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Revisiting the hydration structure of aqueous Na*
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A combination of theory, X-ray diffraction (XRD) and extended x-ray absorption fine structure
(EXAFS) are used to probe the hydration structure of aqueous Na*. The high spatial resolution
of the XRD measurements corresponds to Quax =24 A~ while the first-reported Na K-edge EXAFS
measurements have a spatial resolution corresponding to 2k = Quax = 16 A™'. Both provide an
accurate measure of the shape and position of the first peak in the Na—O pair distribution function,
gna0(1). The measured Na—O distances of 2.384 + 0.003 A (XRD) and 2.37 + 0.024 A (EXAFS)
are in excellent agreement. These measurements show a much shorter Na—O distance than gener-
ally reported in the experimental literature (Na—Ogyg ~ 2.44 A) although the current measurements
are in agreement with recent neutron diffraction measurements. The measured Na—O coordina-
tion number from XRD is 5.5 + 0.3. The measured structure is compared with both classical
and first-principles density functional theory (DFT) simulations. Both of the DFT-based methods,
revPBE and BLYP, predict a Na—O distance that is too long by about 0.05 A with respect to the
experimental data (EXAFS and XRD). The inclusion of dispersion interactions (-D3 and —D2)
significantly worsens the agreement with experiment by further increasing the Na—O distance by
0.07 A. In contrast, the use of a classical Na—O Lennard-Jones potential with SPC/E water accurately
predicts the Na—O distance as 2.39 A although the Na—O peak is over-structured with respect to
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experiment. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975608]

l. INTRODUCTION

Sodium is the sixth most abundant element on earth. The
low ionization enthalpy and relatively low polarizability of
sodium make the cation, Na*, the most common ionic species
in aqueous solution. Na* plays a role in a broad spectrum
of biochemical, geochemical, and industrial chemistry. It is
for these reasons that Na*™ has been the primary subject of
hundreds of research articles over the last decades. The decep-
tively simple electronic configuration of sodium belies the
complexity of its solvation in water that is, to a large extent,
controlled by the nuanced properties of the water-water inter-
actions. It is essential to fully understand the delicate balance
of forces that define the Na* hydration structure and the short-
and long-range structure of this cation with various anionic
species.

A literature survey of the theoretical'™ and experimen-
tal> results shows a large uncertainty of 2.44 + 0.1 A for
the position of the first peak in the Na—O pair distribution
function. This is significant because the magnitude of this
error leads to (i) large uncertainties in the hydration enthalpies
and (ii) to uncertainties in the size of ion-water frameworks
that are important in ion transport processes in biological and
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geochemical systems. For these reasons, it is essential to
provide an accurate description of this system.

Current state-of-the-art simulation methods are based
upon ab initio approaches such as density functional the-
ory (DFT)-based molecular dynamics (MD) simulations.
Although DFT-MD methods are far more computationally
intensive than MD methods using classical intermolecular
potentials, DFT-MD offers the ability to simulate the com-
plex, multicomponent systems that are common to many aque-
ous systems. While DFT methods have provided quantitative
structural information for divalent cations'? and monovalent
anions,' 12 there appears to be an, as yet, unresolved issue with
monovalent cations.!*!3 This is partially related to recent
DFT improvements to treat long-range dispersion or van der
Waals interactions.!*14

X-ray (XRD) and neutron (ND) diffraction are the pri-
mary methods used to measure the Na—O pair distribution
functions. Aqueous Na* is particularly challenging since the
neutron scattering length for Na (3.6 fm) is not largely different
from the O of water (5.8 fm) while a similar difficulty exists
for XRD with Na (31.0 fm) and O (22.6 fm). A further com-
plication is the necessity to deconvolute the measured Na—O
distribution (at ~2.4 A) from the partially overlapping O-O
distribution (at 2.7 A). With ND, there are added difficulties
with nearby O-H and anion-water distributions. Finally the
presence of the salt can perturb the overall structure of water
(O-0 distribution). Thus there is need for the best-possible
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scattering measurements with the highest possible spatial
resolution and sensitivity.

State-of-the art x-ray and neutron sources and the asso-
ciated scattering spectrometers are providing unprecedented
insights into this very challenging problem. In this report, we
measure the aqueous Na™ structure using an XRD spectrom-
eter and data analysis methods that have recently produced a
much improved measurement of pure water.'>1® A key feature
is that the high-Q measurements provide the full spatial reso-
lution needed to fully resolve all features in the experimental
pair distribution functions. We also note a recent ND study®
using the Empirical Potential Structure Refinement (EPSR)
method with classical potentials that reported Na—O distances
of 2.34 + 0.14 A and Na—O coordination number of 4.5 + 1.4
at 5.5 m NaCl. A more direct method of ND scattering eval-
uation’ involves removal of the water-water contribution by
subtraction of a null mixture (H and D) of pure water. This
method gives a Na—O distance of 2.34 A and a coordination
number of 5.0 + 0.5.

X-ray absorption fine structure spectroscopy (XAFS) is
another method that effectively probes these length scales, and
in particular, the extended-XAFS (EXAFS) region is important
since it contains the photoelectron backscattering processes
that are due to spatial distribution of atoms in the sample. While
EXAFS has been used to measure ion hydration structure with
the same spatial resolution as XRD and ND, it is rarely been
applied to light element ions'’~2? since the low K edge ener-
gies create challenges for transmission through solutions and
x-ray windows. In this study, we use the latest generation of
low energy beamlines to acquire the first EXAFS spectra for
aqueous Na*. The advantage of EXAFS! is the ability to iso-
late the signal from the Na—O or Na—Cl in the first solvent
shell about the Na* in a way that the signal is completely free
from interferences of the other pair-distribution functions in
the sample (especially, O-0O).

Molecular dynamics is a powerful tool to investigate the
microscopic details of the solvation structure of ions in water.
Both ab initio and classical simulations have been carried outin
detail to study the structure of water>'~>* and the perturbation
due to the presence of salt.>>>=2": In case of ab initio simu-
lations, the quality of the calculations depends on the choice
of the exchange-correlation potential. However, the available
DFT functionals are not able to describe the dispersion interac-
tions satisfactorily.”®?° Various ways of including dispersion
corrections along with commonly used functionals have been
proposed. The structure of liquid water and aqueous NaCl solu-
tion have been studied by using the popular BLYP*3! and
PBE?? functionals along with Grimme D2 dispersion correc-
tion.33 However, neither the DFT nor DFT-D2 methods using
these two functionals satisfactorily reproduce the water den-
sity. The use of a hybrid functional, e.g. PBE0** instead of
PBE, was found to soften the oxygen-oxygen radial distribu-
tion function for ambient water;>> however, it did not improve
the Na—O radial distribution function.> On the contrary, the
hybrid functional was found to produce lower numbers of
hydrogen bonds per water molecule in the dilute NaCl solu-
tion.> Bankura et al.** has studied the solvation structure of
Na* in water by using BLYP, PBE, and HCTH functionals
along with Grimme D2 dispersion correction. To investigate
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the role of dispersion and other long range interactions, Soniat
et al.' recently studied the binding free energies of Na* in small
water clusters using hybrid, dispersion corrected and range
separated GGA DFT functionals. This study found that both
dispersion correction and range separation together produced
the best binding energy in comparison to high level ab initio
data.

Recently, we have applied the revPBE functional®® with
the Grimme D3 dispersion correction®’ to investigate the struc-
ture of water under ambient conditions and under pressure.'®
This protocol reproduced the experimental radial distribution
function satisfactorily. In light of that simulation, we have
applied the same protocol to simulate NaCl in water system.
BesidesrevPBE-D3, we also used the well-studied BLYP func-
tional’%3! with the D2 dispersion correction®® and compared
those with revPBE-D3 data. Since ab initio simulations are
computationally expensive for larger systems at high salt con-
centrations, we used a classical simulation employing a Na—O
Lennard-Jones potential developed by Joung and Cheatham
(JC)*® for describing the ion-water interaction and SPC/E
model* to describe the water-water interaction.

Our two objectives in this paper are to report significantly
more accurate experimental measurements of the Na—O struc-
ture using XRD and EXAFS and to simulate the solvation
structure of Na* in water using comprehensive first-principles
and classical molecular dynamics approaches and compare the
theoretical predictions with experiment.

Il. METHODS AND THEORY
A. X-ray absorption fine structure experiments

The Na K-edge (1070.8 eV) XAFS experiments were car-
ried out at the Phoenix II, elliptical undulator beamline at
the Swiss Light Source (SLS) at the Paul Scherrer Institute
(PSI), Switzerland. The PHOENIX II endstation is located at
the exit port of the X-Treme beamline.*’ Briefly, an ellipti-
cal undulator serves as photon source, and a planar grating
monochromator is used to generate monochromatic light. Suf-
ficient rejection of high harmonics is achieved by appropriate
choice of the cff values of the monochromator. Calibration
of the monochromator was achieved by setting the inflection
point of an Al foil spectrum to 1559.6 eV. In addition, the
core-hole lifetime broadening for sodium is expected to be
about 0.30 eV. The unfocused 1.0 X 1.0 mm beam had a flux
of approximately 10!! to 10'? photons/s. The sample chamber
pressure was maintained at approximately 2.5 x 10~* mbar.
Measurements were performed in fluorescence mode. The
X-ray fluorescence was detected using a 4-element Si-drift
diode detector (manufacturer: Vortex). The current of the
incoming beam (/) was measured using the total electron yield
signal from a 0.5 us thin polyester foil, which was coated with
50 nm of nickel. The beam passed through this foil about 1 m
upstream of the sample in a vacuum chamber held at about
1076 mbar.

For the liquid samples, a membrane-window cell was
used that is similar to what has been previously described®’
that incorporated a 200 nm thick SizN4. Liquid transfer
lines extended outside of the vacuum chamber for ease of
sample introduction. NaCl (Sodium chloride (99.999%) and
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Na(ClO4) (sodium perchlorate, 99.99%) were obtained from
Sigma-Aldrich and were used without further processing. The
measurement temperature was 25 °C.

We used portions of the Athena and Artemis programs for
the analysis of XAFS data*'~* while the theoretical standards
were calculated using FEFF9.*** Signal from the atomic
background function was removed from the backscattering
signal, y(k), by setting a Fourier filter distance, Rk, to 1.4
A. During fitting, the k-edge XAFS data were weighted by k>
and windowed between 1.5 < k < 9.0 A~! using a Hanning
window with dk = 1.0 A~!. The fits were to both the real and
imaginary parts of (R) in the region of 1.0 < R < 5.0 A.

In the present study, the reported value of the coordina-
tion number from XAFS was adopted by first establishing the
value of the core hole factor, Sé = (.87, through fitting to the
NaCl crystalline standard. Estimation of the Na—O coordina-
tion number and the disorder is an especially challenging task
for a low-Z atom since the fluorescence self-absorption cor-
rection is more difficult to apply quantitatively at these low
energies. On the other hand, the Na—O distance is only weakly
correlated with amplitudes and hence the measured distance
is quite accurate. S(z) has an associated uncertainty of about
25% that results in an approximate +25% uncertainty in the
reported coordination number.

The atomic background function, po(E), also contains
two multi-electron absorption edges that are not fully removed
through Fourier filtering. These features appearin the y (k) data
atk=39and 5.1 A~! and they correspond to the KLy i1, and
KL transitions, respectively, that are similar to those observed
for aqueous A1**.2° While the KLy transition is relatively
strong and easy to identify, the KL transition is much weaker
and the relative edge height is difficult to discern. Although
the k range is relatively short, the Na—O distance is well
resolved.

B. High energy x-ray diffraction experiments

The high energy x-ray diffraction measurements were
made using the beamline 11-ID-C at the Advanced Photon
Source (Argonne National Laboratory, USA). Monochromatic
x-rays with an incident energy of 114.76(1) keV illuminated
the samples placed in thin-walled polyimide tubes. The x-rays
were detected with an amorphous silicon area detector (Perkin
Elmer XRD1621). Scattering patterns were radially integrated
using the fit2D package*® while other corrections were applied
using custom software. The measurements were made at room
temperature.

C. Molecular dynamics simulations
1. First principles simulations

First principles molecular dynamics simulations were car-
ried out in the canonical ensemble (NVT ensemble) using the
Quickstep module of the CP2K software*’ and periodic bound-
ary 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 m solution and producing a density
of 0.0333 molecules per A3 (1.02 g/cm?). The Na* and Cl~
were initially placed in the simulation box by replacing two
water molecules at a distance of 7 A from each other. We
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maintained a temperature of 300 K using the NoSe-Hoover
chain thermostat*® having the characteristic frequency of
3000 cm™'. The valence electrons were treated explicitly
at the DFT level employing both revPBE*® and BLYP3?3!
functionals and dual basis sets with both TZV2P or DZVP-
MOLOPT-SR (Gaussian type orbital) with density from a
cutoff of 400 Ry.*’ The core electrons on all atoms were repre-
sented by Goedecker-Teter-Hutter (GTH) pseudopotentials.*’
To investigate the role of dispersion in describing the struc-
ture of solvated Na* ion, we used the Grimme D3 dispersion
correction®’ for the revPBE and Grimme D2 dispersion cor-
rection®? for the BLYP functional within the DFT protocol.
As stated earlier, the choice of revPBE-D3 protocol for the
simulations of Na* ion 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 a 80 ps
trajectory. The data were collected from the last 50 ps of that
trajectory.

2. Classical simulations

Classical simulations were carried out using the JC force
field®® and 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
properties. Since this model included crystal properties along
with hydration free energies, it was suitable to describe the
ion-ion interactions in high concentration salt solution.’® For
the dilute solution, the simulation box contained one NaCl
ion pair and 2625 water molecules in a cubic box of 42.76 A
in each side. The Na* and CI~ were initially placed in the
simulation box by replacing two water molecules at a distance
of 15 A from each other. For the 6 m solution, the simulation
box contained 300 NaCl ion pair and 2350 water molecules
in a cubic box of 43.59 A in each side. The simulations were
performed 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.

3. Calculating the potential of mean force (PMF)

We used the umbrella sampling technique for calculating
the potential of mean force (PMF) as a function of the number
of coordinated water molecules in the first solvation shell of
Na* ion. Two different systems were prepared having different
box sizes to explore the effect of system size on the free energy
profile. The first system was comprised of a single Na* sol-
vated by 64 water molecules, in a periodic cubic box of length
12.56 A producing a density of 1.03 gm/cc. The second simu-
lation was a larger system containing one Na* ion and 96 water
molecules in a periodic cubic box of length 14.3 A producing
a density of 1.03 gm/cc. We also prepared another system to
check the effect of density, which had a single Na* solvated
by 64 water molecules but the density was maintained to be
0.997 gm/cc.

The coordination number (n) was computed using the
same functional form for as in a previous study,?’
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where p and g are integers, usually p = 16 and g = 32, r; is
the distance between the Na* and oxygen i, and ro = 3.0 A.
The free energy was computed using the umbrella sampling
technique. Sampling windows for n ranged from 4.9 to 8.1
and were equally spaced by 0.1 apart employing harmonic
umbrella potentials of the from V(n) = k(ng — n)? with a force
constant k of 956 kcal mol~!. In each umbrella window, a
trajectory of at least 50 ps was collected after 5 ps of equili-
bration. The weighted histogram analysis method (WHAM)
was employed to extract a free energy profile from these
histograms.

4. Calculating the total x-ray pair distribution
function, Gy(r)

The total X-ray pair distribution function Gy(r) was
calculated using the following equation:

sin(Qr)

Gx(r) = / 4nQ*FY(Q)———=dQ, )
0 Or

2n)3p

where F*(Q) is the X-ray weighted total-scattering structure
factor as shown in the following equation:

sin(Qr)

Or

F'(Q) = ,DZ:I cicifii(Q) /Ooo 4nr? [g,-j(r) - 1] dr,

3)

where

1510 = 0y [ Y efi0)] 4

The X-ray scattering factor fj(Q) was analytically devel-
oped from Gaussian fits of the scattering factor obtained
from atomic wavefunctions®> and gjj(r) are the atom-atom
radial distribution functions calculated from the simulated
trajectories.

5. 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.>* A set of 50 snapshots was taken
from the ab initio molecular dynamics simulations for the
calculation. We used clusters with one Na* solvated by 40
water molecules and implicit COSMO dielectric continuum.
In the XANES calculations, the Sapporo-QZP-2012 all elec-
tron basis set>> was used for the single Na* ion while the
6-311G** basis set® was used for the surrounding water O
and H atoms. The exchange correlation was treated with the
BHLYP functional.’” The spectra were Lorentzian broadened
by 1 eV to compare with the experiments.

lll. RESULTS AND DISCUSSION
A. Aqueous Na* from molecular dynamics simulations

To investigate the local solvation environment around the
Na* ion, we calculated the Na—O radial distribution func-
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tions and the corresponding running coordination numbers
for different ab initio and classical simulations as shown in
Figure 1. A summary of the numerical values for the position
of the first maximum and the coordination numbers is given
in Table I.

In all levels of theories, we found that the first solva-
tion shell is characterized by a sharp first peak and a deep
but nonzero first minimum. The average Na—O distance for
the first solvation shell is 2.45 and 2.46 A for both of the
TZV2P and MOLOPT basis sets, respectively. These values
are slightly overestimated when compared to our experimen-
tally derived values (reported below) of 2.37 A (from EXAFS)
and 2.38 A (from XRD). When the dispersion corrections are
applied in the simulations, the Na—O distances are increased
by 0.08-0.10 A, which significantly worsens the agreement
compared with experiment. The increase in the Na—O dis-
tance in presence of the dispersion corrections with revPBE
functional is consistent with the previous computational stud-
ies by others that use popular functionals and D2 Grimme
dispersion corrections (BLYP/BLYP-D2, PBE/PBE-D2, and
HCTH/HCTH-D2).? Even though the Na—O distance without
dispersion is closer to the experimental value, it is well known
that the density of the water is underestimated in absence of
the dispersion correction.”® To check the density of our sim-
ulation box, we ran constant pressure simulations with the
same box size and periodic boundary conditions, which pro-
vided a density of 1.07 + 0.02 g/cc and 0.80 = 0.03 g/cc for
the simulations with and without the dispersion correction,
respectively (the experimental density for 0.5 M NaCl solu-
tion is 1.02 g/cc). We also checked whether the discrepancy of
the calculated Na—O distance is an artifact due to the choice
of the pseudopotentials, so we compared these results with
results using the all-electron GAPW approach® in CP2K.
The Na-O distance found for the GAPW calculation was
2.51 A which is quite similar to the calculated distance of
2.53 A through the use of pseudopotentials. Thus the choice
of pseudopotentials does not significantly alter the Na—O
distances.

The height and the shape of the first peak with and with-
out dispersion corrections are also found to be different. With
both the basis sets, we found that the height of the first peak
decreased with dispersion correction by 0.5 (from 5.2 to 4.7)
and by 1.0 (from 5.1 to 4.1) for TZV2P and DZVP-MOLOPT-
SR, respectively. However, for DZVP-MOLOPT-SR basis set,
the first peak became slightly broader and the peak height
decreased more than for the TZV2P basis set. In the absence
of dispersion correction, both the TZV2P and MOLOPT basis
sets were producing similar radial distribution function. How-
ever, in presence of the dispersion correction, the difference
became more pronounced. This is consistent with our pre-
vious observations for the simulation of liquid bulk water,
that this difference is due to the D-3 dispersion correction,
which was originally optimized with TZV2P basis set. With
inclusion of the dispersion correction, the Na—O coordination
number for the first solvation shell (integrated up to 3.4 A
cutoff) increased to the value of 6.0 and 6.1 for TZV2P and
MOLORPT basis set, respectively. The increase in the coordi-
nation number reported here when D3 dispersion correction
was employed with revPBE functional is consistent with the
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FIG. 1. Comparison of simulated Na—O radial distribution functions ((a) and (c)) and the corresponding running coordination numbers ((b) and (d)). Top:
revPBE and revPBE-D3 level of theory using both TZV2P and DZVP-MOLOPT-SR basis sets. Bottom: BLYP and BLYP-D2 level of theory using TZV2P basis

set, and classical JC potential with SPC/E water model.

previous calculations where D2 dispersion correction was
found to increase the coordination number by about 0.5-0.9
for BLYP, PBE, and HCTH functionals.? In contrast to the D2
dispersion correction where the height of the first peak was
found to increase,® we found that in case of D3, the height of
the first peak decreased. The coordination number of 5.7 cal-
culated from revPBE level is again in better agreement with the
experimental value of 5.5 + 0.3 estimated in this XRD study

TABLE I. The position of the average Na—O distance (rNa—0) in the RDF
and the coordination number (nNa—o) for the first solvation shell (up to

3.4 A).

Structure
System a0 (A o2 x 103 (A2 CNya_o
rev-PBE (TZV2P) 245 24.2 5.7
rev-PBE-D3 (TZV2P) 2.53 31.9 6.0
rev-PBE (DZVP-MOLOPT-SR) 2.46 25.7 5.7
rev-PBE-D3 (DZVP-MOLOPT-SR) 2.56 44.5 6.1
Classical (JC potential) 2.39 11.5 5.5
BLYP 2.40 18.0 49
BLYP-D2 2.46 17.9 5.7

*Values derived from the centroid of a fitted Gaussian distribution.
v52 is the mean square variation in the distance obtained from the full width at half
maximum of the Gaussian fit.

compared to the coordination number of 6.0 calculated from
revPBE-D3 level.

The Na—O distance obtained from the radial distribution
function calculated from the classical simulation using JC
force field with SPC/E water is 2.39 A. The corresponding
coordination number is 5.5. Interestingly, this Na—O distance
of 2.39 A from classical simulation is the closest to the exper-
imental value (see Table II). The Na—O distance of 2.34 A
obtained previously by using the Dang polarizable model®
was also close to the experimental value. It appears that classi-
cal potentials (JC® and Dang®"), that have been parameterized
to predict sets of experimental properties, are in general closer
to the experimental values.

The discrepancy in producing the ion-water distance and
the coordination number of waters around the ion through DFT
simulations might be due to the limitation of the functional
used in our simulations. It is critical to get the correct choice
of the functional that will concurrently reproduce both the ion-
water and the water-water interactions. revPBE-D3 was found
to produce water-water interactions satisfactorily; however, it
is overestimating both the distance and the coordination num-
ber in case of ion-water. Previous simulations showed that
PBE and PW91 functionals produce a coordination number
of ~5;%1-6% however, using PBE without dispersion correc-
tion produces over-structured water.%> The ion-water distances
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FIG. 2. Incremental distribution function, gn,o(r), for (a) revPBE/TZV2P level of theory and (b) revPBE/molopt level of theory with and without dispersion

corrections (D3).

reported from PBE simulations are conflicting and cover a
range of distances (2.37-2.49 A).230! The lack of consistency
in reported distances may be due to differences in simula-
tion protocol including the simulation temperatures, namely,
300 K versus an elevated temperature of +30 K that has been
used to mimic quantum effects. The addition of dispersion
correction to the PBE functional was also found to worsen
the agreement to the experiment.® The limitations of current
functionals employed and discussed here indicate a need to
develop new functionals that produce accurate ion hydration
structure.

More insight into the role of dispersion on the solvation
structure is evident by inspecting the incremental radial distri-
bution functions for the closest seven waters around Na* ion
as shown in Figure 2. For the revPBE/TZV?2P simulations, the
first 5 water molecules remained within the first-shell distance
of 3.2 A from the central Na* ion while the 6th water showed
a broad distribution between 2.5 and 4.0 A. The movement
of this 6th water between the first and second solvation shell
is consistent with the coordination number that lies between
5 and 6. When D3 correction was applied, the first 5 water
molecules moved to a slightly larger distance and broader
distribution, while the 6th water molecule showed the most
significant change. Its distribution became narrower within
2.5 t0 3.4 A region which contributed to the increase in the
coordination number of the first solvation shell. The 7th water
molecule was not found to contribute in the population of the
first solvation shell in either case. Unlike the TZV2P basis
set, the revPBE-D3/DZVP-MOLOPT-SR simulations showed
that both 6th and 7th water molecules spent more time within
the first solvation shell and contributed to the population
increase.

To understand the free energy profile in the coordination
space for the Na™ at various level of theories, we have calcu-
lated the PMFs as shown in Figure 3. For uncorrected BLYP
level of theory, the six-coordinated state is ~2 kcal/mol higher
in energy than the five-coordinated state. However, when the
dispersion correction is applied, the most stable well moves to
six-coordinated state. Both five and seven coordinated states
are slightly below a 2 kcal/mol energy barrier. For revPBE-D3,
the most stable well is also the six-coordinated one. However,

in contrast to BLYP-D2, there is no local minimum for seven-
coordinated species. The results of revPBE-D3 free energies
for different simulation cell sizes are the same within the error
bar. Therefore, dispersion corrected DFT methods (BLYP-D2
and revPBE-D3) provide the six-coordinated species as the
most stable one.

We also focused on the resulting population densities at
different local minima as shown in Figure 4. BLYP level of
theory does not show any significant population at the six-
coordinated state. At the BLYP-D2 level, 85% of the Na*
ions remain populated by six water molecules and the remain-
ing 15% by between five and six water molecules. In case of

w(n) / kcal/mol

— revPBE-D3 (1.03 g/cc, 64 H,0)

E 4l — revPBE-D3 (0.997 g/cc, 64 H,0)

= 3 i _ — revPBE-D3 (1.03 g/cc, 96 H,0) g

(=]

- 4

= 2| o

1 |

B "
0 - -

MPETE S AT AT E AT A AT AT A AR A
4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
n

FIG. 3. Free-energy versus the Na*-oxygen coordination number (n) in
aqueous solution obtained from umbrella sampling for (upper panel) BLYP
(blue), BLYP-D (black) for the small system containing 64 water molecules
and (lower panel) revPBE-D3 (blue) and revPBE-D3 (red) for the small
system containing 64 water molecules with fixed density of 0.997 and
1.03 g/cce, respectively. In black, the free-energy for revPBE-D3 is shown
for the larger system containing 96 water molecules at fixed density of
1.03 g/cc.
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FIG. 4. Normalized probability distribution of the Na*-oxygen coordination
number (n) in aqueous solution obtained from umbrella sampling for (upper
panel) BLYP (blue), BLYP-D (black) for the small system containing 64 water
molecules and (lower panel) revPBE-D3 (blue) and revPBE-D3 (red) for the
small system containing 64 water molecules with fixed water density of 0.997
and 1.03 g/cc, respectively. In black, the probability distribution for revPBE-
D3 is shown for the larger system containing 96 water molecules at fixed water
density of 1.03 g/cc.

revPBE-D3, for both system sizes, the Na* ion always remains
populated by six water molecules. Only in case of the system
having a lower density (0.997 g/cc) is there a 30% population

J. Chem. Phys. 146, 084504 (2017)

of the five coordinate species and 70% population of the six
coordinate species.

B. Aqueous Na* structure from EXAFS experiment

The experimental EXAFS spectra for three aqueous Na*
solutions are shown in Figure 5. The solutions include 6 m
NaCl, 6 m Na(ClQOy), and 1 m NaCl solutions from which the
effect of the counterion (CI” or CIO}) and the effect of con-
centration (1 and 6 m NaCl) on the first shell structure can be
determined. For monovalent ions, the EXAFS signal primarily
arises from photoelectron backscattering of the atoms within
the first shell that are either the O atoms of water or atom(s) of
the anion that would form a contact ion pair with the cation. The
scattering signal from second and higher shells is negligible
for monovalent cations since the disorder (the sets of scattering
paths over this range of distances are out-of-phase) and dis-
tances are too high. One of the strengths of EXAFS is the ability
to probe local structure about an ion of interest without the
interfering contributions from the other pair distribution func-
tions in the solution (especially goo(r) and gcjo(r)) as in XRD
or ND methods). In the kz-weighted x (k) plot of Figure 5(a),
there is a KLy 7, multi-electron excitation feature at about k
=3.9 A~! and potentially a weaker feature at 5.1 A~! due to the
KL transition. These features are not expected to significantly
distort the frequency information of the main oscillations in the
x (k) plot that are from scattering from O’s of water in the first
shell.

T T T T T T T T T 2.0 T T T T -
2r — 6mNaCl 1 b —— 6m NaCl
a —— 6 m Na(ClOy) —— 6 m Na(ClOy)
-=-- 1 m NaCl b === 1mNaCl
[ =10
&
=
4 e&p
EU-O
—
1 10
0 1 2 3 4 7 8 9 10 0 1 2I 3" ﬂli 5 6
k, A1 R, A
2l : : : ! : : ) i ] 20—
C —— 6 m NaCl d
—— Model fit — 6 m NaCl

L L L L L L L L L

—— Model fit

5.6
k, A1

3
R, A

FIG. 5. (a) Na K-edge, kz—weighted x (k) plots for aqueous 6 m NaCl, 6 m Na(ClOy), and 1 m NaCl solutions as indicated. (b) The corresponding kz—weighted
Im [¢(R)] plots. (c) Na K-edge, k>-weighted y (k) plots for aqueous 6 m NaCl solution. (d) The corresponding k2-weighted Im [ ¢(R)] plots. The experimental
data (blue lines) and the model fit (red lines) to the FEFF9 structural model are shown. The measurement temperature is 25 °C.
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TABLE II. Structural parameters from XAFS and XRD fits for aqueous Na* first-shell structure.

Structure
System REY(A) o2x 103 (A%) C3 x 10% (A3) CNna—0
Na* EXAFS (6 m NaCl) 2.372(024) 6.1(3.0) 5.2(2.4) 5.4(1.3)
XRD (6 m NaCl) 2.384(003) 20.6(1.0) . 5.5(0.3)
XRD (2.5 m NaCl) 2.381(005) 20.0(2.0)° 5.9(0.6)

2Third cumulant or asymmetry parameter in the XAFS expansion.

b2

Within the experimental uncertainties, the spectra for
these three different solutions (6 m NaCl, 6 m Na(ClOy4), and
1 m NaCl) are the same, both with respect to the y (k) plot, but
also in the Fourier transformed Im [ ¥ (R)] plots of Figure 5(b).
The results thus indicate that there is little or no ion pairing
with CI”. While CI™ has the potential to form a contact ion
pair with Na*, CIO} is considered to be a very weakly asso-
ciating anion with much lower probability of contact ion pair
with Na*. Formation of contact ion pair would be manifested
in these spectra in two different ways. First, the entrance of
the anion into the first shell would displace water molecules
thereby decreasing the intensity of the Na—O scattering peak
at 1.9 A in Figure 5(b). The existence of Na—Cl contact ion
pair species would also lead to a new scattering peak at slightly
longer distance of the Na—O. Neither one of these changes is
observed in the experimental spectra thus suggesting that Na*
is primarily fully hydrated under these conditions. A fractional
degree (less than ~0.25) of ion pairing probably would not be
detected. In our classical simulation of 6M NaCl solutions,
there were 0.27 C1~ per Na* ion at the ion pair position (within
3.5 A) indicating 27% ion pairing as obtained from the Na—Cl
radial distribution function. In the dilute solution, (1 NaCl ion
pair in 2625 water molecules), the C1™ never forms an ion pair
within the simulation period as it was initially placed far apart
from the Na* ion.

Figures 5(c) and 5(d) show the results of fitting the 6 m
NaCl experimental data to the theoretical standards (FEFF9)
while the resultant parameter from this fit is listed in Table II.
The measured Na—O bond distance is 2.37 + 0.02 A with
a water coordination number about the Na* of 5.4 + 1.3.

—— 6 m NaCl 9

a
—— 6 m Na(ClOy)
st === 1mNaCl
=)
2

1080 1090

Energy, eV

1070 1100

p(E)

is the mean square variation in the distance obtained from the full width at half maximum of the Gaussian fit.

Figures 6(a) and 6(b) show the experimental and sim-
ulated K-edge XANES data of Na* in water, respectively.
While the fluorescence self-absorption corrections used in the
XANES amplitude normalizations can be challenging to treat
quantitatively, the observed changes in the peak positions and
shapes can be clearly ascribed to changes in the first and
second shell structure. While the EXAFS region is primar-
ily sensitive to the first-shell structure, the XANES region
can have strong contributions from structure in the second
and higher shells. Aziz et al.®® have reported on the effect
of NaCl concentration on changes in the XANES structure. In
that study, at high concentrations (5 m NaCl), there is a 0.5 eV
shift in the “white line” peak at 1080 eV to slightly lower
energies and a new shoulder at 1075 eV becomes more dis-
tinct. The same spectral changes are observed in this study as
shown in Figure 6(a). Aziz et al.%® also showed, through an
optimization of small Na*/H,O/CI" clusters, that these spec-
tral changes are primarily due to formation of solvent-share
ion pair at a Na—Cl = 3.9 A. Such a structure is consistent
with the EXAFS conclusions in Sec. III B indicating the lack
of appreciable contact ion pairs (~2.8 A) in the 6 m NaCl
solution.

The two sets of simulated XANES spectra in Figure 6(b)
were obtained by averaging over different ensembles from
the DFT-MD trajectory, one having a Na* coordinated by
an average of 5.5 water molecules and the other having Na*
coordinated by 6 water molecules. Each XANES spectrum
represents an ensemble of 50 configurations containing one
Na* solvated by the 40 nearest-neighbor water molecules
with an implicit COSMO dielectric continuum. The set of

—— 6m Na(ClOg)
—— CN=5.5(w/o D3)
‘ ! — CN=6(wD3)
¥l ¢ % —— Classical JC

1080
Energy, eV

1070

1090 1100

FIG. 6. (a) A series of normalized XANES spectra, u(E), for aqueous 6 m NaCl, 6 m Na(ClOy), and 1 m NaCl solutions as indicated. (b) Comparison of TDDFT
XANES generated from an ensemble of MD trajectory snapshots with the experimental spectrum for aqueous 6 m Na(ClO4). The measurement temperature is

25°C.
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snapshots in which Na* is coordinated with 5.5 waters was
harvested from the revPBE/TZV2P simulations without the
dispersion corrections, while the 6-coordinated configurations
were harvested from the revPBE-D3/TZV2P simulation. An
overall shift of +10.7 eV was applied to the calculated XANES
spectra. The peaks at 1073.5 and 1075 eV are due primar-
ily to Na (1s) — Na(3s,3p) O(3s)H(1s) or Na(3s) O(3s)H(1s)
transitions while the peaks at 1076.5 and 1081 eV are due
primarily to Na (1s) — Na(3s,3p) H(1s) transitions. For both
simulated cases, the predicted XANES peaks show a one-to-
one correspondence with features in the experimental spectra.
There are only small differences between the spectra between
the 5.5-coordinated and 6-coordinated ensembles primarily
a small shift in the primary peak at 1080 eV. These results
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indicate that K-edge XANES is not particularly sensitive to
the water coordination number in the Na* first shell.

C. Aqueous Na* structure from XRD experiment

Figure 7 shows the x-ray structure factors and pair dis-
tribution functions for pure water and the 2.5 m and 6.0 m
NaCl solutions. The background removal and data treatment
follows methods previously described.!>!® It should be noted
that in the present analysis, the modified atomic normaliza-
tion scheme is used, rather than the molecular scheme. This
atomic scheme leaves in the intra-molecular water contribu-
tions to Sx(Q) and gx(r), this is in contrast to many published
x-ray structure factors for water which use the molecular
scheme which subtracts out intra-molecular structure from

Pure water

g b —— 2.5m NaCl

—— 6.0 m NaCl

4+ 6.0 m NaCl
(without background remwa]}

3+ 4

0 L
-1
2L J
0 4 12 1 16 20 24
QA
d Pure water
6k —— 2.5m NaCl .
—— 6.0 m NaCl
6.0 m NaCl
(without background removal)
4t J
2
0 W/A\N
0 2 4 6 8 10 12 14 16
rA

FIG. 7. The measured structure factors ((a) and (b)) and pair distribution functions ((c) and (d)) for two NaCl solutions (2.5 and 6 m) and for pure water. All
measurements were made at room temperature. In b and d, the upper curves are the measured weighted x-ray patterns after optimization to remove the unphysical
structure at r < 1.3 A and removal of the high frequency Q noise. The lower curves show the 6.0 m NaCl measurement with and without any optimization or
smoothing (black and grey curves, respectively). In c, the region at r < 2 A arises due to intramolecular water scattering. The plots have been offset by a value

of 2.5 for clarity.
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Sx(Q) and gx(r) (see Ref. 15 for details). For the 6.0 m NaCl
solution, the x-ray spectra in both S(Q) and g(r) become dom-
inated by the contributions from Na-O, CI-O with relatively
weak proportional contribution from O-O structure. Hence the
dominant features of pure water spectra in Figures 7(a) and 7(c)
are largely replaced by structure arising from cation-water and
anion-water interactions.

In Figure 7(c), the primary peaks at about 2.35 and 3.2 A
are due to the first-shell water about Na* and CI-, respec-
tively. The distinct Na—O peak is different than previous XRD
studies of this system because the spatial resolution, Qpgax
=24 A~', is much higher than in earlier studies. Three ear-
lier XRD studies®’ do not show a well-defined Na—O peak
since the resolution is limited by Qmax = 16 A~!. The cor-
responding Na—O distances in these earlier studies are 2.43,
2.44, and 2.45 A for an average distance of about 2.44 A. In
general, most earlier XRD studies show a significantly longer
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Na—O distance than in this report. Table II shows that the Na—O
distance derived from the g, (r) in Figure 7(c) is 2.38 A. Thisis
in excellent agreement with the EXAFS value of 2.37 A. The
measured Na—O coordination number from this XRD study is
55+0.3.

Neutron diffraction with empirical potential structure
refinement methods® (EPSR) gives Na—O distance of 2.34 A
(Qmax =16 A~" and CNHh,0 4.5(1.4)). A more direct method of
ND scattering measurement’ involves removal of the water-
water by subtracting a null mixture (H and D) of pure water.
This method gives an Na—O distance of 2.34 (CNg,o of 5.0
(0.5)).

D. Comparing MD structure with XRD experiment

The pure water S(Q) in Figure 8(a) is compared to pre-
dicted structure from revPBE-D3. In a prior publication,'¢ we
have shown that this DFT variant quantitatively reproduces

b Pure water
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....... 6_0 m Nﬂcl
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FIG. 8. The measured and predicted structure factors ((a) and (b)) and pair distribution functions ((c) and (d)) for 6 m NaCl and for pure water. In (c), the two

pure water pair distribution functions have been offset by 0.5 for clarity.
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gx(r) minus pure water
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b gy(r) or g,(r) minus pure water
= 6.0 m NaCl XRD

4.0 m NaCl ND (rescaled)

FIG. 9. Difference spectra of 6.0 or 4.0 m NaCl minus the water-water structure approximated as the fractional contribution of pure water (for experimental
XRD or ND and theoretical MD). (b) Comparison of the XRD spectrum with a neutron diffraction (ND) spectrum from Ref. 9. In both cases, the spectrum of
pure water (XRD or ND) was used to remove the fractional contribution of water to the total g(r) in each sample. The ND spectrum has been rescaled in the
follow way. The first (Na—O) and second (C1-O) peaks have been partitioned (before and after dashed lines) and then the ND spectra in these two regions were
rescaled to correct for different scattering factors (for Na, 31.0 fm (XRD) or 3.63 fm (ND) and for Cl, 47.9 fm (XRD) or 9.58 fm (ND)). Finally a single scaling
factor is applied to this modified g,(r) in order to match the overall amplitude of gx(r).

the structure better than the best available empirical potentials.
This is true not only for pure water under ambient conditions
but also at high pressure of 360 MPa, 27 °C and at high tem-
peratures of 70 °C. The S(Q) in Figure 8(a) for 6.0 m NaCl is
predicted using the classical “JC” potential. The major features
of S(Q) are replicated over the full Q-range, in which the fre-
quency information is matched but the amplitudes are gener-
ally too high. It is notable that features in S(Q) up to Qmax =28
A" are reproduced with this empirical potential model. In the
gx(r) of Figure 8(c), the positions of the Na—O and C1-O at 2.35
and 3.2 A are faithfully reproduced, although again, the peak
heights are too high indicative of an over-structured system.

Also shown in Figure 8(c) is a treatment using DFT. Using
the current DFT-MD methods, the ion diffusion times are
too long in order to reach minimization of the longer-range
Na*/CI structure in these highly concentrated solutions. Thus
a simple approximation is used wherein the starting trajectory
for this DFT simulation is chosen as the end point of the fully
optimized JC-SPC/E trajectory. Then the last 25 ps of a 50 ps
DFT simulation were used to generate the “DFT-relaxed” g(r)
in Figure 8(c). While the long range Na and Cl structure (>5 A)
islittle changed from the “JC” configuration, the local structure
about both the cation and anion has nearly completely relaxed
to structures that are very similar to those in dilute systems.
(The S(Q) for “DFT-relaxed” is given in the supplementary
material.) DFT relaxed structure significantly improves the
agreement with the C1-O peak around 3.2 A and the small
water-water peak at 2.8 A but is substantially worse in predict-
ing the Na—O structure around 2.35 A than the JC empirical
model. This is consistent with the over-prediction of the Na—O
distances with DFT that has been previously described in
Secs. IIT A.

For the experimental XRD (and ND), an approximation
can be used to remove the contribution of the water-water struc-
ture from the total g(r) thus better highlighting the ion-water
peaks in the g(r). In this process, the water-water correlations
are removed by subtracting the fractional contribution of pure
water using the F(Q) functions®'>!® prior to generation of
the g(r). This approach is similar to a method that has been
previously described.”-%% This is an approximation since it

assumes that the water-water structure is not perturbed by the
presence of the cations and anions. The merits of this approach
can be tested with an MD trajectory where clean removal of
the water-water contribution (with the salt) can be achieved.

Figure 9 illustrates this process for both the experimental
and the simulated g(r)s. In Figure 9(a), the experimental XRD
spectra are now resolved with two distinct peaks, a rather nar-
row Gaussian like peak for the Na—O structure at 2.38 A and
a C1-O peak at 3.2 A having a tailing structure on the long-
distance side of the distribution from approximately 3.2-4.0 A.
The exact same treatment was applied to the empirical JC and
the DFT-relaxed structure in that, for each case, simulations of
pure water were used in the background subtraction. This pro-
cess highlights the strengths and weaknesses of the classical
and DFT-based potentials.

While the use of pure water represents only an approxima-
tion as mentioned above, an exact difference spectrum can be
obtained from the MD simulation by using the goo(r) gener-
ated from trajectory of the 6.0 m NaCl solution (results shown
in the supplementary material). This comparison relates the
favorable outcome, in that the experimental Na—O peak at
2.38 A is sufficiently far away from the water-water structure
at 2.8 A, that there is little distortion of the Na—O peak upon
subtraction of the pure water-water structure in the experimen-
tal system.

In Figure 9(b), a further comparison is made to earlier set
of neutron diffraction data’ that employs effectively the same
water-water difference method that was used in the XRD study.
In Figure 9(b), the Na—O and the CI-O peaks are rescaled
to normalize the ND scattering factor contributions to those
matching the XRD values. The resultant XRD and ND g(r)’s
are remarkably similar in both the position and shape of the
Na-O and CI-O peaks.

IV. CONCLUSIONS

We have investigated the hydration structure of Na*
in water by using both experimental and computational
methods. The XRD results, using a high spatial resolution
corresponding to Qmax = 24 A™!, provided a Na—O distance of
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2.384 + 0.003 A. In addition to XRD, Na K EXAFS measure-
ments using a spatial resolution corresponding to Qmax = 16
A1 provided a Na—O distance of 2.37 + 0.024 A. Hence the
XRD and EXAFS measurements carried out in this study pro-
vide consistent results. The values of Na—O distance obtained
here are much shorter than those usually reported in the exper-
imental XRD literature. Interestingly a recent neutron diffrac-
tion measurement’ provided a Na—O distance which is close to
the results presented here. The Na* -water coordination num-
ber was measured at 5.5 + 0.3 from the XRD measurement.

We carried out first-principles molecular dynamics sim-
ulations using the revPBE functional along with Grimme D3
dispersion correction. Even though this DFT protocol was
previously found to be very good at reproducing the exper-
imental structure of water, the Na—O distance was found to
be overestimated by more than 0.1 A. The overestimation of
Na-O distance within the revPBE-D3 level of theory is con-
sistent with the other DFT functionals that have been reported
previously, e.g., BLYP-D2, PBE-D2, and HCTH-D2. This
indicates that the GGA functional, even with Grimme disper-
sion, inadequately describes this monovalent cation hydration
in water.

We have also found that the use of dispersion correction
has a significant impact on both the Na—O distance and the
coordination number. In the absence of dispersion correction,
the Na—O distance is shorter by 0.08-0.10 A, thus closer to the
experimental value. However, without including dispersion,
the water-water interactions are certainly poorly described.
The coordination number also moved from 5.7 to 6.0-6.1 when
dispersion is added. The free energy calculations show, that
for BLYP functional, the 6-coordinated local structure is the
most stable one when dispersion is included. However, in the
absence of dispersion, the most stable energy well corresponds
to a coordination number of 5.2. Both of these two local struc-
tures are within 2 kcal/mol of each other and thus contribute
some populations of each local structure in an equilibrium. We
have simulated the K-edge X ANES spectra of aqueous Na* for
two separate ensembles of configurations, one corresponding
to a coordination number of 5 and the other to 6. Both ensem-
bles reproduced the features in the experimental spectra. There
were no significant differences between the spectra for these
two ensembles indicating that the K-edge XANES cannot be
used to quantitatively differentiate the coordination number in
the first solvation shell of Na®.

We also carried out classical molecular dynamics simula-
tions using JC force field and SPC/E water which provided a
Na—O distance of 2.39 A that is an excellent agreement with the
experiments. This is consistent with the previously reported
values in literature such as the Dang polarizable model that
provided a Na—O distance of 2.34 A. Since classical models
are directly parameterized to the experimental properties, they
are thus usually good at describing the single ion hydration
structure satisfactorily.

SUPPLEMENTARY MATERIAL

See the supplementary material for the structure fac-
tors for all simulations, the simulated water pair distribution
functions, and the difference spectra for 6 m NaCl.
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