES calculations were carried out at the Na K-edge
for Na* solvated by water molecules using the restricted exci-
tation window (REW) TDDFT approach** as implemented
in the NWChem program.** For the XANES calculations,
ensembles of 100 clusters each were generated from classi-
cal and quantum MD simulations with each cluster having
one central Na* solvated by 35 water molecules (including
the first and second solvation shells). The Sapporo-QZP-2012
all electron basis set*> was used for the single Na* ion,
while the 6-311G** basis set*® was used for the remaining (O
and H) atoms. The exchange-correlation was treated with the
BHLYP hybrid DFT functional.*’ The calculated spectra were
blue-shifted by 10.0 eV, and an energy-dependent Lorentzian
broadening was applied to match experiment. Below
1073.5 eV, a width of 0.5 eV was used, and above that energy,
the width was increased to 1.0 eV using an arctangent model.

C. Structural order parameters

We consider a selection of five order parameters to char-
acterize the local structure of the solvated water around the
ion. Order parameters such as coordination number, hydro-
gen bonds, angular symmetry of the first shell waters, and
the tilt angle of the water with respect to the ion have been
previously used®*? to investigate the effect of the local struc-
ture on the XANES spectra. Inspired by our own studies>®+?
on the local structure of water when subject to pressure and
the sensitivity of the distribution of interstitial waters to the
interaction potential, we introduce the description of the inter-
stitial water molecules as an additional order parameter that
effectively captures, in a new way, the changes in the local
structure of water in the presence of an ion. These five order
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parameters are defined in Sec. II C 1-II C 5 and illustrated in
Fig. 1.

1. Coordination number (CN)

The most common definition of the coordination number
is based upon the use of a cutoff derived from the first mini-
mum of the radial distribution function (RDF). However, the
use of an average cutoff from the overall simulation may not
be the best choice for an instantaneous configuration. Here,
we introduce a definition of the coordination number based on
the incremental distances of the neighboring water molecules
from the central ion [see Fig. 1(a) for the schematic description
of this definition of the coordination number]. Our protocol to
calculate the coordination number includes (i) sorting the near-
est neighbors around Na* based on increasing Na—O distances
(dNna-0), (ii) calculating the relative distance (dpo_o) between
two adjacent oxygens by taking the absolute value of the dif-
ference between their Na—O distances, (iii) calculating the
coordination number as the number of all nearest neighboring
water molecules up to the maximum do_o, and (iv) weight-
ing the coordination number to represent the interstitial nature
of the water between the first and second solvation shells by
comparing the maximum do_g to those next to it and prior to
it [see the supplementary material for a detailed description].
The incremental distances have also been previously used to
define the local structure index (LSI) order parameter that is
widely employed to study the local structure of ambient liquid
water.*8-0

2. Octahedral order parameter (qg)

The octahedral order parameter is defined following
Henchman and Cockram®' using the following formula:

133 18
6=1—— cos ,~+12—— cos ,-'2,
q 20;,;( @i+ 1) 521;( @)

where @ is the O;-Na-Oj angle for all of the six nearest oxygens
about Na™. For pure octahedral system, ¢ would have a value of
90° for the set of 12 smaller angles and 180° for the remaining
3 larger angles. The q¢ order parameter is normalized so that
it will give a value of 1 for a perfectly octahedral structure and
a value of O for a completely disordered system.

3. Interstitial water between first and second
solvation shells (INT,)

For a nth coordinated configuration, the incremental dis-
tance dy p+1 (the same definition used in coordination number
definition, see the Sec. A of the supplementary material for
details) is a measure of how distinct the first and second solva-
tion shells can be characterized. For example, in the case that
the first and second solvation shells are not well separated, both
the nth and (n + 1)th water molecules may be considered to be
interstitial [see Fig. 1(b)]. In order to measure the interstitial
nature of the nth water for a configuration, we have used the
following order parameter related to the coordination number
definition used earlier:

INT, = dn,n+1 - dn—l,n'
A value of 0.0 indicates that nth water is perfectly interstitial,

and a higher positive value indicates a well separated first and
second solvation shells when 7 is the coordination number.

J. Chem. Phys. 149, 124503 (2018)

4. Hydrogen bonds between water molecules
in the first and second solvation shell (npp)

‘We have evaluated the number of hydrogen bonds formed
by water molecules in the first solvation shell with the water
molecules in the second solvation shell. Two water molecules
are considered hydrogen bonded if the O-O distance is less
than 3.5 A and the HO,0y4 angle is less than 30°.52

5. Tilt angle (6) of the first shell water molecules
to the ion

The tilt angle of a water molecule to the ion is defined
as the angle formed by the vector from the oxygen of that
water molecule to the ion, and the dipole moment vec-
tor of the same water molecule. Figure 1(c) represents the
schematic description of the tilt angle of a water molecule to
the ion. We calculated the average of the tilt angles formed
by all the water molecules in the first solvation shell of the
ion.

lll. RESULTS AND DISCUSSION
A. Simulated XANES spectra of Na*

Figure 2 compares the simulated Na* K-edge XANES
spectra with the experimental spectra. The simulated spec-
tra are generated from an ensemble average of configurations
extracted from the molecular dynamics trajectories using both
classical and DFT methods. The experimental spectrum for 6m
NaCl has recently been published by our group,? and that for
the 0.1 m dilute solution was reproduced from Aziz et al.>> The
K-edge XANES spectra of 6 m Na* have three main features,
the pre-edge peak A at ~1072.8 eV, a peak B at ~1076 eV, and
apeak C at ~1080 eV. The pre-edge peak A is more prominent
for the concentrated solution. At lower concentrations of 0.1 m
NaCl, the peak B splits into two peaks, B; at 1074.5 eV and
B, at 1076.4 eV. The separation between peak B and peak C
changes with concentration. The ratio of the intensity of peak
C to peak B also changes with concentration. Our simulated
XANES spectra for the dilute solution qualitatively reproduce
all three main features of the experimental spectrum. The pre-
edge peak is very weak in the simulated spectrum, which is
consistent with the experimental spectra of the dilute solution.
Even though both DFT and classical configurations are able to
reproduce the main peaks of the experimental spectra, there are

L L B e IE;p.Eemr\IJaclul—l 1]
2 C  Exp.[0.1 mNaCl] == —}
S DFT —
i Classical === -1
A5
LI\J/ L
51+
0.5
0-| IIIIIII|||||||||..I..
1070 1075 1080 1085 1090
Energy,eV

FIG. 2. Comparison of simulated XANES spectra using structures generated
from classical and DFT-based MD simulations with the experimental spectrum
for aqueous 0.1 and 6.0 m NaCl. Experimental spectrum for 0.1 m NaCl is
reproduced with permission from Aziz et al., J. Chem. Phys. 124(11), 114502
(2006). Copyright 2006 AIP Publishing LLC. Simulated spectra have been
shifted by 10.0 eV to match the experiment.
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significant differences in the relative separation and intensity
of the peaks. The relative intensity of peak C to that of peak B
[Zc/s] is 1.85 for the classical configurations, which is much
higher than the experimental value of 1.45. By contrast, the
DFT configurations are in better agreement with experiment
having a value of 1.33.

B. Effect of local structure on the simulated
XANES spectra

Different regions of the XANES spectra are corre-
lated with the local structure.’*3! However, correlating spe-
cific structural degrees of freedom with the experimentally
observed spectra is a challenging problem. Often times, the
K-edge XANES spectra of solvated ions are assumed to be
solely due to the first solvation shell and first-shell hydro-
gen bonding structure. However, recent studies have found
that structural parameters beyond the first solvation shell can
have a significant effect.’>** Aziz et al. made a connection
between features in the Na™ K-edge XANEs spectra and the
coordination environment of Na* in the first solvation shell.>?
However, the accuracy of this representation with respect to
the condensed phase environment is uncertain because larger
cluster sizes that are more representative of a bulk environment
are needed to completely establish these correlations. Here,
we explore the correlations of structural parameters around
Na* with the Na K-edge XANES spectrum using ensem-
bles generated from periodic-boundary, condensed phase
simulations.

First, we investigate how coordination number (CN)
impacts the positions and intensities of the peaks in the
XANES spectrum. The probability distribution of the Na—O
coordination numbers (see Fig. S2 in the supplementary mate-
rial) corresponds to a picture of 5 and 6 coordinating waters
as the dominant configurations. We extract an ensemble of 60
configurations (35 water molecules in each configuration) that
contain either the 5 or 6 coordination configurations. Figure 3
shows the simulated XANES spectra for these configurations.

2 - CON=6 [DFT] - "
15 -
T S ]
3 1| -

05  ff TR
- A
0 A IPEPIPE I BT
1070 1075_ 1080 1085 1090
Energy,eV
L IEl)q;)l[0‘1 mr\;aél] I—I 4

2 ~ s lima) =
15 -
@, 5 .
3 1} -

05} ~

oL A I B B

1070 1075_ 1080 1085 1090
Energy,eV

FIG. 3. Simulated XANES spectra for 5- and 6-coordinated ensembles along
with the experimental spectrum for aqueous 0.1 M NaCl. Simulated spectra
have been shifted by 10.0 eV to match with the experiments.
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The most significant difference between the two coordination
spheres is reflected in the shape of peak C. It is clear that
the experimental shape of peak C is better reproduced by the
6-coordinated configurations for both the DFT and classical
methods. The other difference is in the intensity ratio of peaks
C to B in Fig. 3 that is higher for the 6-coordinated config-
urations. DFT has a lower value for the ratio of intensities of
peak C to B for both coordination ensembles compared with
the classical. Interestingly, the spectra for DFT and classical
configurations differ from each other in the relative intensi-
ties and positions of peaks B and C, even though they have
the same coordination number. This suggests that the XANES
spectrum is influenced by other structural parameters beside
the coordination numbers. The shapes of the peaks C are sim-
ilar between DFT and classical configurations when they are
compared to the same coordination number, indicating that
this shape might be a signature of the coordination number
only.

Having identified differences between ensembles of sepa-
rate coordination spheres (CN of 5 and 6), we then investigated
the effect of other structural signatures that report on the local
structure around Na* for only the 6-coordinated ensembles.
We examine the effect of the (i) hydrogen bonds between the
first and second solvation shells, (ii) octahedrality of the first
solvation shell waters, (iii) tilt angle of the water molecules in
the first solvation shell with respect to the ion, and (iv) intersti-
tial nature of the water between the first and second solvation
shells. We use the order parameters for each of these features
that were defined earlier.

In order to investigate the impact of these order param-
eters on the XANES spectra, we extract two ensembles for
each order parameter, each ensemble having 100 configura-
tions. The configurations were chosen based on lower values
of the order parameter in one ensemble and the higher val-
ues of that in another ensemble. The cutoff values to deter-
mine the lower and higher values of the order parameter are
based on the calculated distribution over the entire trajec-
tory and is given in the supplementary material. Figure 4
shows the XANES spectra for each ensemble of configurations
over a given range of a specific order parameter for the DFT
configurations.

The quantitative change in the relative position and inten-
sity of various peaks has been tabulated in Table I. As shown
in Table I, the impact of the structural changes on the spec-
tra is significantly reflected in the change of Ic/p,. A better
agreement with experiment for /¢, is obtained with either
a higher tilt angle, a higher qg, or a higher INT¢, the latter
having the highest impact. Both the Ep,.g1 and ¢/, are repro-
duced reasonably well; however, the Ec_g, is underestimated
by ~1 eV with respect to the experiment. A probable reason
for this might be the overestimated Na—O distance in DFT
configurations. Our recent work has showed that the Na—O
distance calculated from the revPBE-D3 trajectory is ~0.15
A longer than the experimental Na—O distance.”® To investi-
gate how the Na—O distance affects the spectra, we recalcu-
late the XANES spectra by shifting all the water molecules
to a shorter distance so that it is closer to the experimental
value of 2.38 A. Importantly the shorter Na—O distance pro-
vides a higher value of the Ec_g, by ~0.5 and /¢, by ~0.6,
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improving the agreement further with the experimental spectra
[see Fig. S6(a)].

The INT, q¢, and tilt angle also impact the spectral fea-
tures significantly for the classical configurations as shown in
Table II. A change in either INTg, ¢, or tilt angle changes
the Ec.p, and Ic/,. Interestingly, the highly overestimated
I/, decreases significantly, providing a much better agree-
ment with the experiment for ensembles having lower INT,
lower qg, or lower tilt angle. Classical configurations pro-
duce better Ec.g, on average for all ensembles compared to
DFT ensembles. Unlike the DFT ensembles, the number of
hydrogen bonds had little effect on Ec.g,.

One interesting feature in the predicted spectra emerges
with the variation in g¢ values. Both DFT [see Fig. 4(b)] and
classical configurations [see Fig. S5(b)] show that with lower
values of q¢, peak C is split into two peaks. The relative inten-
sities of these two split peaks help to explain the presence of
the shoulder at ~1082 eV in the experimental spectrum (see
Fig. 2). This shoulder is more clearly reproduced in the spec-
trum generated from DFT configurations rather than that from
classical configurations. In order to understand the origin of
this shoulder, we directly explore the two sets of angles that are

used in the definition of qg order parameter. The probability
distribution functions for these two types of average angles are
shown in Fig. S7. As shown in this figure, a lower overall q¢
value (i.e., non-octahedral structure) can either be due to devi-
ations in the three approximately 180° angles or in the twelve
approximately 90° angles. We then divide the non-octahedral
structures into two subgroups, one that deviates only into the
large three 180° angles (subgroup A), and another that devi-
ates into both 180° and 90° angles [subgroup B]. Figure S8
shows the simulated XANES spectra from these two types of
configurations. The subgroup of non-octahedral classical con-
figurations which only deviate in the ~180° angles and not
in the ~90° angles (i.e., subgroup A) is producing XANES
spectra that have the shoulder similar to the experimental
spectrum. Since DFT configurations have a lower average
value of the three ~180° angles (see Fig. S7) compared to
classical configurations, the shoulder in the average spectrum
is closer to the experimental spectrum. By contrast, only an
ensemble of the classical configurations sorted based on lower
values of those three angles produce the relative intensity of
the shoulder that is in good agreement with the experimental
spectrum.

TABLE 1. Effect of the order parameter on features of the simulated XANES spectra shown in Fig. 4 of the DFT
configurations. The last entry corresponds to the experimental values for the 0.1 m NaCl solution.

Separation between the

Separation between the

position of peaks B and position of peaks C and B Intensity ratio of peak C to

Order parameter B; [E2-B1] eV [Ec.B,]eV By [Icm, ]

nugB [low] 1.7 2.7 1.24
nyp [high] 1.7 3.1 1.23
qe [low] 1.5 3.1 1.28
g6 [high] 1.6 2.9 1.33
INT ¢ [low] 1.8 29 1.21
INT ¢ [high] 1.8 3.0 1.30
Tilt angle [low] 1.7 2.9 1.25
Tilt angle [high] 1.7 29 1.32
Experiment 1.9 39 1.45
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TABLE II. Effect of the order parameter on features of the simulated XANES spectra shown in Fig. S5 of the
classical configurations. The last entry corresponds to the experimental values for the 0.1 m NaCl solution.

Separation between the
position of peaks By and B,

position of peaks C and B

Separation between the

Intensity ratio of peak C to B

Order parameter  [Epp-p1] eV [Ecp,]eV [Icm, ]

nyg [low] 1.9 4.0 1.75
nyp [high] 1.9 4.0 1.72
qe [low] 1.8 3.2 1.62
g6 [high] 1.9 3.7 1.79
INT ¢ [low] 1.9 3.9 1.57
INT ¢ [high] 1.9 4.3 2.06
Tilt angle [low] 2.0 3.5 1.58
Tilt angle [high] 2.0 4.1 1.87
Experiment 1.9 3.9 1.45

As shown in Tables I and II, DFT configurations with
higher INTg, higher q¢, and higher tilt angle are in bet-
ter agreement with experiment, while for the classical con-
figurations lower INT¢, lower qg, and lower tilt angle are
better. To understand this apparent contrasting behavior,
we investigate in detail how the distribution of these two
order parameters varies between the DFT and classical
trajectories.

C. Structural differences between DFT and classical
configurations in terms of interstitial water
and tilt angle of water

Figures 5(a) and 5(b) show the probability distribution for
the two order parameters, INT ¢ and tilt angle of the water from
classical and DFT trajectories (both using the 6-coordinated
configurations). INT ¢ represents the interstitial nature of the
6th water where a value of 0 indicates that the water molecule
spends more time in the interstitial region, while a higher pos-
itive value indicates a larger separation between the first and
second solvation shell. As shown in Fig. 5(a), the classical
waters have higher positive values of INT¢ than those of DFT
waters. This clearly demonstrates that the waters between the
first and second solvation shells are more interstitial for DFT

configurations, whereas they are more separated for classical
waters. This picture is also consistent with the incremental
Na—O radial distribution function as shown in Figs. 5(c) and
5(d). For classical water, the 6th and 7th water are part of the
well-separated first and second solvation shell, respectively.
However, for DFT waters, the 6th and 7th waters are compar-
atively much closer to each other and spend more time in the
interstitial region. This implies that the distance between the
6th and 7th water could also be used as an order parameter
to probe the interstitial nature of both water molecules. The
interstitial nature of DFT water around Na* is also reflected
in the height of the first minimum of the Na—O RDF (see Fig.
S3 in the supplementary material); the classical description of
potential provides a lower minimum compared to that in DFT.

Figure 5(b) shows the tilt angle distribution of the first
shell water molecules for both the classical and DFT waters.
Classical waters produce a much higher tilt angle with nar-
rower distribution than that of DFT water. Previously, Kulik
et al. have shown that divalent cations yield higher tilt angles,
with a narrower distribution, than monovalent cations.3' The
narrower distribution is a result of the more restricted ori-
entation of the water oxygen toward the ion. A higher tilt
angle is a result of the balance between the ion-dipolar

FIG. 5. The probability distribution of
two order parameters (a) interstitial
nature of the 6th water, INT¢, and (b)
the tilt angle between the ion and first
solvation shell waters, over the DFT

150 165
Tilt angle (®°)

and classical trajectories. (c) The Na—O
incremental radial distribution function
for DFT configurations and (d) that for
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interaction and the dipolar-dipolar interactions between the
waters. The narrower distribution and higher values of
tilt angle for the classical picture indicate that the classi-
cal point charge model overestimates the ion-water oxygen
and ion-dipolar interactions and fails to treat the lone-pair
interactions.

As shown in Fig. 6(a), if the ensemble of DFT configura-
tions is sorted based on a higher INT'¢ and tilt angle compared
to their mean values, the corresponding simulated spectrum is
in better agreement to the experiment. In contrast to the results
using DFT, the ensemble of classical configurations shows a
better agreement between experimental and simulated spec-
tra, when those are sorted based on a lower INT's and tilt angle
compared to their mean values [see Fig. 6(b)]. The equilibrium
distribution using DFT configurations to compute INT ¢ and tilt
angle over the entire trajectories has lower values than those
computed using the classical configurations. Interestingly, this
suggests that the sub-ensemble of structures that provide a bet-
ter simulated spectrum compared to experiment is contained
in both DFT and classical configurations.

D. Role of short-range and intermediate-range
order interactions

Even though it is a challenging problem to decouple the
short- and long-range interaction contributions to the solvation
environment and their effect on spectral signatures, our find-
ings suggest that (i) the coordination number along with the
order parameters describing, (ii) the interstitial nature of the
water between the first and second solvation shells, (iii) the tilt
angle of the first solvation shell waters with the ion, (iv) the
octahedrality of the first solvation shell waters with the ion, and

| SLALIL I B N B B L B B B B |

i Exp. — |

2 DFT(average) — —
< DFT(sorted) ===
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FIG. 6. The simulated spectra show a better agreement with the experimental
spectra when the configurations are sorted based on preferential values of the
order parameter. (a) Spectrum from DFT configurations having higher INT'¢
values and lower Na—O distance. (b) Spectrum from classical configurations
having lower tilt angle.
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Ina-o(R)

FIG. 7. The Na-O incremental radial distribution function for 5- and 6-
coordinated ensembles extracted from the DFT trajectory.

(v) the ion-water distance in the first solvation shell have the
most significant impact on the XANES spectra. The ion-water
distance, the octahedral arrangement of waters around the ion,
and the tilt angle are descriptors of the short-range electro-
static interactions between the ion and water oxygen in the
first hydration shell. Additionally, the INT'¢ order parameter
describes changes in the interstitial water molecules between
the first and second solvation shells and is a descriptor of inter-
mediate range interactions. Depending on how distinct the
solvation shells are, the coordination number can, in princi-
ple be used as a descriptor for both short- and intermediate
range interactions. Given the sensitivity of the change of coor-
dination number on the Na—-O cutoff distance (see Fig. S3
in the supplementary material) indicates that the coordination
number descriptor can probe the structural arrangement of the
water in the interstitial region.

Figure 7 shows the incremental radial distribution func-
tion for the 5-coordinated and 6-coordinated ensembles
extracted from the DFT trajectory. Compared to the change
in the position of the first 5 water molecules, the change in
the position of the last water of the first solvation shell and
the first water of the second solvation shell is significantly
larger between these two ensembles. This is also reflected in
the position of the first minimum in the Na—O RDF (see Fig. S3
in the supplementary material), which differ between 5- and
6-coordinated ensembles. Therefore, a change in coordina-
tion number changes both the short range and the intermediate
range structure. The INT ¢ order parameter describes the degree
of separation between the first and second solvated shell [see
Figs. 5(a), 5(c), and 5(d)] that is related to the position of
the water in the interstitial region. It is evident then from the
analysis of the structural impacts that the XANES spectra are
sensitive to both the short range and the intermediate range
structures.

IV. CONCLUSIONS

We have investigated the hydration structure of Na* in
water using both DFT and classical potentials. DFT-based MD
simulations have been carried out using the revPBE functional
along with Grimme D3 dispersion correction, while the clas-
sical molecular dynamics simulations have been carried out
using the JC force field and SPC/E water. We have then used
an instantaneous coordination number definition to identify the
coordination environment around Na*. We have also applied
and developed a series of order parameters to analyze the local
structure around the Na*. The order parameters were chosen
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to describe the (i) hydrogen bonds between the first and sec-
ond solvation shell water molecules, (ii) octahedrality of the
first solvation shell waters, (iii) tilt angle of the first solvation
shell waters with respect to Na*, and (iv) interstitial nature
of the water between the first and second solvation shell. By
moving beyond the conventional first peak of the O-O radial
distribution function, we have discovered more complexity in
the local structure of water around Na* and only in that way,
have we been able to make a quantitative connection to the
measured XANES spectra for Na*t.

More broadly, this study provides a clearer picture of
how the structural perturbation of water by a monovalent ion
depends on the description of the interaction potential and the
resulting experimental signal as determined via XANES spec-
tra. We have demonstrated that a quantitative interpretation
of XANES spectra provides independent structural informa-
tion that compliments EXAFS results in order to provide an
overall more accurate picture of the hydration structure of
ions. Although the Na—O distance, as determined by XRD and
EXAFS, cannot be reproduced using the standard generalized
gradient approximation of exchange-correlation functionals,?
useful short-ranged structural information can be gleaned from
XANES spectra using descriptors related to the Na—O such
as the tilt angle distribution and the angular orientation of
first shell waters. Beyond this short-range structure, the fluc-
tuational interstitial water arrangements allow us to probe
intermediate range structures using order parameters such as
the coordination number and the number of interstitial water
molecules. Thus, for the case of aqueous Na*, in contrast to
EXAFS, XANES spectra are sensitive to both the short- and
intermediate-range interactions.

The methodology used here to understand the impact of
the local structure on XANES spectra paves the way for the
interpretation of experimental spectra in greater detail. The
possibility of establishing structure-spectra relationships using
our approach opens new doors for analyzing XANES spectra
in more complicated scenarios, e.g., identifying and quanti-
fying how different ions perturb the water structure, how the
perturbation changes with concentration, and also the degree
of ion-pairing for various ion pairs in concentrated solutions.>3
In addition, our analysis also shows how XANES can be used
as an additional tool to benchmark and distinguish between
classical and quantum representations of the underlying inter-
actions, paving the way for the development of more accu-
rate theoretical methods for ion solvation and other complex
condensed phase systems.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of the pro-
tocol for the calculation of the coordination number, cutoff
values used for sorting the lower and higher range of the order
parameters, and additional figures.
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