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Preface

This reprint of the virtual Special Issue brings together a collection of reviews and original research

articles that further improve our understanding of ions in aqueous solutions. The reprint contains

two reviews and eight original research articles. The review by Persson examines methods used

to investigate the coordination chemistry of metal ions in solution and compares these structures

with those obtained in the solid state. The review by Mondal and co-workers focuses on the

Raman spectroscopy of the hydration shell of ions, showing how metal ions perturb the vibrational

spectra of water, particularly the water stretching and bending modes. The article by Chialvo

et al. critically examines the criteria used for classifying solutes as (solvent) structure-making or

structure-breaking. The AIMD studies by Smiechowski et al. suggest that hexaaquazinc(II) undergoes

dissociative exchange via pentaaquazinc(II). Hofer uses QM/MM MD simulations to study hydrated

fluoride, chloride, and bromide, using a high-level RIMP2 QM method, and examines the hydration

structure, first shell water exchange, and the effect of halide–water hydrogen bonding on the first

hydration shell. Pathak et al. study the hydration of phosphate ions using QM and MD methods

and calculate the self-diffusion constant, conductivity, and coordination number. Yamaguchi et al.

study magnesium chloride solutions using X-ray and neutron diffraction up to 4 GPa and find that

hexaaquamagnesium(II) may transform into chloropentaaquamagnesium(II) at high pressures.

Finally, the three contributions by the guest editor Pye use ab initio methods to examine the

hydration of tin(II), the hydration of antimony(III), and the hydration of tetrahedral oxoanions and

molecules, respectively, with a special focus on structure and vibrational spectroscopy. Tin(II) appears

to be tricoordinate and trigonal pyramidal. If the aqua ion of antimony(III) exists, it would appear to

be a five-coordinate square pyramid. For the tetrahedral species, the B3LYP/6-31+G* level of theory

reproduces the experimental results well, and predictions are made for the previously unknown FeO4,

NbO4
3−, and TaO4

3− species.

Cory Pye

Guest Editor
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Review

Structures of Hydrated Metal Ions in Solid State and
Aqueous Solution

Ingmar Persson

Department of Molecular Sciences, Swedish University of Agricultural Sciences, P.O. Box 7015,
SE-750 07 Uppsala, Sweden; ingmar.persson@slu.se

Abstract: This review article summarizes the reported crystallographically determined structures of
compounds containing a hydrated metal ion and the reported structures of hydrated metal ions in
aqueous solution. A short overview of the methods available to study structures of metal complexes
in solution is given.

Keywords: review; hydrated metal ions; structure; solid state; aqueous solution

1. Introduction

Structures of hydrated and solvated metal ions and complexes in solution are of
utmost importance in order to understand the chemical behavior in their reaction medium.
It is common that structures of metal ion complexes determined in the solid state are
extrapolated to have the same or similar structure in solution. This paper gives an overview
of reported structures of hydrated metal ions in the solid state and aqueous solution and
discusses some cases where the structure in aqueous solution differs from the observations
in the solid state or where the results are under scientific discussion. A short presentation of
the available methods for accurate structure determination in solution is given. Hydrated
metal ions are used as examples as they have simple composition and are of general great
importance and interest. Metal ions with low charge density, such as the heavier alkali
metal ions and thallium(I), are weakly hydrated and solvated and crystallize in most cases
without a complete first hydration or solvation shell. A second hydration shell can only
be studied in aqueous solution, as no hydrated metal ion has been reported to crystallize
with a second hydration sphere. Symmetry plays an important role in crystallization, and
high-symmetry complexes may crystallize from a solution dominated by complexes with
low symmetry. Another aspect is the random structural disorder in the solid state. The
outcome of a crystallographic investigation is the mean of all irradiated unit cells. If a low-
symmetry complex is randomly oriented in a crystal, the mean structure may have a higher
symmetry than the individual complexes. This is discussed in detail for some hydrated
metal ions with low symmetry in aqueous solution, but with normally higher symmetry
in the solid state. In the supporting material section, the structures of all reported crystal
structures containing hydrated metal ions with full hydration shell, reported through 2021,
are summarized in Supplementary Tables S1–S16.

2. Methods to Investigate the Coordination Chemistry in Solution

The structural information, concerning bond distances and basic configurations of
hydrated and solvated metal ions and complexes in solution, is obtained with Extended
X-ray Absorption Fine Structure (EXAFS) spectroscopy, Large Angle X-ray Scattering
(LAXS), and Large Angle Neutron Scattering (LANS). These methods give structural
information in one dimension as a Fourier transform (EXAFS) or a radial distribution
function (RDF) (LAXS and LANS) of the studied sample. It is important to stress that
the obtained information is a mean value of the irradiated sample. It is therefore a great
advantage, if possible, to study solutions with only one chemical species except the solvent
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and a counter ion with known structure. The data collection of an EXAFS spectrum
requires very high X-ray intensity in a wide energy range, at least 700 eV, ideally 1600 eV
(wavelength in Å = 12,398.4/energy in eV). Therefore, synchrotron light is required for
accurate EXAFS measurements. EXAFS gives only structure information around the
absorbing atom through back-scattering of the outgoing photoelectron wave of the excited
atom. [1–4]. Furthermore, dilute solutions down to sub-millimolar concentrations can be
studied.

LAXS, also known as WAXS (wide angle X-ray scattering), can be performed in two
ways: reflection mode, scattering from a planar liquid surface in a Θ-Θ goniometer, and
transmission mode, the scattering of the sample in a capillary. The scattering is determined
as a function of the scattering angle, 2Θ, in the angle range of 0–140 degrees. LAXS in
reflection mode is formed by an X-ray tube as the X-ray source, as both the X-ray source
and detector have to be moved synchronically. LAXS in transmission mode is preferably
performed by synchrotron light as a higher X-ray intensity can be obtained. LAXS in
reflection mode has been found to superior, as a large scattering angle range can be applied
without advanced absorption corrections. On the other hand, LAXS in transmission mode
required advanced absorption corrections, especially at scattering angles above 90 degrees.

In contrast to EXAFS, LAXS detects all distances in the sample. The scattered intensity
from a pair of atoms, independent of if they are bound or not, is proportional to the number
of electrons in the atom pair. This means in practice that the required concentration to
distinguish the compound or complex under study from the contribution increases with
atom numbers in the complex under study. As a rule of thumb, complexes with a first row
transition metal ion require a 0.3–0.5 mol·dm−3 solution for accurate measurement.

The EXAFS and LAXS methods are complementary as they give partly different
information. EXAFS gives very accurate information of well-defined distances up to 4–5 Å
from the absorbing atom, while in principle no information is obtained about longer
distances. The reason is that the EXAFS signal is highly damped by increasing distance,
Rj, and the Debye–Waller coefficient, σ, accounting for the thermal and configurational
disorder. The EXAFS equation in its most simple form is expressed in the following way:

χ(k) = Σ
NjSo

2

kR2 ·
∣∣∣ fe f f (k)

∣∣∣· exp
(
− 2Rj

Λj(k)

)
· exp

(
−2k2σ2

)
· sin

[
2kRj + φj(k)

]
(1)

where χ(k) is the EXAFS function, k is the photoelectron wavenumber or wave vector, N,
the number of distances, So

2 is the amplitude reduction factor, R is the distance between
the absorbing atom and the back-scattering in single scattering and total distance divided
by two in multiple scattering, feff is the effective amplitude function for the scattering
path, exp(−2k2σ2) is the Debye–Waller factor in harmonic approximation including the
Debye–Waller parameter accounting for the thermal and configurational disorder, Λ(k) is
the photoelectron mean free path and 2kR + Φ(k) the total phase. The theory of the EXAFS
method and how it can be applied in different areas of science are given in refs. [1–4].

LAXS detects all distances in the sample, but the angular range is smaller, causing
the resolution for short distances to be smaller compared to EXAFS. On the other hand,
the damping of the LAXS signal for long distances is much smaller compared to EXAFS.
This makes it possible to observe very long distances, as the general bulk order, with LAXS
giving structural information out to 15–20 Å. As an example, LAXS can accurately detect
a second, and possibly a third hydration shell around a metal ion, while they are hardly
detectable by EXAFS. The X-ray scattering of liquids and non-crystalline solids is described
by the following equation:

i(s) = ΣΣ
{

fi(s)· f j(s) + Δ f ′′i ·Δ f ′′j
}
· sin

(
s·Rij

)
s·Rij

· exp

(
−
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j
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)
+ del(s)
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where i(s) is the reduced intensity, s is the scattering vector expressed as s = 4πsinΘ/λ,
where Θ is the scattering angle divided by two, and λ is the wavelength of the X-ray
radiation, f is the scattering factors, including a correction for anomalous dispersions (f ),
where the Δf ′′ is the imaginary part, R is the distance between two atoms, and, in the
root-mean-square variation assuming Gaussian distribution, l2, and del(s) describe the
fraction of incoherent scattering passing the monochromator, where λ is the wavelength
of X-ray radiation and λ′ is the wavelength measured in the X-ray spectrum of the X-ray
source, giving del(s) for the scattering angle 2Θ, and where λ′ = λ + 0.02426(1 − cos2Θ).
For a more detailed description of the LAXS method and the theory of scattering of liquids
and amorphous compounds, refs. [5,6] are recommended.

A comparison of Equations (1) and (2) shows that the amplitude of the structure-
dependent intensity contributions decreases more rapidly in the EXAFS equation,
exp(−2·Rij/λ(k)), than in the LAXS one, sin(s·Rij)/s·Rij, and this difference increases signif-
icantly with increasing interatomic distances. EXAFS and LAXS give different information
about the local structure of metal complexes, EXAFS solely from the absorbing atom and
LAXS as part of all distances in the sample. The great advantage of EXAFS is that it can
be applied on very dilute solutions, down to sub-millimolar concentrations, and it gives
accurate information about short distances around the absorbing atom. Furthermore, the
contribution from multiple scattering in EXAFS may give information bond angles around
the absorbing atom, e.g., M–O–C bond angles, and high-symmetric coordination geometry.
The advantage of LAXS is that long distances, such as, e.g., second hydration spheres and
bulk order, can be determined with high accuracy.

Large angle neutron scattering (LANS) of liquids is complementary to LAXS. The
main difference is that the scattering ability (scattering factors) of the elements are different.
X-rays are scattered by the electrons of an atom, while neutrons are scattered by the nucleus
of the atom. This means that light atoms, similarly to hydrogen, can hardly be detected
by X-rays, while the scattering ability of, e.g., deuterium is large and can be detected in
a LANS experiment. As different isotopes of the same element have different neutron
scattering abilities, isotopically pure solutions with only one isotope of each element are
required. The main limitation for the extensive application of LANS is the radiation source,
as a nuclear reactor or a neutron spallation source is required. A comprehensive description
of the LANS method is given in ref. [7].

The scope of this review is the structure of hydrated metal ions in aqueous solution
and a solid state. Information such as water exchange kinetics and the number of ligands
bound to metal ions can be obtained by NMR spectroscopy [8], and information about the
strength of the hydrogen bonds in hydrated metal ions is obtained by double-difference
infrared spectroscopy [9] and will not be further discussed in this survey.

3. Structures of Hydrated Metal Ions in Solid State and Aqueous Solution

3.1. Alkali Metal Ions
3.1.1. Lithium

The tetrahedral tetraaqualithium ion, [Li(H2O)4]+, is by far the most common form of
hydrated lithium ions in the solid state with a mean Li–O bond distance of 1.941 Å (a mean
of 53 reported crystal structures) (Supplementary Table S1a). Tetrahedral coordination
around lithium is also present in the dimeric [Li2(H2O)6]2+ and [Li2(H2O)7]2+ ions, as well
as in the polymeric [Li3(H2O)6]n

3n+ and [Li3(H2O)8]n
3n+ ions (Supplementary Table S1a).

The dimeric lithium hydrate complexes have either a single ([Li2(H2O)7]2+) or double
([Li2(H2O)6]2+) aqua bridge with mean Li–O bond distances of 1.962 and 1.988 Å, respec-
tively. In the polymeric [Li3(H2O)6]n

3n+ complex, all water molecules are bridged with
a mean Li–O bond distance of 2.001 Å. The bridging Li–O bond distances are signifi-
cantly longer than the terminal ones, explaining the difference in the mean Li–O bond
distances of mono-, di- and polynuclear hydrated lithium ions (Supplementary Table S1a).
Mähler and Persson have reported an analysis of Li–O bond distances of reported crys-
tal structures of monomeric lithium complexes with oxygen donor ligands in four- and
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six-coordination [10]. The mean Li–O bond distances were found to be 1.942 and 2.132 Å,
respectively, where the former is in excellent agreement with the mean value of all struc-
tures containing a [Li(H2O)4]+ ion reported up to date, and the latter is in reasonable
agreement with the only reported solid-state structure containing a [Li(H2O)6]+ ion, 2.144 Å
(Supplementary Table S1a). By extrapolation, the mean Li–O bond distance in a [Li(H2O)5]+

ion should be close to 2.04 Å [10]. The structure of the square pyramidal [Li(H2O)5]+ ion
has been reported in a couple of studies, but only one of these is close to the expected Li–O
bond distance, 2.044 Å, while the other reported Li–O bond distances are much longer than
expected for this configuration (Supplementary Table S1a).

The hydrated lithium ion has been studied extensively in aqueous solution by X-ray
methods, in spite of the severe difficulties, vide ultra. Smirnov and Trostin reviewed avail-
able experimental data for the lithium ion until 2006 [11], and later studies are summarized
in later general studies and reviews [10,12–15]. As lithium is a very weak scatterer of X-rays,
it is not possible to unambiguously determine the coordination number of the hydrated
lithium ion in aqueous solution from present X-ray-based experimental data. The results
of the reported simulation studies on the hydrated lithium ion in aqueous solution scat-
ter, and no conclusive picture is obtained. However, four-coordination in the tetrahedral
configuration is mainly proposed. A neutron scattering study on the hydrated lithium
ion in heavy water has reported a mean Li–O bond distance of 1.96 Å [16] with mean
coordination numbers of 4.3–5.0, depending on the concentration. However, the reported
mean Li–O bond distance correlates well with four-coordination in tetrahedral fashion,
vide ultra. Simulation studies of the hydrated lithium ion in tetrahedral configuration have
reported Li–O bond distances of 1.95 [17], 1.97 [18], 1.971 [19], and 2.03 Å [20]. None of the
dimeric or polymeric complexes in the solid state have been observed in aqueous solution
independent of concentration. As lithium scatters X-rays very weakly, studies in aqueous
solution using X-ray techniques will give results with limited accuracy. The most reliable
data seem to be crystallographic ones, and four-coordination in a tetrahedral fashion is by
far the most common configuration of the hydrated lithium ion. It seems, therefore, most
likely that the hydrated lithium ion is four-coordinated in a tetrahedral fashion in aqueous
solution with a mean Li–O bond distance of 1.94 Å.

3.1.2. Sodium

The octahedral hexaaquasodium ion, [Na(H2O)6]+, is the most common sodium
hydrate complex in the solid state with a mean Na–O bond distance of 2.417 Å (28 struc-
tures) (Supplementary Table S1b). However, other configurations, including monomeric
[Na(H2O)2]+, [Na(H2O)4]+, [Na(H2O)5]+, and [Na(H2O)8]+ ions, and a large number of di-,
tetra-, and octameric hydrated sodium ions, [Na2(H2O)6]2+, [Na2(H2O)7]2+, [Na2(H2O)8]2+,
[Na2(H2O)9]2+, [Na2(H2O)10]2+, [Na4(H2O)14]4+, [Na4(H2O)16]4+, and [Na4(H2O)18]4+ ions,
as well as the polymeric [Na4(H2O)14]n

4n+, [Na4(H2O)18]n
4n+, and [Na8(H2O)24]n

8n+ chains
have also been reported (Supplementary Table S1b). An analysis of the Na–O bond dis-
tances of reported crystal structures of sodium complexes with oxygen donor ligands in
five- and six-coordination has been reported [10]. The mean Na–O bond distances are
2.358 and 2.412 Å, respectively, which are in excellent agreement with the mean values
of the hydrated sodium ion in five- and six-coordination, 2.366 and 2.417 Å, respectively
(Supplementary Table S1b).

The reported experimental studies on the hydrated sodium ion in aqueous solution
do not give a conclusive picture with Na–O bond distances in the range of 2.34–2.50 Å and
coordination numbers in the range of 4.6–8 [21,22]. The reported theoretical simulation
studies of the hydrated sodium ion in aqueous solution propose a mean Na–O bond
distance of 2.35–2.40 Å in an octahedral fashion [23–25]. By summarizing the available
information on the hydrated sodium ion including LAXS studies, solid-state structures
containing hydrated sodium ions, vibration spectroscopic studies, and reported theoretical
simulations, the hydrated sodium ion seems to bind six water molecules in an octahedral
fashion with a mean bond distance of 2.43 Å in aqueous solution [10]. It has not been

4
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possible with the available experimental techniques to determine whether the hydrated
sodium has a second hydration sphere or not [10].

None of the di- or polymeric complexes reported in solid structures have been detected
in aqueous solution independent of concentration. Sodium scatters X-rays weakly, and
studies in aqueous solution using X-ray techniques will give results with limited accuracy.
The most reliable data seem to be the crystallographic data, and six-coordination in an
octahedral fashion is the most common configuration of the hydrated sodium ion. It seems
therefore most likely that the hydrated sodium ion is a six-coordinated octahedral fashion
in aqueous solution with a mean Na–O bond distance of ca. 2.42 Å.

3.1.3. Potassium

Only a limited number of crystal structures with a full hydration shell around the
potassium ion have been reported, including [K(H2O)6]+, [K(H2O)7]+, and [K(H2O)8]+

(Supplementary Table S1c). However, the reported K–O bond distances are very scattered
and not close to the K–O bond distances obtained by X-ray techniques in aqueous solution,
nor the sum of the ionic radii of potassium in coordination numbers 6–8 proposed by
Shannon [26] and the atomic radius of oxygen in the coordinated water molecule, 1.34 Å [27].
It is not possible to draw any conclusion about the structure of the hydrated potassium ion
from the reported crystal structures.

The reported mean K–O bond distance in the hydrated potassium ion in aqueous
solution from experimental studies is uncertain, 2.65–2.97 Å [10,28–30]. Theoretical sim-
ulation studies propose a K–O distance of ca. 2.80 Å and a coordination number close to
seven in aqueous solution [23,24,31]. An EXAFS study on an aqueous potassium chloride
solution reports a mean K–O bond distance of 2.73 Å and a coordination number of 6–7 [32],
and a LAXS study on an aqueous solution of potassium iodide reports a mean K–O bond
distance of 2.81(2) Å in seven-coordination [10]. It was not possible to detect any second
hydration shell around the potassium ion from LAXS, and an infrared study showed that
the water molecules bound to the potassium ion are less affected than the water molecules
in the aqueous bulk [10]. This strongly indicates that there are no water molecules with
significant order outside the first hydration shell.

3.1.4. Rubidium

Only two crystal structures with a full hydration shell around the rubidium ion,
[Rb(H2O)9]+, have been reported (Supplementary Table S1d). However, the reported Rb–O
bond distances are much longer than the ones obtained in aqueous solution, vide infra, the
sum of the proposed ionic radii in coordination numbers 6–8 [26], and the atomic radius
of oxygen in coordinated water molecules [27]. The reported Rb–O bond distances in the
hydrated rubidium ion in aqueous solution are in a wide range, 2.83–3.05 Å, mean ca.
2.95 Å, with coordination numbers in the range 5.6–8.0 (Table 1 in ref. [33]). A combined
LAXS and EXAFS study of aqueous rubidium iodide solutions reported a mean Rb–O bond
distance in the hydrated rubidium ion of 2.98 Å [34]. Only one structure of a solid rubidium
compound with water molecules in the coordination sphere, [Y(C2O4)2Rb(H2O)4]n, has
been reported. The mean Rb–O bond distance in this compound is 2.95 Å [35]. According
to the reported results on the hydrated rubidium ion in aqueous solution, it is most likely
eight-coordinated in a square antiprismatic fashion with a mean Rb–O bond distance of
ca. 2.95 Å. As expected from LAXS and infrared spectroscopic studies, no well-ordered
water molecules are present outside the first hydration shell of the hydrated rubidium ion
in aqueous solution.

3.1.5. Cesium

Only two crystal structures with a full hydration shell around the cesium ion, [Cs(H2O)10]+,
have been reported (Supplementary Table S1e). However, the reported Cs–O bond distances
are much longer than those obtained in aqueous solution, vide infra, and the sum of the
proposed ionic radii of cesium in coordination number ten proposed by Shannon [26]
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and the atomic radius of coordinated water molecules [27]. A survey of experimental
and simulation studies of the hydrated cesium ion in aqueous solution reported before
2006 a broad range of mean Cs–O bond distances, 3.0–3.2 Å, mean ca. 3.1 Å, as well as
proposed coordination numbers, 5.1–9.6 (Table 1 in ref. [33]). Recent LAXS studies on
aqueous solutions of cesium hydroxide, iodide, fluoride, and chloride report mean Cs–O
bond distances of 3.08, 3.08, 3.10, and 3.13 Å, respectively [10,36,37]. Summarizing, the
reported results on the hydrated cesium ion in aqueous solution mean that the most likely
structure is eight-coordination in a square antiprismatic fashion with a mean Cs–O bond
distance of ca. 3.10 Å. No ordered water molecules outside the first hydration shell of the
hydrated cesium ion have been detected [10]. This is expected as cesium is the most weakly
hydrated alkali metal ion.

3.2. Alkaline Earth Metal Ions
3.2.1. Beryllium

The tetraaquaberyllium(II) ion, [Be(H2O)4]2+, is the only reported hydrated beryllium
ion in the solid state. Its structure has been determined in 20 crystal structures, giving a
mean Be–O bond distance of 1.614 Å (Supplementary Table S2a). Due to the weak X-ray
scattering ability of beryllium, the results of experimental studies using X-ray techniques
in aqueous solution become uncertain. Only one study is reported in the literature [38],
with a reported Be–O bond distance of 1.67 Å. This is significantly longer than the bond
distances obtained in the solid state. As the only reported study in aqueous solution is
uncertain, the most likely structure of the hydrated beryllium(II) ion in aqueous solution is
a tetrahedral tetraaquaberyllium(II) ion with the mean Be–O bond distance found in the
solid state to be 1.62 Å. Due to the high charge density of the beryllium(II) ion, it is strongly
hydrated and certainly has a well-defined second hydration sphere.

3.2.2. Magnesium

A very large number of crystal structures (511) contain a hexaaquamagnesium ion,
[Mg(H2O)6]2+ (Supplementary Table S2b). The configuration of the hexaaquamagnesium
ion is octahedral, and the mean Mg–O bond distance in these structures is 2.066 Å. No
crystal structures containing a hydrated magnesium ion with another coordination number
than six have been reported.

The reported studies of hydrated magnesium ions in aqueous solution are scattered
concerning both Mg–O bond distance and coordination number [28,29]. The mean Mg–O
bond of these studies is slightly longer than the distance found in the [Mg(H2O)6]2+ ions
in the solid state. As in the case of the hydrated beryllium ion, the results from X-ray
methods on magnesium in an aqueous solution are less accurate than crystallographic
determinations. A number of theoretical simulation studies have shown that the hex-
aaquamagnesium ion is by far the most stable structure of the hydrated magnesium ion in
aqueous solution [39–42]. The hydrated magnesium ion binds certainly six water molecules
in an octahedral fashion in aqueous solution with a mean Mg–O bond distance of 2.07 Å
and a well-defined second hydration sphere.

3.2.3. Calcium

The hydrated calcium ion in solid compounds display different coordination num-
bers, [Ca(H2O)4]2+, [Ca(H2O)6]2+, [Ca(H2O)7]2+, and [Ca(H2O)8]2+ with mean Ca–O bond
distances of 2.253, 2.324, 2.401, and 2.476 Å, respectively (Supplementary Table S2c). The
[Ca(H2O)4]2+, [Ca(H2O)6]2+, and [Ca(H2O)8]2+ complexes have square-planar, octahe-
dral, and square antiprismatic configuration, respectively, while the configuration of
the [Ca(H2O)7]2+ complex is best described as monocapped octahedral. Furthermore,
some solid state structures contain dimeric hydrated calcium ions where two or three
water molecules bridge between two calcium ions, [(H2O)4Ca(H2O)2Ca(H2O)4]4+,
[(H2O)4Ca(H2O)3Ca(H2O)4]4+, [(H2O)6Ca(H2O)2Ca(H2O)6]4+, and [(H2O)5Ca(H2O)3Ca(H2O)5]4+,
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where the calcium ion is six-, seven-, eight-, and eight-coordinated, respectively
(Supplementary Table S2c).

The structure of the hydrated calcium ion in aqueous solution has been reported in
numerous experimental [28,29,43–52] and theoretical simulation [52–57] studies. The results
are scattered with coordination numbers of 6–8 and Ca–O bond distances in the range of
2.35–2.48 Å. No dimeric hydrated calcium ions have been reported in aqueous solution.
It seems most likely that the hydrated calcium ion in dilute aqueous solution is eight-
coordinated in a square antiprismatic fashion with a mean Ca–O bond distance of ca. 2.48 Å,
with a second hydration sphere, Ca(–O–H)· · ·O, at ca. 4.58 Å [44]. Seven-coordination
cannot completely be ruled out, but the reported Ca–O bond distances in experimental
studies in aqueous solution are in most cases significantly longer than the mean Ca–O bond
distance for seven-coordination in the solid state. Bond distances are much more accurately
determined than the number of distances in LAXS and EXAFS experiments, and the strong
correlation between the bond distance and the coordination number strongly indicates that
the hydrated calcium ion is eight-coordinated in aqueous solution.

3.2.4. Strontium

The hydrated strontium ion is six- and eight-coordinated in octahedral and square
antiprismatic fashions in the solid state with mean Sr–O bond distances of 2.496 and
2.613 Å, respectively (Supplementary Table S2d). A single solid-state structure has been re-
ported to contain dimeric hydrated strontium ions, where four water molecules bridge two
strontium ions, [(H2O)5Sr(H2O)4Sr(H2O)5]4+, where the strontium ion is nine-coordinated
(Supplementary Table S2d).

The structure of the hydrated strontium ion in aqueous solution has been reported
in several experimental [58–67] and theoretical simulation [68–74] studies. The results
are consistent with a coordination number close to eight, and Sr–O bond distances in the
range of 2.57–2.67 Å. The hydrated strontium ion is most likely eight-coordinated in a
square antiprismatic fashion in aqueous solution with a mean Sr–O bond distance of ca.
2.62 Å. The hydrated strontium ion has a second hydration sphere, Sr(–O–H)· · ·O, at ca.
4.78 Å [58].

3.2.5. Barium

The hydrated barium ion is eight- or nine-coordinated in the solid state with mean
Ba–O bond distances of 2.777 Å, in square antiprismatic configuration, and 2.832 Å, re-
spectively (Supplementary Table S2e). Solid state structures containing dimeric hydrated
barium ions have been reported with the compositions [(H2O)7Ba(H2O)2Ba(H2O)7]2+,
[(H2O)5Ba(H2O)4Ba(H2O)5]2+, and [(H2O)6Ba(H2O)4Ba(H2O)6]2+, where barium is nine-,
nine- and ten-coordinated, respectively (Supplementary Table S2e).

A limited number of studies have been reported on the hydrated barium ion in
aqueous solution. No study in aqueous solution has detected any hydrated dimeric barium
ions. These studies report a mean Ba–O bond distance close to 2.82 Å and a coordination
number of eight or nine [58,69,74–76]. The hydrated barium ion has a second hydration
sphere, Ba(–O–H)· · ·O, at ca. 4.90 Å [58].

3.2.6. Radium

A theoretical simulation of the hydrated radium(II) ion in aqueous solution proposes
that it is ten-coordinated with a mean Ra–O bond distance of 2.93 Å [74].

3.3. Transition Metal Ions
3.3.1. Group 3 Elements
Scandium

The hydrated scandium ion displays different coordination numbers in solid com-
pounds, [Sc(H2O)6]3+, [Sc(H2O)7]3+, and [Sc(H2O)8]3+, with mean Sc–O bond distances of
2.09, 2.16, and 2.24 Å, respectively (Supplementary Table S3a). The [Sc(H2O)6]2+ complex
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has a regular octahedral configuration, while the [Sc(H2O)7]2+ complex has lower symme-
try with the coordination best described as a monocapped octahedron [77] or a pentagonal
bipyramid [78]. The [Sc(H2O)8]3+ ion has an unusual structure with a dicapped trigonal
prismatic configuration, with one of the capping positions empty [79–81]. The compound
[Sc(H2O)8.0](CF3SO3)3 displays a phase transition from high to low symmetry between
150 and 100 K, where in the low-temperature phase, the two capping water molecules
have different Sc–O bond distances [79], while in the high-temperature phase, the capping
waters have the same Sc–O bond distance with an occupancy factor of 2/3. The hydrated
scandium(III) ion is out of the center of gravity of the trigonal prism in the low-temperature
phase and shifted towards the most strongly bound capping water molecule [81].

EXAFS studies have shown that the structure of the hydrated [Sc(H2O)8]3+ ion has
the same structure in aqueous solution as the low-temperature phase of in the solid state,
with Sc–Oprism, Sc–Ocap1, and Sc–Ocap2 bond distances of 2.17, 2.32, and ca. 2.5 Å, respec-
tively [81]. It is an interesting fact that the hydrated scandium(III) ion has a water deficit
in one of the capping positions also in aqueous solution. The hydrated scandium(III) ion
is easily hydrolyzed to the [(H2O)5Sc(OH)2Sc(H2O)5]4+ complex in aqueous solution [80].
The hydrated scandium(III) ion has a well-defined second hydration sphere, Sc(–O–H)· · ·O,
around the water molecules in the prism at 4.28 Å [81].

Yttrium

In the solid state, the hydrated yttrium(III) ion in both eight- and nine-coordination
are reported, [Y(H2O)8]3+ and [Y(H2O)9]3+, in square antiprismatic and tricapped trigonal
prismatic configuration, respectively (Supplementary Table S3b). A majority of the reported
structures of the hydrated yttrium(III) ions are eight-coordinated with a mean Y–O bond
distance of 2.353 Å (Supplementary Table S3b), and structures with tricapped trigonal
prismatic coordination have mean Y–O bond distances of 2.364 and 2.481 Å to the oxygen
in the prism and the capping positions, respectively (Supplementary Table S3b).

The hydrated yttrium(III) ion is reported to be eight-coordinated in a square antipris-
matic fashion with a mean Y–O bond distance of 2.367(5) Å [82]. A second hydration sphere
with ca. 16 water molecules at a Y(–O–H)· · ·O distance was determined to be 4.40(4) Å [82].
It is an interesting observation that scandium(III) and yttrium(III) ions have the same
coordination number in aqueous solution, eight, but they have different coordination
geometries as described above. The reason for this difference has not been clarified.

3.3.2. Lanthanoids

The chemistry of the lanthanoids is dominated by the oxidation state +III. However,
samarium, europium, thulium, and ytterbium have well-defined chemistry in the oxida-
tion state +II and cerium in +IV. The lanthanoid(II) ions samarium(II), thulium(II), and
ytterbium(II) are all very strong reducing agents, reducing water to hydrogen gas. The
only lanthanoid(II) ion stable in aqueous solution is europium(II) [83]. An EXAFS study
has revealed that the hydrated europium(II) ion is seven-coordinated in aqueous solution,
with a mean Eu–O bond distance of 2.584 Å [66]. The lanthanoid(II) ions and complexes
are strong reducing agents of large importance in organic chemistry, and their chemistry
is mainly described in non-aqueous solvents [84]. Cerium(IV) is a very strong oxidation
agent, frequently used in organic chemistry [85]. The aqueous chemistry of cerium(IV) is
claimed to be similar to that of actinoid(IV) ions [86]. A combined EXAFS and simulation
study in perchloric acidic aqueous solution shows that hydrated cerium(IV) is hydrolyzed
to a hydrated dimer with an oxygen bridge, [(H2O)7Ce–O–Ce(OH2)7]6+, with mean Ce–OO
and Ce–Oaq bond distances of 2.08 and 2.43 Å, respectively [87].

The solids containing hydrated lanthanoid(III) ions are eight- or nine-coordinated
(Supplementary Table S4). The eight-coordinated ions, Ln(H2O)8]3+, have square antipris-
matic configuration, and the nine-coordinated ions, Ln(H2O)9]3+, have either regular
tricapped trigonal prismatic configuration or distorted nine-coordination without any
well-defined coordination figure (Supplementary Table S4a–n). The ionic radii of the
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lanthanoid(III) ions decrease along the lanthanoid series due to the lanthanoid contrac-
tion. This is caused by the poor shielding of the nuclear charge by the 4f electrons, and
thereby, the electrons in the electron shell outside the fourth shell are drawn towards the
nucleus, resulting in a decreasing atomic/ionic radius along the lanthanoid series. There
is a clear trend in the number of reported structures with eight- and nine-coordination in
the solid state along the lanthanoid series. Nine-coordination dominates for the lighter
lanthanoids and eight-coordination for the heavier ones (Supplementary Table S4). The
heaviest lanthanoid(III) ions, Ho–Lu, with tricapped trigonal prismatic configuration
have an increasing water deficit with an increasing atomic number in the capping posi-
tions, [Ho(H2O)8.91](CF3SO3)3, [Er(H2O)8.96](CF3SO3)3, [Tm(H2O)8.8](CF3SO3)3,
[Yb(H2O)8.7](CF3SO3)3, and [Lu(H2O)8.2](CF3SO3)3 [79,88]. The ionic radii of the lan-
thanoid(III) ions in six-, seven-, eight- and nine-coordination have been estimated from
crystal structures of homoleptic lanthanoid(III) complexes with neutral oxygen donors
and studies in solution using oxygen donor solvents with different space demands at
coordination [89]. The derived ionic radii of the lanthanoid(III) ions form a linear rela-
tionship with the atomic number for each coordination number. The structure and mean
bond distances can be estimated with high accuracy, including the radioactive element
promethium [89]. However, the mean Ln–O bond distance for nine-coordinated hydrates
deviates from the straight-line relationship due to the increasing water deficit starting at
holmium, and thereby a coordination number less than nine.

The structure of the hydrated lanthanoid(III) ions in aqueous solution was heavily
debated in the mid-1960s. The origin of this debate was the proposed presence of a “gadolin-
ium break”. The structure of the lanthanoid(III) ions in aqueous solution was assumed
to change from nine- to eight-coordination at or close to gadolinium. This was based on
observed discontinuities in a number of physico-chemical properties along the lanthanoid
series, including partial molar volume [90], heat capacity [91], molar entropy [91], and
viscosity [92], assumed to be related to the half-filled 4f shell of gadolinium(III) [93,94].
The partial molar volumes were expected to decrease continuously if the hydrated lan-
thanoid (III) ions had the same coordination geometry throughout the series, considering
the lanthanoid contraction. The experimentally determined physico-chemical parameters
showed in fact a discontinuity with an increase in the partial molar volumes from samar-
ium to gadolinium. This was rationalized with an expected decrease in the hydration
number of the heavier lanthanoid(III) ions [90]. The water exchange rate of the hydrated
lanthanoid(III) ions decreases with the increasing atomic number and decreasing size of
the lanthanoid (III) ions, as expected if the coordination geometry is maintained along
the lanthanoid series. This is the expected behavior due to the lanthanoid contraction.
However, the activation volumes at water exchange events are almost constant with a max-
imum at samarium/europium [95–98]. The complex formation rates for the lanthanoid(III)
ions with sulfate and acetate ions show a maximum at samarium [99,100]. Liquid–liquid
extraction experiments indicated more complex relationships between the structure and
the physico-chemical parameters of the hydrated lanthanoid(III) ions in aqueous solution,
proposing that the lanthanoid series can be divided into two octads with gadolinium
common to both, or into four tetrads intersecting at neodymium/promethium, gadolinium,
and holmium/erbium [101]. The tetrad effect is discerned, e.g., in the stability constants of
the EDTA complexes in aqueous solution [102–104].

EXAFS studies have shown that structures of the hydrated lanthanoid(III) ions in the
solid trifluoromethanesulfonate salts and in aqueous solution are identical to a tricapped
trigonal prismatic configuration of water molecules [88]. The capping positions are fully
occupied with water molecules in the first three tetrads (lanthanum–holmium). The
mean M–O bond distance in the capping position decreases continuously from 2.53 Å
for lanthanum to 2.38 Å for dysprosium, while the capping positions decrease less, from
2.60 Å (lanthanum) to 2.50 Å (dysprosium). This means that the difference in the M–O
bond distance between the prismatic and capping positions increases along the first three
tetrads [85]. In the last tetrad (holmium–lutetium), the occupancy factor in the capping
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positions decreases from ca. 2.9 for holmium to ca. 2.2 for lutetium in both the solid
state and aqueous solution [88]. Crystallographic studies showed a phase transition for
[Lu(H2O)8.2](CF3SO3)3 at 130 K from the hexagonal space group P63/m (no. 176) at high
temperatures to the rhombohedral (trigonal) space group R-3 (No. 148) at temperatures
below 130 K [88]. The low-temperature phase showed that one of the capping water
molecules has a significantly shorter Lu–O bond distance, 2.40 Å, than the remaining ones,
2.56 Å, both with a mean occupancy factor of 0.6 [88], and that the lutetium(III) ion has left
the center of gravity towards to the most strongly bound capping water molecule. EXAFS
results showed that the structure of the hydrated lutetium(III) ion aqueous solution is in
principle identical to the low-temperature phase of [Lu(H2O)8.2](CF3SO3)3 [85] and that
the other lanthanoid(III) ions in the fourth tetrad show a similar bonding pattern to the
capping water molecules. It can be assumed that the position of the lanthanoid(III) ions in
the prism and the lanthanoid(III) ions in the fourth tetrad switch position with the same
rate as the water exchange rate, k ≈ 108 s−1 (Table 5 in ref. [8]).

3.3.3. Actinoids
Actinoid(III) and Actinoid(IV) Ions

The ionic radii of the actinoid(III) ions are slightly larger, ca. 0.09 Å, than the cor-
responding lanthanoid(III) ions [105]. Their ionic radii decrease along the actinoid se-
ries for the same reason as for the lanthanoid series but for the 5f electrons. Structure
determinations of the solid [An(H2O)9)](CF3SO3)3 salts, An=U, Np, Pu, Am, Cm, and
Cf [106–109], showed that they are isostructural with the [Ln(H2O)9)](CF3SO3)3 salts
(Supplementary Tables S4a–n and S5a–e).

A limited number of studies on aqueous solutions on hydrated uranium(III), nep-
tunium(III), plutonium(III), curium(III), berkelium(III), and californium(III) report mean
An–O bond distances similar to those in the solid trifluoromethanesulfonate salts [108–115].
It can be assumed that all hydrated actinoid(III) ions have full nine-coordination in the
tricapped trigonal prismatic configuration as the lawrencium(III) ion has approximately
the same ionic radius as the dysprosium(III) ion [105]. This strongly indicates that the acti-
noid(III) ions of uranium–lawrencium are nine-coordinated in the tricapped trigonal pris-
matic configuration with the capping positions fully occupied. The hydrated actinium(III)
ion has been reported to be 11-coordinated in aqueous solution, with a mean Ac–O bond
distance of 2.63 Å [116]. The chemistry of actinium has been reviewed recently [117].

Only one crystal structure reports a hydrated thorium(IV) ion, [Th(H2O)10]Br4 [118],
where thorium(IV) is ten-coordinated with a mean Th–O bond distance of 2.498 Å. Other
thorium(IV) compounds with many water molecules bound to thorium(IV) include the
nine-coordinated compounds H5O2[Th(H2O)6(OSO2CF3)3][Th(H2O)3(OSO2CF3)6] [119]
and [(H2O)7Th(OH)2Th(H2O)7](C2N8)2C2HN8·10H2O [120], and the ten-coordinated
[Th(H2O)8(ClO4)](ClO4)3·H2O [119] and [Th(H2O)8(NO3)](ReO4)3·C36H36N24O12·3H2O [121],
with mean Th–O bond distances of 2.451, 2.478, 2.499, and 2.501 Å, respectively. The mean
Th–O bond distance of the hydrated thorium(IV) ion in acidic aqueous solution has been
determined to be 2.45 Å by EXAFS, indicating that it is nine-coordinated, most likely in a
tricapped trigonal prismatic fashion [119,122]. A second hydration sphere, Th–(O–H)· · ·O,
around the water molecules in the prism was observed at 4.55 Å, and traces of a third
hydration sphere at 6.85 Å [119]. The ionic radii of the actinoid(IV) ions are ca. 0.09 Å
smaller than for corresponding lanthanoid(III) ions (Table 1 in ref. [105]).

For the EXAFS studies of the hydrated actinoid(IV) ions in aqueous solution, only
mean M–O bond distances are reported. This is due to the low concentrations possible
to obtain for these highly radioactive elements. It can be assumed that the hydrated
actinoid(IV) ions in aqueous solution are nine-coordinated in a tricapped trigonal prismatic
fashion as in the solid state [110–112,123–125].
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Oxoactinoid(V) and Dioxoactinoid(VI)/Actinyl(V) and Actinyl(VI)

No solid state structures containing hydrated oxoactinoid(V) ions have been re-
ported. The structure of the dioxouranium(VI) ion has been reported in several stud-
ies (Supplementary Table S5b) with the composition [UO2(H2O)5]2+ and mean U=O and
U–Oaq bond distances of 1.760 and 2.422 Å, respectively, where the oxo ligands form a
linear unit with the five water molecules forming a pentagon perpendicular to the oxo
ligands. The hydrated dioxoneptunium(VI) and dioxoplutonium(VI) ions have the same
structure as the hydrated dioxouranium(VI) ion with Np=O and Np–Oaq bond distances of
1.744 and 2.416 Å, and Pu=O and Pu–Oaq bond distances of 1.732 and 2.409 Å, respectively
(Supplementary Table S5c,d).

The structure of the oxouranium(VI) ion in the solid state is maintained in aqueous solu-
tion with U=O and U–Oaq bond distances of 1.76 and 2.41 Å, respectively [111,113–115,122],
in pentagonal bipyramidal fashion. The structures of the hydrated oxoneptunium(V),
dioxoneptunium(VI), oxoplutonium(V), and dioxoplutonium(VI) complexes in aqueous
solution have been determined by EXAFS. The Np=O and Np–Oaq bond distances in
[NpO2(H2O)5]+ and [NpO2(H2O)5]2+ have been determined to 1.82 and 2.46, and 1.74 and
2.37 Å, respectively, forming pentagonal bipyramids [111,126]. The Pu=O and Pu–Oaq
bond distances in [PuO2(H2O)<5]+ and [PuO2(H2O)5]2+ have both been determined to 1.74
and 2.4 Å, forming (tetra)pentagonal bipyramids [115].

3.3.4. Group 4 Elements
Titanium(III)

The hydrated titanium(III) ion (d1 electron configuration) is six-coordinated in oc-
tahedral fashion with a mean Ti–O bond distance of 2.02 Å in three reported structures
(Supplementary Table S6a). Two other six-coordinated titanium(III) complexes support this
mean Ti–O bond distance (Supplementary Table S6a).

The mean Ti–O bond distance in the only reported structure of the hydrated tita-
nium(III) ion in aqueous solution is significantly longer, 2.12 Å [127], compared to that
observed in the Ti(H2O)6]3+ complex in the solid state, 2.02 Å. An ESR and electron-spin
echo study has indicated that the hydrated titanium(III) ion has a slightly compressed
octahedral structure in aqueous solution [128]. The structure of the hydrated titanium(III)
ion in aqueous solution can be regarded to have an octahedral configuration, possibly
slightly compressed, with a mean Ti–O bond distance close to 2.02 Å.

Titanium(IV)/Titanyl(IV)

The oxotitanium(IV) ion (d0), or titanyl(IV) ion, [Ti=O]2+, cannot be prepared in
sufficiently high concentrations in aqueous solution for structural characterization due
to the formation of the insoluble titanium oxide, TiO2. However, the oxotitanium(IV) ion
can be stabilized, and thereby it becomes more soluble by complexation with, e.g., sulfate
ligands [129]. Furthermore, the oxotitanium(IV) ion is stable and more soluble in strongly
solvating solvents such as dimethylsulfoxide. The mean Ti=O, Ti–Oeq, and Ti–Oax bond
distances in the dimethylsulfoxide-solvated oxotitanium(IV) ion, [TiO(OS(CH3)2)5]2+, have
been determined in the solid state to 1.645, 2.035, and 2.22 Å, respectively [129–131], and in
dimethylsulfoxide solution, almost identical Ti–O bond distances have been obtained [129].
The structure of the bis(hydrogensulfonato)oxotitanium(IV) complex in aqueous solution
has Ti=O, Ti–Oeq, and Ti–Oax bond distances of 1.646, 2.034, and 2.22 Å, respectively [129].
Based on these results it can be assumed that the structure of the hydrated titanyl(IV) ion
in aqueous solution has a structure and bond distances close to those in these complexes.

Zirconium(IV) and Hafnium(IV)

The hydrated zirconium(IV) and hafnium(IV) ions (d0) do hydrolyze very easily to
hydrated octahydroxidotetrazirconium(IV) and -hafnium(IV) ions in aqueous solution. It is,
therefore, necessary to perform the structure determination of the hydrated zirconium(IV)
and hafnium(IV) ions in strongly acidic solution [132]. The mean Zr–O and Hf–O bond
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distances in the hydrated zirconium(IV) and hafnium(IV) ions have been determined to be
2.19 and 2.16 Å in perchloric acidic aqueous solution [132].

Based on the structures of the hydrated octahydroxidotetrazirconium(IV) and -hafnium(IV)
ions in the solid state (Supplementary Table S6b) and in aqueous solution, with mean
Zr–OOH and ZrOaq bond distances of 2.15 and 2.27 Å, and mean Hf–OOH and Hf–Oaq

bond distances of 2.11 and 2.23 Å, respectively [132], the coordination geometry around the
hydrated zirconium(IV) and hafnium(IV) ions is assumed to be the same in the hydrolyzed
complexes, square antiprismatic [132].

3.3.5. Group 5 Elements
Vanadium(II) and Vanadium(III)

The hydrated vanadium(II) (d3) and vanadium(III) (d2) ions have a regular octahedral
configuration with mean V–O bond distances of 2.13 and 1.99 Å, respectively, in the
solid state (Supplementary Table S7a). An EXAFS study of the hydrated vanadium(III)
ion in aqueous solution confirmed this structure also in aqueous solution with the same
mean V–O bond distance, 1.99 Å [133]. An EXAFS study of the hydrated vanadium(II)
and vanadium(III) ions reported mean V–O bond distances ca. 0.05 Å longer than those
determined in the solid state [127]. The most likely V–O bond distances in the hydrated
vanadium(II) and vanadium(III) ions in aqueous solution are most likely identical to those
obtained in the solid state, 2.13 and 1.99 Å, respectively, with an octahedral configuration.

Oxovanadium(IV) and Dioxovanadium(V)/Vanadyl(IV) and Vanadyl(V)

The structure of the hydrated oxovanadium(IV) or vanadyl(IV) ion, [VO(H2O)5]2+,
(d1) in the solid state is six-coordinated with a strongly bound oxo group and five water
molecules, where the water is opposite to the oxo group, Oax, which is significantly weaker
bound than those in the equatorial positions, Oeq (Supplementary Table S7a). The mean
V=O, V–Oeq, and V–Oax bond distances are 1.58, 2.03, and 2.19 Å, respectively. This
structure is retained in aqueous solution with mean V=O, V–Oeq, and V–Oax bond distances
of 1.60, 2.02, and 2.20 Å [134], and 1.70 and 2.01 Å [127], respectively. The vanadyl(IV)
ion has a structural configuration similar to the titanyl(IV) ion. The V=O double bond is
slightly shorter than the Ti=O one, while the V–O and Ti–O bond distances to the water
molecules are almost identical, vide ultra. A well-defined second hydration sphere around
the equatorially bound water molecules, V–(O–H)· · ·O, is observed at 4.06 Å [134]. The
structure of the hydrated cis-dioxovanadium(V) ion, [VO2(H2O)4]+ (d0), is so far only
reported in acidic aqueous solution. The V=O, V–Ocis, and V–Otrans bond distances are
determined to be 1.62, 1.99, and 2.22 Å, respectively [134]. A second hydration sphere,
V–(O–H)· · ·O, is observed at 4.16 and 4.27 Å to the water molecules in the cis and trans
positions versus V=O, respectively [134].

3.3.6. Group 6 Elements
Chromium(II)

The structure of the hydrated chromium(II) ion (d4) has been reported in three solid-
state structures (Supplementary Table S8). The chromium(II) ion is expected to display a
Jahn–Teller distorted octahedral configuration due to its high spin d4 electron configuration
with its doubly degenerate ground states. Two of the reported structures display the ex-
pected Jahn–Teller distortion, while the third structure does not (Supplementary Table S8).
The reason is most likely that the direction of the elongated axial Cr–O bond is randomly
distributed, causing a mean structure with higher symmetry and a mean bond distance
of all Cr–O, as discussed for the nine-coordinated lanthanoid(III) ion, vide ultra, and the
hydrated copper(II) ion, vide infra. The mean Cr–Oeq and Cr–Oax bond distances of the
reported solid-state structures with Jahn–Teller distortion are 2.08 and 2.33 Å for the water
molecules in the equatorial and axial positions, respectively (Supplementary Table S8).

The mean equatorial bond distance, Cr–Oeq, has been determined to be 2.08 Å in
aqueous solution by EXAFS [133], which is in full agreement with the observation in the
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solid state. However, the mean axial bond distance was not detected. Whether the Jahn–
Teller-distorted octahedral configuration is centrosymmetric or not will be discussed in
the section of copper(II), vide infra. It can be assumed that the hydrated chromium(II) ion
in aqueous solution has an octahedral Jahn–Teller configuration with Cr–Oeq and Cr–Oax

bond distances of 2.08 and ca. 2.3 Å, respectively.

Chromium(III)

The hydrated chromium(III) ion (d3) has a well-characterized regular octahedral configu-
ration with a mean Cr–O bond distance of 1.965 Å in the solid state (Supplementary Table S8).
Numerous old studies of the hydrated chromium(III) ion in aqueous solution have been
reported with a mean Cr–O bond distance of 1.99 Å [28,29]. A more recent study re-
ports a mean Cr–O bond distance of 1.965 Å and a well-defined second hydration sphere,
Cr–(O–H)· · ·O, of ca. 12 water molecules at 4.08 Å [135]. Chromium(III) hydrolyzes
easily to cationic polymeric complexes in aqueous solution in the pH range of 2–6 with
[Cr2(OH)2(H2O)8]4+ and [Cr4(OH)6(H2O)12]6+ as dominating species, depending on the to-
tal chromium(III) concentration [136]. The hydrated chromium(III) ion, [Cr(H2O)6(H2O)12]3+,
has a regular octahedral configuration with a mean Cr–O bond distance of 1.97 Å, and a
well-defined second hydration sphere at 4.08 Å.

Molybenum(II) and Molybdenum(III)

No structure of the hydrated molybdenum(II) ion (d4) has been reported in the solid
state. However, the molybdenum(II) ion is present as a dimer in aqueous solution with a
strong quadruple Mo–Mo bond. Each molybdenum binds four molecules at 2.14 Å in the
hydrated [Mo-Mo]4+ ion, and the Mo–Mo bond distance is 2.12 Å [137].

The structure of the hydrated molybdenum(III) ion (d3) has been reported in one
crystal structure, [Mo(H2O)6]3+, with a Mo–O bond distance of 2.089 Å in a regular octahe-
dral configuration [138]. The structure of the molybdenum(III) ion in aqueous solution is
reported to be a hydrolyzed dimeric complex with double hydroxo bridges [137], but this
interpretation seems questionable.

3.3.7. Group 7 Elements
Manganese(II)

The structure of the hydrated manganese(II) ion (d5) has been reported in more than
160 crystal structure determinations to date (Supplementary Table S9). The manganese(II)
ion binds six water molecules in a regular octahedron with a mean Mn–O bond distance of
2.174 Å. The same structure is present in aqueous solution with a mean Mn–O bond distance
of 2.17 Å. [28,29,139,140] and a well-defined second hydration sphere, Mn–(O–H)· · ·O, of
ca. 12 water molecules at 4.25 Å [141].

Manganese(III)

The manganese(III) ion with a d4 electron configuration is expected to be Jahn–Teller
distorted similarly to the chromium(II) ion discussed above. The two reported crystal
structures containing a hydrated manganese(III) ion report a regular octahedral config-
uration with mean Mn–O bond distances of 1.91 and 1.99 Å, respectively [27,142]. By
comparing with other manganese(III) complexes with oxygen donor ligands in the solid
state [143,144], the most reasonable structure of the hydrated manganese(III) ion is an
octahedral Jahn–Teller-distorted complex with Mn–Oeq and Mn–Oax bond distances of ca.
1.91 and 2.2 Å, respectively. However, this postulation needs to be proven by experimental
data and/or theoretical simulations.

3.3.8. Group 8 Elements
Iron(II)

The hydrated iron(II) ion (d6) is well characterized in the solid state, binding six water
molecules in a regular octahedral fashion with a mean Fe–O bond distance of 2.120 Å
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(90 reported structures) (Supplementary Table S10a). The same structure is observed in
aqueous solution [28,29,145,146]. The hydrated iron(II) ion in aqueous solution has a
regular octahedral configuration with a mean Fe–O bond distance of 2.12 Å. The hydrated
iron(II) ion is expected to have a well-defined second hydration sphere, Fe–(O–H)· · ·O, of
ca. 12 water molecules, but no accurate data have been reported.

Iron(III)

The hydrated iron(III) ion (d5) is well characterized in a number of crystal structures,
having a regular octahedral structure with a mean Fe–O bond distance of 1.995 Å (20 re-
ported structures) (Supplementary Table S10a). The same structure is observed in aqueous
solution [28,29,145]. The hydrated iron(III) ion in aqueous solution has a regular octahedral
configuration with a mean Fe–O bond distance of 1.995 Å. The hydrated iron(III) ion is
expected to have a well-defined second hydration sphere, Fe–(O–H)· · ·O, of ca. 12 water
molecules, but no accurate data have been reported.

Ruthenium(II) and Ruthenium(III)

The mean Ru–O bond distances in the octahedral hydrated ruthenium(II) and ruthe-
nium(III) ions (d6 and d5, respectively) have been reported at 2.11 and 2.02 Å, respectively
(Supplementary Table S10b). No experimental studies have been reported on the hydrated
ruthenium(II) and ruthenium(III) ions in aqueous solution. It can be expected that the
hydrated ruthenium(II) and ruthenium(III) ions retain the same structures in aqueous
solution as in the solid state.

3.3.9. Group 9 Elements
Cobalt(II)

The hydrated cobalt(II) ion (d7) binds six water molecules in a regular octahedral
configuration with a mean Co–O bond distance of 2.087 Å in more than 430 reported solid-
state structures (Supplementary Table S11a). A single study also reports a compound with
a dimeric cobalt(II) hydrate, [Co2(H2O)10]4+, where two water molecules bridge the cobalt
ions, which are six-coordinated in octahedral fashion. The mean Co–O bond distance to
the terminal water molecules is significantly shorter, ca. 2.03 Å, than the mean Co–O bond
distance to the bridging water molecules, 2.17 Å (Supplementary Table S12a). No dimeric
hydrated cobalt(II) ions have been reported in aqueous solution. The structure of the
[Co(H2O)6]2+ ion observed in the solid state is retained in aqueous solution [28,29,147–150].
The hydrated cobalt(II) ion in aqueous solution has a regular octahedral configuration, with
a mean Co–O bond distance of 2.09 Å in a regular octahedral fashion and a well-defined
second hydration sphere, Co–(O–H)· · ·O, of ca. 12 water molecules at ca. 4.20 Å [151].

Cobalt(III)

The hydrated cobalt(III) ion (d6) is a strong oxidant and is reduced in water to cobalt(II)
under the release of oxygen. The only crystal structures containing a hexaaquacobalt(III)
ion report a Co–O bond distance of 1.87 Å [27] (Supplementary Table S11a). No structure
determination of the hydrated cobalt(III) ion in aqueous solution has been reported.

Rhodium(III)

The hydrated rhodium(III) ion is hexahydrated in the solid state forming a regular
octahedron with a mean Rh–O bond distance of 2.01 Å (Supplementary Table S11b). This
structure is retained in aqueous solution with a mean Rh–O bond distance of 2.03 Å and a
well-defined second hydration sphere at 4.02 Å [152–154].

Iridium(III)

A single structure determination in the solid state of a compound containing an
octahedral hydrated iridium(III) ion, [Ir(H2O)6]3+, has been reported. The mean Ir–O bond
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distance is 2.04 Å (Supplementary Table S11b). It can be assumed that this structure is
retained in aqueous solution even though no experimental studies are reported.

3.3.10. Group 10 Elements
Nickel

The hydrated nickel(II) ion (d8) binds six water molecules in a regular octahedral
configuration in the solid state as reported in 376 crystal structures with a mean Ni–O bond
distance of 2.055 Å (Supplementary Table S12a). Two studies report compounds with a
dimeric nickel hydrate, [Ni2(H2O)10]4+, where two water molecules bridge the nickel ions,
which are six-coordinated in an octahedral fashion. The Ni–O bond distance to the terminal
water molecules is significantly longer, ca. 2.06 Å, than the Ni–O bond distance to the
bridging water molecules, 1.93 Å (Supplementary Table S12a). The structure of the hydrated
nickel(II) ion in aqueous solution has been reported in numerous studies [28,29,155], with
a mean Ni–O bond distance of 2.055 Å in a regular octahedral fashion and a well-defined
second hydration sphere, Ni–(O–H)· · ·O, of ca. 12 water molecules at ca. 4.10 Å [151].

Palladium(II) and Platinum(II)

The hydrated palladium(II) and platinum(II) ions (d8) in the solid state are four-
coordinated in square-planar fashion with mean Pd–O and Pt–O bond distances of 2.03
and 2.01 Å, respectively (Supplementary Table S12b).

Several research groups reported independently of each other that, in addition to the
four strongly bound water molecules, one or two water molecules are very weakly bound
in the axial positions at ca. 2.75 Å, completing tetragonally elongated square-pyramidal
or octahedral configurations in aqueous solution [156–160] from EXAFS and theoretical
simulation studies, or a combination of them. The hydrated palladium(II) and platinum(II)
ions are five- or six-coordinated in aqueous solution with mean Pd–O and Pt–O bond
distances of 2.02 and 2.02 Å, respectively, and with one or two water molecules very loosely
bound at 2.7–2.8 Å.

3.3.11. Group 11 Elements
Copper(I)

The hydrated copper(I) ion (d10) disproportionate metallic copper and copper(II) ions
in aqueous solution of 2 Cu+ � Cu(s) + Cu2+, KD = [Cu2+][Cu+]−2, in water, KD ≈ 106

M−1 [161]. This means that copper(I) ion can only be the dominating copper species in
sub-micromolar aqueous solution, and accurate structure determinations can hardly be
performed. In order to estimate the structure of the hydrated copper(I) ion in aqueous
solution, a free energy correlation was applied. The KD values of copper(I) in some
solvents, and the difference in the mean Cu–O bond distances in the solvated copper(I) and
copper(II) ions in the respective solvent, assuming the copper(I) and copper(II) ions have
the same configuration independent of the solvent, were used in the free energy relationship
correlation [161]. The hydrated copper(I) ion was estimated from this correlation to bind
four water molecules in a tetrahedral fashion with a Cu–O bond distance of ca. 2.14 Å [161].

Copper(II)

Hydrated copper(II) ions with the compositions [Cu(H2O)4]2+, [Cu(H2O)5]2+, and
[Cu(H2O)6]2+ have been reported in the solid state (Supplementary Table S13a). The
[Cu(H2O)4]2+ complex is square-planar with a mean Cu–O bond distance of 1.93 Å. The
[Cu(H2O)5]2+ complex has either square-pyramidal (the most common configuration) mean
Cu–O bond distances of 1.956 and 2.24 Å in the equatorial and axial positions, respectively,
or a trigonal bipyramidal configuration with a mean Cu–O bond distance of 1.96 Å to
the strongly bound water molecules in the triangle and ca. 2.24 Å to the weakly bound
water molecules in the axial positions (Supplementary Table S13a). The structure of the
[Cu(H2O)6]2+ complex in the solid state displays a variety of configurations: the expected
Jahn–Teller-distorted octahedral configuration in both centrosymmetric complexes, in
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which the axial Cu–Oax bond distances are identical, non-centrosymmetric ones, in which
the axial Cu–O bond distances are different, regular octahedrons, and irregular octahedrons
with pair-wise significantly different Cu–O bond distances (Supplementary Table S13a).
The Jahn–Teller-distorted [Cu(H2O)6]2+ complexes have mean Cu–Oeq and Cu–Oax bond dis-
tances of 1.98 and 2.33 Å, independent of centrosymmetry or not (Supplementary Table S13a).
The regular octahedral [Cu(H2O)6]2+ complexes have a mean Cu–O bond distance of 2.08 Å
(Supplementary Table S13a). The presence of regular [Cu(H2O)6]2+ complexes is unex-
pected. An EXAFS study of a series of regular octahedral copper(II) complexes was carried
out, where the lattice-independent EXAFS method proved that these complexes in fact
are Jahn–Teller-distorted, with the expected splitting in short equatorial and long axial
Cu-ligand bonds [162]. The reason for the observed regular octahedral structure of the
Jahn–Teller-distorted [Cu(H2O)6]2+ complex is that the direction of the Cu–Oax bonds are
randomly distributed in the structure, causing the mean structure to have higher symmetry
than the individual complexes, and thereby an incorrect description the complex. In a
recent study, it was shown that solid compounds crystallizing in a non-centrosymmetric
space group or with the copper ion in the [Cu(H2O)6]2+ complex not in the center of
symmetry all have significantly different Cu–Oax bond distances. This is also the case in
all compounds with [Cu(H2O)5(O-ligand)] complexes with an octahedral configuration,
which cannot be centrosymmetric [163]. This strongly indicates that the [Cu(H2O)6]2+ ion
is non-centrosymmetric and that the axial Cu–Oax bonds are different.

The structure of the hydrated copper(II) ion in aqueous solution has been the theme of
scientific discussion for more than 20 years. This discussion concerns whether the hydrated
copper(II) ion is five- or six-coordinated, and if it is six-coordinated, whether the Jahn–
Teller-distorted complex is centrosymmetric or not, vide ultra. Linear electric field EPR
studies gave the first indications that the hydrated copper(II) ion in aqueous solution is
non-centrosymmetric [164,165]. The paper initiating the scientific debate was a combined
neutron and molecular dynamics study, which proposed that the hydrated copper(II) ion is
five-coordinated in aqueous solution [166]. This study was followed by a large number
of publications, mainly using EXAFS and XANES spectroscopy and DFT and QMCF/MD
simulations to study the coordination chemistry of the hydrated copper(II) ion in aqueous
solution [163,167–180]. This scientific discussion continues as no full consensus on the
structure of the hydrated copper(II) ion in aqueous solution has been reached. However,
it seems most likely that it has a non-centrosymmetric Jahn–Teller-distorted octahedral
structure with mean Cu–Oeq, Cu–Oax1, and Cu–Oax2 bond distances of ca. 1.96, 2.15, and
2.32 Å, respectively, according to the most recent studies [163,180].

Silver

The structure of the hydrated silver(I) ion (d10) in the solid state is two-coordinated
in a linear fashion with a mean Ag–O bond distance of 2.13 Å, and one structure where
silver is three-coordinated in a triangular fashion, but the reported Ag–O bond distance is
unexpectedly long (Supplementary Table S13b).

The structure of the hydrated silver(I) ion in aqueous solution has been debated
for many years as different coordination numbers and Ag–O bond distances have been
proposed, with a Ag–O bond distance of ca. 2.4 Å in a tetrahedral configuration as the first
one [28,29]. A combined LAXS and EXAFS proposed a linearly distorted four-coordination
with two Ag–O bonds at 2.32 Å and two very weakly bound at ca. 2.5 Å [181]. A recent
combined EXAFS, LAXS, and simulation study proposed a similar structure but without
the two weakly bound water molecules. A mean Ag–O bond distance of 2.34 Å and a
diffuse hydration shell at a longer distance, and a second hydration sphere, Ag–(O–H)· · ·O,
at 4.65 Å was proposed [182]. It is interesting to note that this diffuse hydration shell caused
a lengthening of the linearly bound water molecules with ca. 0.2 Å, independent of the
distance to the weakly bound water molecules.
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Gold

Only one structure in the solid state has reported a hydrated gold(III) ion [183].
Gold(III) binds four water molecules in a square-planar fashion with a mean Au–O bond
distance of 2.155 Å (Supplementary Table S13c). It is expected that this structure is retained
in aqueous solution.

3.3.12. Group 12 Elements
Zinc

Hydrated zinc(II) ions (d10) with the compositions [Zn(H2O)4]2+, [Zn(H2O)5]2+, and
[Zn(H2O)6]2+ have been reported in the solid state (Supplementary Table S14a). The
[Zn(H2O)4]2+ complex is tetrahedral, with a mean Zn–O bond distance of 2.03 Å. The
[Zn(H2O)5]2+ complex has a trigonal bipyramidal configuration with a mean Zn–O bond
distance of 2.02 Å, and the [Zn(H2O)6]2+ complex has a regular octahedral configuration
with a mean Zn–O bond distance of 2.088 Å (Supplementary Table S14a). The Zn–O bond
distances in the two reported [Zn(H2O)4]2+ complexes are longer than the [Zn(H2O)5]2+

complexes and significantly longer than tetrahedral zinc(II) complexes with oxygen donor
ligands, ca. 1.95 Å [143,144]. The hydrated zinc(II) ion in aqueous solution binds six water
molecules at a mean Zn–O bond distance of 2.09 Å in a regular octahedral fashion [28,29].
The hydrated zinc(II) ion has a second hydration sphere, Zn–(O–H)· · ·O, of ca. 12 water
molecules at ca. 4.2 Å [28,29].

Cadmium

The hydrated cadmium(II) ion (d10) binds six water molecules with a mean Cd–O bond
distance of 2.266 Å in a regular octahedral fashion in the solid state (Supplementary Table S14b).
A single study reports a hydrated cadmium(II) ion with the composition [Cd(H2O)4]2+,
but the reported Cd–O bond distance is far too long to be considered correct
(Supplementary Table S14b). A single study also reports a compound with a dimeric
cadmium(II) hydrate, [Cd2(H2O)10]4+, where two water molecules bridge the cadmium
ions which are six-coordinated in an octahedral fashion. The terminal Cd–O bonds are
significantly shorter than the bridging ones (Supplementary Table S14b).

The structure of the hydrated cadmium(II) ion in aqueous solution has been deter-
mined in several early studies with a mean Cd–O bond distance of ca. 2.29 Å [28,29]. A
combined LAXS and ab initio MD simulation study of the hydrated cadmium ion in aque-
ous solution showed unusually broad bond distance distribution. The mean Cd–O bond
distance in the hydrated cadmium ion in aqueous solution was reported to be 2.27 Å, with
a possibility of an equilibrium between six- and seven-coordination [184]. The hydrated
cadmium(II) ion has a second hydration sphere, Cd–(O–H)· · ·O, of ca. 12 water molecules
at ca. 4.28 Å [184].

Mercury(I)

The mercury(I) ion (d9) is dimeric and binds two water molecules in a linear fashion,
[H2O–Hg–Hg–OH2]2+, with mean Hg–O and Hg–Hg bond distances of 2.14 and 2.50 Å
in the solid state (Supplementary Table S14c). A larger coordination number around
each mercury, with three water molecules binding to each mercury, is observed in aqueous
solution with mean Hg–O and Hg–Hg bond distances of 2.26 and 2.525 Å, respectively [185].
This completes a distorted tetrahedral configuration around each mercury in aqueous
solution. The hydrated mercury(I) ion has a second hydration sphere, Hg–(O–H)· · ·O,
of ca. six water molecules around each Hg(H2O)3 unit at ca. 4.52 Å [185]. A QMCF MD
simulation study supports the experimentally obtained results [186].

Mercury(II)

The only crystal structure containing a fully hydrated mercury(II) ion is [Hg(H2O)6](ClO4)2
(Supplementary Table S14c). The [Hg(H2O)6]2+ ion is reported to have a regular octahedral
configuration with a Hg–O bond distance of 2.342 Å. However, an EXAFS study of this
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compound showed that it has the same wide and asymmetric bond distribution as the
hydrated mercury(II) ion in aqueous solution [187], vide infra.

EXAFS studies on the hydrated mercury(II) ion (d10) in aqueous solution have re-
ported two different coordination numbers, six [187] and seven [188], both in wide and
highly asymmetric bond distance distributions, with mean Hg–O bond distances of 2.33
and 2.32 Å, respectively [187,188]. The mean Hg–O bond distance reported for the pro-
posed seven-coordinated mercury(II) hydrate, 2.32 Å [188], should be significantly longer
than the mean Hg–O bond distance observed in octahedral complexes [26]. A crystal
structure of a compound containing a dimethylsulfoxide (dmso)-solvated mercury(II) ion,
[Hg(OS(CH3)2)6](ClO4)2, crystallizes in a low-symmetry group (P-1). It shows that four of
the dmso molecules has significantly shorter Hg–O bond distance than the remaining two,
2.319 and 2.376 Å, respectively [189]. The EXAFS data of six-coordinated homoleptic mer-
cury(II) complexes in both solid state and solution all show a significant asymmetric bond
distance distribution, strongly indicating a splitting of the Hg–O bond distances in the same
way as in the solid [Hg(OS(CH3)2)6](ClO4)2 [187]. This indicates that all six-coordinated
mercury(II) complexes have this bond distance distribution, but it is only observed in
solid compounds crystallizing in low-symmetry space groups as discussed for hydrated
copper(II), lanthanoid(III), and scandium ions, vide ultra. This bond distance distribution
can be described as a so-called pseudo-Jahn–Teller effect [190]. The pseudo-Jahn–Teller
effect is a destabilization of six-coordinated metal complexes, including mercury(II), with
small monodentate ligands [190–192]. This asymmetric coordination figure is caused by a
contribution of the mercury(II) 5dz2 atomic orbital to the bonding molecular orbitals by
vibronic coupling. The significant asymmetry of the Hg–O bond distance distribution in the
hydrated mercury(II) ion in both aqueous solution and solid [Hg(H2O)6](ClO4)2 strongly
supports that the hydrated mercury(II) has a pseudo-Jahn–Teller-distorted octahedral con-
figuration [187]. The LAXS study showed a second hydration sphere, Hg–(O–H)· · ·O, of
ca. 12 water molecules at ca. 4.20 Å [187].

3.4. Group 13 Elements
Aluminum, Gallium Indium, and Thallium(III)

The hydrated trivalent aluminum, gallium, indium, and thallium(III) ions, [M(H2O)6]3+,
all have a well-defined regular octahedral configuration in the solid state, with mean M–O
bond distances of 1.88, 1.95, 2.12, and 2.17 Å, respectively (Supplementary Table S15); the
Tl–O bond distance is shorter than expected in comparison to the observations in aqueous
solution, vide infra. The structure of the hydrated aluminum, gallium, indium, and
thallium(III) ions retain their structures observed in the solid state in aqueous solution with
mean M–O bond distances of 1.89, 1.96, 2.14, and 2.23 Å, respectively [28,29,135,193,194].
Second hydration spheres, M–(–H)· · ·O, with ca. 12 molecules have been detected at 4.05,
4.13, and 4.2 Å for gallium, indium, and thallium(III), respectively [135,193].

3.5. d10s2 Metal Ions in Groups 13, 14, and 15

The coordination chemistry of metal ions with a d10s2 electron configuration, thal-
lium(I), tin(II), lead(II), and bismuth(III), is dependent on the hybridization of these orbitals.

The d10s2 metal ions have an inert electron pair, which occupies a hybrid orbital
formed by mixing the ns and np orbitals on the metal ion, according to the valence bond
theory. It may be stereo-chemically active when mixing the ns and np orbitals, and a gap is
formed in the coordination sphere, or it could be a pure s2 electron pair and thereby stereo-
chemically inactive, where all positions in the coordination geometry are occupied [195].
A lone electron pair acts as an additional ligand, which normally occupies more space
than an ordinary ligand [196,197]. However, by applying the molecular orbital theory to
the classical concept of ns/np orbital hybridization in d10s2 metal ions, it is regarded as
incorrect. The stereo-chemical activity of the outer s2 electron pair is instead a result of anti-
bonding metal ion-donor atom interactions [198]. This results in two general geometries, a
holo-directed one that is stereo-chemically inactive without a gap for the anti-bonding orbital,
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and a hemi-directed one being stereo-chemically active with a gap for the anti-bonding
orbital [195].

The bonding character in the metal ion complex has a large impact on the electron den-
sity of the antibonding orbital and thereby on the size of the created void [199]. For ligands
forming mainly electrostatic interactions, such as oxygen-donor ligands, the antibonding
M(ns)–ligand(np) orbital couples with the M(ns) orbital [199–201].

3.5.1. Thallium(I)

No solid compounds have been reported to contain a fully hydrated thallium(I) ion.
Due to the weak hydration, only an indication of two bond distances, 2.73 and 3.18 Å, with
a broad bond distance distribution, could be detected in a combined LAXS and EXAFS
study [202]. It was not possible from this study to reveal any coordination geometry around
thallium(I). As the thallium(I) ion has a d10s2 electron configuration, it can be assumed that
it has a large gap in the coordination sphere with a hemi-directed configuration.

3.5.2. Tin(II)

The structure of the hydrated tin(II) ion has only been reported in two studies of
solid [Sn(H2O)3](ClO4)2 (Supplementary Table S16a). The [Sn(H2O)3]2+ ion has a mean
Sn–O bond distance of 2.20 Å, and a huge gap in the coordination sphere with all O–Sn–O
bond angles ca. 77◦. This means that less than one-quarter of the coordination sphere is
occupied by binding water molecules and thereby has a huge impact on the electrons in
the anti-bonding orbitals.

Early studies reported the hydrated tin(II) ion in aqueous solution to have coordination
numbers close to six and two different Sn–O bond distances [28,29], but this interpretation
has not been supported by other studies. A recent combined EXAFS and XANES study
reported an identical structure of the hydrated tin(II) ion in aqueous solution as in the solid
state [203].

3.5.3. Lead(II)

The structure of the hydrated lead(II) ion is reported in four studies, where three
contain a three-coordinate complex, [Pb(H2O)3]2+, and the remaining one contains a
four-coordinate [Pb(H2O)4]2+ complex (Supplementary Table S16b). These structures
are strongly affected by anti-bonding orbitals displaying all O–Pb–O bond angles close to
77◦ in the [Pb(H2O)3]2+ complex, and in the [Pb(H2O)4]2+ complex, the nearby O–Pb–O
angles are close to 77◦, and the diagonal angles are ca. 105◦ (Supplementary Table S16b).
The mean Pb–O bond distances in the [Pb(H2O)3]2+ and [Pb(H2O)4]2+ complexes are 2.44
and 2.40 Å, respectively.

An early NMR study reported the hydration number of lead(II) to be six in aqueous
solution [204]. A number of computer simulation studies on the structure of the hydrated
lead(II) ion have been reported, but they all have difficulties describing the coordination
chemistry and structural effects of anti-bonding orbitals. The mean Pb–O bond distance has
been reported to be 2.50 Å in an EXAFS study [205]. A combined LAXS and EXAFS study
of the hydrated lead(II) reported a mean Pb–O bond distance of 2.54 Å in a very broad
bond distance distribution. A second hydration sphere, Pb–(O–H)· · ·O, of ca. 12 water
molecules at 4.42 Å was detected [206]. The EXAFS and LAXS studies of the hydrated
lead(II) ion have shown a very broad bond distance distribution of around 2.5 Å, and that
the number of water molecules cannot be determined accurately but should be in the range
of 5–7.

3.5.4. Bismuth(III)

The only reported structure containing a hydrated bismuth(III) ion in the solid
state, [Bi(H2O)9](CF3SO3)3, is nine-coordinated in a tricapped trigonal prismatic config-
uration with mean Bi–O bond distances of 2.44 (prism) and 2.58 Å (capping positions)
(Supplementary Table S16c). The structure of the hydrated bismuth(III) ion in aqueous
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solution was proven to have a significantly different structure, being eight-coordinated in
a square antiprismatic configuration. The mean Bi–O bond distance was reported to be
2.41 Å, and a second hydration sphere, Bi–(O–H)· · ·O, of ca. 16 water molecules at 4.48 Å,
was observed [207].

4. Summary

Table 1 summarizes the observed hydrate complexes in the solid state and aqueous
solution reported so far and predicted coordination numbers of metal ions from structural
relationships of the nine-coordinated lanthanoid(III) and actinoid(III) ions based on other
physico-chemical or structural relationships. Table 2 summarizes the mean M–O bond
distances in hydrated metal ions in the solid state and aqueous solution. It has not for
any metal ion been proven that the coordination number or structure in aqueous solution
is concentration-dependent as long as any complex formation with, e.g., counter ions
or hydrolysis does not take place. Many metal ions have several coordination numbers,
configurations, and formations of dimeric and polymeric hydrate complexes with bridging
water molecules in the solid state, but in aqueous solution, one coordination number with
a specific configuration strongly dominates (Table 1).

The monovalent metal ions, with the exception of the lithium and silver(I) ions,
have one well-defined first hydration shell, but the water molecules outside it are not
spectroscopically distinguishable from the aqueous bulk [9,10]. Di- and trivalent metal ions
have a well-defined second hydration there on average; one water molecule in the first
hydration sphere hydrogen binds two water molecules in the second hydration sphere,
as can be shown by double difference infrared spectroscopy [9] and the LAXS and LANS
methods [28,29]. Four-valent and small trivalent metal ions may have at least traces of a
third hydration as, e.g., shown in the hydrated thorium(IV) ion [118].

Table 1. Summary of metal ion aqua complexes reported in the solid state and aqueous solution.
Complexes in italics highlight the complexes present in aqueous solution not observed in the solid
state, and underlined complexes are either extrapolated from the structures of metal ion solvates of
non-aqueous solvents, from physico-chemical relationships.

Metal Ion Solid State Aqueous Solution

Lithium(I) [Li(H2O)4]+, Li(H2O)5]+, [Li(H2O)6]+, [Li2(H2O)6]2+,
[Li2(H2O)7]2+, [Li3(H2O)6]3+,[Li3(H2O)8]3+ [Li(H2O)4]+

Sodium(I)

[Na(H2O)2]+, [Na(H2O)4]+, [Na(H2O)5]+,
[Na(H2O)6]+, [Na(H2O)8]+, [Na2(H2O)6]n

2+,
[Na2(H2O)7]n

2+, [Na2(H2O)8]n
2+, [Na2(H2O)8]2+,

[Na2(H2O)9]2+, [Na2(H2O)10]2+, [Na2(H2O)13]2+,
[Na4(H2O)14]n

4+, [Na4(H2O)14]n
4+, [Na4(H2O)18]n

4+,
[Na5(H2O)14]5+, [Na8(H2O)24]n

8+

[Na(H2O)6]+

Potassium(I) [K(H2O)6]+, [K(H2O)7]+, [K(H2O)8]+, [K2(H2O)9]n
2+ [K(H2O)7]+

Rubidium(I) [Rb(H2O)9]+ [Rb(H2O)8]+

Cesium(I) [Cs(H2O)10]+ [Cs(H2O)8]+

Beryllium(II) [Be(H2O)4]2+ [Be(H2O)4]2+

Magnesium(II) [Mg(H2O)6]2+ [Mg(H2O)6]2+

Calcium(II) [Ca(H2O)6]2+, [Ca(H2O)7]2+, [Ca(H2O)8]2+,
[Ca2(H2O)10]4+, [Ca2(H2O)11]4+, [Ca2(H2O)14]4+ [Ca(H2O)8]2+

Strontium(II) [Sr(H2O)6]2+, [Sr(H2O)8]2+, [Sr(H2O)9]2+, [Sr2(H2O)14]4+ [Sr(H2O)8]2+

Barium(II) [Ba(H2O)8]2+, [Ba(H2O)9]2+, [Ba2(H2O)14]2+, [Ba2(H2O)18]4+ [Ba(H2O)8–9]2+

Radium(II) [Ra(H2O)≈10]2+

Scandium(III) [Sc(H2O)6]3+, [Sc(H2O)7]3+, [Sc(H2O)8.0]3+ [Sc(H2O)8.0]3+
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Yttrium(III) [Y(H2O)8]3+, [Y(H2O)9]3+ [Y(H2O)8]3+

Lanthanum(III) [La(H2O)6]3+, [La(H2O)8]3+, [La(H2O)9]3+ [La(H2O)9]3+

Cerium(III) [Ce(H2O)8]3+, [Ce(H2O)9]3+ [Ce(H2O)9]3+

Cerium(IV) [Ce(H2O)8]4+

Praseodymium(III) [Pr(H2O)8]3+, [Pr(H2O)9]3+ [Pr(H2O)9]3+

Neodymium(III) [Nd(H2O)8]3+, [Nd(H2O)9]3+ [Nd(H2O)9]3+

Prometium(III) [Pm(H2O)9]3+

Samarium(III) [Sm(H2O)8]3+, [Sm(H2O)9]3+ [Sm(H2O)9]3+

Europium(II) [Eu(H2O)7]2+

Europium(III) [Eu(H2O)8]3+, [Su(H2O)9]3+ [Eu(H2O)9]3+

Gadolinium(III) [Gd(H2O)8]3+, [Gd(H2O)9]3+ [Gd(H2O)9]3+

Terbium(III) [Tb(H2O)8]3+, [Tb(H2O)9]3+ [Tb(H2O)9]3+

Dysprosium(III) [Dy(H2O)8]3+, [Dy(H2O)9]3+ [Dy(H2O)9]3+

Holmium(III) [Ho(H2O)8]3+, [Ho(H2O)8.91]3+, [Ho(H2O)9]3+ [Ho(H2O)8.91]3+

Erbium(III) [Er(H2O)8]3+, [Er(H2O)8.95]3+, [Er(H2O)9]3+ [Er(H2O)8.95]3+

Thulium(III) [Tm(H2O)8]3+, [Tm(H2O)8.8]3+, [Tm(H2O)9]3+ [Tm(H2O)8.8]3+

Ytterbium(II) [Yb(H2O)8]2+

Ytterbium(III) [Yb(H2O)8]3+, [YbH2O)8.7]3+, [Yb(H2O)9]3+ [Yb(H2O)8.7]3+

Lutetium(III) [Lu(H2O)8]3+, [Lu(H2O)8.2]3+, [Lu(H2O)9]3+ [Lu(H2O)8.2]3+

Actinium(III) [Ac(H2O)11]3+

Thorium(IV) [Th(H2O)8]4+, [Th(H2O)9]4+, [Th(H2O)10]4+ [Th(H2O)9]4+

Uranium(III) [U(H2O)9]3+ [U(H2O)9]3+

Uranium(IV) [U(H2O)9]4+

Uranium(VI) [UO2(H2O)5]2+ [UO2(H2O)5]2+

Neptunium(III) [Np(H2O)9]3+ [Np(H2O)9]3+

Neptunium(IV) [Np(H2O)9]4+

Neptunium(V) [NpO2(H2O)5]+

Neptunium(VI) [NpO2(H2O)5]2+ [NpO2(H2O)5]2+

Plutonium(III) [Pu(H2O)9]3+ [Pu(H2O)9]3+

Plutonium(IV) [Pu(H2O)9]4+

Plutonium(V) [PuO2(H2O)5]+

Plutonium(VI) [PuO2(H2O)5]2+ [PuO2(H2O)5]2+

Americium(III) [Am(H2O)9]3+ [Am(H2O)9]3+

Curium(III) [Cm(H2O)9]3+ [Am(H2O)9]3+

Berkelium(III) [Bk(H2O)9]3+

Californium(III) [Cf(H2O)9]3+ [Cf(H2O)9]3+

Einsteinium(III) [Es(H2O)9]3+

Fermium(III) [Fm(H2O)9]3+

Medelevium(III) [Md(H2O)9]3+
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Nobelium(III) [No(H2O)9]3+

Lawrentium(III) [Lr(H2O)9]3+

Titanium(III) [Ti(H2O)6]3+ [Ti(H2O)6]3+

Titanium(IV) [TiO(H2O)5]2+

Zirconium(IV) [Zr(H2O)8]4+

Hafnium(IV) [Hf(H2O)8]4+

Vanadium(II) [V(H2O)6]2+ [V(H2O)6]2+

Vanadium(III) [V(H2O)6]3+ [V(H2O)6]3+

Vanadium(IV) [VO(H2O)6]2+ [VO(H2O)5]2+

Vanadium(V) cis-[VO2(H2O)4]+

Chromium(II) [Cr(H2O)6]2+ [Cr(H2O)6]2+

Chromium(III) [Cr(H2O)6]3+ [Cr(H2O)6]3+

Molybdenum(II) [Mo2(H2O)4]4+

Molybdenum(III) [Mo(H2O)6]3+ [Mo(H2O)6]3+

Manganese(II) [Mn(H2O)6]2+ [Mn(H2O)6]2+

Manganese(III) [Mn(H2O)6]3+ [Mn(H2O)6]3+

Iron(II) [Fe(H2O)6]2+ [Fe(H2O)6]2+

Iron(III) [Fe(H2O)6]3+ [Fe(H2O)6]3+

Ruthenium(II) [Ru(H2O)6]2+ [Ru(H2O)6]2+

Ruthenium(III) [Ru(H2O)6]3+ [Ru(H2O)6]3+

Cobalt(II) [Co(H2O)6]2+, [Co2(H2O)10]4+ [Co(H2O)6]2+

Cobalt(III) [Co(H2O)6]3+ [Co(H2O)6]3+

Rhodium(III) [Rh(H2O)6]3+ [Rh(H2O)6]3+

Iridium(III) [Ir(H2O)6]3+ [Ir(H2O)6]3+

Nickel(II) [Ni(H2O)6]2+, [Ni2(H2O)10]4+ [Ni(H2O)6]2+

Palladium(II) [Pd(H2O)4]2+ [Pd(H2O)5/6]2+

Platinum(II) [Pt(H2O)4]2+ [Pt(H2O)5/6]2+

Copper(I) [Cu(H2O)4]+

Copper(II) [Cu(H2O)4]2+, [Cu(H2O)5]2+, [Cu(H2O)6]2+ [Cu(H2O)6]2+

Silver(I) [Ag(H2O)2]+, [Ag(H2O)3]+ [Ag(H2O)2]+

Gold(III) [Au(H2O)4]3+ [Au(H2O)4]3+

Zinc(II) [Zn(H2O)4]2+, [Zn(H2O)5]2+, [Zn(H2O)6]2+ [Zn(H2O)6]2+

Cadmium(II) [Cd(H2O)6]2+, [Cd2(H2O)10]4+ [Cd(H2O)6]2+

Mercury(I) [Hg2(H2O)2]2+ [Hg2(H2O)6]2+

Mercury(II) [Hg(H2O)6]2+ [Hg(H2O)6]2+

Aluminum(III) [Al(H2O)6]3+ [Al(H2O)6]3+

Gallium(III) [Ga(H2O)6]3+ [Ga(H2O)6]3+

Indium(III) [In(H2O)6]3+ [In(H2O)6]3+

Thallium(I) [Tl(H2O)n]+
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Thallium(III) [Tl(H2O)6]3+ [Tl(H2O)6]3+

Tin(II) [Sn(H2O)3]2+ [Sn(H2O)3]2+

Lead(II) [Pb(H2O)3]2+, [Pb(H2O)4]2+ [Pb(H2O)5–7]2+

Bismuth(III) [Bi(H2O)9]3+ [Bi(H2O)8]3+

Table 2. Summary of mean M–O bond distances in hydrated metal ions in solid state and solution
determined experimentally. The following abbreviations are used in this table, coordination, and
configuration: two—linear, D∞h, three: triangular, D3h(3), trigonal pyramidal, C3v, four—tetrahedral,
Td, and square-planar, D4h(4), five: square pyramidal, C4v, and trigonal bipyramidal, D3h(5), six:
octahedral Oh, and tetragonally elongated octahedral (Jahn–Teller distorted octahedral), C4v, eight:
square antiprism, D4h(8), nine: tricapped prismatic, D3h(9), and compounds without a well-defined
coordination geometry, the coordination number is given by a figure.

Metal Ion Solid State Aqueous Solution

Li(H2O)4
+ 1.941–Td (Table S1a) 1.95–Td [10–16]

Na(H2O)6
+ 2.417–Oh (Table S1b) 2.43–Oh [10,21–25]

Na(H2O)5
3+ 2.341–D3h (Table S1b)

K(H2O)7
+ 2.81–7 [10,28–30,32]

Rb(H2O)8
+ 2.98–D4h(8) [33,34]

Cs(H2O)8
+ 3.10–D4h(8) [10,33,36,37]

Be(H2O)4
2+ 1.613–Td (Table S2a) 1.62–Td

a

Mg(H2O)6
2+ 2.066–Oh (Table S2b) 2.07–Oh [28,29]

Ca(H2O)8
2+ 2.476–D4h(8) (Table S2c) 2.48–D4h(8) [28,29,43–52]

Ca(H2O)7
3+ 2.401–C3v(7) (Table S2c)

Ca(H2O)6
3+ 2.324–Oh (Table S2c)

Sr(H2O)8
2+ 2.613–D4h (Table S2d) 2.61–D4h(8) [58–67]

Ba(H2O)8
2+ 2.80–D4h (Table S2e) 2.81–D4h(8) [58,69,74–76]

Ra(H2O)10
2+ 2.93–10 [74]

Sc(H2O)8
3+ 2.170 + 2.459–D3h(9) (Table S3a) 2.17 + 2.33–D3h(9) [81]

Y(H2O)8
3+ 2.353–D4h(8) (Table S3b) 2.367–D4h(8) [82]

La(H2O)9
3+ 2.528 + 2.611–D3h(9) (Table S4a) 2.53 + 2.60–D3h(9) [88]

La(H2O)8
3+ 2.495–D4h(8) (Table S4a)

Ce(H2O)9
3+ 2.491 + 2.597–D3h(9) (Table S4b) 2.49 + 2.62–D3h(9) [88]

Ce(H2O)8
3+ 2.485–D4h(8) (Table S4b)

Pr(H2O)9
3+ 2.475 + 2.568–D3h(9) (Table S4c) 2.48 + 2.58–D3h(9) [88]

Pr(H2O)8
3+ 2.476–D4h(8) (Table S4c)

Nd(H2O)9
3+ 2.458 + 2.565–D3h(9) (Table S4d) 2.47 + 2.60–D3h(9) [88]

Nd(H2O)8
3+ 2.439–D4h(8) (Table S4d)

Sm(H2O)9
3+ 2.436 + 2.545–D3h(9) (Table S4e) 2.43 + 2.53–D3h(9) [88]

Sm(H2O)8
3+ 2.430–D4h(8) (Table S4e)
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Eu(H2O)8
2+ 2.584–D4h(8) [66]

Eu(H2O)9
3+ 2.414 + 2.535–D3h(9) (Table S4f) 2.42 + 2.57–D3h(9) [88]

Eu(H2O)8
3+ 2.416–D4h(8) (Table S4f)

Gd(H2O)9
3+ 2.404 + 2.542–D3h(9) (Table S4g) 2.41 + 2.53–D3h(9) [88]

Gd(H2O)8
3+ 2.403–D4h(8) (Table S4g)

Tb(H2O)9
3+ 2.388 + 2.514–D3h(9) (Table S4h) 2.40 + 2.53–D3h(9) [88]

Tb(H2O)8
3+ 2.381–D4h(8) (Table S4h)

Dy(H2O)9
3+ 2.368 + 2.519–D3h(9) (Table S4i) 2.38 + 2.50–D3h(9) [88]

Dy(H2O)8
3+ 2.371–D4h(8) (Table S4i)

Ho(H2O)9
3+ 2.375 + 2.494–D3h(9) (Table S4j) 2.37 + 2.50–D3h(9) [88]

Ho(H2O)8
3+ 2.356–D4h(8) (Table S4j)

Er(H2O)8.9
3+ 2.351 + 2.515–D3h(9) (Table S4k) 2.36 + 2.48–D3h(9) [88]

Er(H2O)8
3+ 2.345–D4h(8) (Table S4k)

Tm(H2O)8.9
3+ 2.331 + 2.513–D3h(9) (Table S4l) 2.35 + 2.47–D3h(9) [88]

Tm(H2O)8
3+ 2.339–D4h(8) (Table S4l)

Yb(H2O)8.7
3+ 2.314 + 2.501–D3h(9) (Table S4m) 2.32 + 2.43–D3h(9) [88]

Yb(H2O)8
3+ 2.326–D4h(8) (Table S4m)

Lu(H2O)8.2
3+ 2.296 + 2.506–D3h(9) (Table S4n) 2.28 + 2.37–D3h(9) [88]

Lu(H2O)8
3+ 2.318–D4h(8) (Table S4n)

Ac(H2O)11
3+ 2.63–11 [116]

Th(H2O)10
4+ 2.498–10 2.345–D4h(8) (Table S4k)

Th(H2O)9
4+ 2.448–9 (Table S5a) 2.45–9 [119,122]

U(H2O)9
3+ 2.509 + 2.596–D3h(9) (Table S5b) 2.50 + 2.58–D3h(9) [110]

U(H2O)9
4+ 2.41–9 (Table S5b) 2.42–9 [123,124]

U(H2O)8
4+ 2.395–D4h(8) (Table S5b)

UO2(H2O)5
2+ 1.760 + 2.444–D5h (Table S5b) 1.77 + 2.42–D5h [111,122]

Np(H2O)9
3+ 2.491 + 2.571–D3h (Table S5c) 2.48 + 2.56–D3h [111]

Np(H2O)9
4+ 2.40–9 [110]

Np(H2O)8
4+ 2.335–D4h(8) (Table S5c)

NpO2(H2O)5
2+ 1.744 + 2.416–D5h (Table S5c) 1.83 + 2.48–D5h [111,126]

Pu(H2O)3+ 2.475 + 2.571–D3h (Table S5d) 2.45 + 2.55–D3h(9)
[110–112,114,115]

Pu(H2O)8
4+ 2.39–9 (Table S5d) 2.395–D4h(8) [114,115]

PuO2(H2O)5
+ 1.81 + 2.47–D5h [114,115]

PuO2(H2O)5
2+ 1.732 + 2.409–D3h (Table S5d) 1.75 + 2.41–D5h [114,115]

Am(H2O)9
3+ 2.466 + 2.578–D3h(9) (Table S5e) 2.43 + 2.54–D3h(9) [108,110,113]

Cm(H2O)9
3+ 2.453 + 2.555–D3h(9) (Table S5e) 2.40 + 2.53–D3h(9) [108,110,113]

Bk(H2O)9
3+ 2.38 + 2.50–D3h(9) [110]

Cf(H2O)9
3+ 2.423 + 2.550–D3h(9) (Table S5e) 2.37 + 2.49–D3h(9) [110]
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Ti(H2O)6
3+ 2.02–Oh (Table S6a) 2.03–Oh

a

TiO(H2O)5
2+ 1.644 + 2.034 + 2.233 a (Table S6a)

Zr(H2O)8
4+ 2.19–D4h(8) [132]

Hf(H2O)8
4+ 2.16–D4h(8) [132]

V(H2O)6
2+ 2.131–Oh (Table S7) 2.13–Oh

a

V(H2O)6
3+ 1.994–Oh (Table S7) 1.99–Oh [133]

VO(H2O)5
2+ 1.580 + 2.026 + 2.187 (Table S7) 1.60 + 2.03 + 2.20 [134]

VO2(H2O)4
+ 1.62 + 1.99 + 2.22 [134]

Cr(H2O)6
2+ 2.083 + 2.333–C4v (Table S8) 2.08 + ~2.3–C4v [133]

Cr(H2O)6
3+ 1.965–Oh (Table S8) 1.97–Oh [28,29,135]

Mo(H2O)6
3+ 2.089–Oh (Table S8) 2.09–Oh [138]

Mn(H2O)6
2+ 2.174–Oh (Table S9) 2.17–Oh [28,29,139,140]

Mn(H2O)6
3+ 2.088–Oh (Table S9)

Fe(H2O)6
2+ 2.120–Oh (Table S10a) 2.12–Oh [28,29,145,146]

Fe(H2O)6
3+ 1.995–Oh (Table S10a) 2.00–Oh [28,29,145]

Ru(H2O)6
2+ 2.111–Oh (Table S10b) 2.11–Oh

a

Ru(H2O)6
3+ 2.021–Oh (Table S10b) 2.03–Oh

a

Co(H2O)6
2+ 2.087–Oh (Table S11a) 2.09–Oh [28,29,147–150]

Co(H2O)6
3+ 1.873–Oh (Table S11a)

Rh(H2O)6
3+ 2.014–Oh (Table S11b) 2.04–Oh [152–154]

Ir(H2O)6
3+ 2.04–Oh (Table S11b)

Ni(H2O)6
2+ 2.055–Oh (Table S12a) 2.055–Oh [28,29,155]

Pd(H2O)6
2+ 2.01 + 2.8–D4h(6) [156–160]

Pd(H2O)4
2+ 2.029–D4h(4) (Table S12b)

Pt(H2O)6
2+ 2.02 + 2.8–D4h(6) [156–160]

Pt(H2O)4
2+ 2.012–D4h(4) (Table S12b)

Cu(H2O)4
+ 2.14–Td

b [161]

Cu(H2O)6
2+ 1.980 + 2.322–C4v(6) (Table S13a) 1.96 + 2.32–D4h(6) [163,167]

Cu(H2O)6
2+ 1.944 + 2.248–C4v(5) (Table S13a)

Ag(H2O)4
+ 2.32 + 2.54–2 + 2 [181]

Ag(H2O)2
+ 2.129–D∞h (Table S13b) 2.34–2 [182]

Au((H2O)4
3+ 2.155–D4h(4) (Table S13c)

Zn(H2O)6
2+ 2.088–Oh (Table S14a) 2.09–Oh [28,29]

Zn(H2O)5
2+ 2.017–D3h(5) (Table S14a)

Cd(H2O)6
2+ 2.266–Oh (Table S14b) 2.27–Oh [184]

Hg2(H2O)6
2+ 2.26–Td [185]

Hg2(H2O)2
2+ 2.14–Td (Table S14c)

Hg(H2O)7
2+ 2.32–7 [188]

Hg(H2O)6
2+ 2.342–Oh (Table S14c) 2.34–Oh [187]
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Al(H2O)6
3+ 1.883–Oh (Table S15a) 1.89–Oh [28,29]

Ga(H2O)6
3+ 1.946–Oh (Table S15b) 1.96–Oh [28,29,135]

In(H2O)6
3+ 2.124–Oh (Table S15c) 2.14–Oh [135]

Ti(H2O)n
+ 2.73 + 3.18–2 + 2 [202]

Tl(H2O) 6
3+ 2.23–Oh (Table S15d) 2.23–Oh [193,194]

Sn(H2O)3
2+ 2.204–C3v (Table S16a) 2.21–C3v [203]

Pb(H2O)6
2+ 2.53–6 [204,205]

Bi(H2O)9
3+ 2.440 + 2.582–D3h(9) (Table S16c)

Bi(H2O)8
3+ 2.41–D4h(8) [207]

a Extrapolated from solid state structures; b Extrapolated from physico-chemical parameters.
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Abstract: Ionic perturbation of water has important implications in various chemical, biological
and environmental processes. Previous studies revealed the structural and dynamical perturbation
of water in the presence of ions, mainly with concentrated electrolyte solutions having significant
interionic interactions. These investigations highlighted the need of selective extraction of the
hydration shell water from a dilute electrolyte solution that is largely free from interionic interactions.
Double-difference infrared (DDIR) and Raman multivariate curve resolution (Raman-MCR), as
well as MD simulation, provided valuable insight in this direction, suggesting that the perturbed
water mainly resides in the immediate vicinity of the ion, called the hydration shell. Recently, we
have introduced Raman difference spectroscopy with simultaneous curve fitting (Raman-DS-SCF)
analysis that can quantitatively extract the vibrational response of the perturbed water pertaining to
the hydration shell of fully hydrated ions/solute. The DS-SCF analysis revealed novel hydrogen-
bond (H-bond) structural features of hydration water, such as the existence of extremely weakly
interacting water–OH (νmax ~ 3600 cm−1) in the hydration shell of high-charge-density metal ions
(Mg2+, Dy3+). In addition, Raman-DS-SCF retrieves the vibrational response of the shared water
in the water–shared-ion pair (WSIP), which is different from the hydration shell water of either
the interacting cation and anion. Herein, we discuss the perturbation of water H-bonding in the
immediate vicinity of cation, anion, zwitterion and hydrophobes and also the inter-ionic interactions,
with a focus on the recent results from our laboratory using Raman-DS-SCF spectroscopy.

Keywords: hydration shell; ion–water interaction; Raman difference spectroscopy

1. Introduction

Water plays pivotal roles in atmospheric, chemical and biological processes [1–4]. In
the real world, water rarely exists in its pure form; ions and amphiphiles are integral parts
of natural water. Water as a liquid is highly structured due to its extensive hydrogen (H)-
bond network, which is easily affected by external stimuli, including temperature, pressure,
charge (ions) and other solutes with varying H-bonding abilities [5–8]. The majority of
molecular interactions that dictate cellular processes in living organisms occur in the ion and
amphiphile containing aqueous media known as the intra- and extra-cellular fluids. The
water molecules in the immediate vicinity of ions and biomolecules not only act as a solvent
but also as a ‘reactant’. The H-bonding of water is affected in the hydration shell of the ions
and amphiphilic/hydrophobic biomolecules, which in turn influences the properties of
these ions/molecules that play pivotal roles in biophysical/chemical processes, including
the stability of secondary, tertiary and quaternary structures of proteins; selectivity of ion
channel; cell-signaling; and the formation and flexibility of lipid membranes [9]. Being
strongly associated, water exhibits the rapid delocalization of energy via its intra- and
intermolecular vibrational modes; the structural perturbation of water in the ion hydration
shell also affects the energy delocalization and reorganization dynamics in the hydration
shell [6,10–15].
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Early investigations categorized the charged groups/ions as the ‘kosmotrope’, i.e., the
water structure maker, and the ‘chaotrope’, i.e., the water structure breaker, depending on
their effect on the macroscopic properties of water such as viscosity, entropy and the salting
in/out of proteins [6,16–22]. These descriptions, instead of the individual hydration of the
ions in water, represent the cumulative effect of the cation and anion (produced by the
electrolyte) on water H-bonding. As a result, the molecular-level description of the ionic
perturbation of water remains elusive even after the categorization of ions as kosmotrope
or chaotrope. Scattering-based techniques, such as neutron and X-ray diffraction, unveiled
the geometrical distribution of water around an ion, enabling the determination of the
number of water molecules in the first hydration shell, known as the coordination number
(CN) [23–27]. The CN suggests the arrangement of water in the first hydration shell, but
their H-bonding structure is not well understood by these measurements.

Vibrational spectroscopic techniques, such as IR, Raman and THz, are very sensitive
to the H-bonded structure of water and have the potential to provide direct information
by monitoring the intra- and inter-molecular vibrational modes of water. THz absorption
spectroscopy, which measures the low-frequency intermolecular vibrational modes in
the far-infrared region, revealed that the effect of a high-charge-density ion is extended
beyond the first layer of water around the ion [13,28]. MD simulation in combination
with THz spectroscopy further exposed interionic interactions that lead to the formation
of a water–shared-ion pair (WSIP) and the dynamics of the shared water is cooperatively
perturbed by the interacting ions [29]. The IR and Raman measurements of aqueous
electrolyte solutions record the intramolecular modes (OH stretch (3400 cm−1) and HOH
bend (1640 cm−1)) and intermolecular (librational (470 and 670 cm−1) and bend+librational
combination (2110 cm−1)) and intermolecular H-bond stretch (185 cm−1)) vibration of
water, irrespective of its position in bulk water or in the hydration shell of an ion. As a
result, the experimental solution spectrum, especially for the diluted solution, contains a
weak signal of the hydration water mixed with a huge signal of the bulk (unperturbed)
water. This is why most early vibrational studies and even the recent THz studies were
carried out with concentrated electrolyte solutions (a few-molar concentration) so that
the relative contribution of the hydration water becomes appreciable in the experimental
solution spectrum. However, at such a high electrolyte concentration, interionic interaction
may lead to ion pairing, aggregation and the share/overlap of hydration shells, which
invariably interfere with the native H-bonding of water in the hydration shell of a fully
hydrated ion.

Analytical methods, such as spectral fitting, difference spectroscopy and factor analysis
have been applied to extract the perturbed-water spectrum pertaining to the hydration shell
of an ion [30–32]. In difference spectroscopy, the response of hydration water is obtained by
subtracting the bulk water spectrum from the solution spectrum such that the subtracted
spectrum provides the spectral signature of the water that are perturbed by the cation and
anion. The improper (either excess or incomplete) subtraction of the bulk water spectrum
may deform the band shape of the resulting salt-affected spectrum. While using salts of a
fixed cation with varying anions (e.g., MgX2 with X = F, Cl, Br, I) and vice-versa, the series
of difference-spectra obtained by this method provide a trend of the spectral change in the
hydration shell of the anion. The subsequent fitting of the difference-spectra provides the
spectrum of water in the hydration shell of the cation and anion, respectively, though the
interionic interactions on the respective ion hydration shell spectra cannot be ignored.

Raman spectroscopy, in combination with multivariate curve resolution analysis
(Raman-MCR) [33], successfully extracted the minimum area vibrational spectrum of the
ion-affected water [34–40]. The ‘minimum area’ signifies the response of the ‘perturbed-
water’ only; in other words, the hydration shell water whose vibrational response is
similar to the bulk water is not retained in the MCR-extracted hydration shell spectrum.
An important advantage of Raman-MCR is that it does not require any spectral fitting.
However, the MCR method used in the study of ion hydration shells is heavily biased
towards the perturbed water [34]. As a result, the MCR-extracted hydration shell spectrum

35



Liquids 2023, 3

fails to appreciate the subtle spectral features of water in the hydration shell of an ion. This
limitation can be overcome to a great extent by using spectral fitting-guided minimum-area
difference spectroscopy, known as difference spectroscopy, with simultaneous curve fitting
(DS-SCF) analysis [41]. The application of Raman-DS-SCF revealed new features of water
in the hydration shell of ions [42], which were obscured in the Raman-MCR [43], as well as
double difference infrared, spectroscopy (DDIR) [44].

This review article describes the perturbation of the H-bonding and the vibrational
coupling of water in the hydration shell of different ions, using DS-SCF and MCR methods
on the Raman spectra of the corresponding dilute electrolyte solutions. Herein, hydration
water refers to water that are in the close vicinity of ions, collectively called hydration shell
water, regardless of their positions in the first, second or third hydration spheres that may
exist depending on the charge density of the ion. The subsequent discussions are structured
as follows. Section 2 provides a comparative discussion of the Raman-DS-SCF method
with other hydration shell spectroscopy techniques. Sections 3 and 4 describe the Raman
spectrum of water in the OH stretch region and discuss the effect of isotopic dilution and
electrolyte on the spectral line shape. Sections 5 and 6 discuss the perturbation of H-bonding
and vibrational coupling in the hydration shell of the anion and cation, respectively, with
their varying natures such as charge density, valency, atomic/molecular nature, etc. The
restructuring of hydration shell water for the formation of WSIP is described in Section 7.
Sections 8 and 9 discuss the hydration characteristics of a hydrophobic molecular ion
(CH3)4N+;) and zwitterion (CH3)3N+-O−), respectively. Finally, Section 10 provides a
future perspective along with concluding remarks.

2. Raman-DS-SCF Analysis and Ion Hydration Shell

For the DS-SCF analysis, the Raman spectrum of a dilute electrolyte solution (~sub
molar concentration) is considered as a linear combination of three spectral components:
(1) vibrational response of the solute/ion (if any), (2) spectrum of the water that is per-
turbed by the ion/solute and (3) spectrum of the unperturbed water that is equivalent to
the spectrum of the bulk water. Components 1 and 2 are associated with the solute and its
hydration shell water, which is combinedly treated as the ion/solute-perturbed spectrum
or the hydration shell spectrum. While subtracting the bulk-like water spectrum (refer-
ence spectrum; R(ν)) from the solution spectrum (S(ν)), the emerging perturbed-water
spectrum, along with the inherent vibrational bands of the solute (if any), is fitted with a
combination of Gaussian bands following Equation (1).

S(ν)− f R(ν) =
n

∑
n=1

(
Ane

− (ν−νn)2

2Γn2

)
+ A0 (1)

where f is the “appropriate fraction” of the reference spectrum (R(ν)) subtracted from the
dilute solution spectrum (S(ν)). An, νn and Γn are the amplitude, center frequency and
fwhm of the nth band in components 1 and 2 (i.e., solute/ion’s own vibrational bands and
that of the perturbed water). A0 is a constant that takes care of the difference in constant
background (if any) between the solution and reference spectra.

Figure 1 depicts the S(ν) for 0.25 M aqueous MgCl2, R(ν) corresponding to the 0.5 M
aqueous NaCl and the Raman-DS-SCF-extracted hydration shell spectrum of Mg2+ ion.
Instead of the neat water, a 0.5 M NaCl solution was chosen as the reference (R(ν)), because
the latter contains the same concentration of Cl− (counter-ion) as in the 0.25 M aqueous
MgCl2, such that the effect of the counter ion (Cl−) is nullified in the DS-SCF-extracted
spectrum, representing the hydration shell water of Mg2+. To be precise, the Mg2+ hydration
shell spectrum shown in Figure 1 is the response of the Mg2+-associated water relative to
that of Na+; however, due to the subtle influence of Na+ (on water) [45], the perturbed
water spectrum predominantly represents the hydration shell response of Mg2+.
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Figure 1. Input and output spectra corresponding to the extraction of Mg2+ hydration shell spectrum
using Raman-DS-SCF analysis. Input: Raman spectra of 0.25 M MgCl2 (red) as the solution spectrum
and 0.5 M NaCl (black) as the reference spectrum. Output: Mg2+ hydration shell spectra (blue) and
spectrum of water that are unperturbed by Mg2+ (− fR(ν)), which is basically the fraction of the
reference spectrum removed from the solution spectrum. The coefficients of the Raman-DS-SCF
fitting analysis are shown in Table 1 for reference.

Table 1. Fitting parameters of Mg2+-hydration shell spectrum (OH stretch).

Coefficients Peak 1 Peak 2 Peak 3 Peak 4

Amplitude, An, (×10−4) 2.2 17.2 9.9 3.0

Peak center (cm−1), νn 3048 3234 3399 3561

fwhm (cm−1), Γn 155 113 65 92

A0, (×10−4) −0.27

As can be seen in the hydration shell spectrum of the Mg2+ ion (blue curve, Figure 1),
a weak band in the high-frequency region (~3600 cm−1) is distinctly visible in the Raman-
DS-SCF extracted spectrum. Such subtle spectral features are not so obvious in the corre-
sponding Raman-MCR-extracted Mg2+ hydration shell spectrum [43]. Moreover, unlike in
the case of Raman-MCR, the Raman-DS-SCF extracted spectrum is not area-normalized,
and hence retains quantitative information of the perturbed hydration shell water to a great
extent [42]. The DDIR approach also applies difference spectroscopy and curve fitting, but
the “fitting” analysis is carried out after the completion of the “subtraction” process [46–48],
while in Raman-DS-SCF, the “subtraction” and “curve fitting” are carried out simulta-
neously with the gradual (small-step) increments of the ‘f’ factor while readjusting the
Gaussian fitting coefficients. For the electrolytes with the dominant effect of the counter
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ion, unlike the DDIR, Raman-DS-SCF and Raman-MCR use an appropriate reference spec-
trum to automatically subtract the counter ion influence so that the subtracted spectrum
is predominantly from the ion in question. Nevertheless, it is important to note that both
Raman-MCR and Raman-DS-SCF are biased towards the perturbed water in the hydration
shell, and the hydration water component having bulk-like vibrational response is not
retained in the extracted spectrum.

3. OH Stretch Spectra of Neat Water

The Raman OH stretch (3000–3800 cm−1) spectrum of water is affected in the presence
of dissolved ions/solutes. These spectral changes are better understood by comparing the
solution spectrum with the neat-water spectrum. Therefore, it important to briefly discuss
the OH stretch spectrum of neat water. The Raman spectrum of neat water (Figure 2) shows
a broad band in the OH stretch region, with a maximum at ∼3420 cm−1 and shoulders
at ∼3250 and ∼3620 cm−1. The frequency of OH stretch vibration is strongly correlated
with the H-bond strength: strengthening of the H-bond makes the parent O–H bond
weaker, leading to a shift in the O–H stretch frequency to a lower wavenumber, termed
the ‘red-shift’. Similarly, the weakening of H-bonding causes a shift in the O–H stretch
frequency to a higher wavenumber, termed the ‘blue-shift’. However, the intramolecular
vibrational coupling between the HOH-bend overtone and O–H stretch fundamental,
called Fermi resonance (FR), as well as the intra- and intermolecular vibrational coupling
of the OH-stretch, change the line shape of the OH stretch spectrum of water, barring its
straightforward interpretation solely on the basis of the strength of H-bonding [37,49–52].
To correctly interpret the spectral change due to H-bonding, generally isotopically diluted
water (HOD; a mixture of H2O and D2O) is used instead of isotopically pure H2O or D2O.
An appropriate mixture of H2O and D2O (e.g., H2O:D2O = 1:9, v/v) is free from the intra-
and intermolecular vibrational coupling due to the energetic mismatch of intramolecular
vibrational modes (OD and OH stretches) and the bend overtones. As can be seen in
Figure 2a, the peak-normalized OH stretch spectrum of HOD has substantially lower
intensity around 3200 cm−1 compared to that of H2O. This indicates that the 3200 cm−1

band of water is predominantly due to intra- and inter-molecular vibrational coupling
and Fermi resonance. Polarized Raman measurement provides the symmetry information
of the vibrational bands. The lower-frequency region (<3300 cm−1) is dominated in the
isotropic Raman spectrum, whereas the higher frequency region (>3300 cm−1) is dominated
in the anisotropic spectrum (Figure 2b). The isotropic Raman spectrum of neat water is
dominated by the symmetric OH stretch that are coupled in-phase with the symmetric OH
stretch modes of neighboring water molecules and that appear towards the lower-frequency
region of the OH stretch band [49]. The band shape of the anisotropic Raman spectrum is
similar to the unpolarized Raman spectrum of HOD and assignable to the antisymmetric
OH stretch mode of water. Thus, the isotopic dilution and polarized Raman measurements
show that the spectral response at ∼3250 cm−1 region is dominated by the symmetric OH
stretch that are intra- and intermolecularly coupled along with FR. The band at ∼3420 cm−1

represents the average H-bond strength of bulk water (free from coupling effects). The
extreme high-frequency shoulder around 3620 cm−1 mainly corresponds to the very weakly
H-bonded water or the water–OH with broken H-bonds (free OH) that exists transiently
during the switching of the H-bonded partner among water molecules [53,54]. Thus, at any
instant, bulk water can be thought of a mixture of water species with continuously varying
H-bond strengths.
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Figure 2. (a) Raman spectra of H2O and HOD (H2O:D2O = 1:9 (v/v)) in the OH stretch region;
(b) Isotropic (Iiso)and anisotropic (Ianiso) Raman spectra of H2O. All spectra are peak-normalized
at 3420 cm−1. The isotropic and anisotropic Raman spectra are calculated as Iiso = I∥ − 4/3I⊥ and
Ianirso = 4/3I⊥. where I∥ and I⊥ are the parallel and perpendicular spectra recorded by placing
laminated film polarizer (in the detection path) in the parallel and perpendicular orientation with
respect to the polarization of the excitation beam.

4. Effect of Electrolytes on the OH Stretch Raman Cross-Section and Vibrational
Coupling of Water

Coupling among the vibrational modes in liquid water has a close relation with its
structure and properties. For instance, strong intramolecular vibrational coupling leads
to ultrafast energy delocalization among different intramolecular vibrational modes of
a water molecule; while strong intermolecular coupling does the same among several
water molecules (collective vibration) [51,55]. These ultrafast elementary processes play
pivotal roles in water-mediated energy dissipation processes. Figure 3a shows the effect
of isotopic dilution on the OD stretch spectrum of D2O. With an increasing percentage
of H2O in D2O, the intensity around 2350 cm−1 (corresponding to the 3200 cm−1 for the
OH stretch) decreases and that around 2500 cm−1 increases, making the overall spectrum
narrower and blue-shifted compared to D2O. These spectral changes suggest the reduction
of Fermi resonance and vibrational decoupling in D2O due to the addition of H2O (isotopic
dilution). Interestingly, the addition of electrolytes, such as NaBr, has a similar effect on
the OD stretch of D2O (Figure 3b). Except NaF, all other Na-halides lead to such a spectral
change in the OD (or OH) stretch regions. Thus, the spectral change in Figure 3a,b indicates
the reduced coupling (VC and FR) of water in the presence of NaX (X = Cl, Br, I) [37,45].
The reduction of coupling could be due to the change in OH stretch frequency (variation
in H-bond strength) and the preferred orientation of water in the hydration shell of the
ions. Quantitative estimation, on the basis of integrated Raman intensity, revealed that the
Raman cross section increases in the presence of the halide ions, except F−.

Figure 3. Raman spectra (OD stretch) of (a) D2O-H2O mixtures with different mole ratios and
(b) D2O with different mole fractions of NaBr. The spectra are normalized for the concentration of
OD oscillator in NaBr solution and D2O-H2O mixture. (Reprinted with permission from ref. [37].
Copyright 2013 American Chemical Society).
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5. Hydration Shell of Ions

5.1. Water in the Hydration Shell of a Low-Charge-Density Monovalent Anion

Water interacts with anions through its hydrogen atom by forming an H-bond with
the latter. The E-field around the ion reorients the water in the hydration shell such that the
water–Hs are pointed ‘towards’ the hydrated anion and ‘away’ from the hydrated cation,
following the law of electrostatics. Figure 4a shows the Raman spectrum of neat water
and the MCR-extracted hydration shell water spectra of different monovalent anions. It
is important to note that, for the hydration shell of low-charge-density anions, the band
shapes of the MCR-extracted spectra are very similar to the Raman-DS-SCF-extracted
spectra (not shown here). It is obvious that the spectral responses of hydration water are
markedly different from the Raman spectrum of the bulk water. To examine the H-bond
strength of water in the vicinity of ions, it is reasonable to compare the OH stretch spectra
of hydration water with that of HOD, in which the intermolecular coupling of OH stretch
modes is largely suppressed. The maxima of the OH stretch Raman band of the hydration
water of the monovalent halide anions (Br−, I−) lie in the higher-frequency region (blue-
shift) compare to that of HOD (Figure 4a), indicating weaker average H-bond strength
of water in the hydration shell of the halide anions [36,39,45]. A similar spectral change
was also observed for Cl− (spectrum not shown here) [39]. Moreover, the extent of the
blue-shift of the hydration water spectra (OH stretch) follows the order of the increasing
size of the anions, i.e., Cl− < Br− < I−. A triatomic monovalent anion with lower charge
density than I− (e.g., I3

−) shows a further decrease in the average H-bond strength of the
hydration water than that of the I− [56–58]. The monovalent NO3

− anion also weakens
the H-bond strength of its hydration shell water (Figure 4a) [36,44,59]. Further analysis of
the integrated area of the 3250 cm−1 band with that of the H2O and HOD (decoupled OH)
suggested a significant reduction (~80%) of the combined coupling effects (intermolecular
coupling and Fermi resonance) in the vicinity of halide ions relative to the bulk water [36].

Figure 4. (a) Hydration shell water spectra (OH stretch) for I−, Br− and NO3
− in the dilute aqueous

solution (1.0 M) of the respective Na-salts. Raman spectra of neat H2O and HOD (H2O/D2O = 1/19;
v/v) are shown for comparison. (Reprinted with permission from ref. [36]. Copyright 2013 American
Chemical Society). (b) Schematic representation of the first hydration shell of an anion (the number
of water molecules shown in the hydration shells are just representative in nature and do not indicate
the coordination number of the ions).

5.2. Hydration Shell of Monovalent Oxyhalide Anion

Although the halide ions weaken the H-bond strength of hydration water in the order
Cl− < Br− < I−, the oxyhalide ions affect the surrounding water differently. Figure 5a–c
shows the hydration shell water spectra of ClO3

−, BrO3
− and IO3

− anions in H2O. The
band maximum is gradually blue-shifted (shifted to the high-frequency side) as the central
halogen atom changes from I to Br to Cl. The relative intensity of the 3200 cm−1 shoulder
band is decreased due to reduced vibrational coupling and the Fermi resonance of water in
the hydration shell of the oxyhalide anions, as has been observed with the halide ions [36,45].
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The hydration shell spectra in HOD (Figure 5d–f) show that the OH stretch band maximum
is blue-shifted by ~100 cm−1 and ~70 cm−1 for ClO3

− and BrO3
−, respectively, while in

the case of IO3
−, the relative intensity in the low-frequency region (below 3400 cm−1)

is enhanced. Hence, ClO3
− and BrO3

− weaken the H-bond strength of their hydration
water following the order ClO3

− > BrO3
−, whereas IO3

− is strengthened the same [60].
Using MD simulation and XAFS spectroscopy, Baer et al. showed that the central iodine
atom of IO3

− possesses a positive charge, while each of the three oxygen atoms bears a
negative charge [61], which indicates two distinct hydration environments around the
iodate ion corresponding to the cationic iodine and anionic oxygen atoms, respectively. MD
simulation also revealed that the vibrational power spectra and distributions of different
types of H-bonded water molecules hydrating the iodate-oxygens are very similar to that
of bulk water [62]. Hence, the cationic iodine (of iodate) predominantly affects the structure
of surrounding water. Thus, unlike the weakly interacting I− anion, in spite of having an
overall negative charge, IO3

− effectively behaves as a hydrated cation in aqueous solution
which makes the H-bonds of surrounding water stronger. The asymmetric hydration of
IO3

− in aqueous KIO3 solution has also been suggested by Raman-MCR study [56]. The
MD simulation of BrO3

− ion in water suggested that anionic oxygens (of BrO3
−) affect

the hydrating water to a greater extent than the cationic bromine (of BrO3
−) and that

the average strength of BrO3
−–water H-bonding is weaker than that of water–water in

bulk [63].

Figure 5. Raman-DS-SCF-extracted hydration shell spectra (peak intensity normalized) of oxyhalide
anions in H2O (a–c) and HOD (H2O:D2O = 1:6 (v/v); (d–f)); IO−

3 (red; (a,d)), BrO−
3 (brown; (b,e)),

and ClO−
3 (blue; (c,f)). The experimental Raman spectra of the salt solutions (dashed curves) and

that of the neat H2O (HOD) (black curve) are shown in each panel for reference. (Reprinted with
permission from ref. [60]. Copyright 2021 American Chemical Society).
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5.3. Hydration Shell of High-Charge-Density Anions

For the high-charge-density anions, the Na-salt of F− and CO3
2− anions has been

analyzed with respect to the bulk water using Raman-DS-SCF analysis. The hydration
water spectrum of F− shows enhanced absorption (compared to neat water) in the low-
frequency region of the OH stretch up to 2600 cm−1 (Figure 6) [64]. This indicates the strong
H-bonding of water with the F− ion. MD simulation also suggested that the reorientation
dynamics of water in the first hydration shell of F− is much slower than that of I−, invoking
stronger F− . . . H2O H-bonding [65]. Divalent CO3

2− anion perturbs the H-bond strength
of hydration water quite similar to that of F−, although the average number of water
molecules perturbed per CO3

2− anion is greater than that of F− (Figure 6) [64]. In the
hydration shell Raman spectrum of CO3

2− and F− ions in H2O, a new band appears in
the lower-frequency region (~3050 cm−1) suggesting the presence of a very strong H-bond
in hydration water [39,64]. Thus, unlike the low-charge-density monovalent ions (Cl−,
Br−, I−, ClO3

−, BrO3
−), higher-charge-density anions, such as F− and CO3

2−, increase
the average H-bond strength of water in their hydration shell compared to that of bulk
water. The dip feature around 3200 cm−1 in the hydration shell spectra in H2O is due to
the decoupling of the vibrational modes of water in the hydration shell of the ions; the
dip feature is largely reduced in HOD. Hence, the structure of water in the hydration
shell of CO3

2− and F− is more inhomogeneous compared to bulk water. It is believed
that two different types of water molecules exist in the hydration shell of the ions: water
in the first hydration shell forms a very strong H-bond (~3050 cm−1) with the carbonate
oxygen (or F−), and water in the second hydration shell has an H-bond strength weaker
than the first hydration shell but stronger than bulk water. In agreement with this, the
calculated (MD simulation) stretch frequency of the water–OD, directly H-bonded to the
CO3

2− oxygen, is red-shifted (i.e., shifted towards low frequency region) from that of
bulk-water–OD, whereas the stretch frequency of the second hydration shell water lies in
between that of the bulk and first hydration shell water [66]. These observations certainly
indicate that the CO3

2− anion has a long-range effect on neighboring water molecules that
goes beyond the first hydration shell.

In the case of SO4
2−, a distinct band around 3250 cm−1 is clearly visible is the hydration

shell spectrum (in HOD; Figure 6e), though the band is not as intense as that with CO3
2−.

In agreement with the OH stretch, the analysis of the HOH bending band revealed stronger
H-bonding in the hydration shell of SO4

2− [39]. The difference spectroscopy-based IR
methods in the OD stretch region also suggested that water forms H-bonds with sulfate
ions stronger than that between two water molecules in bulk water [44,59]. Kameda et al.
showed that the intermolecular H-bonded O–O distance between sulfate and water (in
aqueous sulfuric acid solution) is shorter than that of pure water, suggesting a strongly
H-bonded intermolecular interaction [67].

As expected, the trivalent PO4
3− anion induces the strong H-bonding of water in

the hydration shell [36]. The Raman spectrum of aqueous PO4
3− solution in the low-

wavenumber region (hindered translation of the H-bonded water molecules or the H-
bond stretch) also confirmed the formation of strong P–O . . . H bonds in solution [68].
One interesting feature of the hydration shell water spectrum is that, unlike the case of
other anions, the shoulder near 3600 cm−1, which represents weakly interacting or under-
coordinated water–OH, is not reduced for PO4

3− [36]. Furthermore, Raman measurements
of aqueous K3PO4 solutions showed a polarized shoulder band at ~3620 cm−1, which
increased slightly in intensity with increasing concentration (range 0.7–5.3 M) of the salt [68].
Chandra and co-worker calculated the OD stretch frequencies in the hydration shells of
PO4

3− [69]. They showed that the stretch frequency of OD in the first hydration shell that
directly forms an H-bond with the anion is considerably red-shifted compared to the bulk
water; whereas the other OD (of the same water forming an H-bond with the anion) stretch
is blue-shifted and has significant overlap with the band of non-H-bonded OD in bulk
water. On the basis of this observation, the authors speculated the existence of weakly
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H-bonded (compared to water–water in bulk) water–OD in the first hydration shell of the
PO4

3− anion.

Figure 6. Raman-DS-SCF-extracted hydration shell spectra (OH stretch) of CO3
2− and F− in H2O

(a,b) and HOD (H2O:D2O = 1:6 (v/v); (c,d)); CO3
2− (shaded green; (a,c)) and F− (shaded orange;

(b,d)). The experimental Raman spectra of the salt solutions (dashed curves) and that of the neat
H2O (HOD) (black shaded curve) are shown in each panel for reference. DS-SCF-extracted hydration
shell spectra (OH stretch) of SO4

2− (e) in HOD. (Figure 6a–d are reprinted with permission from
ref. [64]. Copyright 2021 American Chemical Society).

5.4. HOH Bend and Bend+Libration Combination Band of Water in the Anion Hydration Shell

The restricted rotational motions of water in the H-bonded network are termed as
librational motions that play an important role in the energy transfer mechanism in liquid
water. It has been suggested that, unlike fast intermolecular stretch-to-stretch energy trans-
fer in water, intermolecular bend-to-bend transfer is much slower [70]. Rather, librational
motions randomize the orientation of the HOH bending mode transition dipole moment
much faster, and thus, the vibrational energy of the HOH bending mode is primarily
released to the librational modes.

In the Raman spectrum of neat water, the HOH bend vibration of water appears at
~1640 cm−1 [71]. As the H-bond strength of water increases, the HOH bending motion
becomes more restricted. Therefore, the HOH bending band of water is expected to be blue-
shifted (red-shifted) in the hydration shell of ions, where the water H-bond is strengthened
(weakened). Upon isotopic dilution, the HOH bend maximum is blue-shifted by ∼10 cm−1

and the spectral width is decreased due to vibrational decoupling (compare the black dotted
and green dashed curves in Figure 7a,b). As can be seen in Figure 7a,b, the hydration shell
spectra for Cl−, I− and SO4

2− ions are blue-shifted and have lower spectral width than
that of neat H2O, indicating that the HOH bending mode of water in the hydration shell of
these anions are decoupled from the neighboring water molecules. On the contrary, the
hydration shell spectrum for CO3

2− showed comparable spectral width to that of bulk
H2O (Figure 7b). It is likely that the larger spectral width (compared to that of other anions)
for CO3

2− is because of the greater distribution of H-bond strength in the hydration shell.
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Figure 7. Hydration shell spectra (retrieved by Raman-MCR) of monovalent (Cl− and I−) and
divalent (CO3

2− and SO4
2−) anions in the HOH bend (a,b) and bend+libration combination regions

(c,d); Cl− in NaCl (gray), I− in NaI (red), SO4
2− in Na2SO4 (orange) and CO3

2− in Na2CO3 (purple)
solutions (~1 M). The Raman spectrum of bulk H2O (black dotted curve) is shown in each panel
for reference. MCR-retrieved spectrum of H2O in D2O (green dashed curve) that bears the Raman
response of decoupled H2O (around 1650 cm−1) are shown in panels (a,b) for reference. (Reprinted
from ref. [39] with the permission of AIP Publishing).

Water librations represent a broad band over 300–1000 cm−1 in the Raman spectrum
of neat water [8,72]. In fact, this broad librational response is composed of three overlapped
bands (centered at ~450, ~580 and ~720 cm−1) arising from water librations about the
three axes of rotation [72–74]. The librational band of water is red-shifted with increasing
temperature signifying increased librational freedom because of the weakened H-bonding
of water at elevated temperatures [75]. Hence, it is expected that the ions that induce
the weakening (strengthening) of the H-bond strength of neighboring water will increase
(decrease) the librational freedom of the hydration water. The bend+libration combination
band of hydration water is red-shifted for monovalent Cl− and I− compared to the neat
water (~2130 cm−1), while it is blue-shifted for divalent SO4

2− and CO3
2− (Figure 7c,d).

The calculated librational band positions revealed that water molecules in the hydration
shell of the monovalent Cl− and I− weakly interact with vicinal water and have higher
librational freedom than bulk water [39]. Conversely, water in the immediate vicinity
of divalent (strongly interacting) anions such as SO4

2− and CO3
2− have more restricted

librational mobility compared to bulk water [39].

6. Water in the Hydration Shell of a Metal Cation

The local electric field around a cation orients hydration water dipole vectors to point
radially away from the cation. The monovalent cations with low charge density (e.g., Na+,
Cs+) exhibit a negligible effect on the H-bonded structure of the hydration water compared
to the monovalent anions. Although monovalent Na+ does not have significant influence
on the neighboring water [76], the cations with higher charge density are expected to
perturb the water in their hydration shell. In fact, the DDIR study of divalent transition
metal ions (Mn2+, Fe2+, Co2+) and trivalent lanthanide ions (La3+, Nd3+, Dy3+, Yb3+) with
comparable ionic potential revealed quite a similar effect on the OD stretch band [77].
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Rudolph and co-workers investigated a series of lanthanide ions (Ln3+: La3+, Ce3+, Pr3+,
Nd3+, Sm3+, Ho3+, Er3+, Tm3+, Yb3+ and Lu3+) using Raman measurements that enabled
determining the force constant of the Ln–O breathing modes of the aqua complexes [78,79].
It was observed that the strength of the force constant increases with decreasing Ln–O bond
distances (bond distances: Lu–O < Yb–O < Tm–O < Er–O < Ho–O < Sm–O < Nd–O < Pr–O
< Ce–O < La–O).

Recently, we have selectively extracted the OH stretch spectra of water in the hydration
shell of a series of high-charge-density cations (Li+, Mg2+, Ca2+, Sr2+, Ba2+, La3+, Gd3+, Dy3+

and Lu3+, as well as H+) using Raman-DS-SCF spectroscopy [42]. It was observed that these
cations strongly interact with their hydration water and profoundly affect the local water
structure. Interestingly, the strong cation–water interaction not only increases the average
H-bond strength of hydration water but also produces a small fraction of extremely weakly
interacting water–OH in the hydration shell, which increases the structural heterogeneity
therein (see Figure 8). Figure 8a,b compare the hydration shell spectra of monovalent Cs+

(low charge density) to trivalent Lu3+ (high charge density), as extracted by the Raman-DS-
SCF method. The hydration shell spectrum (OH stretch band-shape) of Cs+ is qualitatively
similar to that of bulk water. However, the hydration shell spectrum of Lu3+ shows
distinct changes compared to that of bulk water: the spectral intensity is enhanced in the
low-frequency region (below 3400 cm−1; strong H-bonding) and a small band appears at
the high-frequency end near 3600 cm−1 (weakly interacting water–OH). The extremely
weakly interacting water–OH is believed to have originated from the second hydration
shell water–OH that donates an H-bond to the electron-deficient water–oxygen in the
first hydration shell of the high-charge-density cations and distributed unevenly within
the range of ionic influence (see Figure 9). In fact, this weakly interacting water–OH is
different from the broken H-bonded OH transients (usually appearing at ∼3620 cm−1) that
is uniformly distributed in bulk water [54]. Hence, the high-charge-density metal ions
induce the structural perturbation of water beyond their first hydration shell, which was
also suggested by MD simulation studies [80,81]. The number of affected water molecules
by the metal cations is correlated with the ionic potential of the ions: higher the ionic
potential, the greater the number of affected water molecules by the cations. Interestingly,
among the lanthanides, the number of affected water molecules marginally decreases
with increasing ionic potential. On moving from La3+ to Lu3+, the number of affected
water molecules decreases following a similar trend as in the coordination numbers due
to lanthanide contraction [82–84]. Nevertheless, the effects of cations on water cannot be
described solely by the ionic potential. The ionic potential of Mg2+ is higher than that of
La3+; however, the latter affects a greater number of water molecules. In addition to the
ionic potential, the absolute charge (i.e., oxidation state) and the size of an ion play roles in
the ion’s effect on water. Between two ions with the same ionic potential, the larger one
affects a greater number of water molecules than the smaller one. Mg2+ and Dy3+ have the
same ionic potential, but the latter ion affects a greater number of water molecules [42].

The perturbing influence of a proton (H+) on the structure of water is very similar
to that of high-charge-density metal ions [42,43]. Indeed, H+ and a high-charge-density
metal ion are similar from the perspective of interaction with hydration water: both of
them accept electrons from the oxygen of the water in the first hydration shell.
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Figure 8. Raman-DS-SCF-extracted OH stretch spectra (shaded curves) of water in the hydration
shell of (a) Cs+ in CsCl (0.6 M) and (b) Lu3+ in LuCl3 (0.2 M). The spectrum of the bulk water (black
dashed curve; multiplied by a factor of 1/20) is shown in each panel for comparison. (Reprinted with
permission from ref. [42]. Copyright 2020 American Chemical Society).

Figure 9. Schematic of the hydration shell of a high-charge-density cation: dashed white lines
represent a very weak H-bond; the corresponding parent OH appears at ∼3600 cm−1 in the hydration
shell spectrum.

7. Water Shared Ion-Pair Formation and Restructuring of Hydration Shell Water

In a very dilute aqueous solution of an electrolyte, the cation and anion are hydrated
separately and mostly do not influence the hydration shell structure of each other. In such
a fully hydrated ion, the structural and dynamical properties of the hydrating water are
perturbed by the physicochemical properties of the individual hydrated ion. However, with
the increasing concentration of the electrolyte, the oppositely charged ions approach closer
with their native hydration shells, which can mutually influence their properties [13,85,86].
In such cases, the native hydration shells of the oppositely charged ions overlap, and the
intervening (shared) water becomes perturbed by both the interacting ions [87]. These ion-
pairs are generally termed “solvent-shared ion-pairs (SSIP)”. The structural perturbation
of water in hydrated ion-pairs is important in understanding the ionic mobilities and
thermodynamics of solutions.

Raman-DS-SCF analysis successfully enabled the identification of the formation of
SSIPs and suitably extracted the vibrational response of the shared water. As can be seen in
Figure 10a, the band shape of the OH stretch hydration shell water spectra (extracted by
Raman-DS-SCF) of Mg2+ in its aqueous chloride solution undergoes gradual changes with

46



Liquids 2023, 3

the increasing concentration of MgCl2 ([MgCl2] ≥ 0.37 M). The apparent band maxima of
the Mg2+ hydration shell spectrum is shifted from ~3200 cm−1 to ~3400 cm−1 (as indicated
by the gray dashed arrow in Figure 10a). This concentration-dependent spectral change
indicates an interionic interaction between Mg2+ and Cl−, forming SSIP. Further, a second-
round DS-SCF analysis (Figure 10b) revealed that the shared water is affected by both Mg2+

and Cl−; the average H-bonding of the shared water is weaker than the hydration shell
water of Mg2+ but stronger than the hydration shell water of Cl−. A similar observation
was also observed for the case of an aqueous LaCl3 solution [88]. The perturbing influences
of both the cation and anion on the shared water have also been suggested in the aqueous
solutions of nitrate and the chloride salt of Fe(III) [89].

Figure 10. (a) Raman-DS-SCF-extracted hydration shell spectra (OH stretch) of Mg2+ in MgCl2
solution corresponding to different salt concentrations. Raman spectrum of the bulk water (dotted
curve) is shown for reference; (b) The second round Raman-DS-SCF-extracted OH stretch spectra
(solid curves) of the shared water in SSIP formed between Mg2+ and Cl−, corresponding to different
salt concentrations. The hydration shell spectra of the fully hydrated ions corresponding to Mg2+

(gray dashed line) and Cl− (black dashed line) are shown for reference. Scheme: Water-shared ion
pair representing the hydration water along with the shared water in the hydration shell. (Reprinted
with permission from ref. [88]. Copyright 2020 American Chemical Society).

The Raman-DS-SCF analysis also enabled the identification of the type of ion-pair
formed in the solution from the band shape and the intensity of the hydration shell water
spectra. In the formation of SSIP, a fraction of the hydration shell water molecules of an
ion is shared by its counterion. Hence, the average number of water molecules affected
by the ion is not expected to vary significantly. As a result, the integrated intensity of the
hydration shell water spectra that is a quantitative measure of the ion-affected water varies
linearly with concentration. On the contrary, a fraction of water molecules is excluded
from the hydration shell of an ion during the formation of contact ion pairs (CIP) where
the ion directly interacts with its counterion. Thus, the average number of affected water
molecules is expected to decrease during CIP formation. The integrated intensity of the
Cl−-affected water spectrum (OH stretch) linearly increases with concentrations up to 3 M
NaCl while showing negative deviation above 3 M NaCl, indicating the formation of CIP
between Na+ and Cl− (above 3M) [88]. On the contrary, in the cases of Mg2+- and La3+-salts,
the predominant formation of SSIP was identified (data not shown here), in agreement
with THz and dielectric relaxation spectroscopy studies [29,90]. X-ray absorption fine
structure spectroscopy and neutron scattering investigations of divalent Ca2+ (chloride
salt) solvation provided evidence for the predominant formation of Ca2+-OH2-Cl− SSIPs
compared to Ca2+-Cl− CIPs, even at high (~6 M) concentrations [91,92]. Presumably, the
strong interaction (i.e., tight binding) of first hydration shell water with high-charge-density
cations (e.g., Mg2+ and La3+) promotes the preferential formation of SSIP, while weaker
ion–water interaction favors the formation of CIP in NaCl solution.

Ion-pairing in aqueous solution has also been recently detected using Raman-MCR
and IR-MCR analyses [93,94]. The analyses of the band shape (OH stretch) and intensity
of the Raman-MCR extracted ion-perturbed water spectra of aqueous NaOH and LiOH
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solutions revealed that SSIPs are predominantly formed in these solutions, while CIPs only
become significant at higher concentrations [93]. In fact, the strong H-bonding between
OH− and the first hydration shell water (HOH . . . OH−) favors the predominant formation
of SSIP. Moreover, the ion-pairing in aqueous NaOH and LiOH is enthalpically disfavored
and entropically favored (i.e., positive ΔH and ΔS), implying that the thermodynamics
of ion-pairing is dominated by ion–water interaction rather the electrostatic attraction
between the oppositely charged ions.

8. Water in the Hydration Shell of Hydrophobic Molecular Cation ((CH3)4N+)

Ions containing hydrophobic molecular groups exhibit distinct local effects on the
neighboring water molecules. The hydration shell spectrum (OH stretch) of tetramethy-
lammonium cation ((CH3)4N+; TMA+) closely resembles that of tert-butyl alcohol (TBA;
an uncharged hydrophobe), showing “hydrophobic hydration” around the tetramethyl
group (Figure 11). Water lacks favorable interactions with non-polar hydrophobes and
is unable to form H-bonds. Accordingly, water molecules around a hydrophobe reorga-
nize themselves to optimize the water–water interaction, resulting in increased average
H-bond strength (i.e., the enhanced intensity ~3200 cm−1; compare the green and black
dashed curves of Figure 11a,b), along with some non-H-bonded “dangling OH” defects
(small band ~3670 cm−1 in case of TBA hydration shell) [95,96]. Notably, the dangling OH
defect of hydrophobic hydration in TMA+ is largely suppressed due to the presence of
a cationic charge. The ion–dipole interaction between the positively charged TMA+ and
hydration water preferentially orients the latter, pointing their hydrogens away from the
TMA+ surface, suppressing the propensity of dangling OH (3670 cm−1 band is absent in
TMA+ hydration shell).

Figure 11. Hydration shell spectra (OH stretch; retrieved by Raman-MCR) of (a) TBA and (b) TMA+

in aqueous solution (0.8 M). The spectrum of bulk water (black dashed curve) is shown in each panel
for reference. (Reprinted with permission from ref. [97]. Copyright 2016 American Chemical Society).

9. Water in the Hydration Shell of Zwitterion, Trimethylamine
N-Oxide (CH3)3N+-O−)

In the case of zwitterions, such as trimethylamine N-oxide (TMAO), which contains
a hydrophobic trimethyl and an zwitterionic N-oxide (N+-O−) group, shows different
local hydration characteristics: hydrophobic hydration around the trimethyl group and hy-
drophilic (ionic) hydration of the N-oxide group (Figure 12) [97]. In addition to hydrophobic
hydration, the TMAO–oxygen forms a stronger H-bond with the hydration water com-
pared to that in bulk water (reflected by the markedly enhanced intensity ~3230 cm−1 in the
TMAO hydration shell spectrum compared to both the TBA and the TMA+ hydration shell;
compare the green curves of Figures 11 and 12). In fact, a balance between these differential
hydration characteristics (hydrophobic vs. ionic) of TMAO is believed to have implications
in its interfacial properties and its interactions with a biological membrane/water inter-
face [98,99]. Moreover, the hydration of such an amphoteric molecule is very sensitive to the
local physicochemical environment. In aqueous solution, for example, TMAO experiences
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van der Waals attraction with TBA and hence, interacts through its trimethyl moiety. This is
governed by their mutual hydrophobic interaction with water, which makes the trimethyl
group of TMAO less exposed to water [100]. On the other hand, TMAO electrostatically
interacts with cationic TMA+ through its negatively charged oxygen, which orients the
trimethyl group of TMAO away from TMA+ and renders them exposed to water [100].

Figure 12. Hydration shell spectra (OH stretch; retrieved by Raman-MCR) of TMAO in 0.8 M aqueous
solution. The spectrum of bulk water (black dashed curve) is shown for reference. (Reprinted with
permission from ref. [97]. Copyright 2016 American Chemical Society).

10. Conclusions and Future Perspective

Anions and cations exert specific perturbation on the H-bonded structure of water.
The strength of H-bonding and water libration are altered in the immediate vicinity of
the ions, causing the decoupling of the intra- and intermolecular vibrational modes of
water. The ion effect on water increases with increasing charge density for both anions as
well as cations. Monovalent anions have relatively stronger influences on the hydration
water compared to the monovalent cations with a similar charge density. Nevertheless,
the multivalent cations strongly interact with water that not only increases the average
H-bond strength of hydration water but also produces very weakly interacting water–
OH beyond the first hydration shell. In the case of fully hydrated ions, the structure of
hydration water becomes perturbed primarily by the individual hydrated ion, while at
higher concentrations, interionic interaction between anions and cations starts to form
ion-pairs (SSIP and CIP). In SSIP, the intervening shared water is perturbed by both ions,
forming an ion-pair. In fact, the predominant formation of SSIP or CIP is driven by the
specific nature of the individual ion–water interaction. Hydrophobic molecular ions exhibit
distinct local hydration characteristics.

Ion-induced perturbation modifies coupling between vibrational modes of water.
Anion–water interaction decouples the vibrational modes of the hydration water from its
H-bonded partner. The vibrational coupling of water plays crucial roles in the biochemical
reactions of enzymes [101,102]. Quantification of the vibrational coupling of perturbed wa-
ter by metal ions with biochemical relevance is expected to provide a better understanding
of such systems.

The majority of the IR and Raman spectroscopic investigations have used the OH
stretch band of water as a marker of the ion effect on the water structure. Presumably,
this is because of the high oscillator strength and the higher sensitivity of the OH stretch
towards a structural perturbation of the water than that of its other vibrational modes.
However, recent FTIR spectroscopic measurements indicated the potential of HOH bend-
ing and bend+libration combination band of water as powerful probes for solute-induced
perturbations of a water H-bond network [103–105]. Moreover, probing low-frequency
intermolecular H-bond stretch (~200 cm−1) and librational modes can decipher the struc-
tural perturbation of water by ions (data not yet published). The low-frequency vibrational
modes of water can be applied as complementary probes to the widely studied OH stretch
mode in elucidating the structure of water.
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One emerging trend is the combined investigation of ionic hydration in bulk as well
as at aqueous interface. It is observed that the ion-induced perturbations of H-bonding
structure in the bulk water and at the air/water interface are strongly correlated [56,60,64].
The local hydration characteristics of ions in bulk water dictate their surface affinity [56].
In fact, kosmotropic electrolytes perturb the structure of water at the air/water–electrolyte
interface through their strongly solvated anion hydration shell [64]. DS-SCF analysis of
the vibrational response from bulk water and the aqueous interface can provide a unified
picture of a specific ion effect in bulk water and at the aqueous interfaces.
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Abstract: In this article, we raise awareness about the misuses of frequently invoked criteria for
structure making/breaking phenomena, resulting from the absence of any explicit cause–effect
relationship between the proposed markers and the microstructural perturbation of the solvent
induced by the solute. First, we support our assessment with rigorous molecular-based foundations
to determine, directly and quantitatively, the solute-induced perturbation of the solvent structure
leading to an unambiguous definition of a structure making/breaking event. Then, we highlight
and discuss the sources of concealed ambiguities in two of the most frequently invoked structure
making/breaking criteria, i.e., Hepler’s thermal expansivity-based and Jones–Dole’s B coefficient-
based markers. Finally, we illustrate how the implementation of rigorous molecular-based arguments,
in conjunction with the available experimental evidence on a variety of aqueous species at infinite
dilution, rule out the validity of these two criteria as structure making/breaking markers and suggest
their discontinuation to avoid the perpetuation of myths.

Keywords: aqueous electrolyte solutions; solute-induced microstructural perturbation; structure
making/breaking events; solution non-idealities; solute–solvent intermolecular asymmetries;
Krichevskii parameter; Hepler’s criterion; Jones–Dole’s B coefficient-based criterion

1. Introduction

The solvation of a solute in a solvent can be interpreted as the solute-induced
(distortion) effect on the original microstructure of the solvent environment leading to the
formation of the solvation structure. This distortion can be microstructurally described as
a local perturbation of the solvent density originating in the molecular asymmetry between
the strength of the original solvent–solvent and the ensuing solute–solvent interactions,
thus leading macroscopically to diverse patterns of thermodynamic nonideality [1–3].
Unsurprisingly, researchers have invested significant effort toward the extraction of struc-
tural information of electrolyte and nonelectrolyte solutions from scattering experiments,
such as X-ray spectroscopy (e.g., EXAFS and XANES) [4–7], neutron scattering with iso-
tope substitution (NDIS) [8–12], hybrid methods involving empirical microstructural
refinement of scattering data [13–19], and the interplay between NDIS and molecular
simulation [20–26] as means to interpret the underlying links between the intermolecular
interaction asymmetries and the resulting thermodynamic behavior.

Alternatively, researchers have used surrogate experimental techniques to study the
solvent local environment around a solute in search for connections between the observed
macroscopic (thermodynamic) behavior and the microscopic responses detected by dif-
ferent probes leading to the interpretation of the effect of the solute on the microstructure
of the solution. However, these experimental tools either provide a rather limited (i.e.,
short-ranged and/or orientational) view of the solute effects, involve solvent-specific (e.g.,
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hydrogen-bonding) approaches, or rely on other types of markers to infer a plausible (yet
undefined) microscopic-to-macroscopic link. Two prominent examples of these alternative
approaches are the focus of our critical analysis as we introduce them below, i.e., the
markers associated with the behavior of the B–coefficient in Jones–Dole’s equation [27] and
the isobaric-thermal expansivity of the solute in solution [28].

On the one hand, soon after Jones and Dole [27] introduced the empirical expression
to describe the concentration dependence of the relative viscosity (η/ηo

α) of dilute solutions
in terms of the shear viscosity of the pure α–solvent ηo

α and the molar concentration cβ of
the β–solute in solution, i.e.,

(η/ηo
α) = 1 + Ac0.5

β + Bcβ (1)

followed by the theoretical interpretation of its positive definite A–coefficient [29,30],
researchers were eager to find an explanation for the behavior of the B–coefficient, i.e.,
the origin of B ≶ 0 in particular, but not exclusively [31–35], for aqueous ionic solutes.
From the early work of Cox and Wolfenden [36], who hypothesized that B < 0 could be
traced back to “depolymerization” of water as a manifestation of the “rise of structural
temperature”, according to the theory of Bernal and Fowler available at that time [37], the
B–coefficient was considered a measure of the solute–solvent interactions. In fact, for the
case of aqueous ionic solutes, Wolfenden and collaborators [36,38] advanced the idea of
additivity of the anion and cation contributions to the B–coefficient of the resulting aqueous
salt and, despite the arbitrary nature of the anion–cation division of contributions, the
concept was immediately adopted [39–44].

The above effort was likely the first attempt to link the sign of the B–coefficient of
Jones–Dole’s equation to some type of solvent structural motif as a means to explain the
experimental observations. In fact, Bernal and Fowler conjectured that the ions affected
their solvation water by either loosening or tightening its structure, e.g., a looser structure
arising from a weakly solvated ions giving rise to a decrease of the relative viscosity while
a tighter structure manifested as a stronger ion solvation translating into an increase of the
relative viscosity of the aqueous solution. These ideas were further pursued by Frank and
collaborators [45,46], who analyzed the phenomenon according to measures of free volume
and “structural entropy” of the solution, and then interpreted through the introduction of
the labels “structure-breaking” and “structure-promoting” species.

Furthermore, Tsangaris and Martin [47] introduced an alternative viscosity-based
structure making/breaking criterion based on the combinations of signs for the B–coefficient
and its temperature derivative (∂B/∂T)P by suggesting that “the sign of (∂B/∂T)P appears
to be a more straightforward indicator of structure-breaking or -making ability than sign or size of
the B-coefficient” and that “a positive (∂B/∂T)P indicates a structure-breaking ion or molecule,
and a negative sign, a structure making one” without any explicit microstructural evidence
to support it. Unfortunately, this criterion exacerbates the confusion as we have recently
argued [48], given that the resulting four-sign combinations, comprising eight possible
structure making/breaking outcomes, are devoid of any cause–effect relationship with the
actual microstructural perturbation of the solvent structure around the solute.

On the other hand, early undertakings toward the understanding of the thermody-
namic behavior of aqueous solutions were driven by the work of Frank and Evans [46], who
proposed the formation of quasi-crystalline hydrogen-bonded structures (icebergs) around
highly dilute aqueous nonpolar solutes in order to explain the observed endothermic
negative entropy of solution of gases. In other words, this negative entropy of solution was
interpreted as an increase of order in the aqueous environment around the solute, or equiv-
alently, a promotor of water structure given that entropy was understood (at that time) as a
measure of order. Following these ideas, and supplemented by the experimental evidence
of the larger isobaric-thermal expansivity of heavy water over that of light water, Hep-
ler [28] suggested that the thermal expansivity behavior of water was consistent with Frank
and Evans’ structural model of water, i.e., temperature and pressure increases break down
“structure and cause water to approach “normal” behavior”. Consequently, Hepler promoted
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its extension to dilute solutions as a means to interpret the structure-making/breaking
behavior of solutes in solution.

In pursuit of this issue, Hepler invoked a Maxwell relation involving the partial molar
volumes of the solute at infinite dilution,

(
∂ĉ∞

Pβ
/∂P

)
T
= −T

(
∂2υ̂∞

β /∂T2
)

P
, to keep the

analysis at the level of solute–solvent interactions, and assumed that
(

∂ĉ∞
Pβ

/∂P
)

T
> 0 and,

consequently,
(

∂2υ̂∞
β /∂T2

)
P
< 0, for a structure-breaking solute according to experimental

evidence from some hand-picked aqueous systems. As surprising as it might be, and
despite the evident lack of explicit microstructural support for the advocated structural
marker compounded by the significant ambiguity of the supporting experimental evidence,
the thermal expansivity criterion for structure-making/breaking species was adopted and
has survived until today [49,50]. Unfortunately, the survival of this criterion is not the
result of its accurate predictions, but perhaps for two other factors: its straightforward
implementation based on the availability of volumetric data and, more importantly, the
absence (until recently) of any rigorous (theoretical) development exposing its invalidity.

Immediately, we can identify a few commonalities between the attempts to link either
the solute’s B–coefficient or the isobaric-thermal expansivity to a structure-making/breaking
behavior, including, (i) the chosen systems have been hand-picked to provide a self-
consistent outcome by ignoring or overlooking systems not conforming to the preconceived
connections, (ii) the structure-making/breaking process, i.e., the microstructural signature
of the solvent perturbation around the solute, is vaguely described through a variety of
narratives rather than by an explicit microscopic-to-macroscopic unambiguous connection,
(iii) the lack of effort to make a direct connection between the actual microstructural be-
havior of the system and the physical property whose measurement will provide the
information to decide the solute’s structure-making/breaking ability, and consequently,
(iv) the loss of interest in testing the adequacy and/or accuracy of those criteria by con-
fronting their outcomes against precisely-defined model systems for which the answers are
precisely known.

In light of this reality, the main goal of this article is to raise awareness of the large
community of researchers in physical chemistry and solution chemistry to what can and
cannot be construed from two popular and frequently invoked criteria for structure mak-
ing/breaking phenomena, i.e., Hepler’s thermal expansivity formula [28] and the behavior
of Jones–Dole’s B–coefficient [41,47]. More specifically, we would like to emphasize and
demonstrate that (i) neither one of the above criteria provides any explicit link between
the microstructural perturbation of the solvent caused by the presence of the solute; thus,
they suffer from a lack of cause–effect connections between the actual microstructural
perturbation and the proposed structure making/breaking marker; (ii) neither criterion
can predict the correct solute-induced structural perturbation for the two simplest sys-
tems describing either the largest or the smallest solute–solvent intermolecular interaction
asymmetry, i.e., those involving the ideal gas β–solute in a real α–solvent, and the real
β–solute behaving as an α–solvent molecule, systems for which we know precisely the
structure making/breaking behavior; and (iii) the macroscopic nature of the above criteria,
compounded by the lack of any explicit relationship with the evolution of the solvent
microstructure, preclude their reliable use as structure making/breaking markers.

Our presentation is organized as follows: in Section 2, we provide a rigorous molecular-
based foundation for the quantitative determination of a solute-induced perturbation of
the solvent structure leading to an unambiguous definition of a structure making/breaking
event. Then, in Section 3, we highlight the sources of ambiguities of the criteria based on
Hepler’s isobaric-thermal expansivity and B–coefficient markers as descriptors of structure
making/breaking events. In Section 4, we illustrate our arguments with experimental
evidence for a variety of aqueous electrolyte species at infinite dilution. Finally, we provide
some additional thoughts in Section 5.
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2. Fundamentals Underlying the Description of the Microstructural Perturbation of
the Solvent Environment upon Solute Solvation

Our first priority is to provide an unambiguous and precise description of what consti-
tutes a microstructural perturbation of the solvent environment caused by the introduction
of a solute species at the prevailing state conditions of the solution, and simultaneously, be
able to link rigorously the observed microscopic behavior to the corresponding macroscopic
manifestations which will ultimately be the object of the experimental measurements [49].
For that purpose, below, we lay out briefly the main ideas behind the statistical mechanics-
based definition of the structure-making/breaking function and discuss the attributes of
such a descriptor, including its universality.

2.1. What Does Really Mean That a Solute Strengthen/Weaken the Structure of the Solvent?

To address this issue, we invoke the Kirkwood–Buff (KB) fluctuation formalism of
mixtures [51] as the statistical mechanical framework able to describe unambiguously the
behavior of the system microstructure as volume integrals over pair correlation functions,
and connect them to the system’s macroscopic chemical and mechanical partial molar
properties. In addition to being a rigorous formalism, KB imposes no restrictions to
either the nature and type of the intermolecular interaction asymmetry, or the number of
components in the system.

The key player here is the KB’s total correlation function integral (TCFI), Gβα

(
T, P, xβ

)
,

defined as follows,

Gβα

(
T, P, xβ

) ≡ 4π
∫ ∞

0
hβα(r)r2dr (2)

where xβ denotes the mole fraction of the β–species, while the radial correlation function
hβα(r) = gβα(r)− 1 for the βα–type interactions is defined in terms of the radial distribution
functions gβα(r) and the ideal gas (IG) uniform distribution gIG

βα (r) = 1 counterpart. Note
that the α–species density (ρα = ρxα) weighted Equation (2), where xα = 1 − xβ, i.e.,

N res
βα

(
T, P, xβ

)
= 4πρxα

∫ ∞
0

[
gβα(r)− 1

]
r2dr

= Nβα

(
T, P, xβ

)−Nα

(
T, P, xβ

) (3)

provides the first rigorous measure of the excess (or its negative counerpart also known as
deficit) in the average number of α–molecules around any β–molecule relative to that when
the α–molecule were uniformily distributed in the system, where Nα

(
T, P, xβ

)
= ρ

(
1 − xβ

)
V

and V denotes the volume of the system. Because Nβα

(
T, P, xβ

)
describes the abso-

lute average number of α–species around any β–species at the prevailing
(
T, P, xβ

)
–

conditions, then Equation (3) defines the isobaric-isothermal residual N res
βα

(
T, P, xβ

)
coun-

terpart of Nβα

(
T, P, xβ

)
, i.e., the effect of the intermolecular interactions on the average

number of α–molecules around any β–molecule when the system goes from an ideal gas
mixture to the actual mixture of interest.

According to the expressions (2) and (3), we can now focus on the following related
quantity,

N ex
βα

(
T, P, xβ

) ≡ ρxα

(
Gβα − Gαα

)
TPx

=
(
N res

βα −N res
αα

)
TPx

(4)

which, according to the physical meaning of the involved TCFI, ρxαGβα = N res
βα , the

quantity N ex
βα

(
T, P, xβ

)
represents the average number of α–molecules around any β–solute

in excess/deficit to that around any α–molecule. Therefore, N ex
βα

(
T, P, xβ

)
becomes a

versatile, unambiguous, and direct descriptor of the magnitude of the β–molecule induced-
perturbation of the surrounding α–species environment, resulting from the intermolecular
asymmetry between the αα– and the βα–intermolecular interactions.

After identifying the α–species as the solvent and the β–species as the solute, immedi-
ately, Equation (4) indicates that, as the intermolecular asymmetry between the αα– and the
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βα–type interactions vanishes (i.e., the solute behavior becomes identical to that of the sol-
vent), the excess quantity N ex

βα

(
T, P, xβ

) → 0 , as we might expect. However, when the inter-
molecular asymmetry between the αα– and the βα–type interactions translates into stronger
βα– than αα–type interactions, then Gβα

(
T, P, xβ

)
> Gαα

(
T, P, xβ

)
and N ex

βα

(
T, P, xβ

)
> 0 in

Equation (4), which is the manifestation of a strengthening or enhancement of the α–solvent
environment around the β–solute. Conversely, when Gβα

(
T, P, xβ

)
< Gαα

(
T, P, xβ

)
and

N ex
βα

(
T, P, xβ

)
< 0 in Equation (4), which is the manifestation of a weakening or depletion

of the α–solvent environment around the β–solute. Moreover, we should highlight that
an outstanding attribute of Equation (4) is its direct cause–effect connection between the
microstructural changes of the mixture and its thermodynamic behavior, a feature that
makes it powerful for the linking of the solute–solvent intermolecular interaction asymme-
tries of the mixture of interest, its microscopic manifestation, and the resulting macroscopic
patterns of thermodynamic non-ideality as discussed below.

2.2. Need to Provide an Explicit Definition/Criterion for the Structure Making/Breaking Ability of
a Solute Species

To decide whether a β–solute, forming a solution with an α–solvent, behaves as a
structure making or breaking species, we must first set the molecular-based “meter” cri-
terion that applies equally to any system, regardless of either the type or the magnitude
of solute–solvent intermolecular interaction asymmetry [49,52]. In other words, it should
apply equally to systems exhibiting either the smallest (i.e., neither making nor breaking
such as a solute in a Lewis–Randall ideal solution) [2], the largest (i.e., an ideal gas solute
in any real solvent) [3], or any magnitude of solute–solvent molecular interaction asym-
metry in between regardless of how these interactions are microscopically described (e.g.,
hydrogen bonding, electrostatic, multipole, inductive, etc.) [53]. Moreover, the structure
making/breaking definition must predict precisely the same answer regardless of the
(experimental, theoretical, simulation) probe used in its implementation.

Given that the typical structure making/breaking experimental scenario involves
solutes in solutions at infinite dilution, we proceed our analysis of binary systems com-
prising infinitely dilute solutes at isobaric-isothermal conditions, and define the following
structural parameter S∞

βα(T, P) as follows,

S∞
βα(T, P) ≡ lim

xβ→0
N ex

βα

(
T, P, xβ

)
= ρo

α

(
G∞

βα − Go
αα

)
TP

(5)

so that the magnitude of S∞
βα(T, P) quantifies rigorously and unambiguously how different

the microstructure of the α–solvent around the β–solute becomes, relative to that around the
α–solvent itself, while the sign of S∞

βα(T, P) qualifies the behavior of the β–solute according

to the three possible structural outcomes of the TCFI-difference
(

G∞
βα − Go

αα

)
TP

as follows,

(
G∞

βα − Go
αα

)
TP

→

⎧⎪⎨
⎪⎩

G∞
βα > Go

αα → S∞
βα > 0 → structure–maker

G∞
βα

∼= Go
αα → S∞

βα
∼= 0 → neithermaker–norbreaker

G∞
βα < Go

αα → S∞
βα < 0 → structure–breaker

(6)

where the scheme embodied in Equations (5) and (6) provides a one-to-one correspon-
dence between the actual solute-induced perturbation of the solvent microstructure and
a meaningful, as well as experimentally accessible, structure-making/breaking function.
In fact, by invoking the partial molar volumetric counterpart for the expressions for the
TCFI-difference

(
G∞

βα − Go
αα

)
TP

, we immediately find the thermodynamic counterpart to

Equation (5) that allows a straightforward experimental determination of S∞
βα(T, P), i.e.,

S∞
βα(T, P) = 1 −

(
υ̂∞

β /νυo
α

)
TP

(7)
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where υ̂∞
β (T, P) and υo

α(T, P) describe the partial molar volumes of the β–solute at infinite

dilution, υ̂∞
β (T, P) = ν

(
υo

j + Go
jj − G∞

ij

)
with the dissociative stoichiometric coefficient ν,

and the corresponding to the pure α–solvent at the prevailing state conditions. Note that,
because the ion–solvent TCFI’s obey the identity

(
G∞

aα = G∞
cα = G∞

βα

)
TP

[49], the solute
induced perturbation of the solvent microstructure is the same for either dissociated species,
i.e.,

(
S∞

βα = S∞
aα = S∞

cα

)
TP

where subscripts a and c identify the anion and the cation species,
respectively.

At this point, we can shed additional light onto the Kirkwood–Buff integrals involved
in the definition of S∞

βα(T, P), Equation (5), and the resulting microstructural scenarios de-
scribed by Equation (6). We have already introduced the microscopic (statistical mechanical)
definition of the Kirkwood–Buff integral for solvent–solvent interactions, Go

αα(T, P) [51],
yet, after we invoke the solvation behavior of an ideal gas β–solute [54], we can show that
Go

αα(T, P) embodies the following distinctive macroscopic meaning,

Go
αα =

(
ν−1υ̂

∞,IG_β
β − υo

α

)
TP

(8)

as the change of partial molar volume of a α–solvent molecule in the process of becoming
an ideal gas β–solute at infinite dilution in an environment characterized by the prevail-
ing (T, P) state conditions, where υ̂

IG_β
β (T, P) = νkTκo

α with ν = 1 for non-dissociative
solutes [54]. Likewise, we can provide another distinctive macroscopic meaning to the
Kirkwood–Buff integral of the solute–solvent interactions, G∞

βα(T, P), i.e.,

G∞
βα(T, P) = ν−1

(
υ̂

∞,IG_β
β − υ̂∞

β

)
TP

(9)

as the change of partial molar volume of the real β–solute at infinite dilution in a real
α–solvent when the solute–solvent interactions vanish and the species becomes an ideal
gas β–solute.

Alternatively, we could resort to the isothermal-isochoric rate of change of pres-
sure,

(
∂P/∂xβ

)∞
Tρ

, induced by the β–solute within the environment of pure α–solvent [55],
a quantity that plays a crucial role in the understanding of solubility in highly-compressible
solvent [2,56] whose finite critical value defines Krichevskii’s parameter [57]. Therefore,

S∞
βα(T, P) = −ν−1κo

α

(
∂P/∂xβ

)∞
Tρ

(10)

where κo
α denotes the isothermal compressibility of the pure α–solvent. In fact, the sign

of
(
∂P/∂xβ

)∞
Tρ

has been pivotal in the characterization of solutes in near-critical sol-
vents, so that according to Equation (10), a β–solute behaves as a structure-maker when(

∂P/∂xβ

)∞
Tρ

< 0, and the solute is depicted as non-volatile [58] or attractive [1]. Conversely,

a β–solute behaves as a structure-breaker when
(
∂P/∂xβ

)∞
Tρ

> 0, and the solute is described
as volatile [58] or weakly-attractive and repulsive [1] in the jargon of supercritical fluid
solutions [2,59].

Incidentally, Equation (10) predicts the divergence of S∞
βα(T, P) as the state conditions

of the pure solvent approach criticality, with the sign of
(
∂P/∂xβ

)∞
Tρ

, resulting from the
divergent behavior of the isothermal compressibility of the solvent κo

α(T, P). Moreover,
while the typical structure making/breaking analysis involves state conditions where
κo

α(T, P) � 10−5/P (MPa), many novel chemical processes take place in highly compress-
ible media [60–62]. Under these conditions, it becomes advantageous to avoid dealing with
divergent quantities, while still capturing the structure making/breaking perturbing effect
of the solute. In fact, from the fundamental expression given by Equation (10), we can split
S∞

βα(T, P) into its solvation (i.e., short-range local density perturbation, SR) contribution
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while isolating its diverging (i.e., long-range or compressibility driven, LR) contribution
associated with the propagation of the density perturbation as follows [55],

S∞
βα(T, P) = −v−1κo,IG

α

(
∂P/∂xβ

)∞
Tρ︸ ︷︷ ︸

Sβα(SR)

−v−1κo,R
α

(
∂P/∂xβ

)∞
Tρ︸ ︷︷ ︸

Sβα(LR)

(11)

In Equation (11), we identify κo,IG
α = (ρo

αkT)−1 as the ideal gas compressibility at
the prevailing state conditions, and κo,R

α (T, P) = κo
α − κo,IG

α as the corresponding isobaric-
isothermal residual isothermal compressibility. Therefore, from Equations (10) and (11), we
immediately find the desired explicit expression for the solvation finite contribution,

S∞
βα(SR) =

(
κo,IG

α

/
κo

α

)
S∞

βα (12)

whose divergent compressibility-driven contribution becomes

S∞
βα(LR) =

(
κo,R

α

/
κo

α

)
S∞

βα (13)

Note also that the isothermal-isochoric rate of change of pressure
(

∂P
/

∂xβ

)∞
Tρ

can also

be written as
(

∂P
/

∂xβ

)∞
Tρ

= νρo
α

(
Co

αα − C∞
βα

)/
κo,IG

α , where C⊕
ij (T, P) ≡ 4π

∫ ∞
0 c⊕ij (r)r

2dr
defines the direct correlation function integral (DCFI) counterpart of Equation (2) for the
ij–type of interactions at the prevailing (T, P) state conditions and composition, i.e., ⊕ = o
for the pure component and ⊕ = ∞ for the infinite dilution [2]. Thus, after invoking the
following macroscopic interpretation for the TCFI [53],

Co
αα(T, P) = υo

α

[
1 −

(
νυo

α

/
υ̂

∞,IG_β
β

)]
(14)

C∞
βα(T, P) = υo

α

[
1 −

(
υ̂∞

β

/
υ̂

∞,IG_β
β

)]
(15)

which are the counterparts of the TCFI’s given by Equations (8) and (9), we obtain

(
∂P

/
∂xβ

)∞
Tρ

= νkTρo
α

(
υ̂∞

β − νυo
α

)/
υ̂

∞,IG_β
β

= ν
(

υ̂∞
β − νυo

α

)/(
υ̂

∞,IG_β
β κo,IG

α

) (16)

S∞
β (SR) = −

(
υ̂∞

β − νυo
α

)/
υ̂

∞,IG_β
β

= −
(

υ̂∞
β − νυo

α

)/
(νkTκo

α)
(17)

leading straightforwardly to

S∞
βα(LR) =

(
υ̂∞

β − νυo
α

)/
υ̂

∞,IG_β
β −

(
υ̂∞

β − νυo
α

)/
νυo

α

=
(

υ̂∞
β − νυo

α

)([
1
/

υ̂
∞,IG_β
β

]
− [

1
/

νυo
α

]) (18)

so that
S∞

βα(LR) = (kTρo
ακo

α − 1)S∞
βα(SR)

= −S∞,IG_β
βα S∞

βα(SR)
(19)

Equation (19) tells us that the long-range contribution to the structure parameter of any
real solute, S∞

βα(LR), becomes proportional to its short-range counterpart S∞
βα(SR) through
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the negative value of the structure parameter of the ideal gas β–solute at the prevailing
state conditions, S∞,IG_β

βα (T, P). Consequently,

S∞
βα(T, P) = S∞

βα(SR) + S∞
βα(LR)

=
(

1 − S∞,IG_β
βα

)
S∞

βα(SR)

= kTκo
αρo

αS∞
βα(SR)

(20)

an outcome that confirms the contention that, even for a highly compressible solvent
environment, the structure making/breaking behavior of a β–solute at infinite dilution
is still defined by its short range (solvation) contribution. In other words, the isothermal
compressibility of the α–solvent only magnifies its magnitude by the positive defined factor,
(kTκo

αρo
α), at the prevailing state conditions.

We can also identify a rigorous connection between S∞
βα(SR) and the correspond-

ing Krichevskii parameter given their common microstructural origin. In fact, from
Equation (11) and the definition lim

T,ρo
α→critical

(
∂P/∂xβ

)∞
Tρ

≡ AKr, follows immediately that

AKr = −ν lim
T,ρo

α→critical

(
S∞

βα

/
κo

α

)
(21)

and consequently,

AKr = −νAIG_β
Kr lim

T,ρo
α→critical

S∞
βα(SR) (22)

In summary, Equations (5)–(9) provide the sought-after rigorous microscopic-to-
macroscopic connection that grants an unambiguous description of a β–solute’ propensity
to perturb, i.e., to structure-make/break the α–solvent environment around β–solute at any
state conditions, and leads to the determination of its magnitude based on experimentally-
available thermodynamic data, regardless of either the type of solute, solvent, or the nature
of the intermolecular interactions. Moreover, it allows for the prediction of the structural
response to changes in state conditions and composition of the system, based only on
the knowledge of the partial molar volumetric behavior of the species and their T– or
P–derivatives at the original

(
T, P, xβ

)
–conditions [50].

In fact, we have shown that S∞
βα(T, P) applies equaly to sub-, near-, and super-critical

state conditions of the pure α–solvent, where the divergent S∞
βα(T, P) becomes unambigu-

ously and rigorous described (Equations (11)–(20)) by its short-ranged and finite (solvation)
S∞

βα(SR) counterpart. Most importantly, the S∞
βα(T, P), or Sβα

(
T, P, xβ

)
for that matter,

leads to the rigorous description of the thermodynamic non-ideality behavior of the mixture
resulting from the solute–solvent intermolecular asymmetries [3,63]. For instance, we have
derived the explicit connections between the structure parameter S∞

βα(T, P) with the solute–
solvent intermolecular asymmetry described by Δ∞

βα(T, P) ≡ Go
αα + G∞

ββ − 2G∞
βα and its

associated limiting composition slope of the solute activity coefficient
(

∂ ln γLR
β

/
∂xβ

)∞

TP
,

the Krichevskii parameter AKr = lim
T,ρo

α→crit

(
−S∞

βα

/
κo

α

)
, the osmotic second virial coeffi-

cients associated with the composition perturbation expansion of the solute chemical po-
tential along four distinctive thermodynamic paths, i.e., B∗

β(T, μα), B′
β(T, P), B′′

β (T, ρα), and
Bσ

β(Tσ), and the resulting patterns of thermodynamic non-ideality behavior [3,49,50,53,64].
Finally, note that for non-dissociative solutes, we simply need to set ν = 1 in the corre-
sponding expressions.
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3. Critical Analysis of the Ambiguity of Two Widespread Structure Making/
Breaking Markers

The major shortcoming behind the most frequently invoked structure-making/breaking
markers is the absolute lack of precision and explicit characterization of what consti-
tutes a structure-making/breaking event, and consequently, how this event might con-
nect to the solute–solvent intermolecular interaction asymmetry of the solution, how it
manifests macroscopically in terms of thermodynamic quantities, and how it could be
probed/measured experimentally. The solute–solvent interaction asymmetry for a given
β–solute in solution with an α–solvent could exhibit a significantly wide span, ranging
from that of a non-interacting ideal gas species (i.e., the largest) to that of a species behaving
identically to the α–solvent (i.e., the absolute smallest) [3], and finally, to either a weakly
or a strongly interacting β–solute, regardless of how we describe the like- and unlike-pair
interactions [2].

It becomes immediately obvious that any criterion for the analysis of the structure mak-
ing/breaking process must be able the describe the transition between the structure-making
and the structure-breaking perturbations through the crossing of the null-effect boundary,
i.e., the condition described by an unperturbed solvent microstructure in the presence of a
solute at the prevailing state conditions. To address these issues according to the theoretical
developments of Section 2, we discuss below the inadequacy, and consequent failure, of the
two most frequently invoked structure making/breaking markers. In particular, we identify
and highlight their inability to predict the correct behavior of two precisely-defined model
systems, involving the largest and the smallest solute–solvent intermolecular asymmetries,
for which we know the exact answer.

3.1. Why Hepler’s Isobaric-Thermal Expansivity Criterion Cannot Describe a Structure
Making/Breaking Event?

As mentioned in the Introduction, the structure making/breaking ability of an aque-
ous species has been frequently interpreted in terms of the sign of the isothermal-pressure
dependence of its partial molar heat capacity

(
∂ĉ∞

Pβ

/
∂P

)
T

, or its more easily accessible

Maxwell related expression −
(

∂2υ̂∞
β

/
∂T2

)
P

, as suggested by Hepler [28], who proposed
the criterion based on the conjecture that “since increasing pressure would also break up the
bulky aggregates, the same reasoning suggests that the heat capacity of pure water should decrease
with increasing pressure” this behavior could be extended to species in solution at infinite
dilution. The fact that there is no cause–effect relation between either

(
∂ĉ∞

Pβ

/
∂P

)
T

or

−T
(

∂2υ̂∞
β

/
∂T2

)
P

and the magnitude (and/or sign) of the solute-induced perturbation
of the solvent microstructure [49] makes futile any attempt to interpret the structure mak-
ing/breaking events from either volumetry or pressure perturbation calorimetry (PPC) [65].

As we have discussed previously [49,50], Hepler’s criterion fails two fundamental
requirements stemming from its inability to describe the structure making/breaking be-
havior of systems comprising either: (a) a β–solute species behaving identically to an
α–solvent species resulting in an unperturbed solvent microstructure, or (b) the solvation
of a non-interacting ideal gas β–solute in a real α–solvent, which represents the largest pos-
sible perturbation of the solvent microstructure. Consequently, Hepler’s criterion cannot
account for the structure making-to-structure breaking transition with changes in the state
conditions of the system.

Beyond the questionable assumptions underlying this criterion [66], we can imme-
diately: (i) demonstrate the failure of this thermal expansivity-based marker to predict
the correct structure making/breaking behavior for the ideal gas β–solute, IG_β, in a real
α–solvent, and that for the β–solute when behaving identically as the real α–solvent, as
well as (ii) identify the isobaric-volumetric behavior of the pure α–solvent that would be
required by the expansivity-based criterion to be obeyed.
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On the one hand, for the largest solute–solvent intermolecular asymmetry, we have the
IG_β solute, which according to Equation (7) and the identity υ̂

∞,IG_β
β (T, P) = νkTκo

α [54,
67], leads to the exact form for its structure parameter [49]

S∞,IG_β
βα (T, P) = (1 − kTρo

ακo
α) (23)

whose behavior leads to the following scheme,

S∞,IG_β
βα (T, P)

⎧⎪⎪⎨
⎪⎪⎩

> 0 → structure maker → κ
IG_β
β > κo

α

= 0 → unperturbed structure → κ
IG_β
β = κo

α

< 0 → structure breaker → κ
IG_β
β < κo

α

(24)

The essential points from Equation (24) are three-fold: (i) the IG_β in a real α–solvent at
ambient conditions will exhibit a structure-making behavior, (ii) the solvent microstructure
stays unperturbed along the states where the solvent behaves as an ideal gas fluid, satisfying
the κo

α = [kTρo
α]
−1 condition, and (iii) after crossing this boundary, the ideal gas solute

becomes a structure-breaker. Note also that, according to Equation (10), and the fact
that lim

P,T→critical

(
∂P/∂xβ

)∞,IG_β

Tρ
= ρo

α,ckTc [56], S∞,IG_β
βα (Tc, Pc) → −∞ , indicating that the

critical conditions of the α–solvent is located on the left side of the curve representing
S∞,IG_β

βα (T, P) = 0 or its equivalent
(

κo
α = κ

IG_β
β

)
Tρo

α

, as illustrated in Figures 8 and 9

in ref. [3] for the solvent water and the Lennard–Jones fluid, respectively.
The issue of interest here concerns the inability of the isobaric-thermal expansivity-

based criterion to predict the transition across the curve S∞,IG_β
βα (T, P) = 0,

as described by −T
(

∂2υ̂
∞,IG_β
β

/
∂T2

)
P

= 0 in Hepler’s terms. In fact, we find that(
∂2υ̂

∞,IG_β
β

/
∂T2

)κo
α=κ

IG_β
β

P
�= 0, in other words, Hepler’s criterion cannot describe the struc-

ture making-to-breaking transition for the ideal gas solute IG_β in a real α–solvent along
the

(
κo

α = κ
IG_β
β

)
–line given that

(
∂2υ̂

∞,IG_β
β

/
∂T2

)
P
= k

[
2
(

∂κo
α

/
∂T

)
P + T

(
∂2κo

α

/
∂T2

)]κo
α=κ

IG_β
β �= 0 (25)

after considering that
(

∂κo,IG
α

/
∂T

)S∞,IG_β
αβ =0

P
=

(
∂2κo,IG

α

/
∂T2

)S∞,IG_β
αβ =0

P
= 0 with(

∂κo
α

/
∂T

)S∞,IG_β
αβ =0

P �= 0 and
(

∂2κo
α

/
∂T2 )S∞,IG_β

αβ =0
P �= 0.

On the other hand, for the smallest solute–solvent intermolecular asymmetry as charac-
terized by the special case of a Lewis–Randall ideal solution, LR − IS, and regardless of the
definition of structure making/breaking we choose, the outcome must be a null microstruc-
tural perturbation depicted here by S∞,LR−IS

βα (T, P) = 0 in the schematic Equation (6).
While the physical representation for the null solute–solvent intermolecular asymmetry is
characterized by

(
Go

αα + G∞
ββ − 2G∞

βα

)
TP

= 0 [68,69], its simplest and most advantageous

case occurs when the Kirkwood–Buff integrals obey
(

Go
αα = G∞

ββ = G∞
βα �= 0

)
TP

condition,
not only resulting in the microstructural signature of a pure α–solvent [67], but also leading
to the prototypical fingerprint for the microstructural transition between structure-making
and structure-breaking processes driven by the solute–solvent intermolecular interaction
asymmetry. This general and rigorous condition for the existence of a boundary between
structure-making and structure breaking scenarios affords another opportunity to test
the validity of the thermal expansivity-based criterion to predict this transition, which in
Hepler’s terms becomes described by

(
∂2υ̂∞

β

/
∂T2

)
P
=

(
∂2υo

α

/
∂T2 )

P.
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Typically, pure fluids at normal (around ambient) conditions exhibit T
(

∂2υo
α

/
∂T2 )

P > 0,
suggesting that for these fluids to describe the boundary

(
∂2υo

α

/
∂T2 )

P = 0 line, they
would require meeting at least two rather unusual properties: an isobaric thermal expan-
sivity βo

Tα independent of the state conditions, i.e.,
(

∂ ln υo
α

/
∂T

)
P �= F (T, P), and a linear

temperature-dependent isothermal compressibility, i.e., κo
α(T, P) ≡ G(P) + K(P)T. We

are not aware of any pure solvent following this highly unlikely type of behavior; there-
fore, we must conclude that Hepler’s criterion cannot possibly describe (let alone predict)
the structure-making to structure-breaking transition events involving common solvents
(especially water). In other words, the conjectured Hepler’s criterion cannot account for
the solute-induced perturbation of the solvent microstructure of infinitely dilute solution
comprising extreme solute–solvent intermolecular asymmetries, i.e., either the smallest
(zero, for the LR − IS) or the largest (for the IG_β solute).

3.2. Why the Behavior of the Jones–Dole’s B-Coefficient Cannot Be Taken as a Structure
Making/Breaking Marker?

The Jones–Dole’s equation for the relative (to pure solvent) viscosity of the dilute
solution is represented by Equation (1); for the current analysis, it becomes advantageous
to recast it as follows,

ηr
(
T, P, cβ

)− 1 = Ac0.5
β + Bcβ as cβ → 0

∼= ln ηr
(
T, P, cβ

) (26)

where ηr = η/ηo
j with ηo

α ≡ η
(
cβ = 0

)
, cβ denotes the molar concentration of the β–solute,

while the coefficients A and B account for the direct ion–ion and the (ion) solute–solvent
interactions, respectively [27]. The Jones–Dole’s equation has been empirically built, with
an intentionally introduced [70] c0.5

β −composition dependence to obey the Debye–Hückel
limiting behavior when dealing with electrolyte solutes, provides a theoretical interpre-
tation for the A–coefficient [30,71], and predicts A > 0 for all electrolytes [43,72], while
A = 0 for non-electrolyte solutes.

If we accepted the Jones–Dole’s equation to be an accurate representation of the shear
viscosity of a dilute solution, and because the A–coefficient has been derived around the
Debye–Hückel limiting behavior, the B–coefficient should also follow from the correspond-
ing isothermal-isobaric composition limiting slope, i.e.,

B = lim
cβ→0

[(
ηr − 1 − Ac0.5

β

)/
cβ

]
∼= lim

cβ→0

[(
ln ηr − Ac0.5

β

)/
cβ

] (27)

where the experimental evidence indicates that B ≷ 0. Moreover, because the B–coefficient
becomes the pre-factor behind the linear concentration dependence in the Jones–Dole’s
equation, this coefficient has been associated with the solvent-mediated solute–solute in-
teractions, and consequently, with a conjectured structure marker, namely: B > 0 for a
structure-maker species and B < 0 for a structure-breaker species [40–42,46], later supple-
mented with the alternative isobaric-temperature derivative

(
∂B

/
∂T

)
P [47].

The common feature between the two viscosity-based structure making/breaking
markers mentioned above is the absolute lack of any explicit cause–effect link between
either the B–coefficient, or its temperature derivative

(
∂B

/
∂T

)
P, and the actual solute-

induced perturbation of the solvent microstructure [48]. For that reason, we would like to
provide a few observations and draw plausible connections between the experimental evi-
dence on the behavior of the Jones–Dole’s B–coefficient and the precisely-defined structure
making/breaking parameter S∞

βα(T, P). Given the empirical nature of Jones–Dole’s equa-
tion, we need to find whether or not the B–coefficient contains any embedded microstruc-
tural information, and also to connect this microstructural information to the alleged struc-
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ture making/breaking makers based on the signs of both B–coefficient [40,42,46,73–82] and
its isobaric-temperature derivative

(
∂B

/
∂T

)
P [47,83–100].

One plausible connection between the experimental evidence of the Jones–Dole’s
B–coefficient and a precisely-defined microstructural behavior of the β–solute at infinite
dilution can be drawn by following Feakins et al.’s [101] transition state (TS)-based inter-
pretation of the B–coefficient. In fact, Feakins et al. invoked the transition state theory [102]
to derive an expression for the B–coefficient of a β–solute at infinite dilution in an α–solvent
as follows (highlights of its derivation are given in Appendix A below),

B = βυo
α

(
Δμ�,∞

β − νΔμ�,o
α

)
−

(
υ̂∞

β − νυo
α

)
(28)

with ν = ν+ + ν− for an electrolyte, i.e., ν = 1 for non-dissociative solutes, where Δμ�,⊕
β and

υ̂⊕β denote the molar Gibbs free energy of activation of viscous flow and the corresponding
partial molar volume for the β–species, respectively, at the ⊕–composition condition, i.e.,
either an infinite dilution or a pure component.

Immediately, we find that the transition-state interpretation of the B–coefficient, as
described by Equation (28), comprises two contributions, i.e., the

(
υ̂∞

β − νυo
α

)
term as

the solute-induced volumetric effect on the solvent structure, and its activation Gibbs
free energy counterpart for the viscous flow,

(
Δμ�,∞

β − νΔμ�,o
α

)
. Obviously, the volumet-

ric
(

υ̂∞
β − νυo

α

)
term provides a direct link to the structure making/breaking parameter

S∞
βα(T, P) as discussed in Section 2.2, i.e.,

B = υo
α

[
νS∞

βα + β
(

Δμ�,∞
β − νΔμ�,o

α

)]
(29)

which suggests that, under Feakins et al.’s framework, the B–coefficient comprises some
information about the solute-induced effect on the solvent microstructure. However,
even if we assumed the reliability of the Jones–Dole’s representation for the composition
dependent relative viscosity of the solution, we cannot in principle take the sign of either
the B–coefficient or its temperature-derivative

(
∂B

/
∂T

)
P counterpart as a marker of the

structure making/breaking nature of the dilute β–solute because the B–coefficient, and
consequently

(
∂B

/
∂T

)
P, involve the

(
Δμ�,∞

β − νΔμ�,o
α

)
term that also contributes to the

sought sign.
To support and illustrate this contention, we resort again to the system involving an

ideal gas β–solute (IG_β) in a real α–solvent, Δμ
�,∞,IG_β
β = 0 [102] and

S∞,IG_β
βα = (1 − kTρo

ακo
α) from Equation (23), so that Equation (29) becomes

BIG_β = υo
α

(
S∞,IG_β

βα − βΔμ�,o
α

)
= υo

α

[
1 − βΔμ�,o

α − (
κo

α/κ IG
α

)] (30)

In this equation, we have βΔμ�,o
α = ln(ηo

αυo
α/hN ) [102], where ηo

α and υo
α denote the

shear viscosity and molar volume of the pure α–solvent, while h and N identify Planck
and Avogadro constants, respectively. According to Equation (28), the BIG_β–coefficient
depends exclusively on the thermodynamic properties of the pure α–solvent at the prevail-
ing state conditions. Therefore, we can explore the phase diagram of the α–solvent to find
the ρo

α − T conditions where S∞,IG_β
βα (T, ρo

α), and simultaneously BIG_β(T, ρo
α), to predict

a structure-making or breaking behavior. For this task, we already know the location of
the line S∞,IG_β

βα (T, ρo
α) = 0, where the isothermal compressibility of the solvent becomes

equal to that of an ideal gas at the same state conditions, i.e., κo
α(T, ρo

α) = (kTρo
α)

−1 [3,50].
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In what follows, we illustrate the lack of a one-to-one correspondence between the sign of
S∞,IG_β

βα (T, ρo
α) and BIG_β(T, ρo

α).
For this purpose, let us start by selecting the structure-making behavior,

S∞,IG_β
βα = 1 − kTρo

ακo
α > 0 [49], that leads to either ηo

αυo
α < hN (i.e., βΔμ�,o

α < 0) or

ηo
αυo

α > hN (i.e., βΔμ�,o
α > 0 with 0 < βΔμ�,o

α < S∞,IG_β
βα ). From a thermodynamic

viewpoint, this condition means also that βΔμ�,o
α + kTρo

ακo
α < 1 and will result in a

BIG_β(T, ρo
α) > 0 in (sign) agreement with the starting condition S∞,IG_β

βα (T, ρo
α) > 0.

However, when ηo
αυo

α > hN but βΔμ�,o
α > S∞,IG_β

βα then, βΔμ�,o
α + kTρo

ακo
α > 1 and

BIG_β(T, ρo
α) < 0, in contrast (opposite sign) to the starting condition S∞,IG−β

βα (T, ρo
α) > 0.

Likewise, if we choose the structure-breaking behavior, S∞,IG_β
βα = 1 − kTρo

ακo
α < 0 [49],

then, when ηo
αυo

α < hN (i.e., βΔμ�,o
α < 0 and therefore, β

∣∣∣Δμ�,o
α

∣∣∣ >
∣∣∣S∞,IG_β

βα

∣∣∣), we ob-

tain BIG_β(T, ρo
α) > 0 whose thermodynamic meaning, 1 − kTρo

ακo
α > βΔμ�,o

α < 0 with
kTρo

ακo
α > 1, leads to a BIG_β(T, ρo

α) > 0 in contrast (opposite sign) to the starting condition
S∞,IG_β

βα (T, ρo
α) < 0. However, when either ηo

αυo
α > hN or ηo

αυo
α < hN (i.e., βΔμ�,o

α < 0

or β
∣∣∣Δμ�,o

α

∣∣∣ < ∣∣∣S∞,IG_β
βα

∣∣∣), then we find that βΔμ�,o
α + kTρo

ακo
α > 1 and BIG_β(T, ρo

α) < 0, in

(sign) agreement with the starting S∞,IG_β
βα (T, ρo

α) < 0.
The preceding rigorous microscopic-to-macroscopic analysis associated with the be-

havior of the ideal gas β–solute in a real α–solvent illustrates the lack of uniqueness of
the structure making/breaking marker based on the sign of the B–coefficient. In fact,
this criterion would not be able to distinguish a structure-making, S∞,IG_β

βα > 0, from

a structure-breaking, S∞,IG_β
βα < 0, behavior since either BIG_β < 0 or BIG_β > 0 could

simultaneously describe a S∞,IG_β
βα > 0 and a S∞,IG_β

βα < 0 scenario depending on the state
conditions of the pure α–solvent.

Obviously, we can follow the same argument to analyze the microstructural behavior
of a real binary mixture whose B–coefficient is described by Equation (28). Indeed, if the sys-
tem exhibited S∞

βα > 0, then B > 0 would represent a structure-making behavior whenever

S∞
βα >

(
νΔμ�,o

α − Δμ�,∞
β

)/
νkT , otherwise, the structure-making condition S∞

βα > 0 would

be described by B < 0 as long as 0 < S∞
βα <

(
νΔμ�,o

α − Δμ�,∞
β

)/
νkT . However, if the

system showed S∞
βα < 0, then B < 0 would describe a structure-breaking behavior when-

ever S∞
βα <

(
νΔμ�,o

α − Δμ�,∞
β

)/
νkT , otherwise, the structure breaking condition S∞

βα < 0
would require a B > 0. As before, due to the lack of a one-to-one correspondence between
the sign of the structure making/breaking parameter S∞

βα and that of the B–coefficient,
the ad hoc assumption about the sign of the Jones–Dole’s B–coefficient cannot be taken
as a marker of structure making/breaking trends as has been traditionally done in the
literature [40,42,46,73–82].

Finally, we provide a brief comment on the ability of the
(

∂B
/

∂T
)

P counterpart to
discriminate between structure-making and structure-breaking solutes. We should note
that, regardless of the theoretical description for the behavior of the B–coefficient, there are
in principle four possible combinations of pair conditions B ≷ 0 and (∂B/∂T)P ≷ 0 for a
binary mixture, resulting in eight structure making/breaking scenarios whose thorough
analysis has been presented elsewhere [48]. According to the arguments above, and those in
SI-C of the Supporting Information in [48], we determine that neither

(
∂B

/
∂T

)
P alone nor

the
[
B,

(
∂B

/
∂T

)
P

]
pair-combination can offer an unambiguous correspondence between

their signs and the structure making/breaking nature of the β–solute as described here by
the molecular-based parameter S∞

βα.
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4. Experimental Evidence of Structure Making/Breaking Behavior in Aqueous
Electrolytes and Comparison against Predictions from the Conjectured Markers

In what follows, we illustrate the theoretical developments of Section 2 and findings
of Section 3 based on irrefutable experimental evidence from a variety of aqueous solutes at
infinite dilution for which we have available volumetric and rheologic experimental data.

4.1. Illustration of the Behavior of the Short- and Long-Range Contributions to the Structure
Parameter along the Liquid Branch of the Coexistence Phase Envelope of Water

For that purpose, we selected a few simple aqueous electrolyte β–solutes and invoked
the accurate SOCW thermodynamic model [103,104] to describe the behavior of their
partial molar volume at infinite dilution υ̂∞

β

(
ρo

H2O

)
σ
, as described by Equation(A11) of

Appendix B, using the parameterization from Table 4 of [103], along the liquid branch of
the water phase envelope. These infinite dilute aqueous systems include the following
β–solutes: NaCl, NaBr, NaI, NaCH3CO2 (NaAc), LiCl, KCl, CsCl, NH4Cl, and NaOH.

In Figures 1 and 2, we plot the orthobaric (σ) density dependence of the short-range contri-
bution to the structure making/breaking parameter, S∞

βH2O(SR) (described by Equation (A13)

in Appendix B), in comparison with its full value counterpart, S∞
βH2O

(
ρo

H2O

)
σ

(described by Equation (A12) in Appendix B), and identify the resulting finite S∞,critical
βH2O (SR)

quantity associated to the corresponding Krichevskii parameter via Equation (22). On the
one hand, Figures 1 and 2 illustrate the divergent nature of S∞

βH2O

(
ρo

H2O

)
σ

as the orthobaric

solvent density approaches its critical point given that υ̂∞
β

(
ρo

H2O → ρo
H2O,crit

)
σ
∼ κo

H2O, and

consequently, S∞
βH2O

(
ρo

H2O → ρo
H2O,crit

)
σ
→ +∞ (right ordinate). On the other hand, the

corresponding S∞
βH2O(SR) exibits a finite critical limit (left ordinate), which defines the

Krichevskii parameter AKr of the β–solute in water according to Equation (22). Note that,
because AIG_β

Kr = k
(

Tρo
H2O

)
crit

, these figures also indicate that all these electrolyte solutes
describe AKr < 0, i.e., these electrolyte solutes behave as attractive [1] or non-volatile
species [58].

Figure 1. Color-coordinated comparison of the behavior of the liquid-phase orthobaric density

dependence for the structure making/breaking parameter S∞
βH2O

(
ρo

H2O

)
σ
, and its short-ranged

counterpart S∞
βH2O(SR), of a few aqueous univalent cation chlorides where we highlight (right) the

divergent nature of the parameter at the critical point of the solvent, and (left) the corresponding
finiteness of their short-range counterpart associated with the Krichevskii parameter.
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Figure 2. Color-coordinated comparison of the behavior of the liquid-phase orthobaric density

dependence for the structure making/breaking parameter S∞
βH2O

(
ρo

H2O

)
σ
, and its short-ranged

counterpart S∞
βH2O(SR), of a few aqueous univalent sodium salts where we highlight (right) the

divergent nature of the parameter at the critical point of the solvent, and (left) the corresponding
finiteness of their short-range counterpart associated with the Krichevskii parameter.

4.2. Comparison between the Predictions of the Two Common Structure Making/Breaking Markers
and the Actual Microstructural Behavior

Here, we illustrate the incompatibility between the microstructural behavior and the
volumetric, as well as rheological, data of a variety of dilute aqueous solutions and the
predictions from the structure making/breaking discussed in Sections 2 and 3. These
systems cover a wide range of solute–solvent intermolecular interaction asymmetries, and
comprise organic as well as inorganic electrolyte solutes almost exclusively at ambient
conditions. In Table 1, we display the reported volumetric experimental data in the
form of the temperature-factored isobaric-temperature derivative −T

(
∂2υ̂∞

β

/
∂T2

)
P

of the
infinitely dilute solute in water as Hepler’s structure making/breaking marker, and the
structural parameter S∞

βH2O(T, P) according to Equation (7) as the descriptor of the actual
measure of the solute-induced microstructural perturbation. The rheologic data involve
the B–coefficient of the Jones–Dole’s equation and its isobaric temperature derivative(

∂B
/

∂T
)

P as reported from the composition dependence of the shear viscosity of the
solutions, via regression of the Jones–Dole’s equation. For comparison purposes, we also
included the predicted behavior from the systems involving the ideal gas solute, IG_β, and
the β–solute behaving like a H2O–molecule (LR − IS) [3].

Table 1 illustrates the disparity of the results from the ad hoc criteria based on ei-
ther the behavior of the isobaric-thermal expansivity or the B–coefficient and its isobaric-
temperature derivative

(
∂B

/
∂T

)
P, as compared against the actual microstructural re-

sponses of the systems accounted by S∞
βH2O(T, P). In fact, the comparison between column

2 and columns 3–5 indicates that −T
(

∂2υ̂∞
β

/
∂T2

)
P

as well as the B–coefficient and either
its temperature derivative or their combination not only fail to predict unambiguously the
structure making/breaking nature of the solutes, but also reveal, unsurprisingly, a broad
inconsistency between them. This lack of consistency between the thermal expansivity-
and the viscosity-based markers highlights the lack of one-to-one (i.e., uniqueness of the)
connection between the solute-induced perturbation of the solvent microstructure and
the markers.
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Table 1. Experimental structure making/breaking parameter S∞
βH2O(T, P) for aqueous infinitely

dilute solutes at ambient conditions in comparison with predictions based on Hepler’s isobaric-
thermal expansivity marker as well as Jones–Dole’s B– coefficient and

(
∂B

/
∂T

)
P derivative criteria.

β–Solute S∞
βH2O(T,P) (a) (∂B/∂T)P

(b) B (b) −T(∂2υ̂∞
β /∂T2)

P
Ref.

Water (LR-IS) 0 0 0 maker This work

Ideal gas maker <0 <0 breaker This work

creatine breaker <0 >0 maker [105]

creatinine breaker <0 >0 maker [105]

nicotinic acid breaker <0 >0 maker [106]

l-ascorbic acid breaker >0 >0 breaker [50,94,106]

glycine breaker >0 >0 breaker [107]

alanine breaker >0 >0 breaker [107]

DTAB (c) breaker >0 <0 breaker [107]

l-serine breaker <0 >0 maker [96]

l-arginine breaker <0 >0 maker [96]

choline-biotinate breaker <0 >0 maker [108]

choline-nicotinate breaker <0 >0 maker [108]

choline-ascorbate breaker >0 >0 maker [108]

LiCy (d) breaker <0 >0 breaker [109,110]

NaCy (d) breaker ~0 >0 maker [109,110]

KCy (d) breaker >0 >0 maker [109,110]

CaCl2 maker >0 >0 breaker [111,112]

CdCl2 maker <0 >0 breaker [113,114]

NiCl2 maker >0 <0 breaker (e) [114,115]

NH4NO3 breaker >0 <0 breaker [116,117]

MgCl2 maker <0 >0 breaker [114,118]

(a) Defined to Equation (7); (b) See Equation (1); (c) Dodecyl-trimethyl-ammonium bromide; (d) Alkaline
metal cyclohexyl sulfamate; (e) According to our 3rd-order polynomial regression of the υ̂∞

β (T) data from
Herrington et al. [113].

Indeed, the lack of uniqueness or complete ambiguity becomes clearly exposed as
follows: either (a) from Table 1, we could choose four aqueous systems comprising
structure-making solutes, S∞

βH2O(T, P) > 0, such as β = (CaCl2, NiCl2, CdCl2, IG_β)

and observe that their structure making/breaking ability are described by four differ-
ent [B, (∂B/∂T)P]–sign combinations, while Hepler’s criterion describes all four solutes as
structure-breakers; or (b) from Tables 1 and 2, we could choose four aqueous systems involv-
ing structure-breaking solutes, S∞

βH2O(T, P) < 0, such as β = (glycine, DBTA, LiCy, IG_β)

and find that their structure making/breaking ability are described again by four different
[B, (∂B/∂T)P]–sign combinations, while Hepler’s criterion describes the first three solutes
as structure-breakers and the supercritical IG_β solute as a structure-maker.
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Table 2. Representative systems illustrating the eight [B, (∂B/∂T)P] pair combinations and their
resulting structure making/breaking parameter S∞

βH2O(T, P) for infinitely dilute aqueous solutes at
ambient conditions.

Aqueous Solute (∂B/∂T)P B S∞
βH2O(T,P)

CaCl2 >0 >0 >0 (maker)

choline-ascorbate >0 >0 <0 (breaker)

CdCl2 >0 <0 >0 (maker)

NH4NO3 >0 <0 <0 (breaker)

MgCl2 <0 >0 >0 (maker)

LiCy (a) <0 >0 <0 (breaker)

IG_β <0 <0 >0 (maker)

IG_β (b) <0 <0 <0 (breaker)
(a) Alkaline metal cyclohexyl sulfamate; (b) Supercritical conditions where κo

H2O > κo,IG
H2O.

The lack of uniqueness in the structure making/breaking markers defined around the
behavior of the B–coefficient becomes even more obvious in Table 2, where we identify
four representative pairs of infinitely dilute β–solutes in which each pair displays precisely
the same particular behavior for the B–coefficient, while the individual members of the pair
exhibit opposite structure making/breaking parameter S∞

βα(T, P). For example, CaCl2 and
choline-ascorbate share the same

[
B,

(
∂B

/
∂T

)
P

]
> 0 behavior, although S∞

CaCl2 H2O > 0
while S∞

Choline Ascorbate H2O < 0.
The preceding assessment of the experimental evidence in conjunction with the rig-

orous definition of S∞
βα(T, P), or Sβα

(
T, P, xβ

)
for that matter, highlights the unreliability

of the predictions from the two widespread structure making/breaking markers resulting
from the lack of explicit microstructure-to-macroscopic relations in their definitions to con-
fer an unambiguous description of the propensity of a β–solute to distort the microstructure
of the α–solvent. It also emphasizes the fact that the sought unambiguous description
according to Equation (7) only requires two pieces of volumetric information, namely the
partial molar volumes of the pure α–solvent and of the β–solute at infinite dilution. For
those readers eager to jump directly to the application of the parameter S∞

βα(T, P) as a
fundamentally-based tool for the description and measurement of the magnitude of a
solute’s ability to perturb the solvent structure, we provide in Appendix C the step-by-step
procedure towards its straightforward calculation.

5. Final Remarks and Outlook

We must emphasize that our analysis does not judge the accuracy or the usefulness of
the composition and temperature dependencies of either the viscosity coefficients or the vol-
umetric behavior of dilute solutions, but rather assesses the validity of their microstructural
interpretation based on either the resulting viscosity B–coefficient, and corresponding tem-
perature derivative, or the isobaric thermal expansivity markers. Researchers have often
been susceptible to adding a name to a phenomenon under investigation as if by inserting a
label the phenomenon becomes intuitively understood. This practice has frequently led to
misunderstanding and confusion, as we have repeatedly witnessed [2,119] during the early
attempts to gain understanding of the solubility enhancement of sparingly soluble solutes in
highly compressible solvents, a subject that bears striking similarities with the arguments of
the present work. Indeed, the evolving, vague narrative intended to aid the microstructural
interpretation of the alluded solvation phenomenon took a variety of names, including sol-
vent clustering [120], densification/cavitation [121], density augmentation/depletion [122],
and molecular charisma [123], which led to controversies resulting from the lack of preci-
sion in the meaning of “local or short-ranged effect, drastic or significant microstructural
changes” [124,125]. The past events suggest that we should refrain from inserting a struc-
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ture maker/breaker label (also known as kosmotropic/chaotropic) [52] to a solute species
until we fully understand what that phenomenon means, by focusing on addressing the
real issues, e.g., what we expect to learn about the thermodynamic behavior of the system
by analyzing its microstructural behavior. In the words of Richard Feynman, [126] we must
recognize “ . . . the difference between knowing the name of something and knowing something”.

In this work, we raised awareness of what can and cannot be inferred from Hepler’s
thermal expansivity and Jones–Dole’s B–coefficient criteria as structure making/breaking
markers, including: (i) neither one provides cause–effect connections between the ac-
tual microstructural perturbation and the proposed markers; (ii) neither criterion can
predict the correct structure making/breaking answer for the two simplest systems describ-
ing either the largest or the smallest solute–solvent intermolecular interaction asymme-
try, systems for which we know precisely the structure making/breaking behavior; and
(iii) the macroscopic nature of the above criteria, compounded by the lack of any explicit
link to the evolution of the solvent microstructure, preclude their reliable use as structure
making/breaking markers and, as such, their use should be discontinued to avoid the
perpetuation of confusion.
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Appendix A. Transition State Interpretation of Jones–Dole’s B-Coefficient

We must first highlight the approximations supporting Feakins et al. [101] transition-
state interpretation of the B–coefficient. For that purpose, we first recast Jones–Dole’s
equation [27] as follows,

ln(η/ηo
α)

∼= Ac0.5
β + Bcβ (A1)

where η/ηo
α − 1 ∼= ln(η/ηo

α) and then invoke Glasstone–Laidler-Eyring’s [102] transition
state expressions for the viscosity of a pure α–solvent, ηo

α,

ηo
α = (hN/υo

α) exp
(

βΔG�,o
α

)
(A2)

and that of the dilute solution comprising a β–solute, η,

η = (hN/υ) exp
(

βΔG�
β,α

)
(A3)

where h and N denote Planck and Avogadro constants, while υo
α and ΔG�,o

α describe the
pure solvent molar volume and the corresponding Gibbs free energy of activation for the
viscous flow process, respectively, while υ and ΔG�

β,α denote the corresponding molar
volume of the resulting solution and the average Gibbs free energy of activation for the
viscous flow of the components in solution.
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Equations (A1)–(A3) allow connecting the two Jones–Dole coefficients with the change
of Gibbs free energy of activation for the viscous flow process and the relative (to the pure
solvent) molar volume of the dilute solution, i.e.,

Ac0.5
β + Bcβ

∼= ln(υo
α/υ) + β

(
ΔG�

α,β − ΔG�,o
α

)
(A4)

and

Ac0.5
β + Bcβ

∼= ln(υo
α/υ)cβ→0 + β

(
ΔG�

β,α − ΔG�,o
α

)
cβ→0

+F
(

c0.5
β

)
(A5)

where F
(

c0.5
β

)
will be identified below. Moreover, after recalling that ν = ν+ + ν− for a

general electrolyte solution, and ν = 1 for a non-electrolyte solution, we have that

ΔG�
β,α = xβΔμ�

β + xαΔμ�
α

= xβ

(
Δμ�

β − νΔμ�
α

)
+ Δμ�

α

(A6)

υ = xβυ̂β + xαυ̂α

= xβ

(
υ̂β − νυ̂α

)
+ υ̂α

(A7)

which lead to the following approximation of the relative molar volume,

ln(υ/υo
α)xβ→0

∼= − ln
[
1 − xβ

(
νυ̂α − υ̂β

)
/υo

α

]
xβ→0

∼= cβ

(
νυo

α − υ̂∞
β

) (A8)

where cβ = xβ/υ defines the molar concentration of the β–solute. Consequently, from
Equations (A5)–(A8), we obtain,(

ΔG�
β,α − ΔG�,o

α

)
cβ→0

= cβυo
α

(
Δμ�,∞

β − νΔμ�,o
α

)
(A9)

which provides the identification of F
(

c0.5
β

)
= Ac0.5

β in A5 and the TS-interpretation of the
B–coefficient in the Jones–Dole equation as follows,

B =
(

νυo
α − υ̂∞

β

)
+ βυo

α

(
Δμ�,∞

β − νΔμ�,o
α

)
(A10)

A direct comparison between A10 and Equation (18) in the original derivation of [101]
highlights that these authors assumed ν = 1 even when analyzing electrolyte solutions, a
feature that has evaded the attention of many authors and might have contributed to errors
in the calculation of transition state viscosity-related quantities and their interpretation in
the literature. While the error introduced in the case of a dissociative solute comprising
ν = 2 is about 5–6% [96,109,127–129], depending on the relative ratio

(
υo

α/υ̂∞
β

)
, it becomes

significantly larger, i.e., about 20–25% for dissociative solutes comprising ν = 4.

Appendix B. Structure Making/Breaking Parameter from the SOCW Representation of

the Partial Molar Volumes of Simple Electrolyte Solutes

We invoke the Sedlbauer–O’Connell–Wood (SOCW) [103,130] expression for the par-
tial molar volume of the (ν+:ν−) ions conforming a β–electrolyte solute at infinite dilution
in the α–solvent, i.e.,

υ̂∞
i (T, P) ={(1 − zi) + aiρ

o
α − di + biρ

o
α[exp(ϑρo

α)− 1]+

δρo
α[exp(λρo

α)− 1] + ciρ
o
α exp(θ/T)}kTκo

α + di/ρo
α

(A11)

where the i–subindex identifies the individual ion bearing the electrostatic charge zi, with
the regressed parameters [ai, bi, ci, di] given in Table 4 in [103], the universal constants
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θ = 1500K, ϑ = 0.005 m3/kg, and λ = −0.01 m3/kg, while δ = 0 for cations and
δ = −0.645 m3/kg for anions. While these parameters have been regressed from high-
pressure liquid phases, they describe accurately the orthobaric behavior of electrolytes at
infinite dilution [131]. Then, considering that the partial molar volume of the β–solute
at infinite dilution equals to υ̂∞

β (T, P) = ν+υ̂∞
+ + ν−υ̂∞− , the structure making/breaking

parameter from Equation (7) with ν+ = ν− = 1 and ν = 2 can be described by the following
expression,

S∞
βα(T, P) = 1 − 0.5d± − 0.5{ 2 − d± + ρo

αa± + ρo
αb±[exp(ϑρo

α)− 1]+
δρo

α[exp(λρo
α)− 1] + ρo

αc± exp(θ/T)}kTκo
αρo

α

(A12)

where a± = a+ + a−, b± = b+ + b−, c± = c+ + c− and d± = d+ + d−. Consequently, from
Equation (20) we find that

S∞
βα(SR) = κo,IG

α (1 − 0.5d±)/κo
α − 0.5{ 2 − d± + ρo

αa± + ρo
αb±[exp(ϑρo

α)− 1]+
δρo

α[exp(λρo
α)− 1] + ρo

αc± exp(θ/T)} (A13)

Appendix C. Practical Guide to the Calculation of the Fundamentally-Based Structure

Making/Breaking Marker S∞
βα(T,P)

For that purpose, we assume that we have available the isobaric-isothermal composi-
tion (molar concentration cβ or any alternative) dependence of either the molar volume
of the dilute solution (υ(cβ)) or the apparent molar volume of the dilute β–solute in an
α–solvent (υϕ

β

(
cβ

)
) and proceed as follows:

1. Calculate the partial molar volume of the β–solute at infinite dilution υ̂∞
β as the

composition limiting behavior υ̂∞
β = lim

cβ→0
υ

ϕ
β

(
cβ

)
;

2. Calculate the partial molar volume of the pure α–solvent, i.e., υo
α = lim

cβ→0
υ
(
cβ

)
;

3. Calculate the structure making/breaking parameter S∞
βα(T, P) = 1 −

(
υ̂∞

β /νυo
α

)
TP

,
Equation (7), after considering the stoichiometric ν–parameter of the β–solute, either
ν = ν+ + ν− for an ionic solute or ν = 1 for a non-dissociative solute;

4. Compare the ratio
(

υ̂∞
β /υo

α

)
TP

with the stoichiometric ν–parameter:

a. If
(

υ̂∞
β /υo

α

)
TP

< ν, then S∞
βα(T, P) > 0, i.e., the β–solute behaves as a structure

making at the prevailing state conditions;
b. If

(
υ̂∞

β /υo
α

)
TP

> ν, then S∞
βα(T, P) < 0, i.e., the β–solute behaves as a structure

breaking at the prevailing state conditions;
c. If

(
υ̂∞

β /υo
α

)
TP

∼= ν, then S∞
βα(T, P) ∼= 0, i.e., the β–solute induces a negligible

structure perturbation at the prevailing state conditions.

Note that these outcomes are completely independent on the nature of the solvent
and the type of the solute–solvent intermolecular interactions, i.e., the S∞

βα(T, P) applies
equally to aqueous and non-aqueous solvents, electrolyte and non-electrolyte solutions,
and require no information whatsoever about any (solvent-specific or otherwise) interaction
mechanism such as hydrogen bonding.
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Abstract: Hydrated zinc(II) cations, due to their importance in biological systems, are the subject of
ongoing research concerning their hydration shell structure and dynamics. Here, ab initio molecular
dynamics (AIMD) simulations are used to study solvent exchange events around aqueous Zn2+, for
which observation in detail is possible owing to the considerable length of the generated trajectory.
While the hexacoordinated Zn(H2O)6

2+ is the dominant form of Zn(II) in an aqueous solution, there
is a non-negligible contribution of the pentacoordinated Zn(H2O)5

2+ complex which presence is
linked to the dissociative solvent exchange events around Zn2+. The pentacoordinated Zn(II) has a
much tighter hydration sphere and is characterized by a trigonal bipyramidal structure, in contrast to
the usual octahedral symmetry of the hexacoordinated complex. In total, two full exchange events
are registered in the analyzed trajectory. AIMD simulations on an adequate length scale thus provide
a direct way of studying such solvent exchange events around ions in molecular detail.

Keywords: ab initio molecular dynamics; density functional theory; zinc(II) hydration; solvent
exchange

1. Introduction

The coordination of zinc(II) cation is of paramount importance in biological systems,
as zinc is the active center in hundreds of metalloenzymes, most often catalyzing hydrolysis
reactions [1]. The importance of zinc goes beyond the role of cofactor in proteins, as the
zinc cation is also actively utilized for intracellular signaling and subject to elaborate
homeostasis mechanisms in the cell [2].

Due to the particular importance of water as the solvent in biological context, the
structure and dynamics of hydrated ions is a topic of special significance in physical
chemistry of solutions [3–5]. The influence of ions on water is often expressed in the terms
of structural effects exerted by ions on the solvent, leading to the distinction between
structure making and breaking ions [5].

The hydration of Zn(II) is also the subject of extensive research concerning its sol-
vation shell structure and solvent exchange dynamics. To date, numerous experimental
techniques have been applied to study Zn2+(aq), including vibrational spectroscopy [6–12],
extended X-ray absorption fine structure (EXAFS) [13–17], X-ray diffraction (XRD) [18–22],
and neutron diffraction (ND) [23,24]. On the other hand, computational chemistry methods
have also been used to obtain molecular-level data on zinc hydration. The static struc-
ture of aqueous complexes of Zn(II) has been comprehensively studied with quantum
mechanical (QM) methods, using both wavefunction theory and density functional theory
(DFT) [9,10,25–33]. Both structural and dynamical nature of the hydration phenomenona
may be in turn investigated with molecular dynamics (MD) simulations with an increasing
level of complexity. Zn(II) hydration has been studied with force field-based MD simu-
lations [17,34–41], as well as quantum mechanics/molecular mechanics (QM/MM) MD
simulations [42–46] and ab initio molecular dynamics (AIMD) simulations [47–50].
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AIMD based on DFT is a particularly suited technique for studying aqueous ionic
solutions [51,52]. Beginning with the pioneering study of Be2+(aq) [53], many metal ions
in an aqueous solution have been studied using AIMD simulations [54–58]. The current
availability of fast and approximate DFT methods, such as density functional tight binding
(DFTB) allows for the generation of extensive data sets on solvated ions in molecular
solvents, including water [59]. The particular advantage of AIMD is the ability to study
intermolecular polarization effects that ultimately influence many dynamic properties of
the studied systems [54,55,60].

Computational methods are also indispensable for elucidating solvent exchange mech-
anisms around ions [61,62]. Experimental methods, rather than providing a mechanism
of the exchange reaction, can only help in estimating the rate of this process [24]. The
details of H2O exchange around Zn(II) have been studied using MD simulations and
static QM calculations [28–30,37]. Although AIMD simulations, combining the quantum
description of electrons with the classical propagation of nuclei according to Newton’s
laws of motion, seem ideal for this purpose, the rather long timescale of water exchange in
the first hydration shell of Zn(II) has thus far hampered direct observation of this process
using AIMD.

In this work, in order to bridge this gap and obtain reliable data on the structure of
Zn2+(aq) and the dynamics of the solvent exchange process in its first hydration shell, we
use extensive DFT-based AIMD simulations with a computational setup that is proven to
be especially suitable for investigating liquid water. We hypothesize that the inability of
hitherto equilibrium AIMD studies to register any solvent exchange around Zn(II) was a
limitation of the short timescale of the simulations, rather than the flows in the method
itself. We also aim to register the interplay of well-defined solvation complexes of Zn2+(aq)
that participate in the solvent exchange process.

2. Computational Methods

We studied aqueous Zn(II) in a system composed of a single Zn2+ cation and 100 H2O
molecules, which was contained in a cubic simulation supercell with applied periodic
boundary conditions. The volume of the system was chosen to represent the experimental
density of H2O at 298 K (997 kg m–3 [63]) coupled with the absolute standard partial molar
ionic volume of Zn2+(aq) (−34.9 cm3 mol–1 [64,65]), resulting in cell volume 14.333 Å3. The
starting configuration was prepared using GROMACS (v. 2018.5) tools [66] by solvating a
centrally placed Zn2+ cation with a solvent configuration obtained from a well-equilibrated
AMOEBA water simulation [67].

The system was initially subject to energy minimization and subsequently equilibrated
using classical MD simulations in the canonical (NVT) ensemble at T = 298.15 K performed
using Tinker-HP package (v. 1.2) [68]. The revised AMOEBA force field for liquid water [69]
in combination with the AMOEBA parameterization of Zn(II) [38] were applied. The
ultimate configuration from this NVT trajectory was then used to initialize the actual
AIMD simulation.

AIMD simulations were performed with the cp2k computational suite (v. 6.0) [70–72],
employing the DFT-based representation of the electronic structure as implemented in
the Quickstep electronic structure module in cp2k [73]. The revPBE exchange-correlation
functional [74,75] coded in the libXC library [76] was used, as it provides excellent repro-
duction of numerous static and dynamic properties of liquid water and aqueous ionic
solutions [77–81]. A mixed Gaussian atomic orbitals with plane waves (GPW) representa-
tion of the electronic structure is applied in cp2k [82], and we used a molecularly optimized
short-ranged double-zeta (DZVP-MOLOPT-SR-GTH) basis set for atomic orbitals [83],
coupled with the auxiliary plane wave expansion of the electron density up to a 500 Ry
cutoff. Though heavily contracted and featuring few diffuse primitive atomic orbitals,
the chosen basis set performs favorably when compared to a more expensive triple-zeta
polarized basis set for the description of liquid water [84]. Only valence electrons were
treated explicitly, while core electrons were represented by norm-conserving GTH pseu-
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dopotentials [85] parameterized for the PBE functional. Additionally, the smoothing of
the electron density and its derivative on the spatial integration grid was applied (via
keywords XC_SMOOTH_RHO NN50 and XC_DERIV NN50_SMOOTH in cp2k), as it was previously
found to significantly improve the stability of the local energetics of liquid water [86].
Dispersion effects were included via two-body DFT-D3 empirical dispersion correction
with zero damping term [87] with the cutoff set to 15 Å. The studied system has a non-zero
total charge (+2) and the charge compensation is provided by an implicit neutralizing
jellium background [88], as implemented in cp2k.

The system was first equilibrated for ∼35 ps in an AIMD simulation in the canonical
(NVT) ensemble at T = 298.15 K using the canonical velocity rescaling (CSVR) thermo-
stat [89] with the time constant set to 2000 cm−1 (≈16.67 fs). The simulation time step was
set to 0.5 fs. After this equilibration period, the thermostat was removed and a produc-
tion AIMD simulation in the microcanonical (NVE) ensemble was continued for 100 ps,
with data collection every 2 fs. The centers of maximally localized Wannier functions
(MLWFs) [90] were also computed and stored every 2 fs. Analyses were performed using
in-house code and VMD (v. 1.9.4) [91], which also served as a visualization tool, along with
gnuplot (v. 5.2) [92].

3. Results

The static structure of the hydration shells of aqueous Zn(II) is summarized by radial
distribution functions (RDFs) for the Zn· · ·O and Zn· · ·H pairs, as depicted in Figure 1. The
studied system is large enough to fully contain two hydration shells of Zn2+, as clearly seen
in the Zn· · ·O RDF that features a prominent shallow minimum with g(r) ≈ 0 separating
the first hydration shell from the second one. At first glance, the running integration
number of gZnO(r) is very close to 6 along this minimum, implying a predominantly
hexacoordinated Zn(II) ion. However, its exact value of 5.8 suggests that during as much
as 20% of the trajectory Zn2+ might in fact be pentacoordinated. Detailed parameters of the
analyzed RDFs are gathered in Table 1.

 0

 2

 4

 6

 8

 10

 2  4  6
 0

 6

 12

 18

 24

g(
r)

N
(r)

r / Å

Zn…O
Zn…H

Figure 1. Radial distribution functions, g(r), for Zn· · ·O (orange) and Zn· · ·H (blue) pairs (solid
lines, left ordinate), as well as their running integrals, N(r) (dashed lines, right ordinate). The black
dotted line represents the smooth cutoff function used for water molecule coordination in Equation (1)
(left ordinate).
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Table 1. Most important parameters of the radial distribution functions depicted in Figure 1: location
of the first and the second maxima and minima and the respective running integration numbers.

RDF rmax,1 / Å rmin,1 / Å N1
1 rmax,2 / Å rmin,2 / Å N2

2

Zn· · ·O 2.11 3.03 5.8 4.11 5.07 15.2
Zn· · ·H 2.69 3.21 12.0 4.75 5.79 28.0

1 N1 = N(rmin,1); 2 N2 = N(rmin,2)− N(rmin,1).

The first hydration shell of Zn2+ extends up to 3.03 Å and contains a non-integer
number of water oxygen atoms. In order to determine the instantaneous coordination
number (CN) of Zn(II), one could simply count O atoms found closer than the rmin,1
value, which would be tantamount to accepting the Heaviside step function as a selector
function for H2O molecules. However, this results in a discontinuous CN trajectory and
adopting a smooth selector function instead can help visualize transitions between different
coordination states of Zn2+(aq), as previously proposed [50]. In this work, the coordinated
solvent molecules are selected using a logistic cutoff function:

CN(t) =
NH2O

∑
i=1

1

1 + e
rZnO,i(t)−r0

s

, (1)

controlled by the cutoff radius r0 and the sharpness parameter s. rZnO,i(t) is the instan-
taneous Zn· · ·O distance for the water molecule i. Adopting r0 = 3.1 Å and s = 0.08 Å
ensures a smooth transition between a fully coordinated H2O molecule in the first hydra-
tion shell, where CNi(t) → 1, and a non-coordinated molecule in the second hydration
shell, where CNi(t) → 0, cf. Figure 1.

The time evolution of thus obtained smooth coordination number of Zn2+ is shown
in Figure 2. As clearly seen, even though a continuous CN(t) definition is accepted, its
value provides a clear-cut distinction between the hexa- and pentacoordinated states of
aqueous Zn(II). The zinc cation spends most of the time in a Zn(H2O)6

2+ complex (about
81.2% of the trajectory). The pentacoordinated complex may be unanimously found in
∼16.3% of the trajectory, while we ascribe the rest to transitional structures or short-time
existence periods of one of the two dominating structures that are too short for inclusion in
the analysis.
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Figure 2. Time evolution of the smooth coordination number of Zn2+, CN(t), along the AIMD
production trajectory. Light green and light purple areas indicate regions assigned to hexa- and
pentacoordinated aqueous Zn(II) complexes, respectively, while white regions indicate transitional
periods excluded from detailed analysis.
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Armed with the knowledge about the existence of two distinct coordination states
of Zn2+(aq), we revisit Figure 1 in order to compare the Zn· · ·O RDFs in the regions of
existence of the hexa- and pentacoordinated complexes. As seen in Figure 3, there is only a
slight difference between the RDF based on the entire trajectory and the one based only on
the fragments where Zn(H2O)6

2+ is found, which is unsurprising given the predominance
of the hexacoordinated Zn(II). More importantly, the Zn· · ·O RDF restricted to the trajectory
periods where Zn(H2O)5

2+ exists reveals a major compression of not only the first but also
the second hydration shell of the zinc cation. The first maximum shifts to 2.07 Å, while the
second one to 4.07 Å. Thus, the two distinct complexes are characterized with different
hydration patterns extending up to the entire second hydration shell.
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Figure 3. Radial distribution functions, g(r), for Zn· · ·O pairs averaged over the entire AIMD
trajectory (orange), as well as only over the regions of existence of hexacoordinated (green) and
pentacoordinated (purple) aqueous Zn(II) complexes (solid lines, left ordinate), together with their
running integrals, N(r) (dashed lines, right ordinate).

Unlike static geometry optimizations, AIMD simulations can provide ensemble-
averaged structures. In order to find the preferred geometry of hexa- and pentacoordinated
Zn2+(aq), we isolated the first shell complexes from the relevant trajectory fragments, ro-
tated them to a common reference frame and averaged the geometry. The results can
be seen in Figure 4. Zn(H2O)6

2+ forms a regular octahedral complex with the average
Zn· · ·O distance equal 2.14 Å. On the contrary, Zn(H2O)5

2+ is characterized by a trigonal
bipyramidal arrangement of water ligands. The Zn· · ·O distance for the three equato-
rial molecules is 2.04 Å, while the axial O atoms are located on average 2.14 Å from the
metal cation. The geometries of the two complexes in Cartesian coordinates are available
in the Supplementary Materials, see Figure S1.
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Figure 4. Time-averaged structure of (a) Zn(H2O)6
2+ and (b) Zn(H2O)5

2+ extracted from the respec-
tive regions of the AIMD trajectory.

While the positions of O atoms tend to be fixed in the Zn(II) solvation cage, the
hydrogen atoms of the first shell water molecules are relatively free to bend from the
coplanar arrangement with the Zn–O vector. We define the tilt angle, β, as the angle formed
between the Zn–O vector and the dipole moment vector of the coordinated H2O molecule.
The two-dimensional distribution of water molecule configurations in the (rZnO, β) plane is
shown in Figure 5. The distribution of angles is evidently bimodal, with a global maximum
at 0°, indicating a coplanar arrangement of the H2O molecular plane and the Zn–O vector,
and a local maximum at ca. 30°, reflecting the presence of a substantial population of water
molecules with tilted H atoms. We note here that the latter tend to be located slightly
farther away from the central atom.

Figure 5. The two-dimensional distribution function, g(rZnO, β), drawn on a logarithmic scale as
− log g(rZnO, β) where β is the tilt angle of the coordinated H2O molecule as defined in the text.

The presence of two complexes in aqueous solution of Zn(II) has far-reaching impli-
cations for the water molecules in its hydration shell. Ions are known to polarize water
and the extent of this polarization is related to the changes in infrared spectrum of solution
with respect to bulk water [54,55]. In Figure 6 we compare the probability distribution
functions of the length of molecular dipoles of H2O molecules in the entire system vs the
ones in the first hydration shell of Zn2+(aq). Unlike the dipole moment in bulk water,
which has a symmetric Gaussian distribution [54,55,60], the curve for the studied system
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is right-skewed due to the substantial polarization of the neighboring H2O molecules by
the zinc cation. The distribution can be fitted to a split Pearson VII peak shape with a
maximum located at 2.78 D. On the contrary, the distributions of dipole moments of water
molecules found in the two complexes are symmetric and can similarly be fit to a Pearson
VII analytical shape. It is found that H2O molecules in Zn(H2O)5

2+ are polarized more
significantly (on average 3.71 D) than the ones in Zn(H2O)6

2+ (mean 3.43 D).

 2  3  4  5

P
(μ

)

μ / D

all H2O

Zn(H2O)6
2+

Zn(H2O)5
2+

Figure 6. Normalized distribution functions of the molecular dipole moments of water molecules in
the studied system, as well as water molecules in Zn(H2O)6

2+ (green) and Zn(H2O)5
2+ (purple).

We finally would like to estimate the time frame of a single exchange event based on
the trajectories of the participating water molecules. As seen in Figure 2, we register two
major exchange events connected to a change in CN of Zn(II), at around 0–12 ps and again
at 78–86 ps. Additionally, a short-lived occurrence of Zn(H2O)5

2+ is found at ca. 64 ps. In
order to shed light on the molecular details of these exchange events, we plotted the time
evolution of the Zn· · ·O distance of involved H2O molecules, as presented in Figure 7.

The first event begins as soon as the production trajectory starts. The water molecule
W47 dissociates from the initially present Zn(H2O)6

2+ at 0.72–0.75 ps. Hereafter, the Wn
notation indicates a H2O molecule with an arbitrary index n in the trajectory. The solvent
exchange process is obviously dissociative, as no new solvent molecule coordinates to
the cation for an extended period of time. In this event, the released H2O moves to the
second hydration shell, as its separation from Zn2+ increases to ca. 4 Å (cf. Figure 1). This
results in a transient Zn(H2O)5

2+ complex that persists up to ∼8.8 ps, at which moment
an interesting concerted mechanism is observed. Namely, W47 is kicked off to the weakly
organized third hydration shell of the cation, at 6 Å and beyond, while another second
shell H2O, specifically W12, coordinates to zinc(II), restoring the Zn(H2O)6

2+ complex. This,
however, proves short-lived, as W12 dissociates already at ∼10.1 ps and returns to the
second hydration shell. Since a similar phenomenon is observed in further events, vide infra,
such attempted exchange events that ultimately fail to stabilize the newly formed complex
are most probably a common occurrence in Zn2+(aq). Somewhat surprisingly, the entire
exchange event is finalized by a third water molecule (W22) that is captured by Zn2+ not
from the second, but rather directly from the third hydration shell, initially >6 Å away from
the cation. The hexacoordinated complex is restored at ∼11.9 ps and remains stable for an
extended period of time. Interestingly, the coordination of W22 is seemingly again assisted
by W47, since the time of arrival of the latter in the third hydration shell coincides with the
start of movement of the former towards the inner hydration shells.
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Figure 7. Major successful and attempted exchange events registered during the AIMD production
trajectory as depicted by the Zn· · ·O distance of the participating water molecules. The Wn labels
refer to the arbitrary index of the H2O molecule in the trajectory. Line colors indicate the leaving
molecule (blue), the incoming molecule (red), as well as the intervening molecule (green). Black
dotted line shows the location of the first minimum in the Zn· · ·O radial distribution function (3.03 Å).
Note the discontinuous abscissa axis.

The second exchange event is only an attempted escape of W9 from Zn(H2O)6
2+ at

ca. 64 ps. However, no other H2O molecule tries to enter the first hydration shell of Zn(II)
this time and ultimately, after transiently wandering off to the verge of the second shell,
W9 is recaptured by the complex and the stable octahedral arrangement of ligands persists.

The third exchange event (and the second successful one) resembles the first one to
a great extent. It begins with the dissociation of W77 at ca. 78.3 ps. This H2O molecule is
released initially to the second hydration shell, but quickly travels further to ultimately
stay at ca. 5 Å separation from zinc(II) for an extended period, which is the location of
the shallow minimum between the second and the poorly defined third hydration shell
of the cation (cf. Figure 1). Interestingly, this perturbation of the hydration shells leads to
two concerted movements of water molecules towards the central complex, initially that
of W40, quickly followed by W49. Similarly to the first exchange event, the intervening
water molecule (here, W40) ultimately does not manage to become properly coordinated
to the cation. Instead, it remains at the very edge of the first hydration shell, only sligthly
perturbing the newly formed Zn(H2O)5

2+ complex. After its release back into the second
hydration shell at ca. 81 ps, the pentacoordinated complex remains stable for almost 4 ps.
Then, an interesting cascade of concerted events can be noticed. W77 returns to the second
hydration shell, apparently swapping its place with W40, but at the same time W49 manages
to get captured by zinc(II), reinstating the hexacoordinated complex. Again, concerted
movement of H2O molecules seems to be crucial for the mutually assisted exchanges
between solvation shells leading to coordination number change of Zn2+(aq).

4. Discussion

The coordination of Zn2+(aq) has been hitherto the subject of numerous experimental
and computational studies, as reviewed in the Introduction. There is an overwhelming
consensus that Zn(II) forms a hexahydrated complex with the structure of a regular oc-
tahedron (point group Oh for the ZnO6 core) [9–11,14–21,25,27,32,34–36,38,40–48,50,93].
Reports claiming predominantly pentacoordinated Zn2+(aq) do surface [28,29,31,33,49,94],
but appear to suffer from a size effect, i.e., the undercoordination of Zn(II) occurs most
commonly in small aqueous clusters and the Zn(H2O)6

2+ complex is uniformly restored
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in the bulk limit [32,40]. Most notably for the present study, the coordination number of
Zn(II) in an aqueous solution found from AIMD simulations seems to be dependent on
the computational protocol, with dispersion corrections deemed particularly necessary to
stabilize the Zn(H2O)6

2+ complex [50].
The Zn· · ·O distances found experimentally and in computational investigations

have been compiled by several authors [3,9,15,23,42,46,48,95]. EXAFS measurements find
rZnO = 2.05–2.13 Å [13–17], while a survey of reported XRD investigations leads to a
possible range of rZnO = 2.08–2.17 Å [3,18–22]. The available AIMD simulations report
also a considerable spread of rZnO = 2.02–2.18 Å [47–50] while a slightly narrower range
(rZnO = 2.11–2.16 Å) is reported from QM/MM MD simulations [42–46]. In comparison,
our global average of the position of the first peak in gZnO(r) (2.11 Å, see Figure 1 and
Table 1) is generally in the middle of the reported distances.

The particular advantage of our analysis is the rigorous separation of the trajectory
fragments with hexa- vs. pentacoordinated Zn(II), thanks to the smooth instantaneous
coordination number, see Figure 2. This allowed us to prove the tightening of the hydra-
tion shells of Zn2+(aq) with the dissociation of one H2O from the complex. Our results
for the most probable Zn· · ·O distance in Zn(H2O)6

2+ vs Zn(H2O)5
2+ (2.13 Å and 2.07 Å,

respectively, cf. Figure 3) are in good agreement with earlier AIMD simulations, a similar
separation of trajectory fragments was proposed (2.11 Å and 2.05 Å, respectively [50]).
Static geometry optimizations also lead to a general conclusion that the water molecules
are located closer to Zn(II) in Zn(H2O)5

2+ than in Zn(H2O)6
2+ [26,27,29,31,32]. The hex-

acoordinated complex always maintains the octahedral arrangement of water oxygens
(although the inclusion of hydrogens lowers the point group to Th [9]), which is also found
in our time-averaged structure, cf. Figure 4. More controversial is the preferred geometry
of Zn(H2O)5

2+. Based on geometry optimizations, both trigonal bipyramid (point group
D3h) [26,31,32] and square pyramid (point group C2v) [27,29,94] have been confirmed as
minima of the potential energy surface. It appears though that the presence of second
shell H2O molecules stabilizes the former structure [29,40,94]. The presence of external
hydration shells is thus crucial to the observation of the time-averaged trigonal bipyramidal
structure that we report here, see Figure 4. The discrepancy between the Zn· · ·O distance
to equatorial and axial molecules (2.04 Å and 2.14 Å, respectively) is similar to that found
previously in an isolated cluster (2.05 Å and 2.13 Å, respectively [26]).

Notably for AIMD simulations, our considerable system size with 100 H2O molecules
allows us to record the RDF for the entire second hydration shell, as well as for the weakly
formed third shell, see Figure 1. Due to the structure-making nature of Zn2+(aq), the second
shell is also accessible experimentally. Previous EXAFS results indicate a second shell of 12.2
O atoms at an average distance of 4.40 Å [16] or 11.2 O atoms at 4.10 Å [14]. The distance
to second shell from XRD measurements equals 4.02–4.26 Å [20–22]. Results from AIMD
and QM/MM MD simulations generally support these experimental findings, with second
hydration shell composed of 13–15 molecules at an average distance 4.3–4.5 Å [42,43,48,50].
In comparison, our global average of the position of the second peak in gZnO(r) (4.11 Å,
see Figure 1 and Table 1) is generally in the lower limit of the reported distances, while
the number of O atoms (15.2) indicates a fairly crowded second hydration shell of Zn(II).
Most importantly, the lowering of CN of the cation results in a major compression of this
shell, with the RDF peak shifted to 4.07 Å (see Figure 3) and at least two water molecules
released to the bulk solution, as the number of O atoms in the second shell decreases to 13.

Earlier studies on monovalent ions found that they are strongly polarized by water,
but in turn do not polarize the solvent significantly (in the sense of only slight alteration of
H2O dipole moment) [54,55,60]. In strike contrast to these findings, the water molecules
in the first hydration shell of Zn2+(aq) are heavily polarized by the electric field of the
cation, see Figure 6. For all H2O molecules, we find an average dipole moment of 2.78 D,
which is slightly lower than the value usually found in AIMD simulations of liquid water
(∼3 D) [54,60]. However, mean dipole moment of liquid H2O for revPBE/revPBE0 function-
als is indeed slightly lower and in agreement with the present findings [96,97]. While the
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increase of dipole moment of H2O near the cation was previously found in MD simulations
with the polarizable Amoeba force field, as well as AIMD simulations [38,48], the clear
advantage of our analysis is the ability to separate the two forms of hydrated Zn(II). In the
hexacoordinated complex, the dipole moment of the first shell water molecules increases
by 0.65 D with respect to the bulk. Dissociation of this complex leads to a further increase
of the average dipole moment and it is almost 1 D greater than for non-coordinated H2O.
Thus, the water molecules in Zn(H2O)5

2+ are evidently more heavily polarized than in
Zn(H2O)6

2+. The 0.6 D increase of the mean dipole moment of first hydration shell H2O
has been noted previously in AIMD simulations [48]. Simulations with the Amoeba force
field indicate that the water molecules closest to the cation have their dipole moments
raised by more than 1 D [38].

Computational methods are excellent tools for studying solvent exchange mechanism
around solvated ions [62]. The experimental estimate of water residence time on Zn(II)
from quasi-elastic neutron scattering is a rather broad range of 0.1–5 ns [24]. Assuming
the actual residence time is near the lower limit, it is in principle accessible to longer MD
simulations. Previously, only force field description of the potential energy surface could
provide the possibilities to reach the required time scale. However, the exact formulation
of Zn(II)–H2O interactions is crucial for enabling solvent exchange events and they were
frequently not observed even in prolonged MD simulations [16,34–36]. On the other hand,
a water residence time of 2.2 ns was found in an MD simulation with the Amoeba force
field [38] and a rate constant for water exchange equal 4.1 × 108 s–1 was also obtained [37].
Most AIMD or QM/MM MD simulations to date suffered from length limitations and
no exchange events were observed [42–48]. In stark contrast to these earlier results, we
managed to register two full solvent exchange events in the first hydration shell of Zn(II).
While it is impossible to quantitatively estimate the water residence time from such a small
sample, we note that the starts of successful exchange events are separated by ca. 78 ps, so
that our results are not in disagreement with the experimental estimates provided the true
residence time is close to the lower limit proposed previously [24]. We note here that the
solvent exchange may be studied using accelerated sampling, e.g., metadynamics [37,50,93];
however, while such an approach provides the details of the potential energy surface of
the hydrated cation, only equilibrium simulations can capture the actual timescale of the
observed events.

Unfortunately, the question of how the two complexes differ on the free energy scale
cannot be answered directly from our equilibrium simulation. However, we can roughly
estimate this free energy difference from the fractions of the trajectory attributed to the
penta- and hexacoordinated structures as ΔG = −RT ln(0.163/0.812) ≈ 4 kJ mol–1. On
the one hand, this is high enough that the pentacoordinated structure might prove too
elusive to be registered experimentally, e.g., with EXAFS, noting also that the average coor-
dination number of Zn(II) (5.8) is within the typical uncertainty of structure determination
methods from the value of 6.0, indicative of perfect hexacoordination. On the other hand,
this is low enough (only 1.6RT) to allow relatively free interconversion between the two
structures. We note here that the free energy difference between [UO2(H2O)5]2+(aq) and
[UO2(H2O)4]2+(aq) from ab initio metadynamics is ∼3 kJ mol–1, with similarly inconclusive
experimental results as in the case of Zn(II) [98].

Our results indicate that the solvent exchange around Zn(II) follows a dissociative
mechanism, cf. Figure 7. The release of a single water molecule from the first hydration
shell leads to a transient Zn(H2O)5

2+ complex, the lifetime of which may be tentatively
estimated as 8–10 ps, based on the limited sample of events we registered. A similar
timescale of dissociative exchange events was noted before by Fatmi et al. [43]. A similar
mechanism of solvent exchange around hexacoordinated Zn(II) was also inferred from
static QM calculations [29,30,62]. Interestingly, the dissociation of a water molecule does
not lead to increased CN in the second shell. On the contrary, it undergoes compression
and major structural changes, as evident from Figure 3. Consequently, the registered
exchange events require concerted movement of assisting solvent molecules, cf. Figure 7.
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This cooperative movement of H2O molecules enables the capture of a newly coordinated
water molecule from as far as the third solvation shell of Zn(II).

5. Conclusions

In this paper, the structure of the hydrated zinc(II) cation has been studied using
extensive AIMD simulations. In contrast to numerous earlier MD investigations at dif-
ferent levels of theory, which frequently found only hexacoordinated zinc with fixed first
hydration shell waters, we clearly identify the presence of both hexa- and pentacoordinated
complexes of Zn2+. While the octahedral Zn(H2O)6

2+ remains the dominant form of Zn(II)
in an aqueous solution, Zn(H2O)5

2+ is present in about 16% of the trajectory. The average
structure of the latter is a trigonal bipyramid and its presence results in major structural
changes reaching up to the second hydration shell and beyond. Radial distribution func-
tions indicate major compression of the second hydration shell of the pentacoordinated
complex and molecular dipole distributions show profound polarization of first shell H2O
molecules that is also heavily dependent on CN.

Owing to the considerable length of the generated trajectory, we were able to register
two full solvent exchange events around aqueous Zn2+. They undoubtedly follow a
dissociative mechanism and are driven by concerted solvent movement that may feature
molecules up to the third hydration shell of Zn(II). While, due to the limited sampling, we
cannot quantitatively estimate the water residence time on the zinc cation, the separation
of successful events by ca. 80 ps seems to be consistent with the lower limit of experimental
residence times (about 0.1 ns). The single exchange event, accompanied by the presence of
Zn(H2O)5

2+, seems to take about 8–10 ps.
We conclude that equilibrium AIMD simulations on an adequate length scale provide

a direct way of studying solvent exchange events around aqueous ions in molecular detail.
The smooth selector function for coordinated solvent is a powerful tool that allows the
identification of solvent exchange events and their preferred (associative or dissociative)
mechanism. The analysis framework presented here may be tremendously useful for other
solvated ions and more complicated systems containing Zn(II), such as concentrated zinc
halide solutions.
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Abbreviations

The following abbreviations are used in this manuscript:

AIMD ab initio molecular dynamics
CN coordination number
DFT density functional theory
DFTB density functional tight binding
EXAFS extended X-ray absorption fine structure
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GTH Goedecker–Teter–Hutter (pseudopotentials)
MD molecular dynamics
MLWF maximally localized Wannier function
ND neutron diffraction
QM quantum mechanics
QM/MM quantum mechanics/molecular mechanics
revPBE revised Perdew–Burke–Ernzerhof (functional)
XRD X-ray diffraction
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Abstract: In this study, the correlated resolution-of-identity Møller–Plesset perturbation theory of
second order (RIMP2) ab initio level of theory has been combined with the newly parameterised,
flexible SPC-mTR2 water model to formulate an advanced QM/MM MD simulation protocol to study
the solvation properties of the solutes F−, Cl− and Br− in aqueous solution. After the identification
of suitable ion–water Lennard–Jones parameters for the QM/MM coupling, a total simulation period
of 10 ps (equilibration) plus 25 ps (sampling) could be achieved for each target system at QM/MM
conditions. The resulting simulation data enable an in-depth analysis of the respective hydration
structure, the first shell ligand exchange characteristics and the impact of solute–solvent hydrogen
bonding on the structural properties of first shell water molecules. While a rather unexpected
tailing of the first shell ion–oxygen peak renders the identification of a suitable QM boundary region
challenging, the presented simulation results provide a valuable primer for more advanced simulation
approaches focused on the determination of single-ion thermodynamical properties.

Keywords: anionic hydration; hydrogen bonding; aqueous solution; ab initio; molecular dynamics;
QM/MM

1. Introduction

Liquids and solutions are omnipresent states of matter in nature [1,2] and are often-
times regarded as one of the most versatile tools available in chemistry [3–5]. Processes
occurring in the liquid state can be steered in numerous ways by adjusting parameters of
the reaction environment. The latter can be achieved for instance by comparably simple
measures such as variations in temperature and pressure, or by more complex strategies
such as the addition of cosolvents [6,7]. In particular, the addition of salt to a polar solvent
may have a strong impact on the overall properties of the liquid [8–10], mainly due to the
long-ranged nature of the comparatively strong Coulomb interactions [11], which is linked
to a number of prevalent problems in physical and chemical sciences [12,13].

In particular, the requirement of electroneutrality makes it impossible to indepen-
dently investigate the preferential solvation of cat- or anionic species via experimental
means [13,14]. As a consequence, the structural and dynamical properties of any ionic
species cannot be investigated without the impact of their respective counter ions. This
limitation is extended to the field of ion thermodynamics [13], i.e., it is not possible to
separate measured thermodynamic properties such as the solvation free energy and the as-
sociated enthalpic and entropic contributions of a dissolved salt into the respective cationic
and anionic portion. While this is a known limitation often associated to calorimetric
measurements, it can be shown that this shortcoming is directly linked to the potential
of an electrochemical cell [15]. Also in this case, the electroneutrality constraint prevents
an experimental determination of absolute single-electrode potentials.
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An increasingly successful alternative to experimental approaches are theoretical cal-
culations [16], foremost chemical simulation methods based on the Monte-Carlo (MC) and
molecular dynamics (MD) frameworks [17–19]. These approaches aim at the description
of a target system by collecting a large number of individual configurations associated to
a thermodynamic ensemble [20,21]. In contrast to experimental measurements, the investi-
gation of a single ionic species in the absence of counter ions is perfectly feasible using these
simulation approaches [22,23]. In particular, simulation protocols based on a quantum
chemical [24–27] description of the ion–solvent interactions have proven as a versatile
approach to study the manifold properties of solvated ionic systems [28–31].

In addition to the determination of the respective structure and dynamics of the
solvation complex, suitable protocols to also investigate thermodynamic quantities have
been formulated [23,32–39]. These methods have been applied with remarkable success
to characterise the hydration properties of monovalent cations including a consistent
evaluation of the associated single-ion solvation free energy. The latter can then be directly
related to the absolute single-electrode potential of the associated half-cell reactions [13].
Based on these results, it possible to anchor the entire series of electrochemical potentials
without the need of a predefined reference such as the standard hydrogen electrode.

Despite the consistent results achieved in previous studies focused on cationic hydra-
tion [38,40], further validation of these results is required. Specifically, the determination of
solvation free energies for anionic species appears as a crucial requirement to supplement
the data obtained in the cationic case. However, the interaction between anions and the
solvent water via hydrogen bonding to the anionic solute is much more intricate in the
theoretical description for a number of reasons. First, hydrogen bonded interactions as
observed in ion–solvent binding are more challenging in their description compared to the
conceptually simpler charge–dipole interaction prevalent in the cationic case. Moreover,
an anionic solute introduces excess electron density into the system which typically is more
sensitive to shortcomings in the theoretical description than cations with a similar (but
opposite) net charge. While the majority of theoretical calculations rely on methods based
on density functional theory (DFT) [26,27], certain shortcomings such as the calibration
to empirical data have been shown to lead to inaccurate results even in case of simpler
cationic hydrates [41–43] and even pure water [44,45]. While the application of empirical
dispersion corrections [46–49] may compensate some of these inaccuracies [50], the combi-
nation of a quantum mechanical (QM) calculation method with forcefield-like correction
terms has also been criticised as combing the worst of both worlds, i.e., the demanding
computational effort of QM approaches with the dependence on empirical parameters
inherent to a forcefield (FF) description.

While being computationally much more expensive, methods based on perturbative
approaches such as the Møller–Plesset perturbation theory of second order (MP2) [51]
proved as an accurate and versatile alternative approach to describe the molecular interac-
tions in QM-based studies. Especially in conjunction with the resolution-of-identity (RI)
framework [52–54] capable of greatly accelerating the calculations with only a very minor
reduction in accuracy, RIMP2-based hybrid quantum mechanical/molecular mechanical
(QM/MM) simulations became feasible on modern computational infrastructure. Pioneered
by the Nobel laureates Martin Karplus, Michael Levitt and Arieh Warshel [55] in the regime
of biomolecular simulations [56–60], hybrid QM/MM MD simulations [56,58,61–63] have
been applied with large success in the description of solvated ionic systems [28,29,64,65].
In this approach, the chemically most relevant part, comprised of the solute and solvent
molecules in its immediate surroundings, is treated via a suitable quantum mechanical
(QM) approach. In contrast, the interactions in the remainder of the simulation system
are treated based on efficient molecular mechanical (MM) interaction models. That way,
QM/MM approaches exploit the accuracy of a QM description inherently accounting for
many-body contributions such as polarisation and charge-transfer in conjunction with the
high efficiency of MM interaction potentials.
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A large variety of MM potential models have been developed in the past, which is
particularly true in case of the solvent water [66–68]. Based on arguments provided by
statistical thermodynamics and quantum mechanics, the majority of these solvent models
employ a rigid description of water, i.e., the individual water molecules can only perform
translational and rotational motion while the respective intramolecular degrees fo freedom
are subject to holonomic constraints [69]. While a number of highly successful water models
have been formulated based on this strategy, a rigid-body description of the solvent does
not provide an ideal basis to represent the complex hydrogen bonding pattern associated
to anionic hydration. This is due to the fact that the latter induces a symmetry break in
the water molecules, leading to variations in the O–H bond lengths and oftentimes to
an adjustment of the intramolecular H–O–H angle. The latter can only be described if a
fully flexible description accounting for explicit hydrogen motion is employed.

Although a number of water models accounting for molecular flexibility are available
in the literature, the majority of them are not suitable for application in a QM/MM MD
simulation study of an anionic solute. Recently, an improved flexible water potential pro-
viding a reliable representation of the intramolecular water geometry along with improved
vibrational and dielectric properties has been presented [70]. In the present study, this new
solvent model is applied for the first time in a RIMP2-based QM/MM MD simulation to
investigate the solvation properties of fluoride, chloride and bromide in aqueous solution.

2. Methodology

In this section, the simulation strategy applied in the study of aqueous F−, Cl− and
Br− is outlined. The setup and simulation protocols are largely inspired by the previous
investigations of Li+, Na+ and K+ in aqueous solution [38,40]. In a QM/MM simulation
setting, the chemically most relevant region of the system, in this case the ionic solute and
the coordinating solvent molecules of the first hydration layer, is treated using the chosen
QM method, while classical MM interaction potentials are considered sufficiently accurate
to model the remainder of the simulation system. Prior to the execution of the QM/MM
MD simulation, suitable interaction potentials for the solute–solute and solute–solvent
interaction beyond the QM region have to be defined. While a large number of adequate
solvent–solvent potentials are available in the literature, suitable ion–water potentials
describing the interaction between the QM solute and water molecules compatible with the
QM treatment have to be identified. In this work, new interaction parameters for the ion–
water interaction have been derived, which is discussed in the following subsection. Next,
the simulation protocol is outlined followed by a description of the applied analysis strategy.

2.1. Ion–Water Interaction Potentials

Although in a QM/MM study, the immediate interaction between the ionic solute and
solvent molecules included in the QM region is described based on the selected quantum
chemical calculation method, it is still required to provide an ion–solvent potential to
account for interactions between the ionic solute located in the center of the QM region
and the classically treated water molecules assigned to the MM zone. While it is possible
to avoid the non-coulombic part of this ion–solvent potential if an enlarged QM region
encompassing at least two full layers of hydration is employed [71,72], such a simulation
setup is prohibitively expensive when aiming at the application of a correlated ab initio
method as done in this work.

A key requirement in the selection of the ion–water potential model is a qualitatively
correct description of the hydration complex compatible with that of the applied QM
method. This is, to some extent, a conceptual dilemma since the structural description
resulting from the QM/MM description is only known after the respective simulation is
completed, while a suitable ion–solvent interaction potential has to be provided for the
execution of said QM/MM simulation. To avoid this situation, suitable potential data are
obtained from a series of classical simulations with varying potential settings, that are
compared to data of previous QM/MM [73,74] and Car-Parrinello molecular dynamics
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(CPMD) simulations [75–79]. In addition, results obtained from experimental investigations
such as X-ray absorption fine structures (XAFS) and neutron diffraction with hydrogen
isotope substitution (NDIS) also serve as a suitable reference [76,80–82]. While a number
of experimental studies are reported in the literature, the solvation properties of halogen
ions seem to be quite sensitive to concentration effects (see for instance Wallen et al. [83]).
In addition, many experimental studies of salt solutions employing X-ray diffraction
report data measured at comparably large concentrations [84–89], highlighting even the
formation of solvent-separated ion pairs [90]. However, in the context of this study, treating
a single solute ion solvated by 2000 water molecules, reference data for dilute solutions are
preferred.

Since the Cl− ion is an important solute in the context of biomolecular simulations,
a large number of potentials are reported in the literature. In contrast, F− and Br− are
less relevant in this context and, hence, only a smaller number of potential parameters are
available. To treat all considered solutes on the same basis, new interaction parameters have
been generated for the three ions by performing a series of purely classical MD simulations
of a negatively charged ion (q = −1.0e) in aqueous solution. A total of 42 individual MD
runs have been executed, each with a different setting of the ion–O Lennard–Jones (LJ)
parameters [91,92] as depicted in Figure 1a.

The simulation systems in this preliminary potential evaluation were composed of the
solute plus 1000 SPC/E water molecules [93] contained in a cubic, periodic simulation cell
with a side length of approx. 31.1 Å corresponding to a target density of 0.997 kg dm−3.
Long-range coulombic contributions have been accounted for via the reaction-field ap-
proach [94] employing a relative static permittivity of 78, with the general cutoff distance
set to 12.5 Å. The equations of motion have been integrated via the velocity-Verlet algo-
rithm [95]. To achieve a time step of 1.0 fs, the M-SHAKE/M-RATTLE [69,96] algorithms
have been applied. Thermal control was realised via the Berendsen algorithm [97] with
the target temperature and relaxation time set to 298.15 K and 0.1 ps. For each tested LJ
parameter pair, an equilibration for 30,000 MD steps (30 ps) has been carried out, followed
by 50,000 steps of sampling (50 ps) collecting data every 25th MD step.

By comparing the location of the resulting first shell peak maximum in the ion-O radial
distribution function and the average coordination number with reference data from the
literature [73–83], the best potential parameters for the F−, Cl− and Br− could be identified
(see Figure 1b and Table 1).

Figure 1. (a) Overview of the 42 ion–oxygen Lennard–Jones parameter combinations employed to
identify suitable interaction potentials for the description of aqueous F−, Cl− and Br−. (b) Maxima
of the first shell peak in the ion–oxygen RDF determined for a hydrated ion with charge −1.0e in
combination with the 42 Lennard–Jones parameters. The RDFs obtained for F− (black), Cl− (red) and
Br− (green) have been selected by comparing the resulting ion–oxygen RDFs and the the coordination
number in the first hydration shell to data provided in the literature. The respective parameter
sets are highlighted via the black circles and are listed in Table 1. In the case of Cl− an additional
simulation employing an ε-value of 1.2552 kJ mol−1 proved necessary.
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Table 1. Lennard–Jones potential parameters ε(X−–O) in kJ mol−1 and σ(X−–O) in Å of the ion–
oxygen potential describing the interaction between the QM solute and water molecules in the MM
zone. The respective minimum distance rm(X−–O) in Å is listed as well (see also Figure 1).

ε(X−–O) σ(X−–O) rm(X−–O)

F− 0.6276 3.1181 3.5
Cl− 1.2552 3.5636 4.0
Br− 1.8828 3.5636 4.0

2.2. QM/MM MD Simulation Protocol

The QM/MM MD simulations carried out in this work are following the general
setup of previous successful simulation studies of solvated Li+, Na+ and K+ [38,40].
The QM/MM treatment is based on the highly successful quantum mechanical charge
field molecular dynamics (QMCF MD) framework [71,72]. In this approach, the partial
charges of the MM atoms are included in the Hamiltonian of the QM calculation in form as
an external potential [62,98,99]. It was shown that this framework referred to as electrostatic
embedding greatly improves the treatment of the QM zone over calculations in an artificial
in vacuo environment, thereby enhancing for instance the description of hydrogen bonds
passing through the QM/MM interface [100,101]. In addition, polarization and charge
transfer effects occurring in the QM treatment are incorporated into the QM/MM coulombic
coupling by employing QM-derived partial charges that are updated in every simulation
step [71,72]. In order to ensure compatibility with the partial charges of the employed
MM model [70], Mulliken populations [102,103] proved as an adequate choice [100,101]
despite their general criticism of showing a pronounced basis set dependence. To avoid
the latter, it is crucial to employ balanced basis sets, i.e., assigning diffuse and polarization
functions in an equal matter to all atoms in the systems including the oftentimes neglected
hydrogen atoms.

In order to account for the distortion of the molecular geometries of water molecules
in the vicinity of the solute, the flexible SPC-mTR2 water model [70] has been employed.
The latter is a re-parametrization of the SPC-mTR (simple point charge modified Toukan–
Rahman) water potential [104], in which the charges, the equilibrium bond length and
angle, and further parameters have been adjusted to provide a more reliable representation
of the intramolecular water geometry while at the same time the vibrational and dielectric
properties were improved.

An enlarged simulation cell containing the ion and 2000 water molecules in the
isobaric-isothermal ensemble (NPT) under periodic boundary conditions (side length
approx. 39.4 Å) was employed in each case. Also in case of the QM/MM MD simulations,
the long-range electrostatic contributions were treated via the reaction-field approach [94]
utilizing an extended cutoff radius of 18.0 Å. The MD time step in the velocity-Verlet
integration [95] was set to 0.5 fs to describe explicit hydrogen motion. The Berendsen
thermostat and manostat algorithms [97] have been employed to maintain the target
conditions of 298.15 K and 1.013 bar, the associated relaxation times were set to 0.1 and
0.5 ps, respectively.

As in the previous studies of Li+, Na+ and K+, resolution-of-identity Møller–Plesset
perturbation theory of second order (RIMP2) [51–54] has been applied to describe the
interactions inside the QM region as implemented in the TURBOMOLE package [105].
Since, in contrast to cationic solutes, anions display an excess of electrons, the use of larger
basis sets is recommended. In this study, 6-31++G(d,p) bases [106–109] were assigned to
the atoms of the water molecules, while the larger TZVP basis set [110] was employed
for the description of the anions. In addition, suitable auxiliary basis sets [53] for the
resolution-of-identity (RI) treatment were applied.

The size of the QM region is set to a radius to include the solute plus its entire first
solvation layer based on the center of mass of the individual water molecules. Since the
ideal setting is unknown prior to starting the simulation study, the radius is typically
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selected based on the minimum distance separating the first and second solvation shell
in the ion–O RDF obtained from purely classical MD simulation. This strategy proved
adequate in a number of similar QM/MM studies. The radius determining the size of
the QM region was set to 3.2 Å in the case of F−, while for both Cl− and Br− a value of
4.1 Å was determined from the classical simulation. The reason for the similar QM radii
in case of the latter two systems can be explained by the fact that the respective σ-values
in the ion–O Lennard–Jones potential are similar, while the ε-parameters representing the
depth of potential are different. This not only influences the attractive part of the potential,
but also increases the steepness of the repulsive branch, thereby leading to a larger ion–O
distance in the Br− case. In order to enable a smooth transition of molecules between the
QM and MM zone, a small buffer region of 0.2 Å thickness is considered in which the forces
are continuously changed from the QM to the MM contribution and vice versa.

The simulation systems for each solute were equilibrated in the NPT ensemble via
classical MD for a total of 100,000 MD steps (50 ps) at target conditions. Considering the
much larger size of the MM zone compared to the QM region, all molecules associated
to the MM treatment are well-equilibrated after this procedure. Next, a re-equilibration
for a minimum of 20,000 steps (10 ps) was carried out using the QM/MM setup, followed
by 50,000 MD steps of sampling, resulting in a total simulation time of 25 ps. Since, in
the construction of the ion–oxygen Lennard–Jones potentials special care was given to
replicate the ideal ion–water distances and the associated coordination numbers, the only
required equilibration is associated to the intramolecular degrees of freedom. The impact of
polarization and many-body effects then has an influence on the first shell ligand exchange
rate. Since monovalent ions are known to quickly exchange the first shell ligands within
the picosecond timescale [111], the re-equilibration period of 10 ps can be considered
as sufficient.

2.3. Analysis

The solute–solvent interactions were analysed in terms of ion-water radial distribution
functions (RDFs), thereby also comparing the differences observed between the classical and
QM/MM-based simulations. In order to provide further information about the composition
of the first solvation layer, the respective coordination number distributions (CNDs), local
density corrected three-body correlations g3 [112] as well as the oxygen–ion–oxygen angular
distributions functions (ADFs) have been analysed.

Typically, the coordination number distribution and the associated average coordina-
tion number (CN) of a given solvation shell are determined based on a radial cutoff criterion
coinciding with minima determined from the ion–oxygen radial distribution function g(r).
However, such a simple g(r)-based cutoff (GC) criterion is not always an adequate choice.
First, the determination of a shell boundary can be to some extent ambiguous, since it may
be influenced by noise and depends inter alia on the type of normalisation applied in the
RDF analysis [113]. Moreover, a strictly radial criterion may exclude ligands, that should
be considered as part of the first coordination sphere, while on the other hand molecules
inside the cutoff should not be included as they have to be considered “blocked” by other,
closer ligands.

The relative angular distance (RAD) algorithm [113,114] provides a simple and effec-
tive framework to classify ligands in the first solvation shell that is not dependent on any
predefined cutoff radius. Instead, the list of potential first shell ligands is evaluated based
on their increasing distance from the solute i. A molecule j is considered as part of the
first solvation layer if it remains unblocked by all previously identified closer ligands k
according to the criterion

1
r2

ij
>

1
r2

ik
cos

(
θjik

)
(1)

with rij and rik being the respective ion–ligand pair distances and θjik is the associated
solvent–solute–solvent angle. As soon as the first ligand j′ violates the RAD criterion, it
is considered as blocked and the search is ended. Thus, all unblocked ligands closer than
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molecule j′ are considered as part of the first solvation shell in this respective configuration.
Averaging over all configurations of the simulation trajectory then yields CNRAD. In the
original work, the molecules’ centres of mass have been considered [113]. However, in this
article the analysis was based on the oxygen atoms in order to make the results for CNRAD
directly comparable with those of the radial cutoff CNGC. Since the oxygen atom of a water
molecule is always in very close vicinity to the respective center of mass, this approximation
is not expected to have any profound impact on the determination of the coordination
numbers and their distributions.

The structural properties of the first shell water molecules are of particular interest
as well. To analyse the deviation from the ideal geometry, the two hydrogen atoms of
a water molecule have been classified based on their orientation in the solvation complex.
The H-atom directly coordinated to the solute via hydrogen bonding is considered as
proximal (H1) while the one located at larger distance is referred to as distal (H2). Based
on this classification, the associated O–H1 and O–H2 radial distributions as well as the
corresponding ion· · ·H1–O and ion· · ·H2–O angular distributions have been analysed.

The mean ligand residence time τ (MRT) within the first shell has been characterised
based on a direct measure of the exchange events [111]. In this approach, the MRT-value of
a specific solvation shell is determined as

τ0.5 =
tsim · CNav

N0.5
(2)

where tsim is the total simulation time, CNav is the average coordination number of the
respective solvation layer and N0.5 corresponds to the total number of border crossing
event to/from this solvation shell lasting for a minimum excursion time t∗ ≥ 0.5 ps [111].
The associated rate coefficient Rex is given as the ratio between the number of all border
crossing attempts N0.0 for t∗ = 0 and N0.5.

3. Results

In the following, the results obtained for the target systems via classical and QM/MM
MD simulations are discussed. The key quantities are listed in Table 2, including a com-
parison to other theoretical and experimental investigations. Overall, a broad variation
in the determined quantities can be identified, clearly highlighting the challenging na-
ture associated to the characterisation of anionic solvation. The experimental studies by
Wallen et al. [83] and Soper et al. [81] also point towards a quite sensitive concentration
dependence, in particular with respect to the observed coordination number. This, on
the other hand, might prove to be a limiting factor when comparing to theoretical results
based on the Car-Parrinello MD framework, which especially in the past were typically
limited to small system sizes, often encompassing in addition to the solute only about 30
to 128 water molecules. This and the oftentimes limited accuracy of DFT functionals at
the GGA (generalised gradient approximation) level make it difficult to judge the quality
of the results obtained via CPMD simulations. The latter is particularly true whenever
hydrogen bonded systems are to be investigated. Simulation data on pure water have
shown that the results can be notably improved if a corrective treatment of dispersive
contributions is considered [44,45,50]. The latter is confirmed in a study by Bankura and
coworkers comparing CPMD simulation data [78] with and without the application of
the Tkatchenko–Scheffler van-der-Waals (TS-vdW) correction [115]. The same study also
highlighted that the simulation results obtained using the Perdew–Burke–Enzerhofer (PBE)
GGA-type functional can be notably improved if the more accurate yet more demanding
hybrid variant PBE0 is applied.
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Table 2. Maximum, avarage and minimum distances r1
M, 〈r1

M〉 and r1
m of the first solvation shell

in the ion–O RDF in Å, average first shell coordination number determined via a g(r)-based cutoff
CN1

GC as well as the relative angular distance approach CN1
RAD, first shell mean ligand residence

time τ1 in ps, number of registered ligand exchange events N1
0.5 (t∗ ≥ 0.5 ps) and associated rate

coefficient R1
ex obtained for aqueous F−, Cl− and Br− via classical (MM) and RIMP2-based QM/MM

MD simulations in comparison to data reported in the literature.

r1
M 〈r1

M〉 r1
m CN1

GC CN1
RAD τ1 N1

0.5 R1
ex

F− MM MD 2.59 2.63 3.25 6.2 6.3 15.4 10 5.4 this work
RIMP2/MM MD 2.46 2.68 3.36 4.9 5.2 1.1 115 5.2 this work

MM MD 2.53 5.8 ± 0.1 Ref. [73]
HF/MM MD 2.68 4.6 ± 0.2 Ref. [73]
BLYP CPMD 2.66 5.1 Ref. [75]
BLYP CPMD 2.7 3.4 Ref. [77]

NDIS KF/D20 1.2:100 2.54 3.27 6.9 Ref. [81]

Cl− MM MD 3.26 3.35 3.93 7.6 7.8 4.2 46 6.7 this work
RIMP2/MM MD 3.23 3.48 4.16 8.1 7.5 1.6 178 4.5 this work

MM MD 3.15 5.9 ± 0.1 Ref. [73]
HF/MM MD 3.24 5.9 ± 0.1 Ref. [73]
HF/MM MD 3.25 3.9 6.8 2.0 4.6 Ref. [74]

PBE-D3 CPMD 3.14 3.78 6.0 Ref. [79]
PBE0-D3 CPMD 3.17 3.85 6.1 Ref. [79]

SCAN CPMD 3.17 3.85 6.7 Ref. [79]
PBE CPMD 3.11 3.64 5.5 ± 0.2 Ref. [78]

PBE+TS-vdW CPMD 3.14 3.78 6.3 ± 0.9 Ref. [78]
PBE0 CPMD 3.14 3.72 5.8 ± 0.7 Ref. [78]

PBE0+TS-vdW CPMD 3.16 3.73 6.3 ± 0.8 Ref. [78]
EXAFS NaCl 40 mM 2.91/3.11 4+3 Ref. [82]

NDIS KCl/D2O 1.2:100 3.14 3.78 7.1 Ref. [81]

Br− MM MD 3.33 3.45 4.05 8.1 8.1 3.0 313 4.7 this work
RIMP2/MM MD 3.31 3.68 4.30 9.1 7.4 0.9 390 2.9 this work

MM MD 3.27 3.9 7.6 ± 0.5 2.6 Ref. [76]
BLYP CPMD 3.33 3.9 6.5 ± 0.3 5.7 Ref. [76]

XAFS/MM MC YBr3 0.3M 3.44 ± 0.07 6 ± 0.5 Ref. [80]
XAFS RbBr 0.2M 3.35 7.1 ± 1.5 Ref. [83]
XAFS RbBr 1.5M 3.36 7.2 ± 0.4 Ref. [83]

XAFS RbCl 0.5 mM 3.26 10 Ref. [82]
NDIS KBr/D2O 1.2/100 3.32 3.90 6.7 Ref. [81]

The above-mentioned shortcomings (i.e., the small number of solvent molecules and
a quantum chemical treatment typically limited to GGA-DFT level) can be overcome using
QM/MM MD type protocols. However, in the existing literature, only simulation studies
employing the Hartree–Fock (HF) level of theory have been presented for aqueous F− and
Cl− [73]. While being in a strict sense an ab initio method, HF theory suffers from the
inability to take electron correlation into account, which especially in the case of hydrogen
bonded systems might prove as a limiting factor. The QM/MM MD simulation protocol
applied in this study aims at overcoming the above-mentioned limitations by treating the
target systems at a correlated ab initio level while at the same time providing a sufficient
number of solvent molecules represented via the newly parameterised SPC-mTR2 water
model [70].

A number of key features of the hydration complexes can be directly extracted from the
respective ion–solvent radial distributions functions depicted in Figure 2. In addition to the
quantification of the average coordination number and ion–ligand distances, the differences
between the purely classical and QM/MM-based simulations proved to be of particular
interest. Overall, the structural properties of the solvation complexes are as expected with
the main peak observed in the ion–O interaction being located in between two separate
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peaks in the corresponding ion–H RDF. Based on the separation of the first peaks, the
hydrogen bonded nature of the solute–solvent interaction can be directly identified. While,
in principle, patterns with similar ion–water distances are observed when comparing the
MM and QM/MM simulation results, a number of notable differences can be identified,
foremost being a dramatic decrease in peak intensity when changing from the MM to
the QM/MM description by a factor of approx. 3 for F− to about 2 in case of Br−. This
implies that the MM description is notably overstructured despite showing similar ion–
H and ion–O distances. As outlined above, great attention has been given to identify
suitable potential parameters resulting in an adequate description of the system. When
comparing the peak maxima observed in the ion–oxygen RDFs determined via classical MD
simulations employing the different Lennard–Jones potentials (see Figure 1b), it can be seen
that it is not possible to identify a parameter set that results in an adequate ion–O distance
while at the same time resulting in a reduced peak intensity. This demonstrates that the
dramatic overstructuring is an inherent shortcoming of the simplified, pairwise-additive
description. This trend has already been observed in previous simulation studies of the
monovalent cations Li+, Na+ and K+, albeit to a much lesser extent. Not surprisingly,
subtle effects associated to the (re)distribution of the electron density such as polarisation,
charge-transfer and many-body contributions are much more dominant in the anionic case.

The latter not only leads to the observed reduction in the RDF peak intensities, but also
to a very pronounced tailing of the first shell ion-O peaks towards larger distances. This
again demonstrates the difficulty in determining a suitable boundary for the QM treat-
ment, which commonly is derived based on preceding classical simulations. Also in this
case, simulations of cationic solutes show a much better agreement between the MM and
QM/MM case.

Simulation data depicted in the form of RDF plots provide direct access to the most
populated distances coinciding with the maxima of the respective RDF peaks. In contrast,
experimentally determined ion–oxygen distances can be assumed to measure the associated
average over the entire solvation shells of a large number of complexes present in solution
as for instance explicitly highlighted by Merkling and coworkers [80]. While the difference
between the latter is oftentimes negligible when characterising cationic hydrates, the strong
tailing of the first shell peak may result in a notable increase of the average distance.
In order to characterise the latter, the respective maximum distances r1

M are compared to
their respective average 〈r1〉 determined as weighted average up to the border of the first
solvation shell given as r1

m:

〈r1〉 =

r1
m
∑

r=0
r · g(r)

r1
m
∑

r=0
g(r)

(3)

The resulting values obtained for the MM and QM/MM MD simulations are listed
in Table 2. While in case of the classical simulations, 〈r1〉 is only marginally increased
compared to the respective maximum distance r1

M, a notable shift to larger values can be
observed in the QM/MM simulations. In the latter case, the respective differences between
the maximum and average first shell distance amount to 0.22, 0.25 and 0.37 Å for F−, Cl−
and Br−, respectively, while in case of the classical simulations, much smaller deviations of
0.04, 0.09 and 0.12 Å have been determined.

The different interaction characteristics also have a notable impact on the first shell
coordination numbers determined using the first shell boundary r1

m as cutoff criterion
yielding CNGC. While in the case of fluoride a decrease in CNGC from 6.2 to 4.9 has
been observed when changing from the MM to the QM/MM description, in both the
chloride and bromide system an increase from 7.6 to 8.1 and from 8.1 to 9.1 was observed,
respectively. The non-integer coordination numbers discussed above result from the
averaging over different microstates observed along the simulations. Comparison of the
calculated coordination numbers to other experimental and theoretical data reveals that
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the CNGC values show notable deviations especially in case of Cl− and Br−. While the
extraction of partial coordination patterns from measured data may prove as particularly
challenging, the deviations in the coordination numbers might as well be the results of an
ill-defined assignment of first shell ligands based on a radial cutoff criterion. The latter
can be expected to also be negatively influenced by the pronounced tailing observed in the
ion–water pair distributions resulting from the QM/MM MD simulations.

The relative angular distance (RAD) procedure by Higham et al. provides an al-
ternative characterisation of first shell ligand distributions, which is solely based on the
comparison between individual ion–ligand distance contributions weighted by the cosine
of the associated solute–solvent–solute angle. The associated coordination numbers CNRAD
determined without any radial cutoff criterion are compared to the corresponding CNGC
values in Table 2. Although in the case of the MM simulations the RAD procedure resulted
in highly similar average CN values, the results of the QM/MM simulations are greatly
improved after application of the RAD criterion. While in case of F− an increase from 4.9
to 5.2 has been observed, the average coordination number decreased from 8.1 to 7.5 and
from 9.1 to 7.4 in case of Cl− and Br−, respectively. Thus, in all cases, the CNRAD values
are in much better agreement with the literature compared to the CNGC results.

To further analyse the composition of the first solvation shell, the corresponding
coordination number distributions (CNDs) as obtained from the GC and RAD analysis
have been evaluated (see Figure 2). As in the case of the RDF plots, the CNDs show a
notable decrease associated to a broadening of the distribution when changing from the
MM to the QM/MM description in all cases. Comparison of the QM/MM-based CND
plots obtained using the GC- and RAD-based ligand assignment again reveals a trend
to lower coordination numbers in the latter case as already observed for the average
coordination numbers. In contrast, highly similar CND plots are obtained in the MM case
when comparing the two different analysis protocols.

The in-depth characterisation of the first shell coordination numbers and their re-
spective distribution over the course of the individual simulations provides a number
of important conclusions: First, the data highlight that a simple radial criterion is not
always an adequate choice to determine the coordination number, and improved results
can be obtained by the application of more elaborate frameworks such as the RAD criterion.
In addition, it was found that the application of the latter only improves the results of
the QM/MM MD simulations, while in case of the purely classical simulations, both the
average CNs as well as the corresponding CNDs remained highly consistent. Considering
the strongly tailed first shell peak of the radial distribution functions in the QM/MM case,
it appears that interactions incorporating many-body contributions are prone to errors in
a purely cutoff-based coordination number determination.

Comparing the more reliable RAD-based coordination numbers, it can be seen that the
MM simulations yield notably higher average CN values than their QM/MM counterpart
by approx. 21, 5 and 9% in case of F−, Cl− and Br−, respectively. Thus, specifically in the
case of fluoride, a notable shift to higher coordination numbers is observed in the MM
case. On the other hand, the CNDs determined from the MM and QM/MM simulations of
Cl− display the best agreement, albeit also in this case a reduction of the most populated
contributions (coordination numbers 7 and 8) is observed. One possible explanation for
these findings could be that the applied potential parameters are ideal in the Cl− case,
while for the other two systems a refinement of the interaction potentials might lead to
improved results.
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Figure 2. Ion–oxygen (red) and ion–hydrogen (black) radial distribution functions (left column) for
aqueous F− (top row), Cl− (center row) and Br− (bottom row) determined from the QM/MM (solid
line) and classical (dashed line) MD simulations along with the associated coordination number
distributions based on a radial g(r)-cutoff criterion (center column) and the RAD analysis (right
column) as obtained from the QM/MM (black) and classical (red) simulation trajectory.

Although the latter strategy can be expected to adjust the solvation parameters within
a small margin, already great care has been devoted towards the identification of suitable
solute–solvent Lennard–Jones potentials as outlined above. However, the pairwise nature
of the classical description provides a more reasonable explanation for the observed de-
viations. Due to the small size of the F− ion, the hydration complex shows the smallest
ion–water distances. This implies that contributions arising from the respective Coulomb
interactions are highest in this case. Since the classical description does not account for
many-body contributions such as polarisation and charge-transfer, it can be expected
that, out of the considered systems, F− shows the highest susceptibility towards over-
coordination. In contrast, the Cl− and Br− systems display notably increased first shell
ion–water distances, thus reducing the magnitude of the Coulombic contributions and,
thereby, the risk for observing much higher coordination numbers. Nevertheless, the high
intensities in the coordination number distribution and the ion–water RDFs still points
towards an overall too strong solute–solvent interaction that cannot be easily compensated
by a variation in the Lennard–Jones parameters (see data in Figure 1b). While similar
overcoodination effects were also observed in the case of the previously mentioned cations
Li+, Na+ and K+, the increase in the first shell ion–oxygen peak maxima amounts to at
most 50%, with an overall very good agreement in the coordination number distributions
when comparing the classical and QM/MM MD simulation results. These difficulties
clearly demonstrate that simulations of anionic solutes are much more intricate compared
to their cationic counterparts. A reduction of the net-charge of the ions in the simulations
to non-integer values could offer a potential solution, which has already been discussed by
different authors in the past [116–119].
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In order to obtain further insight into the composition of the first solvation shell,
both local density corrected three-body correlations g3

I−O−O measuring the O–O distance
contributions within the first shell as well as oxygen–ion–oxygen angular distribution
functions can be employed. While at first sight these analysis schemes appear redundant,
the comparison of the different systems provided in Figure 3 demonstrates that the two
different methods complement each other. For instance, based on the g3-plots determined
for F−, a similar O–O distance distribution within the first shell is observed in the MM and
QM/MM simulations. However, when comparing the respective angle distributions, it can
be seen that, although the O–O distances are nearly identical, the O–F–O angle contributions
show remarkable differences, pointing towards a highly increased intra-shell mobility in
the QM/MM case. In contrast, similar angular distributions are observed in the case of Cl−,
while notable differences in the three-body correlations are visible. When keeping in mind
that Cl− displayed the best agreement in the coordination number distributions between the
MM and QM/MM simulations, the capabilities of the combined g3 and ADF contributions
to provide further details about the solvation structure is clearly demonstrated.

Figure 3. First shell ion–oxygen–oxygen three-body correlation function g3 (left) and the associated
O–ion–O cosine distribution functions (right) obtained for aqueous F− (top), Cl− (center) and Br−

(bottom) from the QM/MM (black) and classical (red) MD simulations. The absolute values for the
O–ion–O angles follow a non-linear trend and are shown on the secondary x-axis.
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In addition to highlighting the shortcomings of the classical description, this com-
bined analysis provides manifold information about the differences between the target
systems. For instance, in the case of F− no second neighbour distances are registered in the
three-body distributions, which can be attributed to the overall low coordination number
permitting only one type of neighbouring molecules. In contrast, a larger number of solvent
molecules is present in the first shell of Cl− and Br−, giving rise to a notable second neigh-
bour peak located at approx. 4.2 Å. While in the case of the latter two ions, the features of
the g3-distributions appear similar, the respective oxygen–ion–oxygen distributions show
a notable broadening especially in the Br− case, implying that in this system the highest
intra-shell mobility of ligands is observed as expected.

In order to further study the ion–ligand binding properties within the first solvation
shell, the associated mean ligand residence times τ (MRT) have been determined using the
direct method. In this approach, all crossing events of the first shell border r1

m lasting for
a minimum time of t∗ are counted, and the respective MRT value is then determined based
on Equation (1). In addition, the respective rate coefficient Rex corresponding to the average
number of border crossing events required to achieve one lasting ligand exchange were
determined. The respective values obtained from the MM and QM/MM MD simulation
trajectories of the target systems are listed in Table 2.

When considering the MRT values calculated from the classical simulations being
15.4, 4.2 and 3.0 ps in the case of F−, Cl− and Br−, respectively, the expected decrease in
the solute–solvent interaction is well reflected. This decrease in the mean residence times
is well in agreement with the associated ion–O RDF data, specifically the intensity of the
minimum separating the first and second solvation shells which gradually increases from
the lightest to the heaviest solute. In the case of the QM/MM MD simulations, however,
a different picture emerges. First, it can be seen that the MRT values are consistently
lower compared to the MM-based estimation. This is not uncommon considering the
overstructured hydration discussed above, which is the result of the unpolarised, pairwise
nature of the interaction in the classical model. In addition, the MRT values determined in
case of F− are now slightly below that obtained for the Cl− system. Although at first sight
this finding implies that the latter now displays weaker interactions with the solvent, this
counterintuitive result is due to the occurrence of the average coordination number in the
determination of the MRT value (see also Equation (1)). In contrast, when comparing the
actual number of registered ligand exchange events lasting for a minimum excursion time
of t∗ ≥ 0.5 ps, only 115 exchanges were registered in the case of F− over the sampling time
of 25 ps, while 178 and 390 exchanges were registered for Cl− and Br− over the same time
period, respectively. This clearly displays that the solute–solvent interaction follows the
expected trend with F− forming the most stable hydrate, while the Br−–H2O interaction
is weakest. It should also be noted that MRT values below 1.0 ps have been associated
to ”structure-breaking” properties in the past [42,120]. The latter is underlined by the
associated rate coefficients Rex measuring the average number of border crossing events to
achieve one sustainable exchange event lasting for longer than t∗. While in case of F− on
average 5.2 exchange attempts are required, notably smaller Rex-values of 4.5 and 2.9 have
been determined for the weaker hydrates of Cl− and Br−, respectively. Again, small values
in Rex have been associated to ”structure breaking” solute–solvent interactions [42,120].

Although it is commonly observed that QM/MM MD simulations display an accel-
erated first shell ligand exchange compared to MM-based simulations, the difficulties in
identifying suitable QM radii discussed above might lead to an additional acceleration
of the observed exchange rates. In order to minimise QM/MM transition artifacts, it is
a typical strategy to position the QM/MM boundary in a region of low density correspond-
ing to minima in the respective ion–O distributions. As discussed above, the unexpected
strong tailing observed in the ion–O RDFs of the QM/MM simulations implies that the
MM-derived settings for the QM radii might not be ideal.

While in case of Cl− and Br− the ion–O RDFs still show well-defined minima in the
QM/MM case, the respective first shell peak in the F− case displays only a very shallow
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minimum that directly connects to the bulk without any discernable contribution indicating
the presence of a second solvation shell. On the other hand, the good agreement of the
first shell distance and coordination number CNRAD with data in the literature implies that
the first shell properties are adequately represented. In order to verify that the selected
size of the QM region is indeed adequate, it might prove advantageous to execute further
QM/MM MD simulations with an increased size of the QM zone to monitor changes in
the hydration shells and the associated mean ligand residence times. However, when
considering the rather costly execution times of several months of a 10 + 25 ps QM/MM
MD simulation at RIMP2 level, such a systematic adjustment of the simulation settings
is quite demanding. The costly execution time of a correlated ab initio description in
conjunction with the requirement to execute the MD simulations with full consideration of
molecular flexibility is a further indication why QM/MM MD simulations of ionic solutes
tend to be much more intricate compared to simple (i.e., monoatomic and monovalent)
cations in aqueous solution.

In order to underline the requirement of taking molecular flexibility into account,
the O–H bond distances observed within the first hydration shell have been analysed,
thereby separating the contributions from the proximal H1 atoms directly interacting with
the solute from those of the distal H2 atoms pointing away from the ion (see sketch in
Figure 4). The comparison of the associated RDFs depicted in Figure 4 highlights the
different characteristics of the O–H1 and O–H2 bonds. In addition to a clear separation of
the associated equilibrium distances, the pronounced tailing of the O–H1 bond to larger
distances is visible. This is a direct consequence of the hydrogen bonded nature of the
solute–solvent interaction, resulting in elongated bond distances due to the coordination to
the negatively charged solute. Simulation protocols employing a rigid-body description of
the solvent cannot account for these critical changes in the equilibrium geometry of the
first shell ligands. On the contrary, for practical reasons, the same structural constraints
have to be applied to molecules in the first solvation shell, whenever such a water model
is employed to describe the solvent in the simulation system. While such a strategy
might still be sufficient to derive structural and dynamical properties, simulations aiming
at the determination of thermodynamic properties will be negatively influenced by the
application of artificial constraints employing a reference geometry that is in a strict sense
only valid for molecules in the bulk.

Figure 4. Oxygen-hydrogen radial distribution function of water molecules in the first solvation shell
of aqueous F− (black), Cl− (red) and Br− (green) separated into contributions of the H-atoms in
proximal (H1, top left) and distal (H2, bottom left) position with respect to the solute along with the
associated ion· · ·H1–O cosine distribution function (bottom right). The screenshot of aqueous F−

displays the assignment of H1 and H2 for an exemplary first shell water molecule, that is re-evaluated
in every simulation step.
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A further interesting detail linked to the separate consideration of first shell hydrogen
atoms is the distribution of the ion· · ·H1–O angle, which is also depicted in Figure 4. While
in all cases the highest contributions are observed for angles ≥170◦, a pronounced tailing
towards lower angles is observed upon increasing size of the solute again pointing towards
an increase in intra-shell mobility. In addition, a plateau near 120◦ is visible for all three
solutes that is highest in the Br− case. This finding could either be (i) a direct consequence
of intra-shell hydrogen bonding potentially promoted by the increasing ionic radii and
the associated higher coordination numbers, (ii) due to contributions of ligands leaving
the second solvation shell or (iii) the result of intra-shell mobility in which the ligands
display a strictly dipolar, bifurcated coordination. In order to investigate the origin of
this contribution in detail, a two-dimensional histogram representation correlating the
ion· · ·H1–O and ion· · ·H2–O angles registered for each first shell molecule in the QM/MM
MD simulation of aqueous Br− has been prepared (see Figure 5). It can be seen that the
main contribution is again observed in the range close to 170–180◦, which represents the
main hydrogen bond angle already visible in the one-dimensional Br−· · ·H1–O angle
distribution (see sketch in Figure 5, top right corner). For lower Br− · · ·H1–O angles a
sideward V-shape is visible, with the main contributions indeed resulting from a bifurcated
coordination with the Br− · · ·H2–O angle averaging at approx. 100◦ (sketch in Figure 5,
top left corner). In addition, a secondary distribution is visible in which the Br− · · ·H1–O
hydrogen bond appears to be broken while the O–H2 bond is pointing away from the ion.
The latter explains the very low angle of approx. 30◦ (sketch in Figure 5, bottom left). Thus,
an overlap of two different configurations contribute to the plateau at 120◦ visible in the
one-dimensional Br−· · ·H1–O distribution (Figure 4), namely, a strictly polar, bifurcated
ion–water coordination plus a less populated contribution arising from configurations with
broken ion–solvent hydrogen bonding most likely associated to ligand exchange. Similar
distributions can be observed in the case of F− and Cl−, although with significantly lower
magnitude (data not shown).

Figure 5. Two-dimensional histogram correlating the ion· · ·H1–O and ion· · ·H2–O angles registered
for each first shell ligand of Br− obtained from the QM/MM MD simulation.

4. Conclusions

The RIMP2-based QM/MM MD simulations presented in this study provide manifold
insight into the structural and dynamical properties of the target systems and provide
a proof of concept for similar studies combining a correlated ab initio treatment in conjunc-
tion with full flexibility in the description of solute–solvent hydrogen bonding. The compar-
ison to a number of previous experimental and theoretical investigations clearly highlights
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the challenging nature when studying anionic solvation, being dependent on the actual
concentration of studied solutions while at the same time showing a notable sensitivity
on the applied level of theory. Out of all the presented calculation methods, resolution-of-
identity Møller–Plesset perturbation theory of second order proved to be one of the most
demanding yet most accurate calculation methods applied to this research question.

However, even in this case a number of potential shortcomings and pitfalls could
be identified. In contrast to the majority of investigations available in the literature the
improved description of the solute enabled by the RIMP2 framework applied to achieve
comparably long sampling times of 25 ps per solute resulted in a rather unexpected tailing of
the first shell peak in the ion–oxygen radial distribution functions. Typically, the boundary
of the QM-treatment is selected based on similar, purely classical simulations employing
suitably adjusted parameters in the applied interaction potentials. While great care was
given to providing newly derived, accurate interaction parameters for the solute–solvent
QM/MM coupling, the tendency towards elongated ion–solvent distances in conjunction
with a notable reduction of the first shell peak intensities makes the choice of suitable QM
radii to some extent ambiguous. Based on the presented simulation results, an increase in
the QM/MM boundary distance determined via classical simulations appears necessary in
future studies.

In addition, the strong tailing observed in the first shell ligand distributions proved
problematic in the evaluation of the associated coordination numbers based on a strictly
radial cutoff criterion. Application of the relative angular distance (RAD) algorithm en-
abling the assignment of coordinating ligands without any predefined radial cutoff distance
greatly improved the results obtained for the coordination numbers. The latter only applies
in case of the QM/MM MD simulations, however, while in case of the pairwise additive
MM description, both the cutoff- and RAD-based ligand assignments yielded highly simi-
lar results. It can be concluded that the many-body description inherent to the quantum
chemical treatment gives rise to the observed first shell tailing which in turn makes an
unambiguous assignment of coordination numbers more difficult.

Despite these challenges, a consistent description of the three target systems F−, Cl−
and Br− could be achieved, enabling the characterisation of more complex structural prop-
erties such as three-body correlations and the distortion of first shell solvent molecules from
their ideal, symmetric equilibrium geometry. In addition, the ligand exchange dynamics
within the first shell could be characterised based on the simulation data, decreasing with
increasing size of the solute as expected.

The presented simulation data serve as a valuable primer for advanced simulations
studies, foremost in the determination of single-ion solvation free energies for which
a variety of successful simulation protocols have already been implemented in case of
alkaline ions. With the availability of both cationic and anionic solvation data, an inherent
instrument to compare the simulation data to experimental references values determined
for salt solutions becomes available, which in turn provides access to further investigations
focused on absolute single-electrode potentials. Both the determination of single ion
solvation properties as well as of single-electrode potentials still represents one of the
few remaining questions in present day thermodynamics and the advanced QM/MM
MD simulation protocol outlined in this study provides an important step towards a
generalised workflow to address these prevalent research questions with the help of
modern computational techniques.
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Abstract: The structure of tin(II) is not well known in aqueous solution. The energies, structures,
and vibrational frequencies of [Sn(H2O)n,]2+ n = 0–9, 18 have been calculated at the Hartree–Fock
and second order Møller–Plesset levels of theory using the CEP, LANL2, and SDD effective core
potentials in combination with their associated basis sets, or with the 6-31G* and 6-31+G* basis sets.
The tin–oxygen distances and totally symmetric stretching frequency of the aquatin(II) ions were
compared with each other, and with solution measurements where available.
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1. Introduction

The structure of some metal ions in solution remain elusive [1,2]. Their toxicity to
man and the environment is dependent on their oxidation state and speciation, which
often depends on pH and the presence of counterions that solubilize the metal by complex
formation. Computational chemistry can be useful in supporting and rationalizing pro-
posed speciation models. However, for elements of high atomic number, a drawback is
that there are typically few all-electron basis sets that can be used, and relativistic effects
can play an important role. One workaround is to use effective core potentials, which
replace the explicit description of core electrons by a core potential, which are then paired
with basis sets describing the outermost electrons. Previously, some common effective
core potentials for the aqua complexes of the heavy metals mercury(II) and thallium(III)
(valence electron configuration 5d10) were benchmarked [3]. This work was extended to
lead(II) with a valence electron configuration of 6s25d10 [4]. We expand our work now
to tin(II), which has a valence electron configuration of 5s24d10. The presence of the ns2

subshell, as with lead(II), will be shown to have a pronounced effect on the structures
compared to those without it. Hemidirected structures (which tend to be favored at lower
coordination numbers) have ligands that are not symmetrically distributed around the
central ion, whereas holodirected structures have a symmetrical distribution.

In the gas-phase, it was reported that tin(II), lead(II), and mercury(II) easily under-
went a proton transfer reaction and that the only species observed in the mass spectra
were the deprotonated MOH+(H2O)n−1 ions, not the M(H2O)n

2+ ions. These ions have
anomalously high acidity in the gas phase as well as the solution phase. An ab initio
study was carried out to rationalize this behavior, with a focus on the pathways to de-
protonation [5]. In solution, it is believed that the relevant species are Sn2+ (aq) (pH < 2),
SnOH+ (aq), Sn2(OH)2

2+ (aq), Sn3(OH)4
2+ (aq), Sn(OH)2

0 (aq) (pH = 5–8), and Sn(OH)3
−

(aq) (pH > 10) [2]. The polynuclear species form at higher concentrations, and the water
content cannot be determined through potentiometric means.

The tin(II) ion in aqueous solution has been characterized by an X-ray study of a
~3 mol/L solution of the perchlorate salt [6]. The radial distribution curves showed peaks
at 1.4 Å (Cl–O), 2.3 Å (O . . . O and Sn–O), 2.8 Å (Sn–O), 3.6 Å (Sn–Sn), and 4.2 Å. (Sn . . . O).
Some hydrolyzed solutions were also examined, and the largest variation was in the 3.6 Å
and 4.2 Å peaks, which suggested a greater degree of clustering as the hydrolysis increased.
Essentially the same unhydrolyzed solution was studied by EXAFS [7], in which a Sn–O
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distance of 2.2–2.3 Å with four water molecules was found. They also reanalyzed the
data of [6]. Regarding the hydrolysis products, potentiometric titrations suggested the
existence of the species Sn3(OH)4

2+(aq), in addition to Sn2(OH)2
2+(aq) and SnOH+(aq) [8].

The crystal structure of the hydrolysis product Sn3O(OH)2SO4, which is potentiometrically
equivalent to Sn3(OH)4

2+(aq), has been determined and shown to contain the discrete
[Sn3O(OH)2]2+ ion [9,10].

A QM/MM-MD study has also been carried out on the tin(II) ion in aqueous solu-
tion [11]. It was found that the Sn–O distance peaked at 2.5 Å, with a shoulder at 2.65 Å.
Gaussian fitting indicated peaks at 2.45 Å and 2.75 Å. A coordination number of eight was
found. The power spectrum of the Sn–O stretching suggested peaks at 85 and 208 cm−1.

2. Materials and Methods

Calculations were performed using Gaussian 98 [12]. This program version was the
first to allow the analytical frequency calculation of molecules in which core electrons are de-
scribed by effective core potentials (ECPs), and thus, many variants of these were tried. The
MP2 calculations use the frozen core approximation. A stepping-stone approach was used
for geometry optimization, in which the geometries at the levels HF/CEP-4G, HF/CEP-
31G*, HF/CEP-121G*, HF/LANL2MB, HF/LANL2DZ, and HF/SDD were sequentially
optimized. For minimum energy structures, the MP2/CEP-31G* and MP2/CEP-121G*
calculations were also performed. Calculations were also carried out using the 6-31G* and
6-31+G* basis sets on the atoms of the water molecules (5d) with an effective core potential
and basis set on the metal ion (denoted as ECP+6-31G* or 6-31+G*). For shorthand, we
denoted the mixed basis sets as follows: CEP-121G* on Sn and 6-31G* on O, H, as basis set
A; LANL2DZ on Sn and 6-31G* on O, H, as basis set B; and SDD on Sn and 6-31G* on O,
H, as basis set C. The corresponding basis sets with diffuse functions were indicated by
adding a “+” to the basis set name. Default optimization specifications were normally used.
After each level, where possible, a frequency calculation was performed at the same level,
and the resulting Hessian was used in the following optimization. Z-matrix coordinates
constrained to the appropriate symmetry were used as required to speed up the optimiza-
tions. Since frequency calculations are done at each level, any problems with the Z-matrix
coordinates would manifest themselves by giving imaginary frequencies corresponding to
modes orthogonal to the spanned Z-matrix space. The Hessian was evaluated at the first
geometry (opt = CalcFC) for the first level in a series in order to aid geometry convergence.
We note that, for the heavy elements only, the three different CEP basis sets are equivalent
(CEP-121G*) but differ for the oxygen and hydrogen atoms. We also note that the choice of
core electrons defining the pseudopotential depends on the specific core potential (CEP and
LANL2, [Kr]4d10; SDD, [Ar]3d10). In some cases, Gaussian 03 [13] and Gaussian 16 [14]
were used to correct errors and omissions.

In many cases to follow, the symmetry of the minimum-energy complexes was the
same as those previously found for bismuth [15]. To confirm these results, starting with
high symmetry structures, systematic desymmetrization along the various irreducible
representations was carried out [16,17]. We did not employ an implicit solvation model
or additional electron correlation treatments for reasons described previously in [4]. The
energies of all structures are found in Table S1.

3. Results

3.1. A Survey of Structures

Tin(II), as a lighter element in the same group as lead(II), might be expected to show
similar properties. The point group symmetry for mono- through hexaaquatin(II) was
usually found to be C2v, C2, C3, C2, Cs, and C3. The diaquatin(II) species, like lead, ascends
in symmetry to a planar C2v structure at HF/LANL2MB. The tetraaquatin(II) species has
C2v symmetry at HF/LANL2DZ and Cs symmetry at HF/LANL2MB. The pentaaqua
species has C2 symmetry at HF/LANL2MB. At all levels for the pentaaqua species, if
the pentacoordinate [5+0] species exists, it is competitive in energy with the [4+1], and
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the most stable form is dependent on the level of theory. For the hexaaquatin(II), the
C3 [3+3] form was always more stable than the C3 [6+0] form, which occasionally had
imaginary frequencies or reverted to the [3+3] form. We did not find stable hepta-, octa-, or
enneaaquatin(II) structures. At the HF levels, the [6+12] form always contained at least an
imaginary T mode.

The results of the systematic desymmetrization procedure [16] for aquatin(II) are as
follows (see Figures 1 and S1):

   
Sn(H2O)12+ C2v Sn(H2O)22+ C2 SnOH+ + H3O+ Cs 

   
Sn(H2O)32+ C3 Sn(H2O)22+ + H2O C2v Sn(H2O)42+ C2 

   
Sn(H2O)32+ + H2O Cs #1 Sn(H2O)32+ + H2O Cs #2 Sn(H2O)52+ Cs 

  
Sn(H2O)42+ + H2O Cs #2 Sn(H2O)32+ + 2H2O Cs #1 Sn(H2O)52+ [4+1] Cs 

   
Sn(H2O)62+ C3 Sn(H2O)52+ + H2O Cs #2 Sn(H2O)42+ + 2H2O Cs #2 

   
Sn(H2O)42+ + 2H2O C2 #1 Sn(H2O)32+ + 3H2O C3v #1 Sn(H2O)62+ [3+3] C3 

  

 

Sn(H2O)92+ [6+3] C3 #1 Sn(H2O)92+ [6+3] C3 #3  

Figure 1. The minimum energy structures of aquatin(II).
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• The monoaquatin(II) remained as C2v at all levels;
• The most stable diaquatin(II) remained as the bent C2 at all levels except HF/LANL2MB

(C2v planar). The linear holodirected D2d structure was approximately 50 kJ/mol
higher in energy, but the unstable bent Cs structure was only slightly higher in energy
(<1 kJ/mol for nonminimal basis sets). All attempts to generate a [1+1] structure
instead resulted in proton transfer to give a SnOH+ + H3O+ complex, which was
25–40 kJ/mol higher in energy;

• The most stable triaquatin(II) remained as the pyramidal C3 at all levels. The two
pyramidal C3v structures were 12–25 kJ/mol higher in energy, whereas the planar
holodirected D3h and D3 structures were 60–90 kJ/mol higher in energy. The stable
[2+1] C2v structure was 25–50 kJ/mol higher in energy;

• The most stable tetraaquatin(II) was usually the see-saw C2, but it could be the C2v
#3 (HF/LANL2DZ, HF/B+) or Cs (HF/LANL2MB). The C2v #3 was slightly higher
in energy (<2 kJ/mol), with the other C2v structures being higher (15–25 kJ/mol).
The holodirected D2d #1, #2, S4, and D2 structures were much higher in energy
(50–80 kJ/mol). The Cs #2 [3+1] structure was always competitive in energy, and
usually lower, than the tetracoordinate structure;

• The most stable pentaaquatin(II) was the square pyramidal Cs (if it exists), which is
closely related to the C2v #1 structure (<3 kJ/mol). The other three C2v structures were
~25 kJ/mol higher in energy. The stable [4+1] and [3+2] structures were competitive in
energy, and sometimes lower, depending on level of theory;

• The most stable hexaaquatin(II) was the distorted octahedral C3 (if it exists). The
octahedral Th structure was ~30 kJ/mol higher in energy;

• Of the 16 different C2v heptaaquatin(II) structures tried, none were stable, and either
possessed imaginary modes or dissociated to a [6+1], [5+2], or [4+3] structure. Struc-
tures #1–#4, and #11, always dissociated. Structures #5–#8, and #16, usually remained
as 7-coordinates. The remaining structures usually dissociated at most levels. Of
the 7-coordinate C2v structures, #8 and #16 were the lowest in energy. All of the
7-coordinate structures dissociated at HF/LANL2MB. Upon desymmetrization of the
remaining 7-coordinate C2v structures to C2, nearly all dissociated to [6+1], [5+2], or
[4+3] structures. The only exceptions, C2 #10 and #15 at HF/CEP-31G*, possessed
imaginary B modes, of which one corresponds to a water molecule moving to the
second hydration shell;

• Of the octaaquatin(II) structures, two D4h and two D4d structures (point group order
h = 16) were first examined. Multiple imaginary modes were present;

� For the D4d #1 and #2 structures, desymmetrization along the A2 imaginary
mode gave the same S8 structure; along the B1 imaginary mode, they gave the
same D4 #2 structure; along the B2 imaginary mode, they gave the C4v #1 and
#2 structures; and along the imaginary E1 mode, they gave the same C2v #1
structure (via Cs);� For the D4h #1 and #2 structures, desymmetrization along the A1u imaginary
mode gave the D4 #2 structure found before; along the A2g imaginary mode,
they gave the same C4h #1 structure; along the A2u imaginary mode, they gave
the C4v #3 [4+4] and #4 structures; along the B2g imaginary mode (D4h #1),
the D2h #1 structure ascended in symmetry to D4h #2; along the B1g (D4h #2)
imaginary mode, they gave the D2h #2 structure; along the B1u imaginary mode,
they gave the same D2d #1 structure; along the B2u mode, they gave the D2d #2
and #4 structures, respectively; and along the Eg and Eu modes, they gave D2h
#3 and #4 (via C2h and C2v);

Examination of lower symmetry structures (h = 8) gave the following results:

� For the S8 #1 structure, all E1 and B imaginary modes corresponded to the
expulsion of water molecules to the second hydration shell. Desymmetrization
along the B mode gave the [4+4] C4;
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� For the D4 #2 structure, the E mode corresponded to the expulsion of water
molecules to the second hydration shell. Desymmetrization along the A2 mode
gave either a [4+4] C4 structure or a C4 #2 structure, whereas along the B1
mode, it gave the D2 #1 structure;

� For the C4h #1 structure, the imaginary Eu mode corresponded to the expulsion
of two water molecules. Desymmetrization along the imaginary Au mode for
the most part gave either a [4+4] C4 structure or ascended in symmetry to S8;
along the imaginary Bu mode at HF/CEP-4G and HF/LANL2MB, it gave a
D2d #5 and S4 structure, respectively. This D2d #5 structure was then rerun at
all levels;

� For the D2d structures, desymmetrization along an A2 imaginary mode would
give an S4 structure; along a B1 imaginary mode, they gave a D2 structure;
along a B2 imaginary mode, they gave a C2v structure; along an E mode, they
gave either a C2 or Cs structure. Along the A2 mode, an S4 #2 or #4 structure
typically resulted, or ascension in symmetry to the D2d #5; along the B1 mode,
there was usually ascension to D4 #2; along the B2 mode, there was dissociation
to a [6+2] or [4+4] structure; and along an E mode, dissociation would occur;

� For the D2h structures, desymmetrization along the imaginary Au mode would
give a D2 structure, and along the imaginary Bng modes, a C2h structure was
given. In all cases, these desymmetrized, and most ascended in symmetry to
structures already found (D2 #5, D4 #2, C4h #1). The Bnu modes corresponded
to the expulsion of water molecules from the first hydration sphere;

Examination of lower symmetry structures (h = 4) gave the following results:

� For the C2v structures, desymmetrization along the A2 mode would give a
C2 structure, and along the B1 or B2 mode, different Cs structures were given.
For the C2v structures, at least one of the imaginary B modes in each structure
corresponded to dissociation to a [6+2] structure, whereas desymmetrization
along the A2 mode led to a [4+4] or [4+2+2] structure;

� For the C4 and S4 structures, the imaginary E mode corresponded to dissocia-
tion to a [6+2] structure, whereas desymmetrization along the B mode to give
a C2 structure resulted in dissociation;

� For the D2 structures, at least one of the imaginary B2 or B3 modes corre-
sponded to dissociation to a [6+2] structure, whereas desymmetrization along
the B1 mode to give a C2 structure resulted in dissociation to a [6+2] or [4+4];

Based on these results, we must conclude that a stable 8-coordinate octaaquatin(II)
ion cannot exist.

• Of the enneaaquatin(II) structures, four D3h structures (point group order h = 12) were
first examined. Multiple imaginary modes were present. Desymmetrization along
the A1” mode would yield D3 structures; along A2

′, C3h structures were given; and
along A2”, C3v structures were given. A common D3 #1 structure was found for most,
and in some cases gave an additional [6+3] structure. Two possible C3h structures
were found, and in some cases gave an additional [6+3] structure. Four possible C3v
structures were found, and in some cases gave additional [6+3] structures. At least
one of the degenerate modes corresponded to the expulsion of water molecule(s) from
the inner coordination shell;

� For the D3 structure, desymmetrization along the A2 mode gave a C3 #1 [6+3]
structure. At least one of the E modes corresponded to the loss of water
molecules from the first hydration shell.

� For the C3h structures, desymmetrization along the A” mode gave either the C3
#1 [6+3] structure above or a new C3 #3 [6+3] structure (or occasionally [3+3+3]).
At least one of the E modes corresponded to the loss of water molecules from
the first hydration shell.

� For the C3v structures, desymmetrization along the A2 mode gave one of
the C3 [6+3] structures (or occasionally [3+3+3]) found above. At least one
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of the E modes corresponded to the loss of water molecules from the first
hydration shell.

Based on these results, we must conclude that a stable 9-coordinate enneaaquatin(II)
ion cannot exist.

To summarize these results, by using the systematic desymmetrization procedure,
we have found stable structures for the mono- through hexaaquatin(II) complexes, and
we have shown that hepta-, octa-, and enneaaqua structures do not exist on the potential
energy surface. The hexaaquatin(II) C3 structure is only stable at HF/CEP-31G*, HF/CEP-
121G*, and MP2/CEP-31G*. The pentaaquatin(II) Cs structure is not stable at HF/CEP-4G,
HF/LANL2DZ, and HF/SDD. In most cases, for systems with more than three water
molecules, the most stable structure on the potential energy surface is tricoordinate, with
the remaining water molecules in the second hydration sphere (the main exceptions being
HF/CEP-31G* and HF/CEP-121G*). These results suggest that tin(II) would be tricoordi-
nate trigonal pyramidal in an aqueous solution.

3.2. The Sn–O Distance

The average Sn–O distance as a function of coordination number is plotted in Figure 2
for all of the levels studied. The Sn–O distance always lengthened following an increase in
the coordination number. We can see some gaps for n = 4–6 at some levels where no local
minimum existed. The Sn–O distance using the minimal basis HF/LANL2MB was shorter
than the other levels at the same hydration number by 0.1–0.3 Å, which tended to cluster
together. The results using CEP-31G* were nearly coincidental with those of CEP-121G*.
For all levels, there was a pronounced change in slope at n = 3. Within the cluster noted
above, the Sn–O distance using the SDD basis set/pseudopotential on Sn (HF/SDD, HF/C,
HF/C+) tended to be the longest (n = 1–5, 2.20–2.50 Å), whereas those using the LANL2DZ
basis set/pseudopotential on Sn (HF/LANL2DZ, HF/B, HF/B+) were the shortest. This
differed for lead, where the CEP basis set/pseudopotential tended to be the shortest [4].
The effect of the basis set/pseudopotential combination was more important than the
presence or absence of correlation (HF vs. MP2). Metal–oxygen bond lengths to those
oxygens making a smaller angle to the principal symmetry axis were longer, as was noted
previously for aqualead(II) [4].

Figure 2. The dependence of the average Sn–O distance on the coordination number n and level
of theory.
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3.3. The Sn–O Vibrational Frequency

The vibrational frequency of the totally symmetric Sn–O stretch as a function of
coordination number is plotted in Figure 3. As expected, the frequencies at the minimal
basis HF/LANL2MB were much higher than the other levels which clustered together. For
the most part, the vibrational frequency decreased as a function of hydration number. There
was a levelling effect upon going from n = 4 to n = 5, because, for the square pyramidal
n = 5, the character of the mode changed to be predominantly a Sn–Oapex stretch. The
results using CEP-31G* were nearly coincidental with those of the CEP-121G*, and the
MP2 values were ~15 cm−1 higher than the HF values. The addition of diffuse functions
(A+ vs. A) lowered the vibrational frequency by ~30 cm−1, and correlation increased it
by ~5–15 cm−1. This was also true for the mixed basis set calculations. All other things
being equal, the LANL2DZ frequencies were the highest, and the CEP frequencies were the
lowest, with the SDD frequencies falling in the middle. The inverse relationship between
average bond length and symmetric stretching frequency can be clearly seen.

Figure 3. The dependence of the totally symmetric Sn–O frequency on the coordination number n
and level of theory.

4. Discussion

Because of the lack of experimental data on aquatin(II) complexes, certainty regarding
the structure and vibrational frequencies of the aquatin(II) is lacking. We may compare a
series of structures, such as [n+0] and [(n−m)+m]. For a hydration number of three, the
tricoordinate [3+0] is always more stable than the [2+1] structure. For a hydration number
of four, the tricoordinate [3+1] is usually more stable than [4+0], except for HF/CEP-31G*
and HF/CEP-121G*, but they are competitive in energy. For a hydration number of five, the
[4+1] and [3+2] structures are usually more stable than the [5+0], except for HF/CEP-31G*
and HF/CEP-121G*, but all are still competitive in energy. For a hydration number of six,
the [4+2] structure seems to be the most stable, with the [3+3] structure being competitive
in energy. The picture emerging is that of a variable coordination number between three
and six, with three (trigonal pyramidal) and four (see-saw) being the most likely.

We recently became aware [18] of a crystal structure determination of an aquatin(II)
ion in the compound tin(II) perchlorate trihydrate [19]. The Sn–O distance was reported to
be 2.201(7) Å. Examination of Figure 2, at n = 3, and Table 1 suggest that, if crystal packing
forces are negligible, then the MP2/A+, HF/LANL2DZ, and HF/B+ levels give excellent
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agreement with the experiment. This result was confirmed by Persson and co-workers,
who obtained 2.208(9) Å and obtained EXAFS results for the crystal and solution Sn–O
distance of 2.209(3) and 2.219(3) Å, respectively, which quite importantly shows that the
solution structure of tin(II) is the same as the solid. The LAXS measurement gives, at
2.206(2) Å, nearly the same value for the Sn–O distance [20].

Table 1. Bond lengths (Å) of triaquatin(II). The theoretical levels A, B, and C are described in the text.
HF = Hartree-Fock, MP2 = second-order Møller-Plesset, Expt. = experiment, XRD = X-ray diffraction,
EXAFS = Extended X-ray absorption fine structure, LAXS = Large angle X-ray scattering.

Basis Set/Pseudopotential HF MP2

CEP-4G 2.2098 n/c
CEP-31G* 2.3001 2.2978
CEP-121G* 2.2963 2.2964
LANL2MB 2.0616 n/c
LANL2DZ 2.2202 n/c

SDD 2.2898 n/c
A 2.2624 2.2606
B 2.2397 n/c
C 2.3005 n/c

A+ 2.2797 2.2887
B+ 2.2610 n/c
C+ 2.3241 n/c

Expt. XRD [19] 2.201(7)
Expt. XRD [20] 2.208(9)

Expt. EXAFS xtal. [20] 2.209(3)
Expt. EXAFS soln. [20] 2.219(3)
Expt. LAXS soln. [20] 2.206(2)

The vibrational frequency for the n = 3 structure lay in the range 320–370 cm−1. The
effect of a second hydration sphere should be to increase this value somewhat. For most
octahedral metal ions that we have previously examined, a rough rule of thumb is that,
upon including a second hydration sphere, the vibrational frequency increases by 20q cm−1,
where q is the total charge on the octahedral ion. For tin(II), comparison of the vibrational
frequencies of [Sn(H2O)3]2+ C3, and [Sn(H2O)3]2+·(H2O)3 C3v revealed a large ~85 cm−1

increase in the vibrational frequency. This suggests that tin(II) should have an observable
band in the isotropic Raman spectra corresponding to the totally symmetric stretching
motion in the range of 400–450 cm−1.

5. Conclusions

The common CEP, LANL2DZ and SDD pseudopotentials were paired with various
basis sets to study the hydrated tin(II) ion. The calculations using minimal basis sets
performed poorly. For the most part, the calculated structures were consistent with recent
experimental results of a tricoordinate trigonal pyramidal hemidirected aqua complex. The
careful use of symmetry can be used to both guide the search for new structures and also
to rule out structures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/liquids2040027/s1, Figure S1: Some stationary point (non-minimum) energy structures of
aquatin(II); Table S1: Total Energies of Aquatin(II) Species.
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Abstract: The hydration of phosphate ions, an essential component of many biological molecules, is
studied using all-atom molecular dynamics (MD) simulation and quantum chemical methods. MD sim-
ulations are carried out by employing a mean-field polarizable water model. A good linear correlation
between the self-diffusion coefficient and phosphate anion concentration is ascertained from the com-
puted mean-square displacement (MSD) profiles. The HB dynamics of the hydration of the phosphate
anion is evaluated from the time-dependent autocorrelation function CHB(t) and is determined to be
slightly faster for the phosphate–anion system as compared to that of the water–water system at room
temperature. The coordination number (CN) of the phosphate ion is found to be 15.9 at 298 K with
0.05 M phosphate ion concentration. The average CN is also calculated to be 15.6 for the same system by
employing non-equilibrium MD simulation, namely, the well-tempered meta-dynamics method. A full
geometry optimization of the PO4

3−·16H2O cluster is investigated at the ωB97X-D/aug-cc-pVTZ level
of theory, and the hydration of the phosphate anion is observed to have both singly and doubly bonded
anion–water hydrogen bonds and inter-water hydrogen bonds in a range between 0.169–0.201 nm and
0.192–0.215 nm, respectively. Modified Stokes–Einstein relation is used to calculate the conductivity of
the phosphate ion and is found to be in good agreement with the experimentally observed value.

Keywords: hydration; molecular dynamics; electronic structure; mean square displacements; hydrogen
bonding; solvent-berg model

1. Introduction

Ion–water interaction is pivotal to many biophysical and biochemical reactivities
at the developing stage. Water is unanimously recognized as the universal solvent and
solely responsible for diverse chemical and complex biological processes [1,2]. During the
process of ion dissolution, the hydrogen-bonded network of pure water is rearranged and
attempts to capture the ion in the newly formed hydrogen-bonded network. The solvation
of ions in water is dictated by various interactions, e.g., hydrogen bonding, van der Waals
interaction, electrostatic interaction, etc. In the hydration process, solvent water forms a
network surrounding the ions, commonly termed the hydration layer, sphere of hydration
or hydration shell. Thus, the hydration of ions is controlled by the dynamic between the
water–water and ion–water interactions. In the literature, the breaking and making of the
water network, occurring at a picosecond (ps) time scale, have been attributed to water’s
physical, chemical and structural properties [3–7]. Numerous experimental techniques,
such as X-rays and neutron scattering, in addition to transient spectroscopy detecting in IR
to THz frequency region and molecular dynamics (MD) simulations, have been used to
depict the static and dynamic structural information of the solvation of ions in water [8–18].
These molecular-level studies have shown how crucial the hydration of ions is in imparting
many biological and chemical functions. At the fundamental level, it is known that cations
have a simple and rigid hydration structure in comparison to that of anions, as cations
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bind more strongly with the solvent molecules [1]. On the other hand, a more complex and
flexible hydration structure for anions is observed due to the frequent exchange of water
molecules among the solvation shells [1,17].

In recent times, the triply negatively charged phosphate anion (PO4
3−) is being consid-

ered for detailed investigation, given that it is an indispensable component of many solids,
aerosols and electrolyte solutions. Moreover, phosphates are essential components of
various biological polymers or molecules, such as DNA, RNA, AMP, ADP, ATP, etc. [18–21].
It is known that the phosphate anion does not exist in isolation, such as in the gas phase,
due to Coulomb repulsion causing spontaneous electron loss. In nature, the existence of the
PO4

3− anion requires bound water molecules where the ion–water interaction stabilizes
against the spontaneous loss of the electron. MD simulations and quantum chemical meth-
ods are used to understand the hydration of the PO4

3− anion [22–25]. Existing molecular
mechanical models cannot treat electronic polarizability explicitly as two-body additive
terms are adopted. Thus, MD simulations on the hydration of PO4

3− are restricted to the
non-polarizable water model. The computational cost of MD simulations is increased signif-
icantly due to the non-additive force fields in polarizable models. Inconsistency in dealing
with intra- and intermolecular polarization is the major drawback of these models [26].
Thus, to accomplish a reasonable level of configurational sampling by including electronic
polarizability compared to non-polarizable force fields, the mean-field polarizable (MFP)
water model, namely MFP/TIP3P, is developed [27,28]. The MFP/TIP3P model is also
effectively used in many biological systems [29–31].

The present study investigates the hydration of PO4
3− by employing classical MD

with the MFP/TIP3P water model, and electronic structure calculations. The local solva-
tion environment, microscopic structure, hydration shell, coordination number (CN) and
energetics of the hydrated PO4

3− anion are presented in detail. Efforts are also given to
building the potential of the mean force (PMF) by considering a suitable collective variable
during the hydration process.

2. Computational Methods

Molecular Dynamics Simulation

A 60 Å × 60 Å × 60 Å cubical box is considered to solvate a phosphate anion having
a concentration of 0.05 M. Another two cubical boxes of the same size are taken with
phosphate anion concentrations of 0.025 M and 0.0125 M, respectively. For electrical charge
neutrality, suitable numbers of sodium ions are added to the solvated system in each box.
The polarizable water model, MFP/TIP3P, is used to model the solvent water. The local
solvation environment in the MFP/TIP3P model is imitated self-consistently and on-the-fly
by adjusting the charges on the three atoms of the solvent water molecule. A well-known
damping scheme is used to attain the mean-field nature of the local polarization and is
parameterized by an average over time. The force field parameters for phosphate are taken
from the literature [22]. Presently, two different temperatures, namely, 298 K and 325 K,
are considered to study the effect of temperature on the hydration of the phosphate anion.
In each simulation box, the temperature is sustained by a Berendsen thermostat with a
relaxation time of 2 fs. SHAKE algorithm is used in the present simulation. Initially, the
solvent molecules are heated for 500 ps to reach the required temperature, and after that,
the whole system is heated for 1 ns to acquire the required temperature. Each system is
equilibrated in an NPT ensemble for 5 ns to attain atmospheric pressure. Each system
goes through a 10 ns NVT equilibration run before the 100 ns production run in the NVT
ensemble using GROMACS [32]. The CN of the phosphate anion is used as a collective
variable (CV) to extract the potential of the mean force (PMF) profile at 298 K for an anion
concentration of 0.05 M. It is defined as the number of contacts between the PO4

3− ion and

125



Liquids 2023, 3

water molecules as CN = ∑
i,j

CNij. A switching function is used to define the individual

contribution, CNij as [33].

CNij =

⎧⎪⎨
⎪⎩

1 for rij ≤ 0
1−

( rij
r0

)m

1−
( rij

r0

)n for rij > 0

⎫⎪⎬
⎪⎭ (1)

Here, |ri − rj| = rij and |ri − rj| − d0 = r0. r0 and d0 are the full width at half maxima
and the first peak position in the pair distribution function, respectively. The values of
m and n are taken as 6 and 12, respectively. The enhanced sampling method, namely, a
well-tempered version of meta-dynamics (WT-MtD), is considered to calculate the PMF
profiles [34]. The NVT ensemble is used for all the WT-MtD runs, and the simulations are
carried out for 50 ns. Gaussian hills height of 0.20 kJ/mol, width = 0.05, a bias factor of
10 and an initial deposition rate of the hills = 5 ps are used in all the WT-MtD simulations.
The deposition rate is slightly higher than that used in more complex systems [35,36]. The
PMF profiles are generated from the converged WT-MtD run [37,38].

3. Results and Discussion

3.1. Mean Square Displacement

The present study is aimed to investigate the distribution of water molecules around
the phosphate anions at various temperatures and phosphate ion concentrations. Atoms in
liquids are subject to a deviation from their average coordinates at any particular tempera-
ture, i.e., liquid particles move constantly. Although the displacement is very important,
the trajectory followed by liquid particles resembles a random walker. Mean square dis-
placement (MSD) is a better quantity than displacement to measure the liquid particles’
motion. MSD measures the deviation or “thermal” displacement of the coordinate of a
particle for a reference coordinate over time. The MSD of a particle at time t is defined as:

MSD =
1
N ∑N

i=1 [ri(t + δt)− ri(t)]
2, (2)

where ri is the position of a heavy atom in the ith molecule at time t and N is the total
number of such atoms. The MSD profiles for water and phosphate ion concentrations of
0.05 M, 0.025 M and 0.0125 M at 298 K and 0.05 M phosphate concentration at 325 K are
shown in Figure 1 at 298 K.

 
(A) (B) 

Figure 1. Plots of MSD (nm2) vs. time are shown for (A) water and (B) phosphate anion.

It is known that the information about the diffusion of atoms can also be calculated
from the knowledge of MSD. For a solid system, the kinetic energy of the particles needs to
be adequate to reach the diffusive behavior and MSD to reach saturation. On the other hand,
if the system is liquid, then the MSD of particles will grow linearly with time. For a liquid
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system, it is possible to explore the behavior of such a system from the knowledge of the
slope of the MSD versus the time plot. The self-diffusion coefficient (D) is calculated from
the long-time slope of the MSD versus the time plot by applying the Einstein relation [39]:

lim
t→∞

1
N ∑N

i=1 [ri(t + δt)− ri(t)]
2 = 6Dt (3)

The calculated values of the self-diffusion coefficients of the phosphate ion at differ-
ent concentrations (0.05 M, 0.025 M and 0.0125 M) and temperatures (298 K and 325 K)
are shown in Table 1. Interestingly, the self-diffusion coefficient of water is also calcu-
lated from a simulation consisting of pure polarizable TIP3P water and is found to be
5.63 × 10−9 m2·s−1. It is clear from Table 1 that the self-diffusion coefficient of phosphate
is at least one order of magnitude slower than that of water. It is observed that the self-
diffusion coefficients of both water and phosphate increase with the rise in temperature.
Similarly, self-diffusion coefficient values also increase with a decrease in phosphate ion
concentration. The variation of the self-diffusion coefficients of water and phosphate are
shown in Figures 2A and 2B, respectively. We observe a good linear correlation between
the self-diffusion coefficients and phosphate ion concentration (C) for both water and
phosphate. The best-fitted linear expressions are D(water) = 5.58 × 10−9 − 31.49C and
D(Phosphate) = 11.18 × 10−10 − 201.6C. On extrapolating to the infinite dilution (C → 0),
the self-diffusion coefficient of water is obtained as 5.58 × 10−9 m2·s−1. This value is very
close to the calculated self-diffusion coefficient of water in a polarizable TIP3P medium
(5.63 × 10−9 m2·s−1) in the present study and a non-polarizable TIP3P water medium
(5.65 × 10−9 m2·s−1) [40]. This justifies the robustness of the linear expressions, and the self-
diffusion coefficients can be obtained for both water and phosphate ions at any phosphate
ion concentration by using the above linear expressions.

Table 1. The self-diffusion coefficients (D) of phosphate ion and water at different temperatures and
phosphate ion concentrations.

Concentration (M) D of Phosphate (m2·s−1) D of Water (m2·s−1)

298 K

0.05 9.58 × 10−11 4.03 × 10−9

0.025 6.56 × 10−10 4.70 × 10−9

0.0125 8.38 × 10−10 5.24 × 10−9

325 K

0.05 1.92 × 10−10 7.75 × 10−9

 
(A) (B) 

Figure 2. Variation of self-diffusion coefficient (D) of (A) water and (B) phosphate with concentration
at 298 K. Error bars (within ±1.5%) are also shown.
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3.2. Hydrogen Bonding

The dynamic balance between water–water and phosphate–water interactions controls
the hydration process of the phosphate ions. As the solvent water molecules interact
with the phosphate anion by forming hydrogen bonds (SHB and DHB), and the water
molecules interact by inter-water hydrogen bonding, the time-dependent behavior of HBs
is investigated from MD simulations. The formations of HBs are investigated based on
geometric criteria. If the distance between the HB donor (D) and acceptor (A) atom is less
than 3.0 Å and the D–H–A angle is lower than 35°, HB is accounted to be formed. The HB
dynamics [41,42] are monitored through the HB autocorrelation function, CHB(t), which is
defined as:

CHB(t) = ∑n
i=1

< A(0)A(t) >
< A >

(4)

where n is the all possible hydrogen bond that forms between phosphate and water, A(0)
and A(t) are the HB population operators at time, t = 0 and t = t, respectively. The value of
the HB population operators A(t) is equal to 1 when the corresponding HB is intact at time
t, and it is equal to zero when the associated HB bond breaks down.

The variations of the CHB(t) functions are also shown in Figure 3. The CHB(t) functions
are fitted excellently with multi-exponential decay (χ2~10−4 and R > 0.99), and the fitting
parameters, e.g., amplitude, time constants and average lifetime of HB bonds for water–
water and phosphate–water are provided in Table 2. All the HB correlation functions show
tri-exponential decay except for the correlation function at 0.0125 M and 298 K, which shows bi-
exponential decay. The information on the fitting parameters of HB time correlation functions
helps to comprehend the hydration process very effectively in polarizable and non-polarizable
water mediums [3,29–31,43,44].

 

(A) (B) 

Figure 3. Time-dependent HB lifetime correlation function, CHB(t) are shown for (A) Phosphate–
water and (B) water–water systems at 298 K. Olive, red and blue color lines, respectively, represent
the phosphate ion concentration of 0.05 M, 0.025 M and 0.0125 M.

We do observe a short HB correlation. The lifetime (τ) of each HB bond for water–water
and phosphate–water systems is also measured from the knowledge of the HB time correlation
function, τ =

∫ ∞
0 CHB(t)dt. The HB lifetimes are also calculated from the CHB(t) versus time

plots and are shown in Table 2. The HB lifetime of all phosphate–water systems is observed
to be ~1 ps at 298 K. The HB lifetimes of the water–water system are varied from 2 ps to
1.2 ps at 298 K. At 325 K, the observed HB lifetimes for phosphate–water and water–water
systems are 1.2 ps and 1.1 ps, respectively. It is clear from both Table 2 and Figure 3 that the
phosphate–water HB autocorrelation functions decay slightly faster in comparison to that of
the water–water HB autocorrelation functions at 298 K.
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Table 2. Exponential fitting parameters (time constants and amplitude) of hydrogen bond time
correlation functions and average hydrogen bonds lifetime (ps) for various systems. The general
expression of the multiexponential fitting is CHB(t) = ∑i=1,2,3,.. Ai[exp(−t/τi)] + C.

Temperature

Time Constant
(ps)

Amplitude (%) Lifetime (ps)
Time Constant

(ps)
Amplitude (%) Lifetime (ps)

Phosphate–Water Water–Water

298 K

0.05 M

0.62 95.27%
1

0.66 46.03%
2.17.2 4.36% 3.3 53.56%

47.0 0.36% 10.0 0.41 %

0.025 M

0.5 84.12%
1

0.33 52.46%
1.22.58 14.27% 2.02 46.36%

22.0 1.61% 3.88 1.18%

0.0125 M

0.47 94%
1

0.34 51.95%
1.2

10.67 6% 2.04 48.05%

325 K

0.05 M

0.6 93.47%
1.2

0.34 28.82%
1.17.2 6.04% 1.46 71.04%

40.0 0.49% 6.0 0.14%

3.3. Microscopic Structure

It is known that phosphate ions are rare as an isolated species but are ubiquitous in
electrolyte solutions, solids and aerosols. The dynamical balance between phosphate–water
and water–water interactions leads to the solvation of the phosphate ion in the presence of
water. Thus, it will be interesting to understand the microscopic structure of phosphate in
a water medium. At first, the CN of the phosphate ion is calculated from the knowledge of
the radial distribution function and is observed as 15.9 at 298 K for an anion concentration
of 0.05 M. WT-MtD simulation is also employed to obtain the CN value at 298 K.

It is well understood that the original meta-dynamics (MtD) method is an enhanced
sampling method and is very advantageous to construct the PMF profiles along a suitable
CV. However, the original version of the MtD simulation method lacks true equilibrium
information for a chemical system, and the “slow” build-up limit of Gaussian bias potential
is implemented. Thus, due to the inherent non-equilibrium nature and well-known conver-
gence problem, the practicality of the original version of the MtD technique is restricted.
The presently implemented method, WT-MtD, has resolved these concerns by rescaling
the height of the Gaussian bias potential with the bias grown over time at some fictitious
higher temperature. Hence, the PMF profile is generated for the phosphate anion hydration
by considering CN as a CV, as defined in Equation (1). The PMF profile is then constructed
from the converged WT-MtD simulation at 298 K having 0.05 M phosphate ion concentra-
tion, and is shown in Figure 4A. The figure shows that the most probable average CN for a
phosphate anion is 15.6. This value is very close to the previously obtained value of ~16 in
a non-polarizable water medium [22]. Thus, a triply negatively charged phosphate ion is
observed as a strong structure-making ion. In order to find the most preferred candidate of
the phosphate ion with 16 water molecules at 298 K, quantum mechanical calculations are
used. Full geometry optimization without any symmetry restrictions is carried out for the
PO4

3−·16H2O cluster at the ωB97X-D/aug-cc-pVTZ level of theory [45]. The most stable
structure of the PO4

3−·16H2O cluster is shown in Figure 4B. The PO4
3−·16H2O cluster

consisted of single hydrogen bonding (SHB), having one of the hydrogen atoms of the
water molecule bonding with the phosphate moiety, double hydrogen bonding (DHB) with
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water molecules using both the hydrogen atoms in bonding with the anion, and inter-water
hydrogen bonding (WHB). The measured distances of the hydrogen bond (HB) formed
between the phosphate anion and water vary from 0.169 to 0.201 nm. The same for the
WHB ranges from 0.192 to 0.215 nm. The first peak of g(r) is dominated by ion–water
hydrogen bonding (SHB & DHB) and water–water bonding (WHB), and the second and
third peaks mainly consist of inter-water hydrogen bonding (see Figure 4B). The average
distance of the P–O, P–H and O–O bonds between phosphate and water are observed to be
0.351 nm, 0.290 nm and 0.276 nm, respectively, for the most stable structure. The average
POH angle is also observed to be 174◦.

 

(A) (B) 

Figure 4. (A) Plot of potential of mean force, PMF in kJ/mol by employing water CN as a CV in
WT-MtD simulation at 298 K. (B) Most stable structure of PO4

3−·16H2O cluster.

3.4. Solvent-Berg Model

It is observed that the self-diffusion coefficient of phosphate is one order of magnitude
slower than that of water, and it increases with decreases in phosphate ion concentration.
The solvent-berg model can be invoked to explain this behavior [46]. In this model, the
phosphate ion is moving as a solvent-berg, i.e., the ion along with the water molecules of
the first solvation shell move together as the diffusing species. It is shown that 16 water
molecules can form the first solvation shell of the phosphate ion (see Figure 4B). Thus, the
solvent-berg consists of the ion and 16 solvent molecules and is bulkier than the free ion
and solvent molecule. This may explain the slow diffusion of phosphate with respect to
the water. Similarly, solvent-berg may also have more space to move freely in dilute ion
concentration. Thus, the self-diffusion coefficient will increase with decreases in phosphate
ion concentration. It will also be interesting to calculate the equivalent conductance of the
phosphate ion by employing modified Stokes–Einstein relation. The ratio of the equivalent
conductance (Λ0) of two ions, namely, the phosphate anion and a known reference ion,
having the same charge for a fixed solvent and at a given temperature can be expressed as
(Λ0)phosphate
(Λ0)known

=
(RSB)known

(RSB)phosphate
. Here, (Λ0)phosphate and (Λ0)known are the equivalent conductance

of the phosphate anion and a known reference ion, respectively. Similarly, (RSB)phosphate
and (RSB)known are the solvent-berg radius of the phosphate anion and a known reference
ion, respectively. The experimental measured values of the conductivity (70 S·cm2·eq−1)
and hydrated radius (4.6 Å) of a ferric ion are used as the known reference system [47,48].
At present, the solvent-berg radius of the phosphate ion is considered as the radius of
the phosphate ion with 16 solvent molecules, i.e., for the PO4

3−·16H2O cluster. The
radius is found to be 4.83 Å. The calculated conductivity of the phosphate ion in water
is 67 S cm2·eq−1. The present calculated value is very close (within 3%) to that of the
experimentally observed value [48].
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4. Conclusions

The hydration of the phosphate ion is investigated by employing all-atom molecu-
lar dynamics (MD) simulation and quantum mechanical methods. The equilibrium MD
simulation is performed using the mean-field polarizable water model. The self-diffusion
coefficient of phosphate is observed to be one order of magnitude slower than that of
water, and it also increases with decreases in phosphate ion concentration and increases
with the solution temperature. Using Einstein’s method, a good linear correlation between
the self-diffusion coefficient and anion concentration is determined from mean-square
displacement (MSD) as a time function. The HB dynamics of the hydration of the phos-
phate anion are obtained from time-dependent autocorrelation function CHB(t) analysis,
and we observed a weak correlation. CHB(t) is calculated to be marginally faster for the
phosphate–anion system in comparison to that of the water–water system at 298 K. A
maximum computed CN value of 15.9 is observed for 0.05 M phosphate ion concentration
at 298 K. We observed a decrease in CN with the rise in the temperature and saturation of
CN with the dilution of anion concentration. The value of CN is also calculated to be 15.6
by employing non-equilibrium MD simulation, namely, the well-tempered meta-dynamics
method. The structure of the PO4

3−·16H2O cluster is optimized with the ωB97X-D/aug-cc-
pVTZ approach and is found to consist of both single and double–bonded anion–water HB
along with inter-water HB in a range from 0.169 to 0.201 nm and from 0.192 to 0.215 nm, re-
spectively. The conductivity of the phosphate ion is also calculated by employing modified
Stokes–Einstein relation, and is found to be in good agreement with the experimentally
observed value.
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Abstract: The structure of electrolyte solutions under pressure at a molecular level is a crucial
issue in the fundamental science of understanding the nature of ion solvation and association and
application fields, such as geological processes on the Earth, pressure-induced protein denaturation,
and supercritical water technology. We report the structure of an aqueous 2 m (=mol kg−1) MgCl2
solution at pressures from 0.1 MPa to 4 GPa and temperatures from 300 to 500 K revealed by X-ray-
and neutron-scattering measurements. The scattering data are analyzed by empirical potential
structure refinement (EPSR) modeling to derive the pair distribution functions, coordination number
distributions, angle distributions, and spatial density functions (3D structure) as a function of pressure
and temperature. Mg2+ forms rigid solvation shells extended to the third shell; the first solvation shell
of six-fold octahedral coordination with about six water molecules at 0 GPa transforms into about five
water molecules and one Cl− due to the formation of the contact ion pairs in the GPa pressure range.
The Cl− solvation shows a substantial pressure dependence; the coordination number of a water
oxygen atom around Cl− increases from 8 at 0.1 MPa/300 K to 10 at 4 GPa/500 K. The solvent water
transforms the tetrahedral network structure at 0.1 MPa/300 K to a densely packed structure in the
GPa pressure range; the number of water oxygen atoms around a central water molecule gradually
increases from 4.6 at 0.1 MPa/298 K to 8.4 at 4 GPa/500 K.

Keywords: ion solvation; X-ray scattering; neutron scattering

1. Introduction

Understanding the nature of Mg2+ solvation is an important issue since Mg2+ plays
an essential role in various application fields, such as biological systems [1], environmental
aerosols [2], and geological processes in the Earth [3]. Mg2+ affects many cellular func-
tions, including the transport of K+ and Ca2+; and modulates signal transduction, energy
metabolism, and cell proliferation [1]. Mg2+ is the second cation rich in seawater and lake
water after Na+. Thus, Mg2+ affects the properties of sea salt aerosols in an atmospheric
environment [2]. Most investigations on Mg2+ solvation in aqueous solutions have been
performed under ambient conditions. When high pressure of gigapascals (GPa) is applied
to aqueous solutions, the hydrogen bonding of solvent water is greatly perturbed [4],
followed by a possible change in ion solvation. Thus, investigation of Mg2+ solvation in
the GPa pressure range will provide valuable information for the nature of ion solvation
and association.
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Furthermore, electrolyte solutions in the GPa pressure range exist in the Earth’s upper
mantle and play critical roles in geological processes, such as earthquakes, and growing
magma, followed by the eruption of a volcano [3]. Due to the development of a high-
pressure cell and data acquisition techniques at synchrotron and pulsed neutron sources,
high-pressure and high-temperature X-ray- and neutron-scattering measurements in the
GPa pressure range became possible. Many studies have been conducted on aqueous
solutions of electrolytes, such as NaCl [5–7], RbCl [8], CaCl2 [9,10], and CeCl3 [11].

The Mg2+ solvation was investigated at a molecular level under ambient conditions
by various techniques, such as X-ray scattering [12,13], neutron scattering [14,15], classical
molecular dynamics (MD) simulations [16–21], and ab initio MD simulation [15,22–24].
The results are consistent with the conclusion that Mg2+ has a rigid solvation shell of six
water molecules arranged in an octahedral geometry. The Mg2+-H2O distance ranges from
1.92 to 2.12 Å, depending on the methods and pair potentials employed. These features of
Mg2+ solvation differ from the Ca2+ solvation, with seven and eight water molecules in an
almost equal population in the first solvation shell at 0.1 MPa [9,10]. When the solution
is compressed to 1 GPa/300 K, the distribution of water molecules around Ca2+ becomes
sharp and has a maximum of eight [10]. The distance of the Ca2+-OW(I) (2.44 Å) does not
change significantly with pressure (OW(I) is a water oxygen atom in the first solvation
shell). However, the Ca2+-HW(I) distance is shortened from 3.13 Å at 0.1 MPa to 3.10 Å at
4 GPa (HW(I) is a water hydrogen atom in the first solvation shell). This result suggested
that the orientation of the water dipole around Ca2+ is affected by pressure. The contact
and solvent-shared ion pairs between Ca2+ and Cl− are formed with Ca2+-Cl− distances
of 2.82 and 5.0 Å, respectively [10]. There are no appreciable changes in the coordination
number of Ca2+-Cl− at 0.2–0.3 with pressure. It is interesting to see the behavior of Mg2+

solvation and association in the GPa pressure range and compare it with the Ca2+ solvation
from a biological point of view [1].

In this study, we perform X-ray- and neutron-scattering measurements on a 2 m MgCl2
aqueous solution at ambient pressure to 4 GPa and temperatures of 300 and 500 K. An
EPSR modeling method is employed to analyze both X-ray- and neutron-scattering data
together to extract the pair distribution functions, coordination number distributions, angle
distribution (orientational correlation), and spatial density functions (3D structure) in
aqueous electrolyte solutions. We show the effects of pressure and temperature on ion
solvation and association, and solvent water structure.

2. Materials and Methods

2.1. Sample Solutions

Magnesium chloride (MgCl2, 99.99%, Sigma-Aldrich, St. Louis, MO, USA), commer-
cially available, was used without further purification. MgCl2 powder was dried in a
vacuum oven at 393 K for 3 h and then cooled in a desiccator at room temperature. Deu-
terium oxide (D2O) (99.8 atom %D) was purchased from Kanto Chemical Ltd., Chuo-ku,
Tokyo, Japan. For X-ray-scattering measurements, a required amount of dried MgCl2
powder was weighed and dissolved into degassed H2O to prepare a 2 m solution. For
neutron-scattering experiments, a 2 m MgCl2 aqueous solution in D2O was prepared in a
similar way to the X-ray sample in a nitrogen-filled glove box to avoid contamination of
light water (H2O) since the incoherent scattering cross-section of H is about 40 times larger
than D (σH

i = 80.27 barns, σD
i = 2.05 barns).

2.2. Experimental PT Condition and Density Estimation

Figure 1 shows the phase diagram of water. The red open circles are thermodynamic
states for X-ray-scattering measurements, and the solid red arrows show the experimental
pressure and temperature path. The black-filled circles show those for neutron scattering
experiments, and the black dashed arrows are the experimental PT path, which was
carefully chosen to avoid the sample blowout by compression at high temperatures. The
densities of the sample solutions were measured at 300 K with a vibrational densitometer
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(Anton Paar GmbH, Graz, Austria, DMA48). Those at high temperatures and high pressures
were estimated from the densities of water in the corresponding thermodynamic states
available in the literature [25]. Table 1 summarizes the compositions and densities at the
measured pressures and temperatures.

Figure 1. Phase diagram of H2O [26] and thermodynamic states where the scattering data of a 2 m
MgCl2 aqueous solution were taken in this study. Red and black circles correspond to PT conditions
for X-ray- and neutron-scattering measurements. Red solid and black dashed arrows show the
experimental pressure and temperature path for the X-ray- and neutron-scattering experiments.

Table 1. Concentration c, bulk densities dX and dN, the atomic number densities ρS of a sample
solution, and measured conditions of aqueous MgCl2 solutions. X and N denote X-ray and neutron-
scattering, respectively.

Abbreviation c/mol dm–3 dX/g cm–3 dN/g cm–3 ρS/atoms Å–3 PX/GPa PN/GPa TX/K TN/K Method

0.1 MPa 300 K 2.024 1.113 1.204 0.09577 1.0 × 10−4 1.0 × 10−4 300 298 X, N
1 GPa 300 K 2.397 1.377 1.426 0.1134 1.0 0.65 300 298 X, N
1 GPa 500 K 2.125 1.269 1.264 0.1005 1.0 0.63 500 523 X, N
2 GPa 500 K 2.020 1.396 · · · 0.1386 2.0 · · · 500 · · · X
4 GPa 500 K 2.439 1.459 1.451 0.1388 3.8 4.5 500 523 X, N

2.3. X-ray Scattering Measurements

A sample solution was inserted into a diamond cylindrical cell of 1.5 mm in inner
diameter and 1.2 mm in height, which was capped with a thin gold foil and placed in a
high-pressure cell assembly, as shown in Figure S1, Supplementary Materials [27]. The
incident X-ray beam size was 300 μm (width) and 50 μm (height). The applied pressure
was estimated from the equation of state of NaCl of the lattice constant of NaCl powder
pellets placed below the diamond cell measured at various thermodynamic states [28]. The
sample was heated by applying AC to the graphite heater surrounding the pressure cell.
The sample temperature was estimated from the temperature-electric power relation of
the power applied to the heater [29]. High-pressure X-ray-scattering experiments were
done at 1 GPa/300 and 500 K, 2 GPa/500 K, and 4 GPa/500 K on a high-pressure X-ray
diffractometer installed at BL14B1 of SPring-8 [30]. X-ray-scattering data were collected in
an energy-dispersive mode with a Ge-SSD over an energy I region of 40~140 keV at the
scattering angles (2θ) from 4◦ to 24◦ with an increment of 2◦ to 4◦, which corresponded to
the magnitude of the scattering vector Q = (4π/hc)Esin θ (h is the Planck constant, and c is
the velocity of light) of 0.5–13.85 Å−1. A set of scattering patterns measured at different
scattering angles was empirically merged into the whole Q-range values [27,28]. The
experimental scattering data were normalized to the absolute units (electrons) in the usual
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manner [31] and then corrected for incoherent scattering. The interference functions, F(Q),
were obtained by Equation (1).

F(Q) =

(
Icoh(Q)− ∑ xi f 2

i (Q)
)

∑ xi f 2
i (Q)

(1)

Here, Icoh(Q) denotes the coherent scattering intensity per atom, and xi and fi are the
atomic fraction and atomic-scattering factor of atom i, respectively.

2.4. Neutron Scattering Measurements

A sample solution under ambient conditions was inserted in a cylindrical vanadium
cell (2.8 mm in inner diameter, 0.1 mm in thickness, and 30 mm in height) and sealed
with an indium wire. Under high-pressure conditions, a sample solution was inserted into
a cylindrical Teflon cell (5.5 mm in inner diameter and 6.5 mm in inner height) against
corrosion by aqueous salt solutions at high temperatures. The Teflon cell was loaded in a
high-pressure cell assembly, as shown in Figure S2. The neutron scattering experiments
were carried out on a PLANET high-pressure diffractometer, equipped with the six-axis
multi-anvil press ATSUHIME [32], at BL11 of a pulsed neutron facility, J-PARC MLF [33].
The scattered neutrons were collected with 160 3He position-sensitive detectors placed at
the scattering angle (2θ) of 90◦ for each side with the horizontal and vertical coverage of
90 ± 11.3◦ and 0 ± 34.6◦, respectively. The wavelength (λ) range used was 0. 2–12 Å, corre-
sponding to the amplitude of wavevector Q (=4πsinθ/λ) of 0.8–40 Å−1. Neutron-scattering
measurements were performed at 0.1 MPa/298 K, 0.65 GPa/298 K, 0.63 GPa/523 K, and
4.5 GPa at 523 K according to the pressure and temperature path, as is shown in Figure 1.
This path was chosen to avoid the sample blowout by compression at high temperatures.
A vanadium rod with the same dimension as the sample was placed in the high-pressure
cell and measured at the same thermodynamic states as the sample solution. An empty cell
at each pressure point was prepared and measured at ambient conditions to estimate the
background. The time for measurements at the ambient condition was 6 h for a sample, 6 h
for a vanadium rod, and 3 h for an empty can. For high-pressure, the measurements were
9 h at 1 GPa and 13 h at 4 GPa for the sample, 6 h for the vanadium rod at 1 and 4 GPa, and
6 h for each empty cell.

Small Bragg peaks from a vanadium rod were removed. The corresponding regions
were interpolated using data outside of this range. Normalization by proton intensities
was applied to the total cross-sections of a sample, a vanadium rod, and an empty cell and
binned as an increment of Q = 0.01 Å–1. The scattered data were corrected for absorption
by the sample and the cell [34] and multiple scattering [35], and then normalized to the
absolute units (barns) by using the data of the vanadium rod. After subtraction of the
incoherent scattering, the structure factor S(Q) was calculated by Equation (2). All the data
treatments were performed with a program nvaSq [36].

S(Q) =

(
dσ
dΩ

)
−

{
(∑ xib2

i )− (∑ xibi)
2
}

(∑ xibi)
2 (2)

where
(

dσ
dΩ

)
, xi, and bi are the differential scattering cross-section, atomic fractions, and

coherent-scattering length of atom i, respectively. The coherent-scattering length, ab-
sorption, and incoherent cross-sections of all atoms except for D were taken from the
literature [37]. The absorption and incoherent cross-sections for D were calculated by a
least-squares fitting procedure using the experimentally obtained total cross-section of
D2O [38]. The inelastic correction was made by the Kameda method [39] and, subsequently,
a third-order polynomial equation. The S(Q) data not available in the experiments below
Q < 0.2 Å–1 were obtained by extrapolation.
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The radial distribution function G(r) were obtained by the Fourier transform of S(Q)
by Equation (3).

G(r) = 1 +
1

2π2rρ0

∫ Qmax

Qmin

Q[S(Q)− 1] sin(Qr)dQ (3)

Unphysical ripples below 0.7 Å in the radial distribution functions were corrected
in a usual manner [36]. The structure factors S(Q) were transformed to the interference
functions F(Q) used in the EPSR calculations by Equation (4).

F(Q) = [(∑ xibi)
2
(S(Q)− 1)] / ∑ xib2

i (Q) (4)

An overall scaling factor of F(Q) was finally obtained by a least-squares fitting proce-
dure applied to the experimental F(Q) values over 10–30 Å−1 compared with the theoretical
ones of the intramolecular O–D and D–D interactions in a D2O molecule. An overall scaling
factor, the intramolecular distances, and the root mean square amplitudes were treated as
independent variables. The OriginPro software 2022b was used for the calculations [40].

2.5. EPSR Modeling

EPSR calculations were performed in a cubic cell, including 40 Mg2+, 80 Cl−, and
1000 D2O, to reproduce the composition of a 2 m MgCl2 aqueous solution. Monte Carlo
calculations were carried out using the seed potentials to equilibrate the system. The
parameter values of the Lennard-Jones potential in this study were taken from the literature
for Mg2+ [20], Cl− [41], and water from the SPC/E model [42]. Various parameter values
were proposed for Mg2+ to reproduce the experimental values, such as the Mg2+-H2O
distance, solvation energy, and ion association [13,16–21]. In this study, we employed those
in Ref. [20] to reproduce the solvation energy and contact ion pair formation to meet our
aims. The simulated interference function Fsim(Q) is defined as Equation (5).

Fsim(Q) = ∑i ∑j

(
2 − δij

)
xixjbibjsij(Q) (5)

Here, parameter δij = 0 for i �= j and =1 for i = j and sij(Q) the partial structure factors of
atom pair i and j. According to Equation (5), the contributions of all-atom pairs to X-ray- and
neutron-scattering intensities were calculated and shown in Figure S2. The O–O and O–H of
solvent water and Cl–O and Mg–O pairs due to ion solvation are distinct in X-ray scattering,
whereas the D–D and O–D of solvent water are major contributions, and the water O–
O. Moreover, Cl–H pairs of Cl− solvation are significant in neutron scattering. Thus,
the complementary use of X-ray- and neutron-scattering data is an advantage for EPSR
calculations. In the present study, X-ray- and neutron-scattering data were employed for
EPSR calculations except for 2 GPa/500 K, where only X-ray-scattering data were available.
Unfortunately, the pressure and temperature values at which X-ray- and neutron-scattering
data were taken were slightly different for 1 and 4 GPa data. In this study, no correction was
applied to the S(Q) and G(r) shapes or the number densities to avoid artificial modifications.
The number density difference estimated from the pressure dependence of ρ(dρ/dP) and
the pressure difference (ΔP) were 5.4%, 2.0%, and 3.2%, at 1.0 GPa/500 K, 1.0 GPa/500 K,
and 4.0 GPa/500 K, respectively, which would affect the coordination number. The pair
potentials were empirically optimized from the initial ones by comparing the simulated
and experimental data. The above calculations were continued until good agreements
were obtained between the simulated and experimental interference functions. Then, we
calculate the pair distribution functions (pdfs), coordination number (CN) distributions,
angle distributions (orientational correlation), and spatial density functions (SDF, 3D
structure). The CN of atom j around atom i was calculated from the corresponding pdf
gij(r) by Equation (6),

CNij = 4πρj

∫ rmax

rmin

gij(r)r2dr (6)
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where ρj is the number density of atom j, and rmin and rmax are the lower and upper limits
to define the coordination shell. The present study took rmax as the first minimum of pdf.
The parameters and references of each element for EPSR calculations are given in Table 2.
The detailed procedure in EPSR modeling has been described in Refs. [43–45].

Table 2. Potential parameter values for each element.

Atoms ε/kJ mol–1 σ/Å Atomic Mass Coulomb Charge/e Refs.

Mg2+ 0.0040 2.63 24.31 2 [20]
Cl− 0.4187 4.40 35 −1 [41]
Ow 0.65 3.16 16.00 −0.8476 [42]
Hw 0.00 0.00 2.00 0.4238 [42]

3. Results

3.1. Interference Functions and Radial Distribution Functions

Figure 2 shows the X-ray and neutron experimental interference functions and cor-
responding radial distribution functions obtained by the experiments (black dots) and
EPSR modeling (red lines) of an aqueous 2 m MgCl2 solution as a function of pressure and
temperature. Symbols X and N denote X-ray and neutron scattering, respectively. In the
neutron interference functions, a hump observed at Q ~ 4 Å–1 at 0.1 MPa/300 K gradually
decreases and becomes a plateau at 4 GPa/500 K. On the other hand, the X-ray interference
function has first double peaks at 2–3 Å–1 at 0.1 MPa/300 K, merging into a single sharp
peak at 4 GPa/500 K. These characteristic features suggest the disruption of the tetrahedral
hydrogen-bonded network in water with increasing pressure and temperature [4,46]. In
the X-ray radial distribution functions, there are peaks at 1.0, 2.0, and 3.0 Å, which are
ascribed to the intramolecular O–H bonds within water molecules, Mg2+–O(H2O) bonds
due to Mg2+ solvation, and an overlap of the first neighbor O–O bonds of solvent water and
Cl—O(H2O) bonds of Cl− solvation. In the neutron radial distribution functions, peaks at
0.96 Å and 1.55Å are assigned to the intramolecular O–D and D–D interactions within a
D2O molecule, respectively. The broad peak is seen at about 3.3 Å at 0.1 MPa/300 K and
shifts to about 3.0 Å with new broad peaks evolved at 5.9 and 8 Å in the GPa pressure range,
indicating the structure change in solvent water because of its dominant contributions to
the neutron data as seen in Figure S3.

Figure 2. X-ray and neutron interference functions (left frame) and the radial distribution functions
(right frame) obtained by experiments (black dots) and EPSR modeling (red lines) of 2 m MgCl2
aqueous solutions as a function of pressure and temperature. X and N denote X-ray and neutron,
respectively.
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3.2. Mg2+ Solvation

The structural information of Mg2+ solvation is obtained from the pdfs of Mg–Ow and
Mg–Hw pairs shown in Figure 3 (left). The numerical values are given in Table S1 of the
Supplementary Materials. Table 3 summarizes the peak positions corresponding to the
interatomic distances of the first (I) and second (II) coordination shells of Mg2+. The first
neighbor Mg–OW(I) distance is almost constant at 1.92 Å over the pressure range measured,
suggesting a rigid solvation shell. The value for the Mg–OW(I) distance obtained in this
study agrees with a lower limit of the Mg–OW(I) distances from 1.92 to 2.14 Å reported
in the literature [12–24]. Despite the constant Mg–OW(I) distance, the Mg–HW(I) distance
is sensitive to pressure and temperature. At 300 K, the compression to 1 GPa does not
significantly affect the Mg–HW(I) distance at 2.58 Å. However, it becomes longer to 2.61 Å
while elevating the temperature to 500 K. The second neighbor Mg–OW(II) distance shows
an appreciable change with pressure and temperature. As the pressure increases from
0.1 MPa to 1 GPa at 300 K, the Mg-OW(II) distance is lengthened from 3.78 to 4.53 Å but is
shortened to 4.14 Å while elevating the temperature to 500 K. At 500 K, the compression
from 1 to 4 GPa shortens the Mg-OW(II) distance from 4.14 to 3.99 Å.

Figure 3. Pdfs (left frames) and CN distributions (right frames) of Mg–Ow and Mg–Hw pairs in 2 m
MgCl2 aqueous solutions in different thermodynamic states obtained by EPSR modeling.

Figure 3 (right) shows the CN distribution of Mg–OW(I) and Mg–HW(I) pairs. Table 3
summarizes the mean coordination number calculated by Equation (6). The Mg–OW(I)
pair has a single peak at six at 0.1 MPa/300 K. With increasing pressure and temperature,
the population of the six-fold coordination decreases, and five- and four-fold coordination
gradually increases. This decrease in CN of Mg–OW(I) is compensated by an increase in
CN of Mg2+–Cl− due to the formation of contact ion pairs, as discussed later. The CN for
Mg–HW(I) is twice that of Mg–OW(I). These findings demonstrate a rigid solvation shell of
six-fold coordination of Mg2+.

Figure 4 shows the angle distributions of ∠OW–Mg–OW and ∠Mg–OW–HW. The
∠OW–Mg–OW angle has maxima at 90◦ and 180◦, which correspond to cis- and trans-
positions of solvated water molecules of an octahedral geometry. The ∠Mg–OW–HW angle
shows a maximum of 126◦, leading to the tilt angle of the water dipole from the Mg–Ow
direction of 26◦. This tilt angle does not agree with the value (0◦) estimated by an MD
simulation [16]. Since the ∠Mg–OW–HW angle is widely distributed around 126◦, the
tilt angle of the water dipole would be widely distributed around 26◦. With increasing
pressure and temperature, the distributions at 90◦ and 180◦ slightly broaden, much less
than those for Cl− solvation and solvent water shown later. These features again support a
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rigid octahedral solvation shell of Mg2+ over the pressure range measured. The present
result contrasts the relatively flexible Ca2+ solvation at high pressures in an aqueous CaCl2
solution [9,10]. This rigid solvation shell of Mg2+ could be responsible for many cellular
functions in biological systems.

Table 3. Interatomic distances (r) and coordination numbers (CN) of the individual atom pairs in a
2 m MgCl2 aqueous solution at various pressures and temperatures. I and II denote the first- and
second-coordination shells, respectively. rmax is the upper limit of integration in Equation (5) to define
the coordination shell. The uncertainties in the interatomic distance are estimated as 0.02 and 0.04 Å
for the first and outer shells, respectively.

P, T Parameter Mg–Ow(I) Mg–Hw(I) Mg–Ow(II) Cl–Ow(I) Cl–Hw(I) Cl–Ow(II) Mg–Cl(I) Mg–Cl(II)

0.1 MPa/
300 K

r/Å 1.92 2.58 3.78 3.18 2.32 5.76 2.37 4.32
C.N. 6.0 ± 0.2 12.0 ± 0.4 8.2 ± 1.2 6.7 ± 1.1 0.01 ± 0.12

rmax/Å 2.40 3.15 4.05 3.00 3.21
1 GPa/
300 K

r/Å 1.92 2.58 4.53 3.14 2.24 4.41, 5.75 2.33 4.57
C.N. 5.0 ± 1.3 10.2 ± 2.6 8.2 ± 1.8 6.2 ± 2.0 0.78 ± 0.90

rmax/Å 2.37 3.09 3.87 2.91 3.15
1 GPa/
500 K

r/Å 1.92 2.61 4.14 3.21 2.31 5.86 2.19 4.50
C.N. 4.2 ± 2.0 8.6 ± 4.0 8.4 ± 2.2 4.0 ± 2.0 1.12 ± 1.27

rmax/Å 2.58 3.18 4.17 2.88 2.85
2 GPa/ r/Å 1.92 · · · 4.03 3.12 · · · 5.70 2.35 4.34
500 K C.N. 5.3 ± 0.9 · · · 14.2 ± 1.5 · · · 0.65 ± 0.75

rmax/Å 2.32 · · · 4.19 · · · 3.00

4 GPa/500 K r/Å 1.93 2.61 3.99 3.14 2.18 5.73 2.36 4.34
C.N. 5.6 ± 0.7 11.4 ± 1.2 14.0 ± 1.4 6.2 ± 1.6 0.33 ± 0.54

rmax/Å 2.31 3.07 4.15 2.72 3.30

Figure 4. Angle distributions of ∠ Ow–Mg–Ow and ∠ Mg–Ow–Hw for the Mg2+ solvation in 2 m
MgCl2 aqueous solutions in different thermodynamic states obtained by EPSR modeling.

3.3. Cl− Solvation

Figure 5 shows the pdfs (left frames) and the corresponding CN distributions (right
frames) of Cl–Ow and Cl–Hw pairs, respectively. The numerical values are given in Table S1
of Supplementary Materials. The pdf of Cl–Ow shows the first peak at 3.1–3.2 Å due to Cl−
solvation. The broad peak appears at 5.67 Å, corresponding to the second solvation shell of
Cl−. It should be noted that the third peak evolved at 8 Å at 4 GPa/500 K. With elevating
temperature and pressure, the first peak gradually becomes more asymmetrical toward
the longer distance, suggesting more water molecules entering into the solvation shell of
Cl−. In the pdfs of Cl–HW pairs, the first peak is observed at 2.2–2.3 Å, ascribed to the
first-neighbor hydrogen-bonded Cl· · ·H-OH interactions, whereas the second broad peak
at 3.6 Å corresponds to the interatomic distance between Cl- and another water hydrogen
atom. With increasing temperature and pressure, the height of both peaks gradually
decreases, and the peak becomes asymmetric toward the long-distance side, which is
consistent with the changes of Cl–OW pairs with temperature and pressure. The Cl–OW (I)
and Cl–HW (I) distances follow an expected change with pressure and temperature, i.e.,
both distances decrease upon compression and increase with elevating temperature.
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Figure 5. Pdfs (left frames) and the CN distributions (right frames) of Cl–Ow and Cl–Hw pairs in
2 m MgCl2 aqueous solutions in different thermodynamic states obtained by EPSR modeling.

Figure 5 (right frames) shows the CN distributions of Cl–OW pairs. The CN distribu-
tions of Cl–OW pairs gradually become broader and shift to larger values with increasing
pressure and temperature, corresponding to the asymmetry of the first peak in the Cl–Ow
pdfs. Table 3 summarizes the mean CN of Cl–OW. The mean CN of Cl–OW changes from
8.2 ± 1.2 at 0.1 MPa/300 K to 14.0 ± 1.4 at 4 GPa/500 K, contrasting sharply with the
change in the mean CN of Mg–OW. Here, it is noted that the uncertainties in the coordi-
nation number are larger than the estimated errors in the number densities by slightly
different thermodynamic states employed in neutron scattering experiments stated in the
experimental section. As discussed in the next section, the increase in the CN of Cl− is prob-
ably ascribed to an increase in non-hydrogen bonded water molecules at high pressures
and temperatures. On the other hand, interestingly, the CN of Cl–HW(I) remains almost
unchanged (6.7 ± 1.1 at 0.1 MPa/300 K and 6.2 ± 1.6 at 4 GPa/500 K). This result suggests
strong Cl−· · ·H-OH hydrogen bonds. The discrepancy between the mean CNs of Cl–Ow
and Cl–Hw in the GPa pressure range indicates that most excess oxygen atoms belong to
water molecules not forming hydrogen bonds with Cl−.

The angle distribution of ∠ Ow–Cl–Ow and ∠ Cl–Hw–Ow are plotted in Figure 6. In
the distribution of ∠ Ow–Cl–Ow at 0.1 MPa/300 K, there is a dominant peak at 49◦ and a
subdominant, broad peak at 84◦. When the pressure is increased to 1 GPa at 300 K, the two
peaks shift to 51◦ and 77◦, respectively. The subdominant peak disappears at 1–4 GPa and
500 K, and a peak is evolved at 94◦. The distribution of ∠ Cl–Hw–Ow angle peaks close to
180◦, showing the almost linear Cl· · ·Hw–Ow hydrogen bonds. With increasing pressure
and temperature, the distribution broadens due to the distortion of the hydrogen bonds.

Figure 6. Angle distributions of ∠ Ow–Cl–Ow and ∠ Cl–Hw–Ow for the Cl−solvation in 2 m MgCl2
aqueous solutions in different thermodynamic states.

142



Liquids 2023, 3

3.4. Solvent Water

From our previous studies of aqueous 3 m NaCl [5,7], 3 m RbCl [8], 2 m CaCl2 [10],
and 1 m CeCl3 [11] solutions in the GPa pressure range, we found that the tetrahedral
network structure of solvent water at 0.1 MPa/300 K transforms to a random dense-packing
structure in the GPa pressure range. As seen in the pdfs of Ow–Ow in Figure 7 (left frame),
three peaks are observed at 2.8, 4.1, and 6.8 Å, characteristic for the tetrahedral network
structure of water, at 0.1 MPa/300 K. The structure parameters are summarized in Table 4.
When the solution is compressed to 1 GPa/300 K, the second and third peaks slightly shift
to the shorter distance side. However, the full feature of the OW–OW pdf does not change,
showing that the tetrahedral water structure remains at 1 GPa/300 K. This finding is in
contrast with the case of a 3 m NaCl aqueous solution where the tetrahedral structure is
completely broken down at 1 GPa/298 K [7]. This structural difference of solvent water is
ascribed to the solute concentrations, i.e., more water molecules are present in a 2 m MgCl2
solution than in a 3 m NaCl solution. A similar change in solvent water’s structure has also
been observed for a 1 m CeCl3 solution [11]. When the solution is heated to 500 K at 1 GPa,
the OW–OW pdfs show a drastic change in the second and third peaks evolved at 5.6 and
8.2 Å, respectively, showing the transformation to a random dense-packing structure. In
addition, the first peak at 2.8 Å becomes broader to the long-distance side, suggesting an
increase in non-hydrogen bonded water molecules at the interstitial sites.

Figure 7. Pair distribution functions (left frames) and the coordination number distributions (right

frames) of Ow–Ow and Ow–Hw pairs for solvent water in 2 m MgCl2 aqueous solutions in different
thermodynamic states obtained by EPSR modeling.

The detailed picture of hydrogen bonds between solvent water molecules with pres-
sure and temperature is seen in pdfs of OW–HW in Figure 7 (left frame). Over the pressure
and temperature range measured, the peak at 1.8 Å due to the intermolecular O-H hy-
dron bonds is observed, demonstrating that the hydrogen bonds are preserved even at
4 GPa/500 K. The OW–HW distance is lengthened from 1.80 Å at 0.1 MPa/300 K to 2.07 Å at
1 GPa/300 K. Thus, although the tetrahedral network structure retains at 1 GPa/300 K, the
hydrogen bonds are largely distorted by compression. When the temperature is elevated to
500 K at 1 GPa, the OW–HW distance is shortened; upon compression to 4 GPa, the OW–HW
distance is further shortened to 1.7 Å. The CN distribution of OW–HW does not change
largely with pressure and temperature, in contrast with the OW–OW. This finding suggests
that pressure and temperature do not considerably affect the first-neighbor OW–HW.

143



Liquids 2023, 3

Table 4. Interatomic distances (r) and coordination numbers (CN) of Ow–Ow and Ow–Dw for solvent
water in 2 m MgCl2 aqueous solutions under the four thermodynamic conditions. I, II, and III denote
the first-, second-, and third-coordination shells, respectively. rmax is the upper limit of the integration
Equation (5). The uncertainties in the interatomic distance are estimated as 0.01 and 0.03 Å for the
first and outer shells, respectively.

P, T Parameters Ow–Ow(I) Ow–Hw(I) Ow–Ow(II) Ow–Ow(III)

0.1 MPa/
300 K

r/Å 2.76 1.80 3.91–4.80 6.63
C.N. 4.6 ± 1.7 1.1 ± 0.90

rmax/Å 3.39 2.04
1 GPa/
300 K

r/Å 2.79 2.07 3.84 6.09
C.N. 6.3 ± 1.8 1.3 ± 1.0

rmax/Å 1.8 2.13
1 GPa/
500 K

r/Å 2.85 1.98 5.61 8.22
C.N. 7.6 ± 1.7 1.5 ± 1.1

rmax/Å 3.78 2.22
2 GPa/ r/Å 2.71 · · · · · · 5.31 7.99
500 K C.N. 9.5 ± 1.5 · · · · · ·

rmax/Å 3.63 · · · · · ·
4 GPa/
500 K

r/Å 2.74 1.74 5.38 7.83
C.N. 8.4 ± 1.6 0.88 ± 0.84

rmax/Å 3.69 1.98

The structural change of solvent water with pressure and temperature is again dis-
cussed from the distribution of ∠Ow–Ow–Ow and ∠Ow–Hw–Ow angles, as seen in
Figure 8. We can see 60◦ and 90◦ πεακσ in ∠Ow–Ow–Ow at 0.1 MPa/300 K. The latter
angle is close to 109◦, showing the presence of the tetrahedral hydrogen-bonded network.
The sharp peak at 60◦ originates from non-hydrogen bonded or interstitial water molecules.
Upon compression to 1 GPa at 300 K, both peaks decrease, suggesting the distortion of the
network structure. Heating the solution to 500 K at 1 GPa results in the disappearance of
the 90◦ peak and broadening of the 60◦ peak. Furthermore, very broad peaks evolved at
approximately 116 and 180◦. The drastic change in ∠Ow–Ow–Ow corresponds to trans-
forming the tetrahedral structure into a dense random-packing arrangement. The results
are consistent with 3 m and 5 m aqueous NaCl solutions [5,6].

Figure 8. Distributions of ∠ Ow-Ow–Ow and ∠ Ow–Hw–Ow angles of solvent water in 2 m MgCl2
aqueous solutions in different thermodynamic states obtained by EPSR modeling.

The geometry of the intermolecular OW–HW hydrogen bonds is seen in the distribu-
tion of ∠Ow–Hw–Ow. A unique peak at 180◦ appears over the pressure and temperature
measured. However, in the GPa pressure range, the peak is gradually lowered, and the tail
of the distribution is widened to 110◦. Thus, the intermolecular OW–HW hydrogen bonds
are almost linear but distorted in the GPa pressure range.

Figure 9 shows the change in the spatial density functions of the first-, second-,
and third-neighbor water oxygen atoms around a central water molecule with pressure
and temperature. We can see the tetrahedral hydrogen-bonded network structure at
0.1 MPa/300 K, which remains at 1 GPa/300 K. With increasing pressure and temperature,

144



Liquids 2023, 3

the water molecules hydrogen bonded to the hydrogen atoms of a central water molecule
decrease, showing the distortion of hydrogen bonds. On the other hand, the lobe of water
molecules on the lone-pair electron side of a central water molecule expands, and finally, a
dense-packing structure of solvent water molecules at 4 GPa/500 K.

Figure 9. Spatial density functions of the nearest-neighbor water oxygen around a central water
molecule for solvent water in 2 m MgCl2 aqueous solutions in different thermodynamic states. Red
and white balls at the center denote a water molecule’s oxygen and hydrogen atoms, respectively.
The pink, green, and yellow lobes represent the first, second, and third neighbor water oxygen
distributions, respectively.

3.5. Ion Association

Structural information on ion association is obtained from the pdfs of Mg–Cl, as shown
in Figure 10. The peak positions are given in Table 3. At 0.1 MPa/300 K, there is a small
peak at 2.37 Å and a large, broad peak at 4–5.5 Å. The 2.37 Å peak is ascribed to the contact
ion pairs (CIP) Mg2+–Cl− since the distance is close to the sum of the Shannon effective
ionic radii of Mg2+ (0.57 Å) and Cl− (1.81 Å) [47]. The second peak should originate from
the solvent-shared ion pairs (SSIP) Mg2+· · ·OH2· · ·Cl− estimated from the interatomic
distances of Mg–OW (1.92 Å) and CL–OW (3.18 Å). Under ambient conditions, SSIP is
preferable to CIP since water molecules surround Mg2+. When the pressure is increased
to 1 GPa at 300 K, the first peak of CIP is enhanced, and that of SSIP is lowered, showing
that CIP is more favorable than SSIP. The formation of CIP is promoted by increasing the
temperature to 500 K at 1 GPa. However, with further compression to 2 and 4 GPa at 500 K,
CIP decrease. As seen in Table 3, the mean CN of Mg–Cl reflects the above change of CIP
and SSIP with pressure and temperature. In Figure 10 (right frame), the CN distribution
of Mg–Cl extends to CN = 3, suggesting the formation of higher ion pairs in the GPa
pressure range.

Figure 10. Pair distribution functions (left frame) and coordination number distributions (right

frame) of Mg–Cl pairs for the ion association in different thermodynamic states in 2 m MgCl2 aqueous
solutions obtained by EPSR modeling.

4. Conclusions

Ion solvation, association, and water structure in a 2 m MgCl2 aqueous solution have
been revealed in the GPa pressure range by X-ray- and neutron-scattering experiments
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combined with EPSR modeling. Over pressures from 0.1 MPa to 4 GPa, Mg2+ maintain
an octahedral solvation shell comprising six water molecules at 0.1 MPa/300 K, one of
which is replaced by one Cl− in the GPa pressure range due to the formation of CIP.
The orientational correlation of solvated water dipoles around Mg2+ does not change
significantly with pressure and temperature, but the distribution of the dipole orientation
becomes broadened in the GPa pressure range. On the contrary, the solvation structure
of Cl– is drastically changed upon compression to GPa; the mean CN of water oxygen
atoms around Cl– increases from 8.2 at 0.1 MPa/300 K to 10.1 at 4 GPa/500 K. On the other
hand, the CN of the water hydrogen atom surrounding Cl− remains at about six regardless
of pressure due to linear Cl· · ·H-OH bonds. These results suggest some of the solvated
water molecules present slightly distant from Cl− without forming hydrogen bonds with
Cl−. Compression of solvent water to a GPa pressure range transforms the tetrahedral
hydrogen-bonded network structure to a dense random packing arrangement, as evidenced
by the mean CN change from 4.6 at 0.1 MPa/300 K to 8.4 at 4 GPa/500 K, accompanied by
distortion of hydrogen bonds. In a pressure range from 0.1 MPa to 4 GPa, the intermolecular
OW–HW(I)–OW hydrogen bonds are linear but distorted in the GPa pressure range. CIP
and multiple IPs are promoted with increasing pressure and temperature.
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quency of the aqua ions were compared with each other and with related crystal structure measure-
ments where available.
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1. Introduction

Although the structure of many metal ions in solution is known, some remain elu-
sive [1]. Many are known to be toxic to man, but this is dependent on the oxidation
state and speciation, which often depends on pH and the presence of counterions that
solubilize the metal by complex formation. While computational chemistry can assist in
supporting and rationalizing proposed speciation models, one drawback is that there are
typically few all-electron basis sets that can be used. For elements with a high atomic
number, relativistic effects can play an important role. Effective core potentials (ECPs)
replace the explicit description of core electrons by a potential, and are paired with basis
sets describing the outermost electrons. The ECPs represent the scalar relativistic effects
only, but the spin–orbital relativistic effects should be small. In a previous work, we bench-
marked some common ECPs for the aqua complexes of the heavy metals mercury(II) and
thallium(III), both of which have valence electron configuration 5d10 [2]. It was shown
that the ECPs reproduce the known hexacoordination of thallium(III), and supported a
hexacoordinate model for mercury(II) over a heptacoordinate model. We also extended
this work to lead(II), with valence electron configuration 6s25d10 [3]. The presence of an
ns2 subshell can give rise to either hemidirected structures (which tend to be favored at
lower coordination numbers) with ligands that are not symmetrically distributed around
the central ion, or holodirected structures with a symmetrical distribution. No consensus
exists on the coordination number of lead(II), with predictions ranging from 4 to 9, but our
results were most consistent with a hemidirected hexaaqualead(II) species. For the smaller
aquatin(II) ion (5s24d10), we found that the preferred hydration mode was a tricoordinate
trigonal pyramidal triaquatin(II), agreeing with recent experiments [4]. We extend our
work now to antimony(III), which has the same valence electron configuration as tin(II) but
a higher charge. The structure of aquaantimony(III) is unknown, so one of our aims is to
predict its structure. The presence of the ns2 subshell, as with lead(II) and tin(II), will be
shown to have a pronounced effect on the structures compared to those without it.

The literature on the solution chemistry of antimony(III) is sparse. The solubility of
rhombic Sb2O3 was examined by Gayer and Garrett over half a century ago, and they
proposed that dissolved antimony(III) exists as SbO+, Sb(OH)3, and SbO2

− as the pH is
increased [5]. This was confirmed spectrophotometrically by Mishra and Gupta, who sug-
gested that the neutral species could be either Sb(OH)3 or SbO(OH) [6]. Potentiometrically,
SbO+ is equivalent to Sb(OH)2

+, SbO2
− is equivalent to Sb(OH)4

−, and Sb3+ is proposed
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to exist only in strongly acidic solutions [7]. Ahrland and Bovin examined the solution
chemistry of antimony(III) oxide in perchloric and nitric acid [8]. At an ionic strength of
5.0 mol/L, maintained by sodium perchlorate or nitrate, the two modifications of Sb2O3(s)
are only metastable above a perchloric acid concentration of 0.3 mol/L (orthorhombic)
or 0.7 mol/L (cubic), and the equilibrium solid phase is Sb4O5(OH)ClO4·1/2H2O. Other
solid phases exist at higher acid concentrations. In nitric acid at a nitrate concentra-
tion of 5.0 mol/L, the equilibrium solid phase is Sb4O4(OH)2(NO3)2. Analysis suggests
that the aqueous speciation at a low pH consists of Sb(OH)2

+, and possibly Sb2(OH)2
4+.

Zakaznova-Herzog and Seward used UV/visible spectroscopy to examine the equilibria
of antimonous acid and was able to explain their results using the species H3SbO3(aq),
H4SbO3

+, and H2SbO3
−(aq) from 25–300 ◦C, pH = 0.8–12.5 at a total antimony concentra-

tion of ~10−4 mol/L [9].
We now consider if insight may be gained by examining the solid-state structures of

antimony oxides and their hydrates. Antimony(V) oxide, and its mono and trihydrate, were
discussed by Natta and Baccaredda [10]. Well-aged (5 years!) monohydrate Sb2O5·H2O
(also known as antimonic acid, HSbO3) was found to belong to a cubic space group (Schon-
flies notation, Oh

7; Hermann–Mauguin notation, Fd3m2), with a = 10.23 ± 0.02 Å, Z = 8.
The compound Sb2O4 of the same space group was formulated as the pyroantimonate
[SbIII

2O]4+[SbV
2O7]4–. However, Dihlstrom and Westgren suggested that “Sb2O4” was actu-

ally Sb3O6OH, as SbIIIOOH·SbV
2O5, with a = 10.28 Å [11]. They found the distances SbIII-O,

2.48 Å; SbIII-O(H), 2.23 Å, SbV-O, 2.02 Å. Another form of antimonic acid, Sb2O5·3H2O,
was found by England et al. to have a pyrochlore (A2M2O6O’, Fd3m) structure via powder
diffraction [12]. Other forms, described by Watelet et al. as [H(H2O)n]12Sb12O36, (n = 0.33,
1), space group Im3, a = 9.470(5), and 9.497(3) Å, respectively, have Sb-O distances in the
range 1.939–2.006 Å [13]. These solids are proton conductors. Another antimony oxide
hydroxide HSb3O8 was described by Jager et al. [14] as space group P2/n, with cell constants
a = 9.456(2), b = 8.691(2), c = 9.909(2) Å, β = 90.25(2)◦, Z = 6. The Sb-O distances fall in
the range 1.890–2.140 Å. Riviere et al. obtained an Fd3m space group for H2Sb2O6·H2O,
a = 10.365(2) Å, with Sb-O = 1.971 Å [15]. For antimony(III) oxide, the structure of the cubic
α form was refined by Svensson [16], who found a space group Fd3m and a = 11.1519(2) Å.
It forms discrete Sb4O6 units of symmetry Td with trigonal pyramidal antimony(III) with
an Sb-O distance of 1.977(1) Å and angles of 95.93(8)◦. Svensson also examined the or-
thorhombic β modification of antimony(III) oxide [17], and found a space group Pccn,
a = 4.911, b = 12.464, c = 5.412 Å. The structure is composed of double infinite chains, with
the antimony lone pair perpendicular to the chains. The antimony is trigonal pyramidal,
with Sb-O distances in the range 1.977(7)–2.023(4) Å. A novel γ modification was reported
by Orosel et al., with space group P212121, a = 11.6411(1), b = 7.5666(0), c = 7.4771(0) Å, with
Sb-O distances in the range 1.87–2.24 Å [18]. In Sb4O4(OH)2(NO3)2, Bovin found sheets
of 3-coordinate trigonal pyramidal and 4-coordinate seesaw antimony(III) separated by
nitrate ions [19]. The Sb-O distances in the SbO3 units are in the range 1.942(7)–2.067(6) Å,
and in the SbO4 units, 2.019(6)–2.265(6) Å. In Sb4O5(OH)ClO4·1/2H2O, Bovin found short
chains of SbOn polyhedra forming layers separated by the perchlorate ions and water
molecules [20]. The Sb-O distances in the SbO3 units are in the range 1.969(11)–2.027(8) Å,
and in the SbO4 units, 1.952(9)–2.378(8) Å. In the antimony oxide sulfate Sb6O7(SO4)2,
Bovin found that the three unique antimony atoms were trigonally pyramidally coordi-
nated to oxygen atoms, with Sb-O distances between 1.994(17) and 2.207(18) Å, but with
a fourth oxygen close 2.327(14)–2.382(18) [21]. Mercier et al. found for the oxonium anti-
mony sulfate, (H3O)2Sb2(SO4)4, that antimony exists as both a seesaw SbO4 and square
pyramidal SbO5 polyhedra, with corresponding distances of 2.032(10)–2.359(19) Å and
2.012(15)–2.263(13) Å [22]. The axial distance of SbO5 is the shortest. To summarize this
literature, antimony(V) tends to exist as an octahedrally coordinated moiety in the presence
of oxide/hydroxide, whereas antimony(III) can exist as either a trigonal pyramidal SbO3,
seesaw SbO4, or square pyramidal SbO5 coordinated moiety in a similar environment.

150



Liquids 2024, 4

2. Materials and Methods

Calculations were performed using Gaussian 98 [23]. In this program version, the abil-
ity to calculate analytical frequencies of molecules in which core electrons are described by
effective core potentials was introduced. Therefore, many variants of these were tried. The
MP2 calculations use the frozen core approximation. A stepping-stone approach was used
for geometry optimization, in which the geometries at the levels HF/CEP-4G, HF/CEP-
31G*, HF/CEP-121G*, HF/LANL2MB, HF/LANL2DZ, and HF/SDD were sequentially
optimized. For minimum energy structures, the MP2/CEP-31G* and MP2/CEP-121G*
calculations were also performed. Calculations were also carried out using the 6-31G* and
6-31+G* basis sets on the atoms of the water molecules (5d) with an effective core potential
and basis set on the metal ion (denoted as ECP+6-31G* or 6-31+G*). For shorthand, we
denote the mixed basis sets as follows: CEP-121G* on Sb, 6-31G* on O,H, as basis set A;
LANL2DZ on Sb, 6-31G* on O, H, as basis set B; SDD on Sb, 6-31G* on O,H, as basis set C;
and the corresponding basis sets with diffuse functions are indicated by adding a “+” to
the basis set name. Default optimization specifications were used. After each level, where
possible, a frequency calculation was performed at the same level and the resulting Hessian
was used in the following optimization. Z-matrix coordinates constrained to the appropri-
ate symmetry were used to speed up the optimizations. Because frequency calculations
are carried out at each level, any problems with the Z-matrix coordinates would manifest
themselves by giving imaginary frequencies corresponding to modes orthogonal to the
spanned Z-matrix space. The Hessian was evaluated at the first geometry (opt = CalcFC) for
the first level in a series to aid geometry convergence. We note that, for the heavy elements
only, the three different CEP basis sets are equivalent (CEP-121G*) but differ for the oxygen
and hydrogen atoms. The choice of core electrons defining the pseudopotential depends
on the specific core potential (CEP and LANL2, [Kr]4d10; SDD, [Ar]3d10). Gaussian 03 [24]
and Gaussian 16 [25] were used to correct errors and omissions.

In many cases to follow, the symmetry of the minimum energy complexes was the
same as those previously found for bismuth [26]. To confirm these results, starting with
high symmetry structures, systematic desymmetrization along the various irreducible
representations was carried out [27,28]. We did not employ an implicit solvation model for
reasons described previously [3].

3. Results

3.1. A Survey of Structures

Antimony(III) might be expected to show similar properties to tin(II), although the
higher charge would cause stronger interactions with water molecules. The point group
symmetry for mono- through octaaquaantimony(III) was initially usually found to be
C2v, C2, C3, C2v or C2, C2v, C3, C2v [5+2], and S8, respectively. The diaquaantimony(III)
species, like lead and tin, ascended in symmetry to a planar C2v structure at HF/LANL2MB.
Initially, all attempts to generate a stable 7-coordinate antimony resulted in two water
molecules moving to the second hydration sphere. We initially did not find a stable D3
enneaaquaantimony(III) structure.

The results of the systematic desymmetrization procedure [27] for aquaantimony(III)
are as follows (see Figures 1 and S1):

• The monoaquaantimony(III) remains C2v at all levels.
• The most stable diaquaantimony(III) remains the bent C2 at all levels except HF/LANL2MB

(C2v planar). The linear holodirected D2d structure is approximately 50 kJ/mol higher
in energy, but the unstable bent Cs structure is only slightly higher in energy (<1 kJ/mol
for nonminimal basis sets). All attempts to generate a [1+1] structure instead result
either in proton transfer to give SbOH2+ + H3O+, which was much lower in energy, or
recoordination to give the [2+0] Cs structure.

• The most stable triaquaantimony(III) remains the pyramidal C3 at all levels. The two
pyramidal C3v structures are 10–30 kJ/mol higher in energy, whereas the planar holodi-
rected D3h and D3 structures are 125–150 kJ/mol higher in energy still. The unstable
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[2+1] C2v structure was ~90 kJ/mol higher in energy, and upon desymmetrization,
underwent proton transfer to give the much-lower-in-energy SbOH(H2O)2+ + H3O+.

• The most stable tetraaquaantimony(III) is usually the seesaw C2v #3 (all mixed basis
sets, HF/SDD), but it can be C2 (all CEP, HF/LANL2DZ) or Cs (HF/LANL2MB). The
other C2v structures are higher in energy (10–25 kJ/mol). The holodirected D2d #1, #2,
and S4 structures are much higher in energy (75–125 kJ/mol). The unstable Cs #2 [3+1]
structures are up to 50 kJ/mol higher in energy, and upon desymmetrization, undergo
a proton transfer to give the much-lower-in-energy SbOH(H2O)2

2+ + H3O+.
• The most stable pentaaquaantimony(III) is the square pyramidal C2v #1, with the other

three C2v structures which are 25–50 kJ/mol higher in energy. The usually unstable
[4+1] structures are 15–50 kJ/mol higher in energy. To our surprise, the C2v #1 [4+1] is
stable at HF/CEP-121G*, HF/LANL2MB, HF/A, HF/B, HF/C, and HF/A+. At the
other levels, there is a B1 imaginary mode, along which a proton transfer occurs to
give SbOH(H2O)3

2+ + H3O+. At the MP2 levels, desymmetrization along an A2 mode
gives rise to a C2 structure, which is slightly lower in energy.

• The most stable hexaaquaantimony(III) is the distorted octahedral C3. The octahedral
Th structure is ~18–50 kJ/mol higher in energy. The two Cs [5+1] structures examined
often underwent proton transfer to give SbOH(H2O)4

2+ + H3O+. However, if the [5+1]
structures were stationary points, they were lower in energy than the [6+0] forms by
about 25 kJ/mol. In some cases, they were actually minima (HF/CEP-121G*, all HF
mixed basis sets). Given how shallow (or in some cases, nonexistent) the barrier to
proton transfer is to give the deprotonated forms, it is reasonable to conclude that the
aquaantimony(III) species would only exist in an extremely acidic solution. Combined
with the results for the pentaaquaantimony(III), this suggests that antimony(III) is
actually pentacoordinate square pyramidal.

• Of the 16 different C2v heptaaquaantimony(III) structures tried, none were stable,
either possessing imaginary modes or dissociating to a [6+1], [5+2], or [4+3] structure.
Structures #1, #2, and #4, nearly always dissociated. The remainder usually remained
7-coordinate, except occasionally dissociating at HF/CEP-4G and HF/LANL2MB. In
some cases, the [5+2] structures underwent a double proton transfer and possibly a
water elimination to give Sb(OH)2(H2O)2/3

+ + 1/0H2O + 2H3O+. Of the 7-coordinate
C2v structures, #16 was the lowest in energy, unless #1 was a stationary point, in
which case, it was lower in energy. In all cases, the [5+2] structure was 20–80 kJ/mol
lower in energy than the 7-coordinate C2v #16 structure. Upon desymmetrization
of the remaining 7-coordinate C2v structures to C2, many coalesced to C2 #16, some
dissociated to [5+2], but at some levels, C2 #5, #6, #11, and #13 also exist, with at least
one imaginary B mode. When these were desymmetrized to C1 #1–5, a stable C1 #3
or #5 was found at some levels, or ligand dissociation to a [6+1] or [5+2] structure
took place. Desymmetrization of the C2v structures along the B modes gave one of
27 possible Cs structures. Of these, Cs #1, #5, and either #13 or #20 often coalesce (to Cs
#5); Cs #2, #7, #14 and #22 often coalesce (to Cs #7); Cs #12 coalesces to Cs #8; Cs #11,
#18, and #26 often coalesce (to Cs #26); Cs #19 and Cs #15 ascend in symmetry to either
C2v #10 or #12; Cs #16 and #24 often coalesce to Cs #10 or to each other; Cs #25 coalesces
to Cs #21; Cs #27 coalesces to Cs #23; and Cs #17 remains unique. None of these Cs
structures are minima, except Cs #13 at HF/A+. The Cs structures desymmetrize to
C1 #6–21. Of these possibilities, for the most part, they coalesced to the previously
found C1 #3 or #5 structures, or underwent ligand dissociation to give [6+1] or [5+2]
structures. This exemplifies the power of the systematic desymmetrization procedure
in finding minimum energy structures that would otherwise be difficult to locate. In
all cases where a seven-coordinate minimum energy structure exists (HF/CEP-31G*,
HF/CEP-121G*, MP2/CEP-31G*, MP2/CEP-121G*, HF/C, HF/A+, HF/B+, HF/C+,
MP2/A+), it is less stable than a [5+2] or [6+1] structure (or a proton transferred
version thereof). The 7-coordinate structures are unlikely to have any significant
population in an aqueous solution under ambient conditions.
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• For octaaquaantimony(III), two D4h (square prism) and two D4d (square antiprism)
structures were first examined. Multiple imaginary modes were present.

• For the D4d #1 and #2 structures, desymmetrization along the A2 imaginary mode
gave the same S8 #1 structure; along the B1 imaginary mode, the same D4 #2 structure;
and along the B2 imaginary mode, the C4v #1 and #2 structures. For the D4h #1 and #2
structures, desymmetrization along the A1u imaginary mode gave the D4 #2 structure
found before; along the A2g imaginary mode, the same C4h #1 structure; along the A2u
imaginary mode, the C4v #3 [4+4] and #4 structures; along the B2g imaginary mode
(D4h #1), the D2h #1 structure ascended in symmetry to D4h #2; along the B1u mode,
D2d #1 and #3 coalesced; along the B2u mode, D2d #2 and #4, respectively. Another D2d
structure (#5) was formed by combining other D2d structures.

• Desymmetrization of the C4h #1 structure along the Au mode usually gives the S8 #1
structure (via C4 #1), and along the Bu mode, D2d #5 (via S4 #1); the S8 #1 structure
along the B mode at two levels, C4 #1; the D4 #1 structure along the A2 mode, C4 #1,
and along the B2 mode, D2 #1; the D2d #1 structure along the A2 mode, S4 #2, the B1
mode, D2 #1, and the B2 mode, [4+4] C2v #1; the D2d #2 structure along the A2 mode,
S4 #2, the B1 mode, D2 #1, and the B2 mode, C2v #2; the D2d #4 structure along the A2
mode, S4 #2, the B1 mode, D2 #1, and the B2 mode, C2v #3; the D2d #5 structure along
the B1 mode, D2 #1, and the B2 mode, [6+2] C2v #4. All of these structures had at least
one imaginary frequency.

• Desymmetrization of the S4 #2 structure along the B mode, C2 #1 (which was close in
structure to the D2 #1 structure); the D2 #1 structure along the B1 mode gave either the
[4+4] or [6+2] C2 #1, or more usually the stable S8 #1.

• For enneaaquaantimony(III), four D3h structures were first examined. Desymmetriza-
tion along the A1” mode led to the common D3 #1 structure (which was only stable
at MP2/CEP-31G*); the A2

′ mode led to either the unstable C3h #1 or #2 structures;
and the A2” mode led to the unstable C3v #1–4 structures. The C3v #2 and 3 structures
were usually of [6+3] coordination. When these structures were desymmetrized, they
nearly always resulted in expulsion of three water molecules to the second hydration
sphere to give the (usually) stable C3 #1 [6+3]. An unstable [6+3] D3 structure was also
found, which desymmetrized to give the even more stable C3 #2 [6+3].

  
 

Sb(H2O)13+ C2v Sb(H2O)23+ C2 SbOH2+ D h 

   
H3O+ C3v Sb(H2O)33+ C3 SbOH(H2O)2+ Cs #1  

Figure 1. Cont.
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Sb(H2O)43+ C2v #3 Sb(H2O)43+ C2 SbOH(H2O)22+ Cs #1 

   
Sb(H2O)53+ C2v #1 SbOH(H2O)32+ Cs #1 Sb(H2O)63+ C3 

  
 

Sb(H2O)53+ + H2O Cs #2 SbOH(H2O)42+ Cs #2 Sb(H2O)73+ C1 #5 

   

Sb(H2O)73+ Cs #13 Sb(H2O)73+ C2 [5+2] Sb(H2O)83+ S8 #1 

  

 

Sb(H2O)93+ D3 #1 Sb(H2O)63+ + 3H2O C3 #1 Sb(H2O)63+ + 3H2O C3 #2 

Figure 1. The minimum energy structures of aquaantimony(III) and related species.

To summarize these results, it appears that the square pyramidal pentaaquaanti-
mony(III) ion is the most stable aqua ion. There is a strong propensity to react with
second-shell water molecules to form hydroxo complexes. While stable structures with
coordination numbers between six and nine do exist at some levels of theory, the cor-
responding structures in which some waters have moved to the second hydration shell
are more stable (in some cases, with proton transfer). These higher-coordination aqua
complexes might exist at high pressures. The aqua ion, if it exists, would only exist at a
very low pH.
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3.2. The Sb-O Distance

In Figure 2, a plot of the dependence of the average Sb-O distance as a function of
the coordination number n is given for all of the levels investigated. The Sb-O distance
lengthened with the increase in coordination number. With the exception of HF/LANL2MB,
the results were fairly uniform (for the most part, within 0.05 Å). The HF/LANL2MB level
is the only Hartree–Fock level calculation using a minimal basis set on the valence shell
of all atoms, and therefore does not have enough flexibility to fully describe the bonding
between antimony(III) and oxygen. The pairs HF/CEP-31G* and HF/CEP-121G*, and
MP2/CEP-31G* and MP2/CEP-121G*, were nearly coincident with each other, with the
latter pair giving slightly longer bond lengths. The variation in the Sb-O distance with
the level of theory was smaller than that of Sn-O [4]. Based on our calculations, if the
coordination number is indeed 5, then we would expect an average Sb-O distance of around
2.25 Å.

Figure 2. The dependence of the average Sb-O distance (Å) in Sb(H2O)n
3+ on the coordination

number n and level of theory.

3.3. The Sb-O Vibrational Frequency

In Figure 3, a plot of the dependence of the frequency of the most intense Raman
Sb-O stretching mode as a function of the coordination number n is given for all of the
levels investigated. As expected, this frequency drops with hydration number n. The
minimal basis set levels HF/LANL2MB, and to some extent, HF/CEP-4G, are different
than the others, having higher values. The CEP-4G basis set is a minimal basis set on
oxygen and hydrogen, but is actually using the triple-zeta valence basis set (CEP-121G) on
the antimony atom. There is a levelling off of the frequency, and then a bigger drop at n = 6.
For n = 4 and 5, the vibrational mode is somewhat more localized, being due predominantly
to either the equatorial oxygen motion (n = 4) or the apical oxygen motion (n = 5). The
HF/CEP-31G*, HF/CEP-121G*, MP2/CEP-31G*, MP2/CEP-121G*, and MP2/A+ levels
form the group with the lowest vibrational frequencies. The HF calculations using the SDD
basis set on Sb form a group with the highest vibrational frequencies. For the levels using
split valence basis sets, if the coordination number is indeed 5, then the predictions for the
Sb-O symmetric stretching motion center around 450 ± 30 cm−1. In solution, the effect of
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the second hydration shell would increase this by an estimated 60 cm−1, meaning that our
best guess for the Sb-O mode in an aqueous solution would be 510 cm−1.

Figure 3. The dependence of the most intense Raman Sb-O frequency (cm−1) in Sb(H2O)n
3+ on the

coordination number n and level of theory.

4. Discussion

To the best of our knowledge, experimental data on the structure and vibrational
spectra of antimony(III) aqua complexes are lacking. Our energetic comparisons suggest
that the coordination number should be 5. From this, we have made predictions as to
the Sb-O distance (2.25 ± 0.05 Å) and vibrational frequency (510 ± 30 cm−1) that might
be observed. We may compare the X-ray crystal structures involving Sb3+-O2– (or OH−)
interactions with the same coordination geometry. Our predictions for trigonal pyramidal
(n = 3) lie at around 2.10 Å (cf. 1.977 Å in α-As4O6 [16], 1.977–2.023 Å in β-As4O6 [16],
1.942–2.067 Å in Sb4O4(OH)2(NO3)2 [19], 1.969–2.027 Å in Sb4O5(OH)ClO4·1/2H2O [20],
1.994–2.207 Å in Sb6O7(SO4)2 [21]); for seesaw (n = 4), at around 2.17 Å (cf. 2.019–2.265 Å in
Sb4O4(OH)2(NO3)2 [19], 1.952–2.378 Å in Sb4O5(OH)ClO4·1/2H2O [20], 2.032–2.359 Å in
(H3O)2Sb2(SO4)4 [22]); and for square pyramidal (n = 5), at around 2.25 Å (cf. 2.012–2.263 Å
in (H3O)2Sb2(SO4)4 [22]). The separation by distance between the axial and equatorial
sites in the seesaw and square pyramid is reproduced. Our predictions for the Sb3+-OH2
distances are about 0.1 Å longer than the Sb-O distances between the antimony(III) and
either the O2– or OH− moieties in the crystal structures, in which there should be stronger
attractive forces.

5. Conclusions

The common CEP, LANL2, and SDD pseudopotentials were paired with various
basis sets to study the hydrated antimony(III) ion. Calculations using minimal basis
sets (HF/LANL2MB, HF/CEP-4G) performed poorly. The calculated structures of the
aqua complexes compared favorably with the crystal structures of the oxides/hydroxides.
Symmetry can be used to guide the search for new structures and to rule out structures.
For the smaller coordination numbers, the effect of the ns2 subshell is clearly to form a
hemidirected structure in which the electrons act similarly as a ligand or lone pair would.
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The factors giving rise to either holodirected or hemidirected structures were thoroughly
discussed by Shimony-Livny et al. for Pb(II) and do not need to be repeated here [29]. There
is a propensity for the aqua complexes of smaller coordination numbers of type [n + 1] to
hydrolyze to form the aquahydroxoantimony(III) complex and a hydronium ion, which
is evidence for the strong Lewis acidity of antimony(III). We predict that antimony(III)
might exist in extremely acidic solutions with a coordination number of 5, an average Sb-O
distance of 2.25 Å, and with a Raman-active Sb-O totally symmetric stretching motion
occurring at around 510 cm−1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/liquids4020016/s1; Figure S1: Some stationary point (non-minimum)
energy structures of aquaantimony(III); Table S1: Total Energies of Aquaantimony(III) Species.
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