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ABSTRACT: The structure and dynamics of water in ionic
solutions at high pressure have been investigated using a
combined approach based on extended X-ray absorption fine
structure (EXAFS) spectroscopy and Molecular Dynamics
(MD) simulations. Modification of the hydration properties of
the Zn2+ ion induced by a pressure increase from ambient
condition up to ∼6.4 GPa has been revealed and accurately
analyzed. With increasing pressure the first hydration shell of
the Zn2+ ion has been found to retain an octahedral symmetry
with a shortening of the Zn−O distance up to 0.09 Å and an increased width associated with thermal motion, as compared to the
ambient condition hydration complex. A very interesting picture of the dynamic behavior of the first hydration shell has emerged
from the analysis of the simulations: up to 2.5 GPa no exchange events between first and second shell water molecules occurred,
while above this pressure value several exchange events take place in the solution following an associative interchange
mechanism. This result can be explained by the very high compression and packing of the solvent which force second shell water
molecules to enter the Zn2+ first hydration shell. MD simulations indicate a strong pressure effect also on the structure of the
second coordination shell which is compressed and becomes more disordered and less structured with increasing pressure. The
water mobility and the ion diffusion coefficient have been found to increase in the high density conditions, as a consequence of
the rupture of the hydrogen bond network caused by pressure.

1. INTRODUCTION

The properties of aqueous solutions under pressure are of
fundamental importance for a wide range of scientific
disciplines, such as geoscience, environmental sciences, and
planetary modeling. They are essential for instance to
understand the physicochemical properties of water and salt
solutions in the Earth mantle1,2 and icy satellites,3 as well as to
comprehend the effect of pressure on chemical processes.4 At
high temperatures and pressures water exists in different liquid
or solid phases whose properties are very different from those
found at ambient conditions. Supercritical water exists at
temperatures above 600 K and pressures between 10 MPa and
1 GPa. It is characterized by a low dielectric constant (∼6 in a
typical supercritical regime) and weak hydrogen bonding
formation which makes it an excellent solvent for non polar
substances. Because of the broad range of applications, such as
in the decomposition of organic wastes or in the hydrothermal
synthesis, supercritical water has been extensively studied.5−7 At
pressures between 0.1 and 10 GPa and temperatures between
300 and 500 K the complexity of water interactions results in a

rich polymorphic phase diagram with several high density ice
crystal structures and a compressed liquid water phase above
the melting line. The increased interest in the properties of
water at high-pressure stimulated the development of specific
experimental techniques. The effect of pressure on the structure
and hydrogen bond network of compressed water has been
recently addressed by a variety of experimental and theoretical
works.8−14 Although different conclusions are drawn from these
studies, they suggest the possible existence of a high-density
state of water (HDW) which at a pressure of few kilobars
gradually evolves at the expense of a low-density state of water
(LDW).11,15,16 In HDW the second shell of neighbor molecules
is thought to collapse onto the first one, as a consequence of
the rupture of the hydrogen bond network. Despite the
plethora of studies on the properties of pure high-density water,
there are only few works in the literature addressing the
structural changes of ionic aqueous solutions under high
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pressure.17−19 In one study the transformation of the Rb+ and
Br− first hydration shells was investigated by means of X-ray
absorption spectroscopy (XAS), and dramatic effects in the
anion hydration structure have been observed with increasing
pressure.17

Here, we present an extensive study of the hydration
properties of the Zn2+ ion in conditions of very high pressures
(up to ∼6.4 GPa), combining extended X-ray absorption fine
structure (EXAFS) and Molecular Dynamics (MD) simu-
lations. Zn2+ is well-known to form in water a first shell
complex consisting of six tightly bound solvent molecules
arranged in an octahedral symmetry.20−30 The powerful
approach which combines XAS and MD simulations has been
previously applied by our group to the study of several cations
and anions in aqueous and non aqueous solvents at ambient
conditions.31−45 Here, this integrated procedure is used to
investigate the pressure effects on the hydration structure of the
Zn2+ ion, as well as on the dynamic properties of the water
molecules surrounding the ion.

2. METHODS
2.1. X-ray Absorption Measurements and Data Analysis. Zn

K-edge X-ray absorption spectra (XAS) were collected at the BM29
beamline46 of the European Synchrotron Radiation Facility using the
large-volume high-pressure setup based on the Paris-Edinburgh press.
The storage ring was operating in uniform mode with typical currents
in the 200−160 mA range between refills. The bending magnet source
was monochromatized with a Si(311) energy scanning double crystal
monochromator and vertically focalized to about 50 μm using a Rh
coated bent mirror at 3.5 mrad incidence for harmonic rejection.47

The horizontal beam size was set by secondary slits to 0.8 mm to
probe the central part of the sample container.
The sample was a 0.5 M Zn2+ aqueous solution obtained by

dissolving the appropriate amount of Zn(NO3)2 in water. The nitrate
counterion has been chosen to prevent the formation of ionic pairs in
the solution. The sample was confined in a Teflon cylindrical container
with a 1.1 mm internal cylindrical cavity inserted in a doubly conical 7
mm boron-epoxy gasket as illustrated in Figure 1. Heating (when

required) was obtained passing a suitable current through the
cylindrical graphite resistor surrounding the sample container using
electrical cables connected with the upper and lower WC anvils while
squeezing the sample at the required pressure. The sample
concentration was optimized for the collection of high quality
transmission spectra (but still sufficiently low to guarantee a fully
hydrated specimen) and, owing to the high absorption of the gasket
material, the high beam intensity and spectral purity achievable with
the mirror setup were also essential for this purpose. Ancillary
techniques such as sample temperature scanning capabilities48 and a

MAR area detector for the collection of X-ray Diffraction (XRD) from
the crystalline sample powder components were also available and
used for sample check and calibration purposes.

The sample history on the (P,T) diagram is illustrated in Figure 2:
the red circles represent the thermodynamic equilibrium parameters

where XAS spectra were collected. The sample was first progressively
pressurized at room temperature Ta = 296 K, and a few data points
were collected in the equilibrium liquid phase until the liquid water-ice
VI line was crossed. For higher pressures the sample was also heated
following the water melting line. High quality spectra were collected
up to ∼6.4 GPa and 550 K, a safe limit prior to the complete closure of
the gap between the anvils. After heater switch-off and pressure release
to ambient conditions a final XAS measurement was collected to check
sample integrity and absence of chemical reactions between sample
and container components, retrieving the known Zn2+ aqueous
solution spectrum at ambient condition.

At pressures corresponding to the ice VI or ice VII stability regions
the water salt mixture phase diagrams are not precisely known, but
they are expected to be of eutectic type in the water reach region
corresponding to the sample composition. For T below the eutectic
temperature Te(P) the sample separates into the stable ice phase and a
minority component of hydrated salt phase. By raising the temperature
at (and above) Te(P) the hydrated salt phase melts together with an
appropriate fraction of ice and separates into a highly concentrated
liquid phase with the Zn2+ concentration corresponding to the liquidus
line and a residual ice. By further raising the temperature the molten
fraction increases. The sample is fully melted when T reaches the
liquidus line, that, for low concentrations, corresponds to a
temperature close to the ice melting temperature Tm(P). Evidence
for high pressure sample crystallization is directly obtained from the
XRD area detector but also from the XAS data. At a given P and
intermediate Te(P) < T < Tm(P) Zn

2+ ions are surrounded by molten
water so X-ray absorption may result in a misleading probe of the
sample state. In this temperature range, however, the sample shows a
mechanical instability (due to gravity effect on the two phases with
different densities) which results in a time dependent absorption level.
While the presence of ice can be directly confirmed by XRD a very
convenient diagnostic probe is obtained by monitoring the X-ray
absorption above the Zn K-edge during controlled temperature
scans.49 The scans are useful to mark both Te(P) and Tm(P) and to
bring the sample at the desired thermodynamic state on the melting
line.

In this experiment the thermodynamic sample state parameters
(P,T) were estimated from the oil pressure and supplied heating
electric power (which is proportional to the temperature difference
from Ta in this relatively narrow T range), using well established
calibration curves obtained in many previous equivalent experiments

Figure 1. Schematic drawing of the (cylindrically symmetric) sample
section showing boron-epoxy gasket, graphite heater (C), Teflon
bottle, and its internal cavity filled with the Zn(NO3)2 aqueous
solution. The dimensions in mm refer to the parts as assembled prior
to pressurization.

Figure 2. Thermodynamic parameters of the Zn(NO3)2 0.5 M
aqueous solution corresponding to the experimental XAS measure-
ments (red filled circles) and to the MD simulations (blue filled
circles). The phase diagram of pure water is reported for reference.
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with a similar heater/gasket geometry. We did not put a thermocouple
into the heated sample region to avoid the risk to produce a leak in the
container. The reliability of these estimates was checked by the correct
prediction of the melting line crossing and from the angular aperture
of some ice VI or ice VII Debye−Scherrer rings revealed at Ta by the
XRD area detector. The resulting uncertainty of the corresponding
(P,T) values along the melting line is estimated to be around 8%.
The Extended X-ray Absorption Fine Structure (EXAFS) analysis

has been carried out by means of the GNXAS program, and a
thorough description of the theoretical framework can be found in ref
50. A detailed EXAFS investigation was previously carried out on a 0.2
M Zn(NO3)2 aqueous solution at standard conditions.21 The EXAFS
data analysis showed the existence of an octahedral hydration shell
with 6 oxygen atoms at 2.078(2) Å and 12 hydrogen atoms at 2.78(2)
Å, while the second hydration shell was found to provide a negligible
contribution to the experimental spectrum. In the present work the
EXAFS data analysis has been carried out on the basis of these results
including both the Zn−O and the Zn−H first shell contributions.
These shells have been modeled with gamma-like distribution curves
with mean distance R, standard deviation σ, and skewness β that can
be varied in a wide range in a continuous manner. In addition, the
multiple scattering (MS) signals associated with the 3 linear and 12
rectangular O−Zn−O configurations within the first hydration shell
have been included in the theoretical calculations. Phase shifts, A(k,r)
and ϕ(k,r), have been calculated starting from one of the MD
configurations, by using muffin-tin potentials and advanced models for
the exchange-correlation self-energy (Hedin−Lundqvist). The values
of the muffin-tin radii are 0.2, 0.9, and 1.2 Å, for hydrogen, oxygen, and
zinc, respectively. Inelastic losses of the photoelectron in the final state
have been accounted for intrinsically by a complex potential. The
imaginary part also includes a constant factor accounting for the core-
hole width (1.67 eV). Two nonstructural parameters were minimized,
namely, E0 (core ionization threshold) and S0

2 (many body amplitude
reduction factor). The quality of the fits was determined by the
goodness-of-the-fit parameter.51,50

2.2. Molecular Dynamics Simulations. Molecular Dynamics
(MD) simulations of the Zn2+ ion in aqueous solution have been
performed using an effective two-body potential obtained by fitting the
parameters of a suitable analytical function on an ab initio potential
energy surface (PES) as described in ref 23. The ab initio PES was
generated taking into account scalar relativistic effects using a suitable
effective core potential and including many-body effects by means of
the polarizable continuum model (PCM).52 A thorough description of
the procedure used to obtain the ab initio potential energy function
can be found in ref 23. As far as the water−water interactions are
concerned, the SPC/E water model has been employed,53 since it
provides a very good description of the structural and dynamic
properties of liquid water at ambient conditions.54 Moreover, the
SPC/E model was shown to accurately predict the thermodynamic
properties of water also at high pressures and temperatures.55 The
Zn2+-water two-body potential has the following analytical function:
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where rio, rih1, and rih2 are the ion−water distances; qi qo, and qh are the
electrostatic charges of Zn2+, oxygen, and hydrogen in the SPC/E
water model, respectively (2.0, −0.8476, and 0.4238 au). A0, ..., F0 and
Ah, ...., Dh are the parameters obtained by the fitting procedure (see ref
23). Five simulations of Zn2+ in aqueous solution were carried out to
reproduce the properties of the system in five different points of the
phase diagram, that is, 300 K and 0.1 MPa (ρ = 1006.8 g/L), 300 K
and 1.0 GPa (ρ = 1271.2 g/L), 390 K and 2.5 GPa (ρ = 1358.8 g/L),
495 K and 4.5 GPa (ρ = 1458.9 g/L), and 542 K and 6.02 GPa (ρ =
1523.2 g/L). The points of the water phase diagram investigated by
means of MD simulations are shown in Figure 2. The density values
used are those of pure water under high pressure and have been

obtained by means of a modified version of the Steam tables code.56

The points of the phase diagram investigated theoretically correspond
to the experimental points up to 4.5 GPa, while the last point is slightly
lower than the experimental one as it coincides with the highest
pressure value for which it is possible to calculate the density of pure
water at the chosen temperature using the Steam tables code.56

Different box volumes have been employed to reproduce the chosen
density, temperature, and pressure conditions. In particular, the box
sides used are 29.0 Å, 27.1 Å, 26.3 Å, 25.6 Å, and 25.3 Å for the
simulations at 0.1 MPa, 1 GPa, 2.5 GPa, 4.5 and 6.02 GPa respectively.

The simulations were carried out using the GROMACS package
version 3.2.1,57 modified to include the ion−water effective pair
potentials. The system was composed by one Zn2+ ion and 819 water
molecules (for a total of 2458 atoms) in a cubic box, using periodic
boundary conditions. A cutoff of 9 Å was used to deal with non
bonded interactions, with the Particle Mesh Ewald (PME) method to
treat long-range electrostatic effects.58 A homogeneous background
charge has been used to compensate for the presence of the Zn2+ ion.
The temperature was kept constant at the desired value using the
Berendsen thermostat59 with a coupling constant of 0.1 ps. A time step
of 1 fs was employed, saving a configuration every 25 time steps and
equilibrating the system for 5 ns before sampling. The production runs
were 10 ns long.

2.3. Structural and Dynamic Analysis. The structural properties
of the Zn2+ aqueous solutions were described in terms of radial
distribution functions, gZn−O(r) and gZn−H(r):
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where ⟨ρB(r)⟩ is the particle density of type B at distance r around type
A, and ⟨ρB⟩local is the particle density of type B averaged over all
spheres around particle A with radius rmax (half the box length).

Angular distribution functions (a.d.f.) have been calculated for three
different angles: the angle formed by two different Zn−O vectors in
the first shell (labeled as ψ), the angle formed by the water dipole
vector and the Zn−O vector direction (labeled as ϕ), and the angle
formed by the normal to the water plane and the Zn−O vector
direction (labeled as ζ).

To describe the distribution of water molecules around the Zn2+

ion, spatial distribution functions were also calculated.
The mean residence time of water molecules in the Zn2+ first

hydration shell has been evaluated using the approach called the
”direct method” proposed by Hofer et al.60 This method scans the
whole trajectory for movements of the ligands, either entering or
leaving the first coordination shell. Whenever a ligand crosses the
boundaries of the shell, its further path is followed, and if its new
placement outside or inside the shell lasts for more than a chosen t*,
the event is accounted for as a “real” exchange process. The water
residence τd is then calculated as

τ = ̅t n
Nd
sim

ex (3)

where tsim is the total simulation time, n̅ is the average first shell
coordination number, and Nex is the number of “real” solvent
exchanges between the first hydration shell and the rest of the solvent.

The Zn2+ diffusion coefficient, DZn, has been determined from the
mean square displacement (MSD) using the Einstein relation
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where rZn(0) is the Zn
2+ initial position and rZn(t) is the position of the

ion at time t.
A detailed view of the dynamics of the water molecules surrounding

the ion has been obtained using reorientational correlation functions,
defined as61

= ⟨ · ⟩α α αC t P tu u( ) ( ( ) (0))l l (5)
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where Pl is the l-th rank Legendre polynomial, and uα(t) is a unit
vector in a certain direction α at time t. By fitting Cl(t) to an
exponential function Cl(t) = e−(t/τl), it is possible to determine the
correlation time τl, defined as the rotation time of the uα vector. For
our analyses we used l = 1 and three different vectors: the normal to
the water molecular plane passing through the center of the oxygen
atom uN, a vector along the HH direction uHH, and the water dipole
vector uD; uD is correlated to the dielectric relaxation rates while uHH

to 1H-1H NMR dipolar relaxation experiments.62 Using an approach
already implemented for pure water,61 we have employed a mixed
integration exponential fit method to evaluate the first rank correlation
times, thus minimizing the noise introduced by the slow convergence
of the correlation function tail. Direct integration was used in the
initial part of the function, while the tail contribution was taken into
account by means of an exponential fit. Because of the different
behavior of first shell correlation functions caused by the presence of
the ion, we have used different time windows for direct integration: a
value of 15 ps was employed for uD, while the uN and uHH correlation
functions were explicitly integrated up to 5 ps. As far as the correlation
times of bulk water are concerned, the switch value was always 5 ps,
the same as used in ref 61.
Standard GROMACS tools57 have been used to calculate the

reorientational correlation functions, diffusion coefficients, and spatial
distribution functions (g_rotacf, g_msd, and g_sdf, respectively), while
in-house written codes were employed for all of the other MD
analyses.

3. RESULTS AND DISCUSSION

3.1. EXAFS Analysis of Zn2+ in High-Density Water.
The hydration structure of the Zn2+ ion in aqueous solution at
ambient conditions is well-established. The first coordination
sphere is composed of six water molecules arranged in an
octahedral configuration with 6 Zn−O distances at 2.078(2) Å
and 12 hydrogen atoms at 2.78(2) Å.21 This coordination
model has been used as the starting configuration for the
analysis of all of the experimental EXAFS spectra collected at
high pressure. In particular the EXAFS data analysis has been
carried out including both the Zn−O and the Zn−H first shell
two-body signals, and the MS signals associated with the linear
and rectangular O−Zn−O configurations. Least-squares fits of
the EXAFS spectra were performed in the range k = 2.5−11.8
Å−1 optimizing the whole set of structural and nonstructural
parameters. In particular, we optimized four structural
parameters for each single-shell contribution including the
coordination numbers, and two additional structural parameters
(the O−Zn−O angle and its variance) for the three-body
contributions. The best-fit analysis of the ∼6.4 GPa spectrum is
shown in the upper panel of Figure 3, as an example. The first
four curves from the top are the Zn−O and Zn−H first-shell
γ(2) contributions, and the MS signals associated with the O−
Zn−O linear and rectangular configurations. The remaining
graphs of the figure show the comparison of the total
theoretical contribution with the experimental spectrum.
Overall, the fitted EXAFS spectrum matches the experimental
data quite well and, as expected, the dominant contribution to
the total EXAFS signals is given by the Zn−O first-shell signal,
even though, because of the well-ordered structure of the water
molecules around the ion, the 12 hydrogen atoms of the first
hydration shell give rise to a rather strong γ(2) signal, which is
detectable up to about k = 8 Å−1. The contribution of the
second hydration shell is negligible, while the MS paths from
the O−Zn−O configurations yield detectable amplitude signals
in the low-k regions of the spectra. The lower panel of Figure 3
shows the corresponding k2-weighted Fourier transform (FT)

calculated with no applied phase shift correction in the k range
2.5−11.8 Å−1.
Figure 4 shows the comparison between the EXAFS

experimental data of the Zn2+ aqueous solutions collected at
different pressure and temperature values (see red points in
Figure 2) and the theoretical spectra obtained using the
procedure described above. The high quality of the
experimental data as well as the excellent agreement with the
fitting model signal can be fully appreciated. The refined values

Figure 3. Fit of the ∼6.4 GPa Zn2+ water solution EXAFS spectrum.
From the top to the bottom the following curves are reported: the
Zn−O first shell signal, the Zn−H first shell signal, the O−Zn−O
linear and orthogonal three-body signals, the total theoretical signal
(full black line) compared with the experimental spectrum (red dotted
line). The lower panel shows the nonphase-shift-corrected Fourier
transforms of the experimental data (red dotted line), and of the total
theoretical signals (full black line).

Figure 4. Comparison between the experimental (red dotted line) and
the theoretical (black solid line) EXAFS signals for the Zn2+ aqueous
solution at different pressure and temperature values (see Figure 2).
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for the full set of structural parameters obtained from the
minimization procedures are listed in Table 1. The frequencies
of the EXAFS oscillations of Figure 4 reveal a structural trend
with increasing pressure and temperature. In particular, a
contraction of the first shell zinc-water distance occurs on going
from ambient conditions to ∼6.4 GPa, while only a very small
decrease can be observed for the amplitude of the EXAFS
signals. This finding is confirmed by the results of the analysis
shown in Table 1. In particular, the Zn−O first shell distance
undergoes a shortening of 0.09 Å in going from ambient
condition to the highest measured pressure value, while no
variation is observed for the number of first shell coordinated
water molecules. Moreover, from the values of the angles
associated with the MS paths (that have been found to be 180°
and 90° for the linear and rectangular configurations in all fits)
it is possible to asses that also the octahedral symmetry is
retained for the Zn2+ hydration complexes.
The main result of the EXAFS analysis is that with increasing

pressure there is a contraction of the average Zn−O bond
length while the octahedral hydration shell is retained. To verify
the reliability of this finding it is very important to establish
whether in this case the EXAFS technique is able to determine
the coordination numbers with sufficient accuracy. To this end
a statistical analysis applying two-dimensional contour plots to
selected parameters of the fit has been carried out to establish
error limits in the refined parameters. This analysis examines
the correlations among fitting parameters and evaluates the
statistical errors by following the procedure described in detail
in ref 51. Figure 5 shows the contour plots of the Zn−O
coordination number and Debye−Waller (DW) factor for the
∼6.4 GPa case, as an example, where the innermost contour
refers to the 95% error confidence interval. Even if it is well-
known that in the case of disordered systems there is a strong
correlation between DW factors and coordination numbers as
both parameters are related to the amplitude of the EXAFS
oscillation, in this case the error associated with the first shell
coordination number is quite small (0.3 for the ∼6.4 GPa
solution) proving the reliability of the obtained results. This is
due to the high stability of the Zn2+ hydration complex that
makes this species more similar to a molecular compound than
to a fast exchanging hydration complex. This behavior is also
reflected in the quite low values obtained for the DW factors
and the rather small β values that testify the existence of an

almost Gaussian distribution for the first shell peaks. The DW
factor values tend to increase slightly with increasing pressure,
and this explains the small reduction of amplitude observed in
the EXAFS experimental signals. The Zn−O first shell distances
determined from the EXAFS analysis for different pressure
values show a linear decreasing trend upon compression (see
Figure 6).

3.2. Hydration Structure from MD Simulations.
Molecular dynamics provides not only a reference structure
for the EXAFS refinement but also can be used to access to a
number of important (experimentally hidden) structural and
dynamical observables. The Zn−O and Zn−H radial
distribution functions and the corresponding running integra-
tion numbers calculated from the MD simulations at different
pressure values are shown in Supporting Information, Figures
1S−5S. In all cases a well-defined first peak followed by a
depletion zone can be observed, indicating the existence of a
stable first hydration shell. In all simulations, the integration
over Zn−O and Zn−H g(r) first peaks gives coordination
numbers of 6 and 12, respectively, in agreement with the
EXAFS results. While the overall structure of the Zn2+

hydration complex is the same for all the investigated pressure

Table 1. Structural Parameters of Zn−O g(r) First Peak Obtained from the EXAFS Analysis of the Zn2+ Aqueous Solutions at
Different Pressure and Temperature Values (See Figure 2)a

EXAFS MD

pressure N R(Å) σ2(Å2) β N R(Å) σ2(Å2) β

0.10 MPa 6.0(1) 2.078(2) 0.0087(5) 0.2(1) 6 2.076 0.0040 0.2
0.20 GPa 6.0(1) 2.065(5) 0.0087(5) 0.2(1)
0.46 GPa 6.0(1) 2.063(5) 0.0089(5) 0.2(1)
0.80 GPa 6.0(1) 2.062(5) 0.0090(5) 0.2(1)
1.00 GPa 6.0(1) 2.058(5) 0.0090(5) 0.2(1) 6 2.066 0.0042 0.2
1.68 GPa 6.0(1) 2.048(5) 0.0095(5) 0.2(1)
2.50 GPa 6.0(2) 2.044(6) 0.010(1) 0.2(1) 6 2.061 0.0053 0.2
3.55 GPa 6.0(2) 2.034(6) 0.011(1) 0.2(1)
4.50 GPa 6.0(2) 2.018(7) 0.011(1) 0.2(1) 6 2.056 0.0064 0.2
5.30 GPa 6.0(3) 2.015(7) 0.011(1) 0.2(1)
6.02 GPa 6 2.051 0.0069 0.2
6.37 GPa 6.0(3) 1.992(7) 0.011(1) 0.2(1)

aN is the Zn−O coordination number, R is the mean Zn−O distance, σ is the Debye-Waller factor, and β is the asymmetry parameter. Errors are
given in parentheses.

Figure 5. Two-dimensional contour plot for Zn−O first shell
coordination number versus Debye−Waller factor obtained from the
EXAFS fit of the ∼6.4 GPa aqueous solution. The innermost curve
corresponds to the 95% confidence interval from which the statistical
errors are determined.
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values, a quite different dynamic behavior has emerged between
the simulations carried out below 2.5 GPa and above this
pressure value. In particular, no exchange events between first
and second shell water molecules have been observed during
the total simulation time in the trajectories carried out at

ambient conditions, 1 and 2.5 GPa. This result is in agreement
with the fact that the residence time of water molecules in the
first hydration shell of Zn2+ at ambient conditions is in the
microsecond time scale.63 On the contrary, several exchange
events between the first and the second coordination shells take
place in the trajectories at 4.5 and 6.02 GPa. In particular, using
a t* value of 0.5 ps (see Methods section), 16 and 24 solvent
exchange processes between the first hydration shell and the
rest of the solvent have been observed in the simulations at 4.5
and 6.02 GPa, respectively. The results of our MD simulations
show that at very high pressure the water exchange reaction of
the Zn2+ ion follows an associative interchange mechanism with
a heptahydrated intermediate. Heptacoordinated first shell
clusters were detected in our trajectories only for very short
periods of time (the longest lifetimes are 0.58 and 0.53 ps for
the simulation at 4.5 and 6.02 GPa, respectively), meaning that
the heptacoordinated clusters are reaction intermediates and
not stable first shell complexes. The occurrence of exchange
events following an associative interchange mechanism under
high pressure can be explained by the very high compression
and packing of the water molecules in the solution: a second

Figure 6. Zn−O first shell distances obtained from the EXAFS analysis
versus pressure values.

Figure 7. Panels A−D: Zn−O radial distribution functions g(r) and radial densities n(r) = 4πr2ρg(r), obtained from the simulations carried out at 0.1
MPa (black line), 1.0 GPa (red line), 2.5 GPa (blue line), 4.5 (green line), and 6.02 GPa (magenta line). (A) Comparison of the Zn−O g(r) first
peak. (B) Comparison of the Zn−O n(r) first peak. (C) Comparison of the Zn−O g(r) second peak. (B) Comparison of the Zn−O n(r) second
peak. Panels E−F: Zn−O radial distribution functions g(r) and radial densities n(r)obtained from the analysis of the EXAFS experimental data
collected at 0.1 MPa (black line), 1.0 GPa (red line), 2.5 GPa (blue line), 4.5 (green line), and ∼6.4 GPa (magenta line). (E) Comparison of the
Zn−O g(r) first peak. (F) Comparison of the Zn−O n(r) first peak.
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shell water molecule is pushed into the Zn2+ first hydration
shell, an unstable heptacoordinated complex is temporarily
formed, and another water molecule then leaves the first
coordination sphere with the re-establishment of the octahedral
complex.
The comparison of the first peak of the Zn−O radial

distribution functions is reported in panel A of Figure 7 for all
the MD simulations. The radial distribution functions show a
shortening of the peak position and a broadening of the first
peak as pressure increases, a trend in agreement with the
EXAFS results. To better visualize the pressure effects on the
Zn−O radial distribution functions, we report in panel B of
Figure 7 the corresponding radial densities n(r) = 4πr2ρg(r),
where ρ is the density of oxygen atoms in the solutions. In such
a case of strong ρ variations this quantity is better suited to
appreciate the constancy of the first shell coordination number,
that is, the integral of the first peak, and the actual peak
broadening and shifts with pressure. The detailed comparison
between EXAFS and MD results indicates that the simulation
displays a smaller contraction of the first hydration shell with
pressure and a smaller peak width. This comparison is
quantified by modeling the MD Zn−O n(r)’s with gamma-
like distributions (the same used for the EXAFS fit). The
numerical results are summarized in Table 1, while the Zn−O
g(r) distributions obtained from the EXAFS data analysis are
shown in panels E and F of Figure 7. The discrepancy between
EXAFS and MD results indicates a limitation of the adopted
physical model. In particular, the Zn−O interaction potential
may reveal an excessive rigidity whose effect becomes more
evident in high density solutions.23 Still the analysis of the MD
simulations provides a useful insight into the pressure trends of
several structural and dynamical observables, experimentally
not accessible, associated with important mechanisms related to
ion hydration in aqueous solutions.
The effect of pressure changes is more evident on the

structure of the second coordination shells, as shown in panels
C and D of Figure 7. In this case the shift of the peak positions
at shorter distances going from ambient conditions to 6.02 GPa
is about 0.23 Å, larger than what observed for the first

hydration shell (the second peak distances are 4.32 and 4.09 Å
for the simulations at 0.1 MPa and 6.02 GPa, respectively). If
the hydration number is always calculated by integration up to
the Zn−O g(r) second minimum, increasing coordination
number values are obtained from the simulations (they are
10.9, 12.7, 30.0, 30.8, and 31.0 for the trajectories at 0.1 MPa,
1.0 GPa, 2.5 GPa, 4.5 GPa, and 6.02 GPa respectively).
Moreover, the g(r) changes qualitatively increasing the pressure
in the zone after 4.5 Å, and for pressure values higher than 2.5
GPa the second hydration shell is not only shifted toward the
metal ion but expands outward and is less separated from bulk
water.
The a.d.f. obtained from the simulations of the ϕ, ζ, and ψ

angles (plotted as functions of 1− cos (ϕ,ζ,ψ)) are depicted in
Figure 8 together with the definition of the angles. Panel A of
Figure 8 shows the a.d.f. of the ϕ angle for the water molecules
belonging to the Zn2+ first hydration shell. The distribution
functions calculated from the trajectories show very sharp peaks
at cos(ϕ) = 1, as the oxygen atoms point toward the ion and
wagging movements are very limited. The curves related to the
simulation at 0.1 MPa and 1.0 GPa go to zero at about ϕ = 30°
while the ϕ angle distribution becomes broader at higher
pressure values, since at higher pressure there is an increase of
rotational freedom of the first shell water molecules. Analysis of
the second coordination shell a.d.f. gives quite different results:
all of the simulations under high pressure show a change of
slope and concavity as compared to the distribution obtained
from the trajectory at 0.1 MPa, as the packing of the second
hydration sphere forces the water molecules to deviate from the
minimum potential energy alignment observed in the first
simulation. Moreover, they are much broader, showing that in
the compressed solutions wagging movements in the second
hydration shell are much more important than at 0.1 MPa.
Panel D of Figure 8 shows the a.d.f. of ζ angle. In all cases there
is a well-defined peak centered at cos(ζ) = 90°, showing that
the Zn−O vector is located most of the time in the water
molecular plane, but the movements above and below the plane
increase with increasing pressure. The a.d.f.’s for the ψ angle
calculated at various pressures on first shell water molecules are

Figure 8. Angular distribution functions (a.d.f.) of the ϕ, ζ, and ψ angles obtained from the simulations carried out at 0.1 MPa (black line), 1.0 GPa
(red line), 2.5 GPa (blue line), 4.5 GPa (green line), and 6.02 GPa (magenta line). (A) First hydration shell a.d.f of ϕ. (B) Second hydration shell
a.d.f. of ϕ. (C) Definition of the ϕ and ζ angles. (D) First hydration shell a.d.f. of ζ. (E) First hydration shell a.d.f. of ψ. (F) Definition of the ψ angle.
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shown in Panel E of Figure 8. All of the distribution functions
have nearly coincident maxima at 1− cos(ψ) = 1 and 1−
cos(ψ) = 2 (corresponding to ψ values of 90° and 180°), thus
showing the existence of a stable octahedral coordination
geometry, even at high pressures, in agreement with the EXAFS
results. Moreover, the a.d.f.’s go to zero at intermediate values,
since water molecules are strongly constrained in their
positions and large distortions of the octahedral symmetry
are not expected.
The three-dimensional structure of the Zn2+ first and second

solvation shells can be observed looking at the spatial
distribution functions calculated from the simulations at 0.1
MPa and 2.5 GPa, that are shown in Figure 9. The isodensity

surfaces of oxygen and hydrogen atoms are colored green and
red, respectively. The octahedral symmetry of the first
hydration shell can be clearly seen both at 0.1 MPa and at
2.5 GPa, and the compression of the hydration shells going
from ambient to the high-density conditions. The torus-shaped
distribution of hydrogen atoms in the first hydration shell
means that they are free to rotate around the water dipole. The
outer green rings, which correspond to oxygen atoms in the
second coordination shell, are much thicker and wider at 2.5

GPa, as more and more water molecules are packed into the
second hydration shell, and the second coordination shell
becomes more disordered and unstructured.

3.3. Dynamical Properties from MD Simulations. As
mentioned above, in the MD simulations carried out at pressure
values lower than 2.5 GPa no solvent exchange processes
between the first hydration shell and the rest of the solvent
have been observed, while several exchange events between the
first and second coordination shells have been detected for the
trajectories at 4.5 and 6.02 GPa. For the latter two simulations,
the rate of the water exchange processes has been evaluated by
means of the residence time of the water molecules in the first
hydration shell using the direct method (see Methods section).
A t* value of 0.5 ps has been employed as it corresponds to the
average lifetime of a water−water hydrogen bond, and it has
been found to be the more appropriate choice.60 The mean
residence times calculated from the simulations at 4.5 and 6.02
GPa are 3.75 and 2.50 ns, respectively. It is noteworthy to
observe that while for systems with a very flexible first
hydration shell, such as halide ions in aqueous solution, the
calculated residence times have been shown to be strongly
dependent on the choice of the t* value, in the present case the
results are less dependent on this parameter.41 To give an idea,
the same first shell residence time value has been obtained for
the simulation at 6.02 GPa using a t* value of either 0.5 or 2.0
ps. This is due to the high stability of the Zn2+ first shell
complex for which the definition of the first hydration shell is
less arbitrary and the exchange process much slower as
compared, for example, to the Br− ion in water.41

It is important to note that the method by Impey et al.64 is
one of the most used and reliable approaches to evaluate the
residence time from MD simulations. Here, we did try to apply
this procedure, but the obtained results were not reliable as the
simulation lengths (10 ns) were not long enough to provide a
statistically significant survival function for our systems, as the
exchange events take place in the nanosecond time scale.
Even if the increase of pressure does not have a huge effect

on the structure of the first hydration shell, it has a stronger
effect on the dynamics of the water molecules surrounding the
ion. This effect can be investigated by calculating the first rank
reorientational correlation times of water molecules belonging
to the Zn2+ first hydration shell and to bulk water. Figure 10
shows the trend of C1

α(t) for the trajectories at 0.1 MPa, 2.5
GPa, and 6.02 GPa while all of the reorientational correlation
times obtained from the three simulations are reported in Table
2. First of all, it is useful to compare the behavior of the
different vectors within the same simulation, and in all cases the
same general trend is observed. As far as the Zn2+ first
hydration shell is concerned, the dominant motion is the
rotation of uN and uHH, that is, around the water dipole, as
expected and as already observed for other divalent aqua ions.65

This finding is in line with the results of the analysis of spatial
distribution functions. The reorientational dynamics of the uN

vector is the fastest reorientation while the uHH correlation time
is slightly greater than that related to the uN vector. In bulk
water the uN vector rotates faster than uHH and uD, showing that
water rotation in the bulk is anisotropic. This result has been
already observed in MD simulations of pure water and it is
possibly related to the geometry of the water model.61 On the
other hand, if we compare the results of the MD simulations,
we clearly see that all of the correlations times, both in the first
shell and in bulk water, decrease with increasing pressure. This
means that water mobility increases, and it is a consequence of

Figure 9. Spatial distribution functions of oxygen (green) and
hydrogen (red) atoms obtained from the trajectory at 0.1 MPa
(panel A) and 2.5 GPa (panel B). The isodensity surfaces at level 2.23
are shown.
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the rupture of the hydrogen bond network caused by the
pressure increase. Always as a consequence of the disruption of
the hydrogen bond network the Zn2+ ion diffusion coefficient
slightly increases (it is 0.7(0.1) × 10−5 cm2/s, 0.9(0.1) × 10−5

cm2/s, 1.0(0.3) × 10−5 cm2/s, 1.2(0.3) × 10−5 cm2/s, and
0.9(0.2) × 10−5 cm2/s for the simulations at 0.1 MPa, 1.0 GPa,
2.5 GPa, 4.5 GPa, and 6.02 GPa, respectively). Note that at
ambient conditions we have obtained a diffusion coefficient in
very good agreement with the experimental determination,
which is equal to 0.703 × 10−5 cm2/s.66 We could not find any
experimental values of this quantity at higher pressures.

4. CONCLUSIONS
In the present work we have investigated the Zn2+ hydration
properties under high pressure conditions. Experimental
advances of the high pressure large-volume setup at a
Synchrotron Radiation Facility for X-ray absorption spectros-
copy allowed us to access the Zn K-edge of an aqueous solution

sample for the first time. The EXAFS analysis showed that the
Zn2+ first shell hydration number does not vary with pressure,
while the first hydration shell is contracted. Moreover, higher
mobility of the water molecules in the first coordination sphere
under high pressure has been highlighted by the trend of the
Debye−Waller factors, that increase with pressure. Similarly,
the results of the MD simulations of the Zn2+ ion in high-
density water have shown that the octahedral structure of the
Zn2+ first hydration shell remains stable also under high
pressure, while the Zn−O first shell distance is shortened and
the hydrated complex becomes more disordered. A very
interesting picture of the dynamic behavior of the first
hydration shell has emerged from the analysis of the
simulations: up to 2.5 GPa no exchange events between first
and second shell water molecules have been observed, while
above this pressure value several exchange events take place in
the solution following an associative interchange mechanism.
This result can be explained by the very high compression and
packing of the solvent which force second shell water molecules
to enter the Zn2+ first hydration shell. The effect of the pressure
changes is more evident on the structure of the second
coordination shell which is compressed and becomes more
disordered and unstructured with increasing pressure. More-
over, the increase of pressure has a strong effect on the
dynamics of water, which has been investigated by calculating
the reorientational correlation times of the water molecules
surrounding the ion. The water mobility was found to increase,
as a consequence of the rupture of the hydrogen bond network
caused by the pressure increase. In line with these results, the
Zn2+ diffusion coefficient was found to be slightly higher in the
high density conditions.
This study of the Zn2+ ion in high-density water paves the

route for future investigations on the hydration structure under
high pressure conditions of other metal ions having more
flexible hydration shells, such as Cd2+ and Hg2+.
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Figure 10. First rank reorientational correlation functions C1
α(t) of

water molecules belonging to the Zn2+ first hydration shell and to bulk
water. Continuous lines refer to the ion first coordination shell, while
dashed lines refer to bulk water. Different colors are related to the
different vectors: uD (black lines), uHH (blue lines), and uN (red lines).
(A) Reorientational correlation functions obtained at 0.1 MPa. (B)
Reorientational correlation functions obtained at 2.5 GPa. (C)
Reorientational correlation functions obtained at 6.02 GPa.

Table 2. Reorientational Correlation Times (ps) of Water Molecules Belonging to the Zn2+ First Hydration Shell and to Bulk
Water Obtained from the MD Simulationsa

vector 0.1 MPa 1.0 GPa 2.5 GPa 4.5 GPa 6.02 GPa

first shell uN 7.7 (2) 5.0 (2) 1.97 (5) 0.90 (2) 0.71 (1)
uHH 8.1 (2) 5.9 (2) 2.10 (5) 0.95 (2) 0.76 (1)
uD 57 (4) 34 (2) 24 (1) 14.6 (6) 14.1 (8)

bulk water uN 2.502 (3) 2.101 (3) 0.806 (1) 0.408 (1) 0.334 (1)
uHH 3.903 (3) 3.310 (3) 1.211 (1) 0.605 (1) 0.489 (1)
uD 3.901 (3) 3.309 (3) 1.236 (4) 0.648 (2) 0.529 (1)

aStandard deviations are given within parentheses.
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