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1 Introduction

lon association in hydrothermal aqueous NaCl
solutions: implications for the microscopic
structure of supercritical waterf

Mirko Elbers, () *2 Christian Schmidt,® Christian Sternemann, (2@
Christoph J. Sahle, © € Sandro Jahn, 2 ¢ Christian Albers, 2@ Robin Sakrowski,

Hlynur Gretarsson,®" Martin Sundermann, 2 ¢" Metin Tolan® and Max Wilke (29

a

Knowledge of the microscopic structure of fluids and changes thereof with pressure and temperature is
important for the understanding of chemistry and geochemical processes. In this work we investigate
the influence of sodium chloride on the hydrogen-bond network in agueous solution up to supercritical
conditions. A combination of in situ X-ray Raman scattering and ab initio molecular dynamics
simulations is used to probe the oxygen K-edge of the alkali halide aqueous solution in order to obtain
unigue information about the oxygen’s local coordination around the ions, e.g. solvation-shell structure
and the influence of ion pairing. The measured spectra exhibit systematic temperature dependent
changes, which are entirely reproduced by calculations on the basis of structural snapshots obtained via
ab initio molecular dynamics simulations. Analysis of the simulated trajectories allowed us to extract
detailed structural information. This combined analysis reveals a net destabilizing effect of the dissolved
ions which is reduced with rising temperature. The observed increased formation of contact ion pairs
and occurrence of larger polyatomic clusters at higher temperatures can be identified as a driving force
behind the increasing structural similarity between the salt solution and pure water at elevated
temperatures and pressures with drawback on the role of hydrogen bonding in the hot fluid. We discuss
our findings in view of recent results on hot NaOH and HCl aqueous fluids and emphasize the
importance of ion pairing in the interpretation of the microscopic structure of water.

significantly lowering the melting temperature.”® The vast
majority of ore deposits originated from the action of hydro-

Hot aqueous (hydrothermal) fluids are of crucial importance in
numerous chemical technologies (e.g., for hazardous waste
treatment,"” recycling of composite materials and polymers,**
biomass gasification,” or nanomaterial fabrication®) and in
many heat and mass transport processes in the Earth’s crust
and mantle. One of these processes is the formation of magma
as hydrothermal fluids disrupt bonds in the minerals thereby
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thermal fluids. This is because hydrothermal water is very
efficient in permeating rocks and dissolving and transporting
metals due to the high temperature and the substantial amount
of dissolved salts resulting in complexation of metals with
anionic ligands and/or water molecules.”'® Thus, the structural
changes in the properties of water and aqueous solution with
temperature and their causes have been a long-standing
research topic."*™® Here, ion-solvent interaction and the
strongly enhanced ion pairing is of particular interest.'*'> The
temperature and pressure dependent changes in ion hydration
in aqueous liquids affect metal complex formation, mineral
solubility and phase equilibria.’®"” Sodium chloride (NaCl) is
the most abundant solute in seawater and in most natural
hydrothermal fluids."® For instance, analysis of fluid inclusions
indicated a salinity of up to 30 wt% NaCl in the ore-forming
fluids of lead-zinc deposits.'® Even in the Earth’s upper mantle,
NaCl is a major component of hydrous fluids as revealed by
brine inclusions in diamonds.*® Therefore, the binary system
H,0-NaCl has widely been studied*** as a first approximation
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and a representative model for Cl-rich fluids in many geological
environments and in chemical reactors such as for supercritical
water oxidation.”® Numerous theoretical approaches have
addressed the structural properties of the H,O-NaCl binary as
function of temperature,>*>® with the results of several studies
pointing towards the formation of larger polyatomic NaCl
clusters in the solution due to the decreasing dielectric constant
of water with rising temperature,'®*7>”73

Several X-ray and neutron diffraction studies have been
performed, on a variety of different salt solution and at a large
range of different experimental conditions.">*** However,
X-ray spectroscopy studies on ions comprised of elements with
a low atomic number (Z) or the surrounding water itself are
scarce owing to the limitations imposed by the sample
environment,*>3® in contrast to ions with high-Z elements,
which can be and have been extensively investigated at high
pressures and temperatures using X-ray absorption spectro-
scopy (XAS).3'7_42 Hence, most previous X-ray spectroscopic
studies of aqueous NaCl solutions were at relatively low
temperature and pressure conditions. Generally, they indicate
a destabilizing effect of the dissolved ions on the water structure,
which is largely limited to the first hydration shell** and
weakened at an increased temperature of 90 °C.**

In order to achieve relevant conditions to study hydrothermal
NaCl aqueous solution we exploit bulk sensitive X-ray Raman
scattering spectroscopy (XRS) at the oxygen K-edge. The detailed
interpretation of spectral fingerprints related to changes in the
water network structure requires spectral calculations based on
structural simulations for a variety of thermodynamic conditions.
It is the combination between experiment and theory that is
capable to retrieve solid information on the local water structure
which can hardly be obtained by discussion of bare spectral
changes in the experiment. Thus we used in this study XRS
spectroscopy in combination with state-of-the-art modeling of
the spectroscopic data based on structures obtained from ab initio
MD simulations. This approach was utilized to investigate the
influence of NaCl on the water structure in aqueous solutions at
elevated temperatures and pressures of up to 600 °C and
120.6 MPa, respectively. Furthermore, we compared our findings
with the results of similar studies on pure water and discuss them
in the scope of earlier work on hydrothermal NaOH and HCI
solution.*®

2 Experiment and modelling
2.1 Experimental

We exploited XRS spectroscopy to study the oxygen K-edge of
aqueous NaCl solutions at hydrothermal conditions by means
of a resistively heated diamond anvil cell (DAC). XRS is a non-
resonant inelastic X-ray scattering®® technique, which utilizes
hard X-rays as a bulk sensitive probe to investigate absorption
edges of elements with low atomic numbers in complex, highly-
absorbing sample environments (for example see ref. 35, 36,
46-49 and 50 as well as references therein). Thus, it allows
measuring the oxygen K-edge XRS spectrum of aqueous solutions
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under extreme thermodynamic conditions not accessible by soft
X-ray techniques. Performing XRS measurements at low absolute
values of momentum transfer, the transitions probed are
dominated by dipole excitations and thus XRS provides similar
information as XAS but with the advantage of providing a bulk
sensitive probe free of saturation effects. The combination of XRS
measurements with state of the art calculations of the system under
investigation yields detailed structure information and is applicable
for a variety of different systems, ie. crystalline and amorphous
solids, fluids or gases.

Aqueous solutions of 1.9 and 2.0 molal NaCl were prepared
using double-distilled water and NaCl (ultrapure, Alfa,
>99.0%). In order to expose the sample to high temperature
T and high pressure p conditions, we used the gasketless
Bassett-type hydrothermal diamond anvil cell (HDAC)*
employed by Schmidt and Seward,>* with the modification of
a larger cylindrical recess in one of the diamond culets to
enclose the sample (see ref. 35). The recess was machined using
an UV femtosecond pulsed laser ablation system. The diameter
of the recess was 0.5 mm and the depth 0.11 mm. Omitting the
gasket increased the measured intensity significantly owing to
the larger accessible solid angle. The temperature was
measured with thermocouples attached to each diamond anvil
with an overall error of uppermost 41 °C.>* The pressure was
calculated from the fluid bulk density and the known temperature
using appropriate correlation functions.>® The density was
determined from the actual NaCl concentration of the solution
and the measured liquid-vapor homogenization temperature, the
latter via visual observation of the disappearance of a vapor
bubble contained in the sample volume.**”* The actual
concentration of the samples was higher than that of the stock
solution due to water evaporation during transfer of a small
droplet into the sample chamber of the diamond-anvil cell. It
was measured via cryoscopy before each temperature run using
the equation for the freezing point depression of aqueous NaCl
solutions by Bodnar.>® The actual concentrations were 2.63 =+
0.25 molal NaCl. The temperature was increased along the liquid-
vapor curve up to a homogenization temperature of 470 °C at
which the vapour disappears. This leads to an increase of
temperature along an isochore and thus to more drastic pressure
changes. Therefore, at 400 °C a maximum pressure of about
26 MPa was reached while at 500 °C and 600 °C pressures of
63 MPa and 120.6 MPa were generated, respectively. The experi-
mental conditions for each measured spectrum, in terms of
applied temperature, pressure and resulting density are listed in
Table 1 in section Further information.

The XRS experiments were performed at beamline P01 of
PETRA III using the XRS spectrometer>® and at beamline ID20
of ESRF exploiting the large-solid-angle XRS spectrometer.’”
At beamline P01 spectra were measured with an overall energy
resolution of 0.85 eV at a momentum transfer of (2.4 + 0.3) A™*
using an array of 12 spherically bend Si analyzer crystals at a
fixed analyzer energy of 9.7 keV exploiting the Si(660) reflection
in forward scattering. Energy loss spectra were collected by
scanning the incident energy using the Si(311) monochromator.
The beam was focused to a size of 50 pm x 50 pm (v x ) at the
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sample position. At beamline ID20 the incident energy was
tuned via a combination of a Si(111) high heat-load and a
Si(311) channel cut monochromator at a fixed analyzer energy
of 9.7 keV with an overall energy resolution of 0.75 eV the Si(660)
analyzers were used to acquire XRS spectra at a momentum
transfer of (2.7 £ 0.3) A™%. The beam size was set to 70 um x
50 pm (v x h).

The oxygen K-edges were extracted using the XRStools>®
program package. Details for data reduction in XRS
experiments can be found in ref. 58 and 59. XRStools was also
used for the further data reduction of the extracted spectra, i.e.
the sum of spectra from all analyzers for each energy loss scan,
namely the consistency check of single spectra before merging
several scans, the background subtraction and the normal-
ization to the area between 525 eV and 575 eV. The final spectra
are obtained by summing up at least three single spectra at the
same pressure, temperature conditions.

2.2 Theory

2.2.1 Molecular dynamics simulations. Ab initio MD
(AiMD) simulations were conducted using the QUICKSTEP
module of the CP2K code.®® Electronic structure calculations
were performed in the framework of Kohn-Sham density
functional theory using a mixed Gaussian and plane wave
approach.®” The exchange-correlation functional was treated
by the BLYP method.®*°® Core electrons (1s for O and Na; 1s, 2s
and 2p for Cl) were included into the pseudocores of
Goedecker-Teter-Hutter pseudopotentials.®® As basis sets we
employed double-zeta valence plus polarization basis sets.®®

To closely match the experimental conditions, the simulation
cells contained 100 H,O molecules and 4 or 5 Na and Cl atoms,
which corresponds to a concentration of approximately 2.2 molal
and 2.8 molal, respectively. Simulation cell lengths and
temperatures were chosen to match experimental densities
and temperatures. Initial structures were obtained from previous
unpublished ab initio MD simulations at 727 °C and various
densities, in which the original cells contained 100 H,O and
10 NaCl. For lower concentrations the number of Na and ClI
atoms was subsequently reduced. Each of these simulation
boxes was equilibrated for a few tens of picoseconds at 727 °C.
For the present simulations densities and temperatures were
adopted to the desired conditions and equilibration runs of
about 10 ps were performed. Temperature was controlled by
canonical sampling through velocity rescaling, CSVR.®® The
equations of state were integrated with a time step of 0.5 fs.
All simulations were performed using periodic boundary
conditions and in the canonical ensemble (constant number of
particles, volume and temperature, NVT). After equilibration
production runs of 20 ps were performed. From each of the
trajectories 100 snapshots taken at equal time intervals were
extracted for the calculation of theoretical XRS spectra and
further analysis. The thermodynamic conditions of each
performed simulation are listed in section Further information
in Table 1.

2.2.2 Spectral calculations. The oxygen K-edge spectra were
calculated with the ERKALE code®” for all individual snapshots
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extracted from the MD simulations as discussed above. We used
the ERKALE code to calculate XRS spectra within the transition
potential approximation (TPA) within density functional theory
using the revised Perdew-Burke-Ernzerhof functional.®**° we
applied Dunning’s augmented correlation consistent polarized
valence double zeta basis set” for all atoms in the system but the
excited oxygen site for which the IGLO-III basis set’" was used.
Furthermore, after convergence of the self-consistent field, the
basis set of the excited atom was augmented with diffuse func-
tions to improve the description of virtual orbitals. In order to
obtain a uniform energy scale for calculations of each MD snap-
shot, the energy value of the first TPA transition was set to the
total energy difference of the first core-excited state and the
ground state.®” This provides a reliable energy scale to compare
spectra of the individual snapshots. Typically about 600 simulated
spectra of the oxygen K-edge were calculated at each p/T
condition. For each single calculation, a spherical cluster with
approximately 30 water molecules was randomly chosen from the
simulated trajectory to calculate the K-edge spectrum for the
central water molecule. Convergence in terms of cluster size
proved to be reached. Finally, all individual spectra were merged
to obtain an oxygen K-edge spectrum based on a statistical average
of the structural snapshots. For each p/T condition the
corresponding final spectra were shifted on the energy scale to
match the experimental pre-edge onset in order to enable
comparison with the experimental data. The momentum transfer
was set to a value of 2.65 A" for all calculations. A Gaussian
broadening scheme’>”* with a full width at half-maximum that
increase linearly from 0.4 eV to 10 eV between 535 eV and 545 eV
was further applied to account for finite lifetime effects and
instrumental broadening.

In order to compare the calculated spectra of the aqueous
NacCl solutions with those of pure water from ref. 35 and 36, we
used the same procedure as described above utilizing the MD
trajectories published in ref. 36.

2.2.3 Structural analysis. For a comprehensive analysis of the
AIMD simulations, several structural parameters were extracted
from the generated trajectories to characterize the local water
network and quantify relative changes. A hydrogen bond between
two water molecules was determined following the definition of A.
Luzar and D. Chandler in ref. 74. This defines a structural
arrangement of two water molecules as a hydrogen bond when
the two oxygen atoms are less than 3.5 A apart and the hydrogen-
donor-acceptor angle is less or equal to 30°. Furthermore, to
quantify the deviation from a perfect tetrahedral structure in the
water network upon increasing temperature or the addition of
salt, we used the definition in ref. 75 which involves a central
molecule and its four closest neighboring water molecules to
determine the degree of deviation in terms of distance and angle.
These two parameters are evaluated by the formulas

34
Ay = Z Z ‘arcos (i}-oc . ff_;oc> —109.5°

Agq = max{|r°|}; — min{|r°°[};
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where #° = ri°°/|ri%°| are vectors pointing from the excited
oxygen atom to one of the four closest neighbouring oxygen
atoms. The parameters are calculated for each water molecule
and then averaged. Here 4, corresponds to the summed
absolute deviation from the tetragonal O-O(central)-O-angle
of 109.5° and 44 to the difference in distance of the closest and
uttermost of the four nearest oxygen atoms. This way, the two
calculated parameters 4, and 44 are zero for a perfect tetra-
hedron but increase when the O-O(central)-O angles are not
equal to 109.5° and the distance between the nearest and
farthest neighbor changes, respectively. Both parameters are
useful to quantitatively investigate deviation from the tetra-
hedral structure by variation of an external parameter.
Additionally, ions were classified as being in a contact pair bond
or a larger cluster if their distance to adjacent ions is smaller
than 3.75 A, which is the first minimum of the radial Na-Cl
distribution function as extracted from our MD simulations.
Furthermore, the structural properties of bulk and hydration
shell water were determined using the definition that every water
molecule outside the first coordination shell with the radius
3.40 A and 3.93 A for Na' and CI, respectively, is considered as
bulk water as those distances correspond to the first minimum
of the ion-oxygen radial distribution functions of the two ions.
In the language used in this paper, the terms water structure or
water network are used in reference to the introduced parameter
describing the local symmetry and bonding properties of water
molecules as seen from the oxygen site.

2.3 Analysis of the oxygen K-edge in aqueous solutions

The oxygen K-edge of water and aqueous solutions exhibits
three well-distinct features, which are depicted in Fig. 1b: the
pre-edge, main-edge and post-edge at around 535 eV, 537 eV
and 541 eV, respectively. In recent decades, substantial efforts
have been made to relate the absolute and relative intensities of
these spectral features to the local structure of the absorbing/
scattering atom. Even though some details are still debated, in
particular those related to the interpretation of the pre-edge,
the following picture emerges from the literature.”>”> 7% It is
assumed that the intensity of the pre-edge feature is anti-
correlated to the number of hydrogen bonded water molecules
and correlated to a deviation from a tetrahedral structure.
Hence, the pre-edge feature of e.g. hydrothermal fluids is highly
pronounced at higher temperatures at which the tetrahedral
network is extremely distorted and hydrogen bonding is
strongly suppressed®” or even absent.”® The main-edge feature
is largely associated with localized excitations, hence, compar-
ing different ice phases, the intensity of this feature rises with
increasing density as more water molecules approach the first
shell even tough the amount of hydrogen-bonds stays the
7376 Furthermore, an increase of main-edge intensity is
observed when the structural arrangement of the water network
is disturbed by e.g. temperature. The correlation of the post-
edge feature is contrary to the correlation of the pre-edge
feature. Gain in spectral weight in the post-edge region implies
an increase in the number of hydrogen bonded molecules and a
stronger orientation of the molecules into a tetrahedral structure.

same.
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This more ordered, tetrahedral structure forms a well defined
potential well for a shape resonance.”® The correlation can be
observed, for instance, in the XRS spectra of different ice phases.”
The change in intensity between post-edge to main and pre-edge
can also be understood in terms of excitations becoming more
localized in disordered systems as discussed for low- and high-
density amorphous ice,”® a picture which may be adopted to fluids
in the supercritical regime.

3 Results

The XRS spectra of the aqueous NaCl solution (H,O + NaCl)
measured at different temperatures are shown in Fig. 1la.
Additional spectra from our first attempt confirm the presented
findings (see Further information, Fig. 6). The spectra exhibit a
more pronounced pre-edge feature with rising temperature
together with a shift to lower energy loss values. Latter is
likewise observable for the main-edge but with hardly any
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Fig. 1 The measured and calculated XRS spectra of the aqueous NaCl
solution (H,O + NaCl) (a and c) and pure water (b and d) in a temperature
range from 20 °C to 600 °C. The spectra of pure water were taken from
our previous study ref. 35 and 36. The approximate position of the different
spectral features are indicated in (b) by | (pre-edge), Il (main-edge) and IlI
(post-edge). The integrated intensities of the pre-edge (e) and post-edge
(f) feature of the measured (small dots with lines) and calculated (triangle
symbols) spectra as a function of density (see text for details). Isochoric
temperature changes i.e. higher pressures are indicated by a black border
color. The density values are rounded to the second decimal place and the
corresponding pressure values are listed in Table 1.
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change in the spectral intensity. In contrast to the pre-edge, the
post-edge is dominant at ambient temperature but loses inten-
sity when the temperature is increased. Similar spectral
changes can be identified in the XRS spectra of pure water
(see Fig. 1b), which were taken from our previous study ref. 35
and 36. The experimental conditions of the shown spectra of
pure water are also listed in Table 1. The induced spectral
changes due to the generated pressures are negligible
compared to the more drastic changes with increasing
temperature.®*

A qualitative analysis based on the described relationship
between the intensity of the different spectral features and the
local structure shows a general reduction in the total number
of hydrogen-bonded molecules with decreasing density,
accompanied by a general loss of the tetrahedral order, for
both aqueous NaCl solutions and pure water.

The computed XRS spectra of the oxygen K-edge are shown
in Fig. 1c and d for the case of aqueous NaCl solutions and pure
water, respectively, and are in good overall agreement with the
experiment. Specifically, the relative changes with temperature
are adequately reproduced by theory. A selection of snapshots
at different temperatures, which were used for the calculation,
are shown in Fig. 2.

A well-established analysis scheme of previous XRS studies
consists of using either the peak intensity or the integrated
intensity of spectral features to quantify the variation of
spectral features with density and to assess the consistency of
the calculations with the experiment.?>?%7%7%8L82 Rollowing
this analysis scheme, we integrated the spectral features with

Box size: (14.6 A)? Box size: (15.2 A)3

s "% Boxsize: (16.9A)3

.A"‘ - v 9o
F b sb Ty b
;r’ w’f&f ‘¢«?O
q *‘Q‘QAJ 23

) 0.72 g/cm 3-400°C

Fig. 2 Snapshots from the AIMD trajectory showing ion clusters of
different size at several temperature steps. Sodium is shown in red and
chlorine in green. Oxygen and hydrogen are depicted in grey and light
grey, respectively, for better clarity. lon pairs and ion clusters are indicated
with a drawn connection between the ions.
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the most significant changes, namely the pre-edge and the
post-edge. The integrated intensities of the measured and
calculated spectra are plotted as function of density in Fig. 1e
and f. Using the composite trapezoidal rule, the pre-edge was
integrated in a range from 532.5 eV to 535.5 eV and the
post-edge from 538.5 eV to 543.5 eV. The error is determined
by calculating several integrals with a slight deviation of the
integration limits by 0.2 eV and then evaluating the standard
deviation of the mean value. This estimation gave a much
larger error than a strict evaluation via error propagation of
the statistical uncertainties. The integrated values of the calculated
spectra are further scaled by a constant factor to compensate the
discrepancy in the absolute intensities between theory and
experiment. The integrated values of the pre-edge were scaled
by 1.015 and 0.965 for pure water and aqueous sodium chloride
solution, respectively, and the values of the post-edge were
scaled by 1.066 and 1.068, respectively. As mentioned in our
previous study, the use of the scaling factor highlights the
difficulty of core-level simulations for liquids to achieve a
perfect agreement between experimentally recorded and
calculated intensities on an absolute scale.*® This allows a
thorough comparison of the relative changes with density.
At densities below 0.75 g cm ™, the integrated intensities of
the NaCl solution approach those of the pure water. Comparing
experiment and theory, the variation of pre-edge and post-edge
intensities is well described by the calculations, with exception
of a slight overestimation of the pre-edge intensity for water at
the lowest density. A y” test verifies that the two models are not
interchangeable to reproduce the systematic changes of the
integrated pre- and post-edge intensities as a function of
density (further elaborated in section Further information).

The good agreement of the calculated and measured
spectral changes together with the result of the > test justify
the use of the underlying model to extract detailed structural
information on the hydrogen bond network. The extracted
number of hydrogen bonded molecules and the introduced
parameters to quantify the deviation from tetrahedral order 4,
and 44 are shown in Fig. 3 as a function of density. Water and
the aqueous NaCl solution show the same trends with density,
but a reduced number of hydrogen bonded molecules is
observed along with larger deviation from a tetrahedral
structure in the case of the NaCl solution. This is in accordance
with the integrated intensities displayed in Fig. 1(e and f),
which are higher (lower) for the pre-(post-)edge of the spectrum
of the salt solution.

With decreasing density, however, all determined parameters
of the aqueous NaCl solution approach those of pure water at
similar densities. According to the results of the MD simulation,
the number of hydrogen bonded molecules per water molecule
decreases in the NaCl solution from 3.13 at ambient conditions
to 0.87 at the lowest density of 0.62 g cm > (600 °C) in contrast to
pure water, where at the highest density on average 3.56
hydrogen bonds per molecule are found and only 0.67 average
bonds per molecule persist at the highest temperature (600 °C)
owing to the lower density of 0.45 g cm™>. The calculated angular
deviation from the tetrahedral structure can be used to evaluate
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Fig. 3 Comparison of the averaged structural parameters of the aqueous
NaCl solution (orange) with those of pure water (blue) as extracted from
the AiMD simulations. The extracted number of H-bonds per molecule (a),
the deviation from tetrahedrality in terms of distance 44 (b) and angle 4, (c)
and the percentage of ions being part of an ion cluster (d) are shown
as function of density. The orange markers with black border color
correspond to an isochoric temperature change.

the mean angle deviation of the four closest neighbouring
molecules by dividing its value by 6 (the number of unique
combinations of these nearest neighbors with the central water
molecule) yielding a value of 18.76° and 21.08° at the highest
densities and 28.32° and 29.05° at the lowest density (600 °C)
for pure water and the aqueous sodium chloride solution,
respectively. Furthermore, we determined the percentage of ions
which are part of an ion pair bond or a larger ion cluster.
At ambient conditions, just 7% of ions are associated. This
number increases rapidly to 70% at 0.86 g cm > (300 °C) followed
by a flatter rise up to 78% at the lowest density of 0.62 g cm ™3
(600 °C). A detailed depiction of the cluster distribution is given in
section Further information, Fig. 7 revealing larger ion clusters as
the predominant form at higher temperatures.

4 Discussion

The observed spectral changes upon addition of NacCl, both in
theory and experiment, in combination with the extracted
structural parameters reveal a net destabilizing effect of
hydrated ions on the water structure at room temperature
confirming findings of previous work, which exploited optical
Raman and X-ray absorption spectroscopy.***7%¢ Following the
goal of this study to investigate the structural changes with
increasing temperature, the analysis shows that this destabilizing
effect is not equally pronounced over the entire density range.
Both the integrated spectral intensities as well as the theoretical
determined parameters exhibit a weakening of this effect as they
approach the values of pure water with increasing temperature.
Comparing the increasing similarity of the two systems with the
formation of contact ion pairs in the system, it becomes apparent
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that these two phenomena are directly related. The observation of
the formation of contact ion pairs and larger ion clusters at higher
temperatures is in accordance to earlier experimental
studies®®®”# and simulations®®** of NaCl aqueous solutions
and other aqueous salt solutions. The formation of contact ion
pairs and larger ion clusters is a response to the decrease of the
dielectric constant of water with increasing temperature thus
reducing the ion-water interaction and increasing the ion-ion
interaction,">*> consequently, lowering the ions’ influence on the
water structure. For instance, a neutron diffraction study on
nickel sulfate dissolved in heavy water at ambient and elevated
temperatures reveals a significant weakening of the first hydration
shell structure of the Ni** ions at higher temperatures which
might be explained by enhanced ion pairing of nickel and
sulphate ions.”® From an entropic point of view ion association
is also favored because the entropy loss due to the electrostriction
by water molecules is smaller for ion pairs than for free ions."?
This leads to clusters with a size of at least three ions as the
predominant form at temperatures above 400 °C and to even
larger clusters with a maximum size of eight ions which
occasionally occur at even higher temperatures®® (see Further
information, Fig. 7). In agreement with MD simulations, we
observe a significant amount of ion pairs, more than has been
inferred from conductivity measurements on dilute NaCl
solutions up to 0.1 molal.*®**%* According to Sherman et al. the
determination of the associated ions based on structural criteria is
independent of the lifetime of the clusters, thus taking into
account transient ion pairs that are not detectable in conductivity
experiments due to their short lifetime.”® However, the influence
of such short-lived ion pairs on the water structure still affects the
measured XRS signal as the structural average on the atto-second
time scale is probed.

In order to further study and verify the correlation of the
formation of contact ion pairs and larger ion clusters with
the increase of structural similarities between pure water and
the salt solution, we calculated the difference between the two
systems in terms of the integrated experimental pre- and post
edge intensities, respectively, as a function of density. This way,
the evolution of the theoretically derived parameter with
decreasing density (increasing temperature) can directly be
compared with an experimentally determined quantity which
depends on the local structure environment of the absorbing
atom. Beforehand, the integrated experimental intensities of
the two systems were interpolated onto the same uniform
density grid because naturally both measurements could not
be performed at the exact same densities. Furthermore, the
y-axis was flipped for a better comparison with the variation of
the number ions being in a contact pair bond or a larger
ion cluster. As depicted in Fig. 4, we observe a significant
correlation of the increasing percentage of clustered ions in
the system with the decreasing difference of the integrated
spectral intensities of the two fluids for both, the pre- and post-
edge. This indicates that the formation of contact ion pairs is
the driving force for the observed spectral changes of the two
systems and thus presumably responsible for the increasing
structural similarity as derived from the MD simulations.
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With the release of water from the coordination shells of the
pairing ions, more bulk water is probed and the two systems
become more alike with decreasing density in terms of both
spectral and structural differences.?*°° This indicates that the
perturbation of the water network is largely limited to the first
coordination shell of Na* and C1~.*>°® This is further supported
by the MD simulation result because a separate structural
analysis of the water molecules within the first hydration shell
of the ions and the bulk water (see Fig. 5(a-c)) shows a strongly
disturbed first shell, while the bulk water of the solution rather
resembles the structure of pure water.

Although the direct influence of the ions on the water
structure decreases with rising temperature, the occupied
volume by the ions and ion clusters still leads to less available
space for the bulk water and thus to a slightly higher density
compared to pure water at the same temperature (see Fig. 5(d)
for calculated bulk densities). The resulting influence on the
water structure becomes apparent when comparing the two
systems as a function of bulk density and temperature (see
Further information, Fig. 8). In terms of bulk density, the
extracted parameter for the systems become nearly identical
for smaller densities than approximately 0.875 g cm > i.e. when
the influence of the ions decreases rapidly due to ion clustering.
However, as the corresponding temperature of each bulk density
value is higher than the respective temperature of the corres-
ponding pure water density, an apparent stabilization effect is
observed at higher temperatures for some parameters, as the
number of hydrogen bonds is slightly higher in the salt solution
and the deviation of tetrahedral order in terms of distance is less
pronounced.

A recent study®® on hydrothermal aqueous solution also
combined XRS experiments with AIMD calculations to investigate
sodium hydroxide and hydrochloric acid. Similarly, the ions in the
two solutions exhibit an overall destabilising effect at ambient
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conditions, followed by a net stabilizing effect on the water
structure at higher temperatures. This indicates, to a certain
extent, a general tendency of saline solutions to stabilize the water
structure at hydrothermal conditions regardless of the pH value of
the solution or how the ions incorporate into the water structure,
as e.g. the addition of hydrogen in HCI solutions leads to the
formation of Eigen and Zundel structural motifs.”” At higher
temperatures the NaOH solution exhibits a stronger stabilization
of the water structure compared to the NaCl solution as more
hydrogen bonded molecules persist and the water network
resembles closer to a tetrahedral structure. This can be related
to the strong hydration shells surrounding not only the Na* cation
but likewise the OH anion as can be inferred from the comparison
of calculated XRS spectra of water molecules belonging to the bulk
and to the hydration shells of Na" and OH~ while the stabilization
via CI™ hydration was found to be weaker. A neutron diffraction
study®® supports this view reporting a strong hydrogen bond of
the OH™  to the neighbouring water molecules exceeding the
Coulomb interaction of the Na" counter ion in the competition
for the orientation of the surrounding common water molecules.
Moreover, a comparison of Na* and Cl~ in a recent high-pressure
XRD study’ reveals a more rigid hydration shell surrounding the
Na" and withstanding even pressures up to 1700 MPa, while the
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Fig. 5 The extracted number of H-bonds per molecule (a) and the
deviation from tetrahedrality in terms of distance 44 (b) and angle 4, (c)
are shown as function of density, determined separately for pure water
(blue) the whole aqueous NaCl solution (orange), the water molecules
inside the first coordination shell of ions (green) and the remaining bulk
water molecules (red). Results for pure water and the aqueous NaCl
solution from Fig. 3 are shown for reference. The isochoric temperature
change at the highest temperature is indicated by a black border color.
The plot in the lower right (d) shows the experimental conditions i.e. the
relationship between the applied temperature and the density of the
sample for each measured spectrum in this work (orange, solid line) and
as a function of the determined bulk density (orange, dashed line). The
same relationship is also shown for the spectra used from the previous
work on pure water (blue, solid line). The corresponding pressure is given
next to each data point.
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hydration shell of Cl™ is highly altered. In conjunction with our
study, this might point towards a stronger stabilizing influence of
the OH™ ion at higher temperatures compared to the smaller bulk
density increasing effects of the Cl™ ion. It should be noted,
however, that the different concentrations of the aqueous salt
solutions in the previous and this study must be considered in a
direct comparison.

Waluyo et al.** performed an X-ray absorption spectroscopy
study on a 4 molal aqueous NaCl solution and pure water at
4 °C and 90 °C. They observed an overall destabilization of the
water structure by the dissolved ions but a reduced effect at
the elevated temperature, consistent with our results. This
observation was attributed to the conversion from a low density
liquid (LDL) to a high density liquid (HDL)*® triggered by
temperature and by the addition of ions. According to this
hypothesis, the Na* and Cl~ ions have less influence on the
water structure at higher temperature as most of the water
molecules already exist as HDL. Consequently, only a small
remaining fraction of LDL species can be perturbed and
interconverted to HDL by the presence of ions. Our analysis of
2.63 molal NaCl aqueous solution suggests that ion pair for-
mation contributes significantly to the observed decrease in
perturbation at elevated temperatures, as the number of clustered
ions nearly doubles between room temperature and 90 °C.

5 Summary and outlook

We studied the microscopic structure of aqueous NaCl
solutions by means of XRS spectroscopy and ab initio MD
simulations in a temperature range from 25 °C to 600 °C and
compared our results with previously published XRS data on
pure water.>®> We found a net destabilizing effect of the dis-
solved ions on the water network at room temperature, which
decreases with rising temperature as the increased formation of
ion pairs and larger clusters mitigate the ions’ influence on the
water structure. Hence, we observe increasing similarities in
the microscopic structure of aqueous NaCl solution and pure
water with increasing temperature both in our simulated
trajectory and in the spectral fingerprints in the experimental
data. Calculated XRS spectra based on structures generated
from simulated trajectories entirely reproduce the observed
experimental changes with increasing temperature. Further-
more, this was also confirmed by the ;> analysis of the two
different systems, which indicated that the models were non-
interchangeable. This good agreement enabled us to extract
detailed structural information from the simulated systems.
Exploiting the structural information of the MD simulations,
we find that the destabilizing effect of the dissolved ions on the
water structure under ambient conditions results in less
hydrogen-bound molecules and a larger deviation from a
tetrahedral structure. Noteworthy, these structural changes are
consistent in a comparison with a qualitative and quantitative
analysis of the different spectral features as we observe an
increase of spectral intensity in the pre-edge region accompanied
by spectral loss of the post-edge.
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We find that ion association is the most prominent driving
force to control the structure of aqueous solutions at elevated
temperature. The experimental evidence of strong ion association
at higher temperatures and the resulting formation of large
polyatomic clusters is highly important for geochemical processes
because assumptions in previous theoretical studies claim that
those clusters may contribute significantly to the hydrothermal
transport of metals by forming metal bearing complexes and thus
to the formation of ore deposits.'®

An analysis of the extracted parameters as a function of
temperature indicates a slight stabilizing effect at higher
temperatures because the occupied volume of the ions in the
solution leads to a higher bulk density compared to pure water
at the same temperature. Comparing those findings with the
determined parameters of our previous study on aqueous
sodium hydroxide solutions, a stronger stabilization of the
water structure at high temperature is observed in the case of
NaOH, probably due to the strong hydration shells surrounding
the OH™ ions in contrast to the rather weak hydration of the
chloride ions. Measurements with a variety of concentrations
and different ion combinations would give further insight on
how electrolytes affect the water structure. Furthermore, experiments
conducted under conditions that correspond not only to the
temperature but also to the pressure during the formation of
ore deposits could further enhance the understanding of this
highly relevant geochemical processes. This unique XRS data
set on aqueous NacCl solution will allow understanding the role
of hydrogen bonding and bare van der Waals interaction for
aqueous systems under supercritical conditions by direct
comparison with calculated spectra based on new molecular
dynamics approaches recently discussed.”®

6 Further information

A comparison between first experiments performed at ID20 and
the experiments performed at P01 with our improved HDAC
set-up is shown in Fig. 6. Although the improvement in data
quality is enormous, the integrated intensities nevertheless
indicate a reproducibility of the measurement results.

We performed a x> test in order to prove the significance of
the calculated spectra and to ensure that the spectra calculated
for instance on the basis of the AIMD simulations of the
aqueous sodium chloride solution agree best with the experi-
mentally measured spectra of the salt solutions and not equally
well with the spectra of pure water which would weaken any
conclusive analysis. This was achieved by performing a fit using
the integrated pre- and post-edge intensities of the calculated
and measured spectra with the previously mentioned scaling
factor as fit parameter. In more detail, the evolution of the
integrated intensities of the pre- and post-edge were scaled
for each model (H,O and H,O + NaCl) onto the integrated
experimental intensities of each sample to find the minimum
4> value for each combination of simulated model and
measured sample. In particularly, this verifies the agreement
of the relative changes between the theoretical and experimental
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Table 1 The experimental conditions at each measured spectrum of the
aqueous salt solution as well as the thermodynamic conditions of the
performed AIMD simulations. The densities are rounded to the second
decimal place. For the sake of completeness, the values are also listed for
the spectra taken from the previous studies. A plot of the temperature
applied in the experiment and the resulting density is shown in Fig. 5(d)

Sample °C gcm? MPa
H,0 + NaCl(Exp.) 25 1.09 0.1
H,O + NaCl(Exp.) 100 1.05 0.1
H,O + NaCl(Exp.) 200 0.96 1.4
H,O0 + NaCl(Exp.) 300 0.86 7.8
H,0 + NaCl(Exp.) 400 0.72 25.4
H,0 + NaCl(Exp.) 500 0.60 62.7
H,O + NaCl(Exp.) 600 0.60 120.6
H,O + NaCl(Theo.) 25 1.09

H,0 + NaCl(Theo.) 100 1.04

H,0 + NaCl(Theo.) 200 0.96

H,O + NaCl(Theo.) 300 0.86

H,0 + NaCl(Theo.) 400 0.72

H,O + NaCl(Theo.) 500 0.62

H,O + NaCl(Theo.) 600 0.62

H,O(Exp.) 20 1 0.1
H,O(Exp.) 200 0.86 1.6
H,O(Exp.) 370 0.45 21
H,O(Exp.) 400 0.54 48
H,O(Exp.) 600 0.45 134
H,O(Theo.) 20 1

H,0(Theo.) 200 0.86

H,O(Theo.) 400 0.54

H,0(Theo.) 600 0.45

data. Before performing the fit, the integrated pre-edge and post-
edge intensities of each model as well as the experimental values
were interpolated in the overlapping density range of the
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Fig. 6 The spectra of the oxygen K-edge at different temperatures measured
with our improved HDAC set-up at the PO1 beamline of DESY (a) and during our
preliminary experiments at ID20 (b). The improvements are due to the reduced
use of cement to fix the diamonds onto the seats resulting in less absorption in
the sample environment. Corresponding integrated intensities of the pre-edge
(c) and post-edge (d) as a function of density. Data points with a black border
color underwent isochoric temperature change, i.e., are at significantly higher
pressure. The corresponding pressure for each data point is listed in plot (d).
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Fig. 7 Distribution of NaCl cluster sizes for each simulated temperature. A
cluster size of one stands for a fully dissociated ion and is therefore not a
cluster, but has been included for the sake of completeness.
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Fig. 8 A depiction of the parameters discussed in the main text for pure
water (blue, from Fig. 3 as reference) and for the aqueous NaCl solution
(orange) as a function of bulk density (left) and temperature (right). Shown
are the extracted number of H-bonds per molecule (a and b) and the
deviation from tetrahedrality in terms of distance 44 (c and d) and angle 4,
(e and f). The isochoric temperature change at the highest temperature is
indicated by a black border color in the plots on the left side. The
temperature axis on the right side is reversed for all plots to allow a better
comparison with the parameters as a function of bulk density.
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Fig. 9 Best fit results and corresponding y2 values for the pre-edge (left
side) and post-edge (right side) for H,O and H,O + NaCl. Best fit results of
the interpolated integrated values of the calculated oxygen K-edge spectra
of the two models (solid lines, blue: water, orange: aqueous NaCl) to the
experimental values of H,O (a and b) and H,O + NaCl (c and d) (dots, same
color code). The computed 72 values for the pre-edge (left, e) and post-
edge (right, f): the two figures depict the x* values of the two different
theoretical models (height of the bar) when fitted to the experimental data
(on the x-axis). The error is estimated by calculating 72 for the upper and
lower error limits of the integrated values and summing up the smallest
and highest 2 values.

measured densities of pure water and aqueous NaCl solution to
the same uniform density grid because naturally neither the
measurements nor the simulations could be performed at the
same densities. The best fit results of each combination and
the resulting Chi-square values are depicted in Fig. 9 and
confirm that the respective models reproduce best the density
behaviour of the respective measurements and are not inter-
changeable. A necessity of this analysis is to perform the experi-
ment under several different conditions depending on canonical
parameters such as pressure and temperature. Otherwise, a
conclusive fit is not feasible and the agreement of the theoretical
model with the experimental data cannot be sufficiently verified.

In order to further investigate the structural differences of
the water network in the aqueous sodium chloride solution and
in pure water, the structural parameters determined as a
function of bulk density and temperature are shown in Fig. 8
in addition to the comparison as function of density as
depicted in the main text. Moreover, the detailed distribution
of the ion cluster sizes in the trajectory of the simulated
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aqueous sodium chloride solution at different temperature
and densities is shown in Fig. 7.
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