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Introduction

Structure and size of complete hydration shells
of metal ions and inorganic anions in aqueous
solutiont

Ingmar Persson

The structures of nine hydrated metal ions in aqueous solution have been redetermined by large angle
X-ray scattering to obtain experimental data of better quality than those reported 40-50 years ago.
Accurate M—0O, and M-(O,—H)---Oy, distances and M—O,(H)---O;, bond angles are reported for the hydrated
magnesium(ir), aluminium(i), manganese(u), iron(i), iron(i), cobalt(i), nickel(n), copper(i) and zinc(i) ions;
the subscripts | and Il denote oxygen atoms in the first and second hydration sphere, respectively.
Reported structures of hydrated metal ions in aqueous solution are summarized and evaluated with
emphasis on a possible relationship between M-O,-0Oy, bond angles and bonding character. Metal ions
with high charge density have M—O,-0O,;, bond angles close to 120°, indicative of a mainly electrostatic
interaction with the oxygen atom in the water molecule in the first hydration shell. Metal ions forming
bonds with a significant covalent contribution, as e.g. mercury(i) and tin(i), have M-0O,-O,; bond angles
close to 109.5°. This implies that they bind to one of the free electron pairs in the water molecule.
Comparison of M-O bond distances of hydrated metal ions in the solid state with one hydration shell,
and in aqueous solution with in most cases at least two hydration shells, shows no significant differences.
On the other hand, the X—O bond distance in hydrated oxoanions increases by ca. 0.02 A in aqueous
solution in comparison with the corresponding X-O distance in the solid state. A linear correlation is
observed between volume, calculated from the van der Waals radius of the hydrated ion, and the ionic
diffusion coefficient in agueous solution. This correlation strongly indicates that monovalent metal ions,
except lithium and silver(l), and singly-charged monovalent oxoanions have a single hydration shell.
Divalent metal ions, bismuth() and the lanthanoid() and actinoid(i) ions have two hydration shells.
Trivalent transition and tetravalent metal ions have two full hydration shells and portion of a third one.
Doubly charged oxoanions have one well-defined hydration shell and an ill-defined second one.

with only one hydration shell, these can be divided into
hydration shells where on average one water molecule in an

Hydrated metal ions and anions bind different number of
water molecules in aqueous solution depending on their size
and charge. The number of water molecules close to an ion
with different measurable physico-chemical parameters to
those of bulk water molecules can be regarded as the
hydration number. Except for the most weakly hydrated ions
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inner shell forms hydrogen bonds to two or three water mole-
cules in the next shell, Fig. 1. Strongly polarized water mole-
cules bound to a highly charged metal ion and thus having a
depleted charge on hydrogen, bind two water molecules in the
second hydration shell, Fig. 1 left panel. When the water mole-
cules are less polarized, each water molecule accepts one and
donates two hydrogen bonds to other water molecules outside,
as in the second hydration shell of a metal ion and in the
hydration shells of anions, Fig. 1.

As part of this study the structures of nine hydrated metal
ions have been redetermined in aqueous solution by large
angle X-ray scattering (LAXS) to provide improved data to be
placed in a general context. LAXS and large angle neutron scat-
tering are more or less the only experimental structure
methods that accurately determine long distances and thus
can define to determine the broad distance distributions of
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Fig. 1 Left panel: Principle structure of a highly charged metal ion
coordinating two hydration shells. The figure has been prepared from
the crystallographic data in ref. 7. Right panel: Principle structure of a
monoatomic anion coordinating a complete first hydration shell (red
oxygen atoms) and portion of a second one (orange oxygen atoms).

the second and third hydration shells of hydrated ions in
aqueous solution. Furthermore, second hydration shells or
portions of them have only been described in very few cases in
the solid state, vide infra. Therefore, the structure determi-
nation of hydration shells outside the first one is necessarily
performed in aqueous solution. Extended X-ray Absorption
Fine Structure (EXAFS) cannot be used to determine such dis-
tances as both increasing distance and the large Debye-Waller
coefficient, 6°, strongly damp the EXAFS signal as discussed in
detail elsewhere."

Double difference infrared (DDIR) spectroscopy in aqueous
solution containing 8% HDO, can be used to determine the
O-D bond strength of the water molecules not in the aqueous
bulk but bound to the ions in an electrolyte.” The value of the
O-D stretching vibration in the HDO molecule, bound to an
ion, reflects the strength of the M-O(-D) or X:--D(-O) bonds,
and can be compared to the O-D bond in HDO bulk water,
observed at 2509 cm™".* If the M-O(-D) or X---D(-0) bond is
stronger than the (D-)O---D(-O) one in the aqueous bulk, the
D-O stretching vibration will have a value less than
2509 cm™". Conversely, when the M-O(-D) or X---D(-O) bond
is weaker than the intermolecular hydrogen bond in bulk
water, the O-D stretching frequency will be higher than
2509 cm™'. The lower the O-D stretching frequency, the
stronger M-O(-D) or X---D(-O) bond, and vice versa. The X---D
(-O) bond strength is proportional to the polarization power
of anions, while for M-O(-D) bonds the O-D stretching fre-
quencies have specific values, ca. 2535, 2420 and 2200 cm™ .
These correspond to water in the hydration shell of weakly
hydrated metal ions and the outermost hydration shell when
several hydration shells are present, in the first hydration
shell of metal(u) ions, lanthanoid(m) and bismuth(m) ions or
the second hydration shell of tri- and tetra-positive metal
ions, and in the first hydration shell of tri- and tetra-positive
metal ions, respectively.” Similar observations have been

15518 | Dalton Trans., 2024, 53, 15517-15538

View Article Online

Dalton Transactions

made for a recently developed vibrational spectroscopic tech-
nique, Raman difference with simultaneous curve fitting
(RD-SCF).> RD-SCF uses the O-H stretching vibration in non-
bulk water where bands at ca. 3600 and 3300 cm ™" are com-
pared with the corresponding value of bulk water at
3420 cm™"'. The bands at ca. 3600 and 3300 cm™" correspond
to weakly bound water, and more strongly bound water mole-
cules in e.g. the first hydration shell of di-and trivalent metal
ions, respectively.® The information from these methods
determines whether a metal ion has structure making or
breaking properties.*

The positions relative to the metal ion of the oxygen atoms
in the first and second hydration spheres give the M-O;---Oy;
angle. This may be taken to indicate the bonding character of
the M-O bond to the water molecules in the first hydration
shell. Metal ions involved in an essentially electrostatic inter-
action are expected to have an M-Oy---Oy; angle close to 120°,
while metal ions forming significant covalent interactions
will bind to one of the free electron-pairs on the water
oxygen. This angle is expected to be close to the tetrahedral
angle, 109.5°, due to the sp® hybridization of the water
oxygen, Fig. 2.

A series of publications from Voigt et al.>” has provided
crystal structures of hydrated metal ions containing more
water than normally found in solid structures due to crystalli-
zation at low temperature. These include MgCl,-12H,0,
CaBr,-9H,0,° AICl;-15H,0, AlBr;-15H,0 and All;-17H,0.”
All;-17H,O0 has two complete hydration shells with each
water in the first hydration shell hydrogen binding two
water molecules in the second one with a mean O—(H)---Oy
distance of 2.663 A.” In the compounds MgCl,-12H,0 and
CaBr,-9H,0, portions of a second hydration shell are observed
with mean O;—(H)---Oy distances of 2.783 and 2.774 A,
respectively.>®

The present LAXS studies have been performed on 1.5 mol
dm™ aqueous solutions of metal perchlorates in perchloric
acid to avoid hydrolysis. This is a compromise between the
aim to collect data with as large contribution from the
hydrated metal ion to the LAXS signal as possible, and to have
sufficient amount of water for complete hydration and thereby
limit the interactions between the solute ions. The results

£ M-O(-+-H)-OH = 109.5°

Z M-O(--H)-OH = 120.0° }

}\
Fig. 2 Left panel: Structure of a water molecule bound to a metal ion
forming M—-O bonds with a high degree of covalency; right panel: struc-

ture of a water molecule bound to a metal ion forming essentially
electrostatic M—O bonds.

This journal is © The Royal Society of Chemistry 2024
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show that the hydrated metal ions bind the amount of water
they require for complete hydration, while there may be some
deficit of water for complete hydration of the perchlorate ions.

One aim of the present study was to collect LAXS data of
nine hydrated metal ions in aqueous solution of better quality
than data collected 40-50 years ago. While the previously
reported M-O bond distances have been largely substantiated,
the limited and somewhat scattered estimates of distances to
the second hydration sphere, if reported, have been consider-
ably improved. Another aim was to use these data to augment
the general knowledge of reported structures of hydrated
metal ions and inorganic anions in aqueous solution, with
special emphasis on a possible relationship between the
M-O-Oy; bond angle and bonding character of the metal
ion. To support the information from LAXS data, reported
vibrational spectroscopy data on O-D or O-H stretching fre-
quencies in water molecules in the first and second hydration
spheres have been used as well as reported theoretical simu-
lations of hydrated metal ions in aqueous solution. The corre-
lation between the size of a hydrated ion and its ionic
diffusion coefficient is discussed as a means of providing
further information about the number of water molecules with
different physico-chemical properties to bulk water surround-
ing an ion.

Experimental
Chemicals

Hexaaquamagnesium(u) perchlorate (Thermo Scientific, 99%),
[Mg(H,0)s](ClO,),, nonaaquaaluminum(im) perchlorate (Thermo
Scientific, 99%), [Al(H;0)e](ClO,);:3H,0, hexaaquamanganese
() perchlorate (Aldrich, 99%), [Mn(H,0)e](ClO,),, hexaaquairon
(n) perchlorate (Merck, 99%), [Fe(H,0)s](ClO,),, hexaaquairon
(m) perchlorate (Aldrich, 99%), [Fe(H,O)s)(ClO,)s, hexaaquaco-
balt(u) perchlorate (Fluka, 99%), [Co(H,0)e](ClO,),, hexaaqua-
nickel(u) perchlorate (GFS Chemicals, 99%), [Ni(H,0)s](ClO,),,
hexaaquacopper(u) perchlorate (GFS Chemicals, 99%), [Cu
(H20)6](Cl0,),, hexaaquazinc(u) perchlorate (GFS Chemicals,
99%), [Zn(H,0)6)(ClO,),, and perchloric acid (Merck, 70
weigh%,) HClO,, were used as purchased. All water used was de-
ionized and MilliQ filtered, resistivity >18.2 MQ cm.

Solutions

The solutions were prepared by dissolving weighed amounts of
the salts in either 0.1 or 1.0 mol dm™ perchloric acid for diva-
lent or trivalent metal ion salts, respectively. The concen-
trations, densities and absorption coefficients of the perchloric
acidic aqueous solutions used in the large angle X-ray scatter-
ing measurements are summarized in Table 1. Dissolution in
perchloric acid was made to avoid hydrolysis reactions.

Large angle X-ray scattering

A large-angle -0 diffractometer was used to measure the scat-
tering of Mo Ka radiation, 4 = 0.7107 A, from the free surface
of the aqueous solutions. The solutions were contained in a

This journal is © The Royal Society of Chemistry 2024
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Table 1 Compositions (in mol dm™), densities (p), and linear absorp-

tion coefficients of Mo-Ka radiation (u) of the acidified aqueous solu-
tions used in the LAXS experiments

3 1

Solute M™]  [clogT] [HY] [H,0] plgem™  plem”
Mg(ClO,), 1.5008 3.0767 0.0751 48.6588 1.2086  2.709
Al(ClO,); 1.5036 5.2107 0.6999 45.3949 1.3754 3.732
Mn(ClO4), 1.5024 3.0778 0.0730 44.4087 1.1887 5.331
Fe(ClOy), 1.5002 3.0719 0.0715 48.8097 1.2687 5.793
Fe(CIO4)3 1.5000 5.2000 0.7000 40.4582 1.3306 6.650
Co(ClO,), 1.5019 3.0748 0.0710 49.6912 1.2896 6.342
Ni(ClO,), 1.4999 3.0728 0.0730 49.1668 1.2795 6.650
Cu(ClO,), 1.4864 3.0473 0.0745 50.2400 1.3027 7.386
Zn(ClO4]2 1.5060 3.0850 0.0730 49.1101 1.2901 8.027

Teflon cuvette inside a radiation shield with beryllium
windows. After monochromatization of the scattered radiation,
by means of a focusing LiF crystal, the intensity was measured
at 450 discrete points in the range 1 < 6 < 65° (the scattering
angle is 26). A total of 100 000 counts was accumulated at each
angle and the whole angular range was scanned twice, corres-
ponding to a statistical uncertainty of about 0.3%. The diver-
gence of the primary X-ray beam was limited by 1° or 1/4° slits
for different 6 regions with overlap of some parts of the data
for scaling purposes. All data treatment was carried out using
the KURVLR program,® which has been described in detail pre-
viously.” The experimental intensities were normalized to a
stoichiometric unit of volume containing one metal atom,
using the scattering factors f for neutral atoms, including cor-
rections for anomalous dispersion, Af and Af",'® and values
for Compton scattering.'™'® For a better alignment of the
intensity function, a Fourier back-transformation was applied
to eliminate spurious (unrelated to any interatomic distances)
peaks below 1.2 A in the radial distribution function.™ Least-
squares refinements of the model parameters were performed
by means of the STEPLR program'* to minimize the error

squares sum U = Y w(s)-[exp(s) — Zeal(s)]*-

Results

The new radial distribution functions (RDFs) from LAXS
measurements for acidic aqueous solutions of magnesium(u),
aluminum(m), manganese(u), iron(u), iron(uy), cobalt(u),
nickel(u), copper(u) and zinc(u) perchlorate show marked
similarities with peaks at ca. 1.0, 1.5, 1.9-2.2, 2.9 and ca.
4.1 A, Fig. 3. The peak at 1.0 A corresponds to O-H bond dis-
tances in the water molecule, and the peak at 2.9 A to the
O,q—(H)--:O,q distance in the aqueous bulk, and distance
between the oxygens the first and second hydration shells,
O—~(H)-+-Oyy, in the hydrated metal ion. The peaks at 1.9-2.2 A
and ca. 4.1 A correspond to the M-O; bond and the M—~(O-H)
Oy distances in the hydrated metal ions. The peak at
1.45 A, and the shoulder at 2.4 A correspond to the Cl-O and
O---O distances in the perchlorate ion. The fits of the individ-
ual systems are shown in Fig. 4, 5 and S1-S7,f and the
refined structure parameters are summarized in Table 2. The

Dalton Trans., 2024, 53, 15517-15538 | 15519
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Fig. 3 RDFs of the hydrated metal ions in this study, magnesium(i) (no
offset), nickel(n) (offset: +4), cobalt(i) (offset: +6), zinc(i) (offset: +8), iron
(1) (offset: +12), manganese(n) (offset: +16), copper(i) (offset: +20), iron
(im) (offset: +26) and aluminum() (offset: +32).
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Fig. 4 (Top) LAXS radial distribution curves for a 1.50 mol dm™

aqueous perchloric acidic solution of aluminum(m) perchlorate. Upper
part: Separate model contributions (offset: 15) of the hydrated alumi-
num(in) ion (yellow line), the hydrated perchlorate ion (green line) and
aqueous bulk (purple line). (Middle) Experimental RDF: D(r) — 4xnr?p,
(black line); sum of model contributions (red line); difference (blue line).
(Bottom) Reduced LAXS intensity functions s-i(s) (black line); model
S'icarc(s) (red line).

structures of these and previously reported structures of
hydrated metal ions are discussed in detail in the Discussion
section, vide infra.
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Fig. 5 (Top) LAXS radial distribution curves for a 1.50 mol dm™

aqueous perchloric acidic solution of copper(i) perchlorate. Upper part:
Separate model contributions (offset: 15) of the hydrated copper(i) ion
(yellow line), the hydrated perchlorate ion (green line) and aqueous bulk
(purple line). (Middle) Experimental RDF: D(r) — 4xr?p, (black line); sum
of model contributions (red line); difference (blue line). (Bottom)
Reduced LAXS intensity functions s-i(s) (black line); model s-iczc(s) (red
line).

Discussion

The new LAXS data given above, and previously reported data
on other metal ions and anions, can now be placed within the
context of what is known broadly of the hydration character-
istics of both cations and anions.

Hydrated alkali metal ions

A large number of experimental and theoretical simulation
studies has been reported on the hydrated lithium ion in
aqueous solution.””™® However, the spread in the reported
results is very large, mainly due to the very weak scattering
power of lithium in X-ray experiments and there is a large
uncertainty in the experimental data. The hydrated lithium ion
has been proposed to have tetrahedral or octahedral configur-
ation in aqueous solution or a mixture of both. Tetrahedral
coordination is predominant in the solid state with a mean Li-
O bond distance of 1.941 A for 53 structures, Table S1a (ESIY).
A single structure each has been reported for the hydrated
lithium ion in five- or six-coordination, giving mean Li-O
bond distances of 2.044 and 2.144 A, respectively, Table S1a
(ESIf). Several different crystalline polyatomic lithium ion
hydrates have described where lithium is in tetrahedral four-

This journal is © The Royal Society of Chemistry 2024
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Table 2 Mean distances, d/A, number of distances, N, and temperature coefficients, b/A?, in the LAXS studies of the acidified aqueous magnesium(i),
aluminum(in), manganese(i), iron(i), iron(in), cobalt(n), nickel(i), copper(i) and zinc(i) perchlorate solutions in the LAXS experiments at room temperature.

The estimated standard deviations given within parenthesis include only statistical errors. The mean M—O bond distances in the [M(H,O)el”* complexes
in the solid state, d(M—-O) cryst./A, are taken from Table S1 (ESIt)
ry:
Species/interaction N d/A b/A d(M-0) cryst./A
[Mg(Hzo)s(Hzo)u]B
Mg-O; 6 2.069(5) 0.0061(4) 2.066
Mg(-Or-H)---Og 12 4.075(5) 0.0248(7)
Oy(-H) Oy and O,q-+-O4q 2 2.832(2) 0.0274(3)
Cl-0 4 1.452(2) 0.0026(2)
[AI(H,0)(H,0)15(H,0),.J**
Al-O; 6 1.891(5) 0.0039(5) 1.883
Al(-Or-H)--Oy 12 4.036(6) 0.0199(4)
Al(-O;-H---O-H)---Oyy 12 6.70(3) 0.030(4)
Oy(-H)--Oy; and Oyaq++Oaq 2 2.820(2) 0.0302(3)
Cl-0 4 1.453(2) 0.0024(2)
[Mn(H,0)6(H,0)1]*"
Mn-O; 6 2.174(2) 0.0059(5) 2.174
Mn(-O;-H)---Oy 12 4.258(7) 0.0352(11)
Oy(-H)--Oy; and Onq++Oaq 2 2.825(3) 0.0255(4)
Cl-0 4 1.451(2) 0.0025(2)
[Fe(H,0)s(H20)15]*"
Fe-0; 6 2.124(4) 0.0057(3) 2.120
Fe(-Or-H)--Oy 12 4.092(7) 0.0317(8)
Oy(-H)--Oy; and Oyq++Oaq 2 2.832(2) 0.0282(9)
Cl-O0 4 1.452(2) 0.0025(2)
[Fe(H,0)s(H20)12]*"
Fe-O; 6 1.999(2) 0.0040(3) 1.995
Fe(-Or-H)---Oy 12 4.012(5) 0.0307(8)
Oy(-H)---Oy and Oaq+*Oagq 2 2.794(4) 0.0283(9)
Cl-O0 4 1.454(2) 0.0026(2)
[Co(H,0)s(H,0)1]*"
Co-O; 6 2.090(2) 0.0060(5) 2.087
Co(-Or-H)---Oy 12 4.072(7) 0.0325(12)
Oy(-H)--Oy; and Oyq++Oaq 2 2.825(3) 0.0256(6)
Cl-0 4 1.452(2) 0.0026(2)
[Ni(H,0)s(H,0)12]*"
Ni-Oy 6 2.057(2) 0.0053(3) 2.055
Ni(-O-H)---Oy 12 3.981(6) 0.0304(10)
Oy(-H)--Oy; and Oynq++Oaq 2 2.834(2) 0.0266(4)
Cl-0 4 1.453(2) 0.0025(2)
[Cu(H,0)6(H,0)s]*"
Cu-Ogq 4 1.965(5) 0.0040(3) 1.980
Cu-O,yg 1 2.161(9) 0.0043(12) 2.230
Cu-Oyyr 1 2.29(1) 0.025(1) 2.36
Cu(-0-H)---O 8 4.094(4) 0.0277(10)
Ocq(-H)++-O and O,q++-Oqqg 2 2.835(2) 0.0257(3)
Cl-0 4 1.451(2) 0.0023(2)
[Zn(H,0)6(H,0)12]*"
Zn-0y 6 2.091(5) 0.0058(3) 2.088
Zn(-O;-H)---Oy 12 4.100(5) 0.0318(8)
Oy(-H)--Oy; and Oynq++Oaq 2 2.828(3) 0.0256(5)
Cl-0 4 1.452(2) 0.0024(2)

coordination, Table Sla (ESIf). The conclusion from these
observations in both the solid state and aqueous solution is
that the hydrated lithium ion prefers tetrahedral four-coordi-
nation with a mean Li-O bond distance of 1.95 A. Four-coordi-
nation of the hydrated lithium ion is also supported by a

This journal is © The Royal Society of Chemistry 2024

vibrational spectroscopy study.”® The presence of two O-D
stretching bands belonging to the hydrated lithium ion in
HDO, one below and one above the O-D stretching frequency
in bulk HDO, at 2438 and 2530 cm™, respectively,” indicates
that the hydrated lithium ion has two hydration shells. This is
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further supported by a RD-SCF study reporting two O-H
stretching frequencies at ca. 3300 and 3600 cm™*, due to water
molecules in the first and second hydration sphere, respect-
ively.> Only one probable Li-(O;-D)---Oy distance has been
reported of 4.2 A, with the corresponding Li-O and Li-(0)-D
distances refined to 1.97 and 2.64 A, respectively, giving an Li-
0-D angle of ca. 125°.>°

DDIR spectroscopy has shown that the hydrated sodium,
potassium, rubidium and cesium ions all have an O-D stretch-
ing frequency higher than in bulk water.> A RD-SCF study only
detected O-H frequencies similar to those in bulk water.? This
shows that the M-O bonds are weaker than the O-H/D----O-
H/D bonds in bulk water. It is therefore not expected that any
second hydration sphere is present around these ions in
aqueous solution as the first hydration sphere is not
sufficiently polarized to form a second hydration sphere with
physical properties different from those in bulk water. LAXS
studies have shown that the hydrated sodium, potassium, rubi-
dium and cesium ions have octahedral six-coordinate, irregu-
lar seven-coordinate, square antiprismatic eight-coordinate
and square antiprismatic eight-coordinate configurations in
aqueous solution with mean M-O bond distances of 2.43,
2.79, 2.98 and 3.08 A, respectively.?"**> The structure determi-
nations of these hydrated ions in aqueous solution do not
provide any evidence of a well-defined second hydration
shell.?"** Several experimental structure determinations and
theoretical simulations of the hydrated alkali metal ions have
been reported, but the spread in M-O bond distances and
coordination numbers is large.”> The sodium ion retains its
first hydration shell on crystallization with reported di-, tetra-,
penta-, hexa- and octahydrates as well as several kinds of poly-
meric structures where the sodium ion in most cases is octa-
hedrally coordinated, Table S1b (ESIf). The most common
sodium hydrate in the solid state is [Na(H,0)s]" with octa-
hedral coordination and a mean Na-O bond distance of
2.417 A (28 structures), Table S1b (ESI{). Salts containing pot-
assium, rubidium and cesium ions do crystallize either as
anhydrous materials or with a number of water molecules sig-
nificantly smaller than observed in aqueous solution, Tables
Sic-e (ESI{).*!

Alkaline earth metal ions

The structure of the hydrated beryllium(u) ion in aqueous solu-
tion has been described in a couple of studies.?*** The
reported Be-O bond distances, 1.67 and 1.6 A, are slightly
different from the mean Be-O bond distance in the [Be
(H,0),]*" ion in the solid state, 1.613 A (20 structures),
Table S1f (ESIT). The studies in aqueous solution report also
the presence of a second hydration sphere, most likely with
eight water molecules, with a Be—(O-H)---Oy distance of
3.7-3.8 A.>*72® A number of theoretical simulations have been
reported,”” >° of which that of D’Incal et al. is in close agree-
ment with the experimental studies with Be-O; and Be-(O,-H)
---Oy; distances of 1.61 and 3.70 A, respectively. A vibrational
spectroscopic analysis strongly supports the results of the
X-ray scattering and simulation studies.*"

15522 | Dalton Trans., 2024, 53, 15517-15538

View Article Online

Dalton Transactions

The Mg-O; bond and Mg—-(O;-H)---Oy; distances in the
hydrated magnesium(u) ion were refined to 2.069(10) and
4.077(10) A, respectively, Table 2; the fitted RDF and intensity
functions are given in Fig. S1 (ESIt). This Mg-O; bond distance
is in close agreement with the mean Mg-O; bond distance in
solids containing a hexaaquamagnesium(i) ion, of 2.066 A, an
average of 521 structures, Table S1g (ESI{). The mean value of
the Oy(-H)---Oy (55.5%) and O,q(-H)--O,q (44.5%) distances
was refined to 2.832(5) A, Table 2. The Oy(-H)---Oy; distance
was estimated as 2.785 A from such distances in solid com-
pounds,® vide supra, and from the refined mean value of the
Oy(-H):+-Oy; and O,q(-H):+-O,q distances; the O,q(-H)-+-O,q dis-
tance in dilute aqueous solutions of electrolytes is ca. 2.89 A.?*
The mean Mg-Oy---Oy; angle becomes 113.4°, a result in good
agreement with previously reported X-ray and neutron scatter-
ing and theoretical simualtions of the hydrated magnesium(u)
ion in aqueous solution.?®**7*> Smirnov and Trostin reviewed
structural studies on the hydrated magnesium(u) ion in
aqueous solution up to 2007.° They concluded that the
hydrated magnesium(u) ion binds six water molecules in octa-
hedral fashion with a mean Mg-O bond distance of 2.1 A, also
having a second hydration shell with twelve water molecules at
4.1 A. Since then, several theoretical simulation studies have
been reported supporting the experimental results in this and
previous studies.>*>> There is a small difference in the
results reported in the experimental and simulation studies,
the Mg—-(O-H)---Oy; distance being 4.1 and 4.2 A, respectively,
corresponding to Mg-Or---Oy angles of ca. 115 and 120°,
respectively. The simulations seem to result in a Mg-O bond
with a higher degree of electrostatic bonding than observed
experimentally. The O-D and O-H stretching frequencies of
the hydrated magnesium(n) ion in aqueous solution clearly
indicates the presence of two hydration shells.”?

LAXS studies of aqueous solutions of calcium(u) chloride,
bromide and iodide, where the salts are fully dissociated, have
shown that the hydrated calcium ion is eight-coordinate in
square antiprismatic fashion with mean Ca-O; and Ca—(O;-H)
--Oy distances of 2.46 and 4.58 A, respectively.® The mean
Ca-O bond distance in eight-coordinate hydrated calcium(u)
ions in the solid state is 2.476 A (11 structures), while it is sig-
nificantly shorter in six- and seven-coordinate species present
in crystalline hydrates at 2.324 and 2.401 A (15 and 18 struc-
tures), Table Sih (ESIf), respectively."> Earlier LAXS studies
gave the same Ca-O; and Ca—(O,-H)---Oy distances but in
some cases with lower coordination numbers.”**” A DFT simu-
lation of the hydrated calcium(u) ion in aqueous solution has
given a coordination number close to eight, and indicated the
presence of a second hydration shell.>

A combined LAXS and EXAFS study of aqueous strontium
(1) perchlorate and chloride solutions has defined eight-
coordination in a square antiprismatic fashion with mean Sr-
O; and Sr-(O;-H)---Oy; distances of 2.62 and 4.78 A, respect-
ively." Another LAXS study reported a Sr-O; bond distance of
2.64 A, but a much longer Sr-(O;-H)---Oy; distance of 4.90 A.*®
The mean Sr-O bond distance in the octaaquastrontium(ir) ion
in the solid state is 2.617 A (20 structures), while the mean Sr-

This journal is © The Royal Society of Chemistry 2024
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O bond distances in hexa- and nonaaquastrontium(u) ions are
2.496 A (3 structures) and 2.658 A (1 structure), Table S1i
(ESIt). The Sr-O bond distance observed in aqueous solution
indicates that hydrated strontium ion is eight-coordinate
square antiprismatic. A combined MD simulation and EXAFS
study supports eight-coordination, but with a shorter Sr-O
bond distance, 2.57 A, than the LAXS studies.>”

A LAXS study of an aqueous barium(u) perchlorate solu-
tion provided Ba-O; and Ba—(O,-H)---Oy distances of 2.82
and 4.90 A, respectively." The mean Ba-O bond distances in
the octa- and nonaaquabarium(u) ions in the solid state are
2.777 and 2.832 A (4 structures each), respectively, Table S1j
(ESIt). The Ba-O bond distance observed in aqueous solu-
tion indicates that the hydrated barium ion is nine-coordi-
nate, even though an equilibrium between eight- and nine-
coordination species cannot be excluded. Two combined
MD simulation and EXAFS studies provided a similar
conclusion.?**°

An RD-SCF study has detected two O-H stretching frequen-
cies of the hydrated magnesium(u), calcium(u), strontium(i)
and barium(u) ions both below and above the value of bulk
water, showing the presence of two well-defined hydration
shells.> DDIR spectroscopy supports the presence of two
hydration shells around all alkaline earth metal ions.”

Group 3 metal ions

The hydrated group 3 metal ions, scandium(ui), yttrium(m)
and lanthanum(m), differ in their coordination geometry being
dicapped trigonal prismatic (8-coordination),*! square anti-
prismatic (8-coordination)** and tricapped trigonal prismatic
(9-coordination),*® respectively, in both aqueous solution and
the solid state. The hydrated scandium(ur) ion binds six water
molecules in a trigonal prism at 2.17 A to which twelve water
molecules are bound in a second hydration sphere at 4.27 A.*!
The mean value of the Oy(-H)---Oy (47.1%) and Ouq(-H)::O,q
(52.9%) distances was refined to 2.825(5) A. Using this value
the Oy(-H)---Oy; distance was estimated as 2.752 A using the
Oaq(-H)-+0,q distance of 2.89 A.>' The two water molecules in
the capping positions are much more weakly bound at ca. 2.32
and 2.5 A.*' As the capping water molecules are weakly bound,
it is not expected that these are sufficiently polarized to form a
second hydration shell with water molecules with different
properties than bulk water. A summary of reported solid state
structures containing a scandium(m) aqua ion is given in
Table S1k (ESIf). It should be noted that the Sc-O bond dis-
tance in the capping positions are reported to be identical in
some structure determinations. This is due to the fact that the
compounds crystallize in space groups with higher symmetry
than that of the [Sc(H,0)s]** complex.*!

The hydrated yttrium(m) ion binds eight water molecules at
2.365 A, and 16 water molecules in a second hydration sphere
at 4.40 A in aqueous solution.”” The mean Y-O bond distance
in the octaaquayttrium(m) ion in solid state is 2.353 A (21
structures), Table S1l (ESIf). No vibrational spectroscopic
studies on the hydrated scandium(ur) and yttrium(ur) ions have
been reported.
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The hydrated lanthanum(m) ion binds six water mole-
cules in the trigonal prismatic positions at 2.515 A, and
three in the capping positions at 2.66 A in aqueous solu-
tion.** The water molecules in the prismatic positions
hydrogen bind 12 water molecules in a second hydration
sphere at 4.40 A.** The mean La-O bond distance in the
octa- and nonaaqualanthanum(m) ions in the solid state are
2.495 (2 structures) and 2.555 A (19 structures), Table S1m
(ESIT). The RD-SCF spectrum of the hydrated lanthanum/(ir)
ion shows that the band related to weakly coordinated water
molecules is more pronounced than, e.g., with the alkaline
earth and transition metal ions.’ This means that the water
molecules in the second hydration sphere and those in the
capping positions have interactions that are weaker than the
intermolecular hydrogen bonding in the aqueous bulk and
indicates that any second hydration sphere is not present
outside the water molecules in the capping positions. The
strength of the hydrogen bonds between the first and
second hydration spheres of lanthanum(m) is of the same
order as that of divalent alkaline earth and transition metal
ions,” and the O;(-H)---Oy; distance is estimated as 2.785 A,
vide supra.

Lanthanoid(m) and actinoid(iv) ions

The hydrated lighter lanthanoid(ur) ions, Ce-Er, bind nine
water molecules in tricapped trigonal prismatic fashion in
aqueous solution and the solid state, while the heavier ones,
Ho-Lu, have an increasing water deficit in the capping posi-
tions with creasing atomic number in both aqueous solution
and the solid trifluoromethanesulfonate salts.** The Ln-O,
(prism) and Ln-O. (capping) bond distances decrease with
increasing atomic number, and the difference between the
Ln-O, and Ln-O, bond distances increases with increasing
atomic number.** The lanthanoid(m) ions with water deficit
in the capping positions have different Ln-O, bond dis-
tances, while for the lighter ones with all three capping posi-
tions filled, the Ln-O, bond distances are the same.** The
solid state structures containing a hydrated lanthanoid(u)
ion are summarized in Tables S1n-S1z (ESI}). The RD-SCF
spectra of the hydrated gadolinium, dysprosium(u) and lute-
tium(m) ions are similar to that of lanthanum(m).> DDIR
spectra of the hydrated lanthanoid(m) ions are more or less
identical to the lanthanum(m) one.> A limited number of
LAXS studies on hydrated lanthanoid() ions are
reported*>*® as summarized in Table 3. However, it can be
assumed that all lanthanoid(m) ions are hydrated in a
similar way with a second hydration shell outside the
water molecules in the prismatic positions but with most
likely no polarized water molecules outside the capping
positions.

The hydrated thorium(wv) ion hydrolyses very easily, and is
only present in very acidic aqueous solution. Two LAXS and
two EXAFS studies have shown that the mean Th-O bond dis-
tance in the hydrated thorium(wv) ion in acidic aqueous solu-
tion is ca. 2.46 A.*”7*° The number of bound water molecules
differs in the reported studies, mainly due to the difficulties in
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Table 3 Summary of results from LAXS and DDIR spectroscopy studies of hydrated metal ions in aqueous solution

Ton CN d(M-0y) dM(-0y))--Oy  d(Op+-O)  £M-O-Op/°  y(O-D)/cm™  Ref.

Li 4 1.95 4.0 2.85 114.1 2438 + 2530 2 and 15-20

Na' 6 2.43 2534 2 and 21

K 7 2.79 2549 21

Rb* 8 2.98 2560 21 and 22

Cs* 8 3.08 2567 21

Be*" 4 1.62 3.7 2.785 111.5 24-26

Mg 6 2.069 4.077 2.785 113.4 2428 This work, ref. 2 and 26
Ca** 8 2.46 4.58 2.8 121.0 2540 2 and 36

Sr** 8 2.64 4.78 2.8 123.0 2529 1 and 2

Ba** 9 2.82 4.90 2.8 121.4 2537 1 and 2

Sc** 6+1+1 2.174+229+2.5 4.276 2.752 120.0 41

Y 8 2.365 4.41 2.725 119.9 42

La** 6+3 2.527 + 2.60 4.63 2.785 121.2 2421 2 and 43

ce** 6+3 2.516 + 2.58 4.56 2.785 118.6 45 and 46

Sm** 6+3 2.43 +2.53 4.56 2.785 121.0 45

Tb** 6+3 2.40 +2.53 4.50 2.785 120.1 45

Er** 6+2.9 2.36 +2.48 4.45 2.785 119.7 45

Th** 6+3 2.454 4.547 2.725 122.8 47-49

u** 6+3 2.43 4.43 2.725 118.4 52

A" 6 1.891 4.018 2.725 119.9 2200 + 2420  This work, ref. 2

Ga** 6 1.959 4.05 2.725 118.7 58

In** 6 2.131 413 2.725 116.0 58

TI** 6 2.23 4.20 2.725 115.5 59

TI* 2+2 2.8+3.2 60

Sn** 3 2.204 4.126 2.785 111.1 61

Pb>* 6 2.53 4.44 2.785 113.2 62

Bi** 8 2.411 4.47 2.745 120.1 64

cr*' 6 1.966 4.08 2.725 120.0 2200 + 2420 2,58 and 65

Mn** 6 2.174 4.258 2.783 116.7 2420 This work, ref. 2 and 72
Fe?* 6 2.124 4.092 2.785 112.2 2419 This work, ref. 2 and 77
Fe** 6 1.999 4.012 2.746 114.5 This work, ref. 77

Co** 6 2.090 4.072 2.788 112.4 2428 This work

Rh* 6 2.030 4.02 2.745 113.8 2200 + 2420 2 and 96-99

Ni?* 6 2.057 3.981 2.788 109.6 2418 + 2530  This work, ref. 2, 71, 89, 90 and 101
cu* 6 1.965 +2.16 +2.32  4.094 2.787 117.9 2400 + 2530  This work, ref. 2 and 109
Ag' 24+2+?  233+259+4 4.65 2.89 125.6 118

Zn** 6 2.091 4.10 2.790 113.5 2418 This work, ref. 2 and 120-122
ca** 6-7 2.302 4.284 2.788 114.4 2423 2 and 126-128

Hg,” 6 2.242 4.515 2.89 122.7 135

Hg>" 6 2.342 4.198 2.785 109.6 2416 2 and 130

vo** 4+1 1.992 +2.2 4.06 2.85 115.4 137

vVO," 242 1.987 +2.215 4.16 +4.27 2.9 117.5 + 114.3 137

U0, 5 2.421 4.37 2.85 111.7 138

determining it from LAXS and EXAFS studies. The few reported
homoleptic thorium complexes with oxygen donor ligands give
mean Th-O bond distances of 2.40, 2.45 and 2.50 A in eight-,
nine- and ten-coordination, respectively,"”>" Table Slaa
(ESIY). The reported mean Th-O bond distance strongly indi-
cates that the hydrated thorium(wv) ion binds ca. nine water
molecules. The LAXS studies define a second hydration sphere
of ca. 18 water molecules at 4.55-4.62 A, and at least portions
of a third hydration shell at 6.75-6.85 A.*”"*° In the only homo-
leptic aquathorium(iv) complex known in the solid state, [Th
(H,0)10Bry, thorium(v) binds ten water molecules in bicapped
square antiprismatic configuration with a mean Th-O bond
distance of 2.50 A.*°

The hydrated uranium(v) ion binds ca. 8 water molecules at
ca. 2.43 A, and a second hydration shell at ca. 4.43 A in acidic
aqueous solution.”> A summary of reported solid state struc-
tures containing an aquauranium or an aquadioxouranium
ion is given in Table S1ab (ESI}).

15524 | Dalton Trans., 2024, 53, 15517-15538

Group 13 metal ions

In the present work, the Al-O; and Al-(O;-H)---Oy; distances
obtained of 1.891(10) and 4.018(10) A, respectively, Table 2, are
in close agreement with previous LAXS studies.”>™> In
addition, portion of a third hydration shell is observed at ca.
6.7 A, Fig. 3. The fits of the RDF and intensity functions are
given in Fig. 4. The Al-O; bond distance is in close agreement
with the mean Al-O bond distance in solids containing the
hexaaquaaluminum(m) ion, 1.882 A (99 structures),
Table Siaf (ESIT). The mean value of both the O;(-H)---Oy
(60.0%) and O,q(-H)---O,q (40.0%) distances was refined to
2.791(5) A, Table 2, and the O;(-H)---Oy distance was esti-
mated as 2.725 A in the same way as described above,
giving an Al-O;---Oy bond angle of 119.9°. Most Al-O;---Oy
bond angles in solid All;-17H,O are in the range 120-125°.”
Theoretical simulation studies support the structure of the
hydrated aluminum(m) ion in aqueous solution found in the

This journal is © The Royal Society of Chemistry 2024
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experimental studies.>®>® A vibrational spectroscopic analysis
of the [Al(H,0)¢(H,0);,]>" complex in aqueous solution has
shown the high symmetry of the hydrated aluminum(u)
ion.”” DDIR spectra show two bands of the hydrated alumi-
num(m) ion below the O-D stretching of bulk water, 2200
and 2420 cm™', identifying to HDO molecules in the first
and second hydration shells, respectively.” The presence of
significantly polarized water molecules in the second
hydration shell strongly indicates the presence of at least
parts of a third hydration sphere.

The hydrated gallium(m), indium(u) and thallium(u) ions
bind six water molecules in octahedral fashion in the first
hydration shell, and twelve in well-defined second hydration
shells in aqueous solution.’®>° The mean M-0O; and M-(O-H)
---Oyy distances are 1.959 and 4.05 A, and 2.131 and 4.13 A, for
gallium(m) and indium(m) ions, respectively.>® The TI-O; bond
distance in the hydrated thallium(u) ion is reported to 2.236 A,
but a Tl-(O-H)---Oy; distance was not reported even though a
significant peak in the RDF was observed at 4.20 A.>’ The
mean M-O bond distances in solid compounds containing the
hexaaquametal(m) ions are 1.946, 2.124 and 2.230 A for
gallium(m), indium(m) and thallium(mr) as a mean of 13, 9 and
1 structures, respectively, Tables Slag-Slai (ESIf). No
vibrational spectroscopic studies of the hydrated gallium(m),
indium(ur) and thallium(m) ions in aqueous solution have
been reported.

The thallium(i) ion is weakly hydrated without any well-
defined coordination number or figure.*® It is not expected
that any second hydration shell is present in aqueous solution.

Group 14 and 15 metal ions

The aqueous chemistry of group 14 and 15 metal ions is
limited to the oxidation states +II and +III, respectively, which
is two below the maximum one. These ions have d'%s* electron
configuration. The coordination chemistry of tin(u) and lead(u)
is strongly affected by the electron configuration with at least
partially filling of the Sn(5s)/Pb(6s)-ligand (np) anti-bonding
orbitals causing a large gap in the coordination sphere.®"*
The hydrated tin(u) ion binds three water molecules in a foot-
stool-like configuration with a mean Sn-O; bond distance of
2.21 A, and a mean O;-Sn-O; bond angle of 78° in both
aqueous solution and the solid state,®"®® Table S1aj (ESIT).
The mean Sn-O,(-H)---Oy; distance is 4.13 A in aqueous solu-
tion. By assuming an O~(H)---Oy; distance of 2.785 A, as in
most divalent metal ions, vide supra, the Sn-O;—(H)---Oy; bond
angle becomes 111.1°.%

The hydrated lead(u) ion binds approximately six water
molecules, but no detailed coordination geometry could be
given.®® It can be expected that a large part of the coordination
sphere is occupied by electrons in the anti-bonding orbital
causing a gap in that sphere. The Pb-O; and Pb—(O-H)---Oy
distances are 2.53 and 4.44 A, respectively, and assuming an
O;-(H)---Oy distance of 2.785 A, the mean Pb-(O;-H)--Oy
angle becomes 113.4°.°>

The hydrated bismuth(in) ion binds eight water molecules
in square antiprismatic fashion in aqueous solution with a
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mean Bi-O; bond distance of 2.41 A, and the Bi—(O-H)---Oy
distance is 4.47 A. Assuming an O~(H)--Oy distance of
2.785 A, the mean Bi—(O-H)---Oy; angle becomes 120.1°.°* In
the solid state, the hydrated bismuth(m) ion is nine-coordinate
in a tricapped trigonal prismatic fashion in the trifluorometha-
nesulfonate salt with Bi~O, and Bi-O, bond distances of 2.435
and 2.595 A, respectively.®® No vibrational spectroscopic
studies of the hydrated tin(u), lead(u) and bismuth(m) ions in
aqueous solution have been reported.

Transition metal ions

The hydrated chromium(m) ion binds six water molecules in
octahedral fashion at 1.966 A, and twelve in a second
hydration shell at 4.08 A.'>*®% Assuming a mean Cr-(O-H)
.--Oy; distance of 2.725 A, as found for the trivalent aluminium
ion, vide supra, the Cr-O-(H)---Oy bond angle becomes
120.0°. The mean Cr-O bond distance in hexaaquachromium
(m) ions in crystalline compounds is 1.965 A (24 structures),
Table Siap (ESIt). The results of combined MD simulation
and EXAFS studies are in agreement with the LAXS
studies.®®®” DDIR spectroscopy shows that the hydrated chro-
mium(m) ion has identical absorption bands to those of alumi-
num, vide supra, indicating the presence of at least part of a
third hydration shell.” The LAXS studies of the hydrated chro-
mium(m) ion in aqueous solution do however not show any
well-defined Cr(-O-H---Oy—H)---Oyy distance.>®®

In the present study, the Mn-O; and Mn—(O;-H):---Oy; dis-
tances were refined to 2.174(4) and 4.26(2) A, respectively,
Table 2. The fits of the RDF and intensity functions are given
in Fig. S2 (ESIt). The mean value of the Oy(-H)---Oy (60.9%)
and O,q(-H)-+O4q (39.1%) distances was refined to 2.825(5) A,
Table 2, giving an estimated Oy(-H)---Oy; distance of 2.783 A;
the Mn-Oy---Oy; angle becomes 116.7(2.0)°. The mean Mn-O
bond distance in crystalline compounds containing a hexaa-
quamanganese(n) ion is 2.174 A (166 structures), Table Slaq
(ESIt). LAXS and EXAFS studies on the hydrated manganese(u)
ion in aqueous solution have given Mn-O bond distances in
the range 2.17-2.20 A.°®7> However, there is a large spread in
the Mn—(O-H)---Oy; distances of 4.17-4.43 A. A theoretical
simulation study of the hydrated manganese(n) ion in aqueous
solution is good agreement with the experimental result in
this study.”® A vibrational spectroscopic analysis of the [Mn
(H,0)6(H,0)1,]*" complex in aqueous solution has been
reported,”® and a DDIR spectroscopic study has given an O-D
stretch of 2420 cm™ in agreement with the values for other
divalent metal ions, showing two hydration shells around the
manganese(n) ion in aqueous solution.”

The Fe-O; and Fe—(O-H)---Oy distances in the hydrated
iron(u) ion in aqueous solution have now been refined to 2.124
(8) and 4.092(14) A, respectively, Table 2. The fits of the RDF
and intensity functions are given in Fig. S3 (ESI}). The mean
value of the Oy(-H)---Oy; (55.3%) and O,q(—H):-O,q (44.7%) dis-
tances was refined to 2.832(5) A, Table 2, giving an estimated
0y(-H)---Oy; distance of 2.785 A; the Fe-O;---Oy; angle becomes
112.2(1.0)°. The Fe-O bond distance is in close agreement with
the mean Fe-O bond distance in crystalline compounds con-
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taining the hexaaquairon(n) ion of 2.120 A (92 structures),
Table Siar (ESIT). LAXS, neutron scattering and EXAFS studies
on the hydrated iron(u) ion in aqueous solution have given Fe-
O bond distances in the range 2.10-2.13 A.”>””7 The LAXS
study gives a much longer Fe-(O-H)---Oy distance,
4.30-4.51 A,”® giving an unrealistically large Fe-Oy---Oy; angle.
This is also the case for two simulation studies of the hydrated
iron(n) ion in aqueous solution.”®”® DDIR spectroscopy gives
an O-D stretching frequency at 2420 cm™" as found with other
divalent metal ions, consistent with two hydration shells
around the hydrated iron(ir) ion.*

The Fe-O; and Fe—(O;-H)---Oy distances of the hydrated
iron(m) ion have been refined to 1.999(4) and 4.012(10) A,
respectively, in this study, Table 2. The fits of the RDF and
intensity functions are given in Fig. S4 (ESIt). The mean value
of the Oy(-H)--Oy; (66.7%) and O,q(-H)-+-O,q (33.3%) distances
was refined to 2.794(5) A, Table 2, giving an estimated Oy(-H)
-0y distance of 2.746 A, and an Fe-O;---Oy angle of 114.5
(0.7)°. The Fe-O bond distance is in close agreement with the
mean Fe-O bond distance in crystals containing the hexaa-
quairon(m) ion of 1.995 A (21 structures), Table Siar (ESIY).
LAXS and EXAFS studies on the hydrated iron(m) ion in
aqueous solution give Fe-O bond distances in the range
1.99-2.05 A.”7%9%¢ QOne simulation study has given slightly
longer Fe-O; and Fe—-(O-H)---Oy; distances than in the experi-
mental studies, with the Fe-O bonds deemed stronger than
Al-O bonds due to a higher degree of covalency.”® Another
simulation study has given Fe-O; and Fe—-(O—H)---Oy; distances
in close agreement with the present LAXS data.®”

The Co-O; and Co-(O;-H)---Oy; distances of the hydrated
cobalt(u) ion in solution have now been refined to 2.090(4) and
4.072(14) A, respectively, Table 2. The fits of the RDF and
intensity functions are given in Fig. S5 (ESIt). The mean value
of the Oy(-H)--Oy; (54.4%) and O,q(-H)-+-O,q (45.6%) distances
was refined to 2.835(5) A, giving an estimated O;(-H)---Oy; dis-
tance of 2.788 A and the Co-O;-+-Oy angle becomes of 112.4
(1.0)°. The Co-O bond distance is in close agreement with the
mean Co-O bond distance in crystals containing a hexaaqua-
cobalt(n) ion of 2.088 A (446 structures), Table Siat (ESIY).
Previous LAXS and EXAFS studies on the hydrated cobalt(u)
ion in solution give Co-O bond distances in the range
2.08-2.14 A but the Co—-(O-H)---Oy; distances are significantly
longer, 4.20-4.28 A,*®°! than in this study resulting in unrea-
listically wide Co-O;---Oy; angles. Combined MD simulation
and EXAFS studies give Co-O; distances close to the LAXS
studies of 2.09 A.°*™° However, several of the simulation
studies gave significantly longer Co-(O;-H)---Oy; distances of
ca. 4.4 A, along with unrealistic Co-Oy---Oy; angles,”™®* while
another gave 4.24 A and a Co-O;---Oy; angle of 120°.°° The con-
tribution from the second hydration shell to the EXAFS signal
was judged not to be significant.”>®> DDIR spectroscopy has
given an O-D stretching at 2428 em™" in agreement with that
of other divalent metal ions, indicative of two hydration shells
around the cobalt(u) ion in solution.?

The hydrated rhodium(u) ion binds six water molecules in
the first hydration shell at 2.03 A, and twelve in a second
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hydration shell at 4.02 A.°*°° DDIR spectroscopy shows two O-
D stretching bands at 2200 and 2420 cm™*,* strongly indicating
the presence of at least part of a third hydration shell.
However, this was not confirmed in the reported LAXS
studies.”®°® The Rh-O bond distance is in close agreement
with the mean Rh-O bond distance in crystals containing a
hexaaquarhodium(m) ion of 2.022 A (4 structures), Table S1au
(ESTH).

The Ni-O; and Ni—(O-H)---Oy; distances in the hydrated
nickel(r) ion in solution have been refined to 2.057(4) and
3.981(12) A, respectively, in the present study, Table 2. The fits
of the RDF and intensity functions are given in Fig. S6 (ESIT).
The mean value of the O;(-H)---Oyy (54.9%) and Ouq(-H)-++O,q
(45.1%) distances was refined to 2.834(5) A, Table 2, giving an
estimated O;(-H)---Oy; distance of 2.788 A and thereby a Ni-
O;---Oy; angle of 109.6(0.7)°. The Ni-O bond distance is in
close agreement with the mean Ni-O bond distance in crystals
containing the hexaaquanickel() ion of 2.055 A (386 struc-
tures), Table Slav (ESIf). LAXS and EXAFS studies on the
hydrated nickel(u) ion in aqueous solution give Ni-O bond dis-
tances in the range 2.05-2.08 A.7899%190°107 The reported Ni-
(Or-H)---Oy; distances are in the range 3.99-4.3 A,7%89:90,100-107
thus, some are in close agreement with this study,”"%%°%1%!
while others differ significantly with too long Ni—(O-H)---Oy;
distances for a realistic Ni-Oy---Oy; angle. Combined MD simu-
lation and EXAFS studies have given Ni-O; distances close to
that of the LAXS studies, 2.05 A.°%>'%” However, the simu-
lations give significantly longer Ni-(O-H)---Oy; distances of
4.27-4.4 A and unrealistically large Ni-O;---Oy; angles.>?%1%8
The contribution from the second hydration shell to the
EXAFS signal is not significant.”>°*'°® The DDIR spectrum
showed an O-D stretch at 2418 cm™" similar to those of other
divalent metal ions and indicating two hydration shells for the
nickel(n) ion in solution.”

The RDF of the aqueous copper(u) perchlorate solution has
a significantly different shape to those of the other hydrated
metal ions in this study with significant contributions in the
range 2.0-2.4 A, Fig. 2 and 5. The peaks at 2.0 and 4.15 A
correspond to the Cu-O; and Cu-(O;-H)---Oy; distances in the
equatorial positions of the Jahn-Teller distorted hydrated
copper(n) ion. The shoulders in the range 2.0-2.4 A correspond
to Cu-O bond distances to water molecules in the axial posi-
tions, Cu-O,,, at different distances, as has been shown
recently.’®''® The Cu-O;, Cu-Ouyq, Cu-Oyy, and Cu—-(Or-H)
--Oyy distances were refined to 1.965(10), 2.16(2), 2.29(2) and
4.094(8) A, respectively, which is in good agreement with
EXAFS studies applying a model with two different axial bond
distances,'®''° Table 2. The mean value of the Oy(-H)---Oy
(53.3%) and O,q(-H)-+:O,q (46.7%) distances was refined to
2.835(5) A, Table 2, giving an estimated O;(-H)---Oy; distance of
2.787 A and a Cu-Oy-+-Oy; angle of 117.9(0.9)°. The water mole-
cules in the weak Cu-O bonds in the axial positions are most
likely not sufficiently polarized to form a second hydration
shell in their vicinity.

The hexaaquacopper(n) complex has several different con-
figurations in the solid state depending on the symmetry of
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space group in which the compound crystallizes. In space
groups without a centre of symmetry or with one not located
on copper in the Jahn-Teller distorted [Cu(H,0)s]** complex,
different Cu-O,, bond distances are observed; the mean Cu-—
Oy, Cu-0,4,; and Cu-O,y, bond distances in the seven reported
structures are 1.983, 2.298 and 2.362 A, respectively.’® In
centrosymmetric space groups the axial Cu-O bond distances
are equal and the mean Cu-O; and Cu-O,, bond distances in
the 108 reported structures are 1.980 and 2.333 A, the solid
state structures containing a tetra-, penta- or hexaaquacopper
(n) ion are summarized in Table Slax (ESI{), respectively.'®®
X-ray and neutron scattering, and studies on the hydrated
copper(u) ion in aqueous solution have given Cu-O; bond dis-
tances in the range 1.94-1.98 A and Cu-0,, bond distances of
ca. 2.3 A8 The Cu-(O-H)---Oy distances in the equatorial
positions lie in the range 3.95-4.20 A.''°''” DDIR spectra
show two O-D stretching bands at 2400 and 2530 cm™,* indi-
cating a second hydration shell attached to the equatorially
bound water molecules, while again the axially bound water
molecules are most likely not sufficiently polarized to form a
second hydration shell.

The hydrated silver(i) ion binds two water molecules in a
linear fashion in the solid state with a mean Ag-O bond dis-
tance of 2.129 A (6 structures), Table S1ay (ESIt). However, in
aqueous solution the mean Ag-O bond distance is signifi-
cantly longer, 2.33 A, and a second hydration shell is apparent
at 4.65 A."° In addition there are ca. two water molecules at
ca. 2.6 A, and another set of water molecules at ca. 4 A, Fig. 6.
The presence of these additional bound water molecules at
long distances explains the significantly longer Ag-O bond dis-
tance in aqueous solution than in the solid state. The Ag—(O—~
H)---Oy angle of 125.6° is larger than observed for other
hydrated metal ions, vide supra, and vide infra. The Ag-O—H;
angle was estimated as 130° in an EXAFS study supporting the
result from the LAXS study.'*® The loosely bound water mole-
cules most likely repel the water molecules in the second
hydration shell giving a larger Ag—(Or-H)---Oy angle than
observed for other hydrated metal ions, Table 3 and Fig. 5,

Fig. 6 Proposed structure of the hydrated silver() ion in aqueous
solution.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

even though the silver(r) ion has soft bonding characteristics.
No vibrational spectroscopic studies on the hydrated silver(i)
are reported.

The Zn-O; and Zn—-(O;-H)---Oy; distances in the hydrated
zinc(u) ion in solution have been refined to 2.091(10) and
4.100(10) A, respectively, in the present study, Table 2. The
mean value of the Oy(-H)---Op (56.2%) and O,q(-H)-Oyq
(43.8%) distances was refined to 2.828(7) A, Table 2, giving an
estimated Oy(-H)---Oy; distance of 2.780 A and a Zn-Oy---Oy
angle of 113.7(0.8)°. The fits of the RDF and intensity func-
tions are given in Fig. S7 (ESIT). The Zn-O bond distance is in
close agreement with the mean Zn-O bond distance in crystals
containing the hexaaquazinc(i) ion, 2.088 A (261 structures),
Table Siba (ESIt). LAXS and EXAFS studies on the hydrated
zinc(u) ion in solution give Zn-O bond distances in the range
2.08-2.11 A%9H1207122 74 (O, H)---Oy distances are in the
range 3.95-4.26 A.°%9L1207122 gimylation studies of the
hydrated zinc(n) ion in solution are in good agreement with
the experimental studies.*®'**'?>> The DDIR spectrum shows
an O-D stretch at 2418 cm™" in agreement with other divalent
metal ion spectra, indicating two hydration shells around
zine(n) in solution.”

The Cd-O; and Cd-(O-H)---Oy; distances in the hydrated
cadmium(n) ion are 2.30 and 4.28 A.***"*?® The mean Cd-O
bond distance in solids containing a hexaaquacadmium ion is
2.266 A (57 structures), Table S1bb (ESIt), while no heptaaqua-
cadmium(u) ion has been found in the solid state so far. There
are indications that an equilibrium between hexa- and heptaa-
quacadmium(u) ions is present in aqueous solution.">*"?”

The hexaaquamercury(u) ion has a regular octahedral
coordination geometry in the solid perchlorate salt, crystalliz-
ing a trigonal space group with a Hg-O bond distance of
2.342 A.**® A combined LAXS and EXAFS study of the hydrated
mercury(u) ion in acidic aqueous solution revealed a highly
asymmetric bond distance distribution assigned to vibronic
coupling of valence states in a so-called pseudo Jahn-Teller
effect that induces a distorted configuration around six-coordi-
nate mercury(n) complexes.”** An EXAFS study of solid [Hg
(H,0)6](Cl0,), gave a mean Hg-O bond distance of 2.36 A,
while the peak maximum appears at 2.33 A.»*° The corres-
ponding values for a perchloric acid solution of mercury(u)
gave mean and peak maximum Hg-O distances of 2.38 and
2.33 A, respectively. The crystal structure of [Hg(OS
(CH3),)]6(ClO,), shows three pair-wise Hg-O bond distances of
2.317, 2.320 and 2.376 A,"*' supporting a pseudo or second
order Jahn-Teller distortion. By applying such a model to the
hydrated mercury(u) ion in solution and in the solid perchlor-
ate salt, the experimental observations are fully explained.™*® A
LAXS study on a perchloric acidic solution of mercury(u) per-
chlorate gave a mean Hg-O bond distance of 2.34 A, and a very
large displacement factor implying a distribution at least
0.05 A wider than that expected for a regular octahedral
hydrated divalent transition metal ion."*® A second hydration
sphere is observed with a mean Hg—(O-H)---Oy distance of
4.20 A."*° Other EXAFS studies on the hydrated mercury(i) ion
in solution have provided a mean Hg-O bond distance of
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2.33 A, and coordination number of seven.'*>*** However,
seven-coordination of mercury(i) ion should result in a signifi-
cantly longer Hg-O bond distance than the reported one.

Each mercury atom in the dimeric mercury(1) ion, [Hg-
Hg]**, binds three water molecules at 2.24 A, and six water
molecules in a second hydration shell at 4.52 A in aqueous
solution.””® The Hg-Hg bond distance was found to be
2.524 A. In the solid state, each mercury atom binds one water
molecule at 2.135 A, and the Hg-Hg bond distance is 2.501 A
(6 structures), Table S1bc (ESIT). A QMCF MD simulation study
of the hydrated mercury(r) ion has provided somewhat longer
Hg-Hg and Hg-O, distances than determined experimentally."*®

Oxo- and dioxometal ions

The hydrated oxovanadium(iv) or vanadyl(iv) ion, VO**, binds
four water molecules in the equatorial plane almost perpen-
dicular to the V=0 double bond at 1.99 A, and a second
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hydration shell is observed at 4.06 A.**” One water molecule is
weakly bound trans to the V=0 double bond at ca. 2.20 A. This
water molecule is most likely not sufficiently polarized to
hydrogen bind to water molecules with different physical pro-
perties than bulk water. The V=0, V-O; and V-Oy,s bond
distances in the solid state are 1.580, 2.026 and 2.187 A (10
structures), Table S1ao (ESIT).

The hydrated dioxovanadium(v) or vanadyl(v) ion VO,", has
two V=0 bonds in cis-configuration. Two water molecules
trans to the V=0 bonds are weakly bound at 2.22 A, while the
two cis-oxido atoms have a mean V-0 bond distance of 1.99 A,
and a second hydration sphere at ca. 4.16 A.™*’

The hydrated dioxouranium(vi) or uranyl(v) ion, UO,*",
double-binds two oxygens, O=U=0, in a trans configuration,
at 1.77 A, and five water molecules perpendicular to the
O=U=O0 unit at 2.42 A with a second hydration sphere at
4.58 A."*® An early LAXS study reported similar results."*® The

Lithium and alkaline earth metal ions
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(a). The M—0O,—(H)-0Oy, angles of the hydrated lithium and alkaline earth metal ions. (b). The M-0O,—(H)-0O,, angles of the hydrated group 3,

13, 14, lanthanoid(i) and thorium(wv) ions. (c). The M—O,—(H)-0O,, angles of the hydrated transition metal ions.
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mean U=O and U-O; bond distances in crystals containing
the pentaaquauranyl(vr) ion are 1.760 and 2.422 A (7 struc-
tures), Table Siab (ESI}). A combined simulation and EXAFS
study reports U-O,q and U-(O,q—H)--Oy distances of 2.46 and
4.61 A, respectively.™*°

Degree of polarization of the second hydration shell of
hydrated metal ions

The M-0y, M=(O1-H)---Oy; and O;—(H)---Oy; distances, the M-
O-(H)---Oy; bond angle, and the O-D stretching frequencies
from DDIR measurements of hydrated metal ions in aqueous
solution are summarized in Table 3. The large hydrated mono-
valent metal ions, Na*, K, Rb", Cs" and TI', have an O-D
stretching frequency higher than that of bulk HDO showing
that the M-O bond is weaker than the intermolecular hydro-
gen bonds in bulk water.” These metal ions have most likely
only a single hydration shell, Table 3. Furthermore, LAXS
studies have not been able to prove the presence of second
hydration sphere around these metal ions.*>®® The lithium
ion, all divalent metal ions and the trivalent lanthanoid(im)
ions have an O-D stretching frequency of ca. 2420 cm™,
showing that the M-O bond is stronger than the inter-
molecular hydrogen bonds in bulk water and the presence of
two hydration shells,” Table 3. RD-SCF has detected two O-H
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stretching frequencies for these hydrated metal ions at 3300
and 3600 cm™" corresponding to the water molecules in the
first and second hydration shell, respectively. This shows that
the water molecules in the first hydration shell are sufficiently
polarized to hydrogen bond to a second hydration shell. A
second hydration shell has indeed been detected in LAXS and
neutron scattering studies of these metal ions in aqueous solu-
tion, Table 3. Tri- and tertravalent metal ions, except lantha-
num(m) and the lanthanoid(m) ions, show two O-D stretching
frequencies below the one in bulk water, ca. 2200 and
2420 cm™, Table 3, strongly indicating the presence of at least
portions of a third hydration shell. The third hydration shell is
expected to have similar properties as the second hydration
shell of divalent metal ions as they display similar O-D stretch-
ing frequencies, Table 3. At least portions of a third hydration
shell has been detected for the aluminum(m) and thorium(wv)
ions by LAXS, this work and ref. 47-49, while it is not
sufficiently well-defined in the RDF’s of the hydrated chro-
mium(m), iron(mr) and rhodium(m) ions.

The M-O;-(H)-Oy; angle is assumed to be an indicator of
the M-O; bond character, vide supra. The M-O,—(H)-Oy; angles
of hydrated metal ions are summarized in Table 3 and Fig. 7.
The small lithium, beryllium and magnesium(u)ions have M-
O—(H)-Oy; angles in the range 111-114°, indicating a covalent

Table 4 Summary of results from LAXS and DDIR spectroscopy studies of halide and oxoanions in aqueous solution

d(X-(0)-Oyq)/A

Ion d(X-0)/A d(X-+(H)-O0aq)/A d((X-)0--(H-)Ouq)/A Xo+0+++Oyq/° CN 1(O-D)/em™ Ref.

F- 2.7% 4 2450 2 and 141-143
cl” 3.25 6 2530 2,23 and 36
Br~ 3.36 6 2550 2,23, 36 and 144
I 3.61 8 2570 2,23, 36 and 145
NO;~ 1.28 3.61 3.02 107 9 2595 99, 128 and 146
clo™ 1.662 3.85 3.045 106 3 147

clo,” 1.591 3.881 3.045 110 6 148

Clo;~ 1.501 3.770 3.021 108 9 148

clo,~ 1.453 3.757 3.046 109 12 2630 2, 62 and 148
BrO;~ 1.671 4.068 2.987 119 6 148

10, 1.829 4.27 3.013 122 6 148

10, 1.781 4.243 3.009 123 8 148

MnO, 1.630 4.095 3.031 120 8 2610 149

ReO,” 1.735 4.197 3.01 122 8 2592 149

S0;%~ 1.53 3.68 2.878 109 9 150

S04~ 1.495 3.61 2.85 108 12 2477 2 and 151
S,0,%~ 1.479 3.622 2.854 109 12 152

Se0,%~ 1.709 3.87 2.85 114 6-9 2478 153

Se0,* 1.657 3.94 2.85 120 8 2480 153

Cro,>~ 1.660 3.955 2.85 120 8 2472 149

MoO,? 1.775 4.010 2.85 118 8 2472 149

WO~ 1.797 4.024 2.85 118 8 2472 149

H,PO, 1.527 3.711 2.85 111 12 2478 154 and 155
HPO,*~ 1.531 154 and 155
PO,%~ 1.533 2434 154 and 155
H,AsO, 1.785 4.096 2.85 122 6 156

AsO3%~ 1.785 156

H,AsO,~ 1.707 156

HAsO,> 1.704 156

AsO,*~ 1.706 3.929 2.85 121 8 156

HVO,>~ 1.738 3.754 2.85 123 8 149

Cr,0, 1.616 + 1.806 149

“ Denotes estimated value.

This journal is © The Royal Society of Chemistry 2024
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contribution in the M-O bonds, Fig. 7a. On the other hand,
the larger alkaline earth metal ions, calcium, strontium and
barium, have M-O,—(H)-Oy; angles close to 120° indicating
mainly electrostatic M-O bonds, Fig. 7a. The group 3, 13,
lanthanoid (i), thorium(iv) and bismuth(u) ions also have M-
O,~(H)-Oy; angles close to 120°, Fig. 7b. The tin(u) and lead(u)
ions have M-O;-(H)-Oy; angles close to 112° indicating a sig-
nificant covalent contribution to the M-O bonds, Fig. 6b. The
M-0;—~(H)-Oy; angles in the hydrated first row transition metal
ions decrease from 120 to 110° for chromium(ur) to nickel(u),
Fig. 7c. The Cu-O;~(H)-Oy; angle is surprisingly large, 118°.
The d'® metal ions zinc and cadmium have M-O~(H)-Oy
angles of 114°, while the mercury(u) ion, known to form bonds
with a significant covalent contribution, has a Hg-O—(H)-Oy,
angle of 110°, Fig. 7c. The reason to the large Ag-O;-(H)-Oy
angle of 126°, is discussed vide supra.

Hydration of inorganic anions in aqueous solution

The monovalent halide, oxohalo and oxometallate ions, except
the fluoride ion, all have an O-D stretching frequency higher
than that of bulk water, Table 4, showing that they are weakly
hydrated. The di- and trivalent oxoanions have O-D stretching
frequencies lower than that of bulk water, and thereby form
bonds to water that are stronger than the intermolecular
hydrogen bonds in bulk water. The presence of a second
hydration should be possible but it has not been possible to
detect any second hydration shell by structure methods, except
for the vanadate ion."*°

An interesting observation is the difference in the X-O---O;
angle of oxoanions as this angle also determines the number
of water molecules binding to each oxygen atom in the oxoa-
nion. The oxochloro, oxosulfur and oxophosphosphorus
anions have X-O---O; angles close to the tetrahedral angle,
109.5°, indicating that three water molecules bind to each
oxygen, while for oxobromo, oxoiodo, oxoselenium, oxoarsenic
and oxometallate anions, the X-O---O; angle is close to 120°,
indicating that only two water molecules bind to each anion
oxygen, Table 4.

The X-O bond distance in all oxoanions studied, except
the phosphate ion, increases by ca. 0.02 A on hydration in
aqueous solution in comparison to the X-O bond distance
in the solid state. This shows that the hydration reduces the
charge density of the oxoanion oxygens, and that this effect
is independent of the total charge of the anion, Table 6.
This lengthening of the X-O bond distance can also be
expected for oxoanions such as nitrate and nitrite although
there are no accurate structure determinations in aqueous
solution due to the weak scattering power of nitrogen for
X-rays.

Relationship between ionic diffusion coefficient and size of
hydrated ions in aqueous solution

The larger the ion, the slower the expected diffusion rate in
aqueous solution. Reported ionic diffusion coefficients are
summarized in Table 6 together with structural information
for hydrated metal ions and anions, and the estimated van
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der Waals radii. This has been calculated assuming a spheri-
cal model for all ions except for the linearly hydrated silver
ion, where a cylindrical form has been applied. The relation-
ship between ionic diffusion coefficient and size of hydrated
ions in aqueous solution is shown in Fig. 8. The monovalent
anions, monovalent metal ions, except sodium, and most
divalent metal ions display a linear relationship with the
assumed volume the hydrated ion. However, the volume of
the aluminum(m), chromium(m) and iron(m) ions seems to
be too large with three full hydration shells, but too small
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Fig. 8 Relationship between ionic diffusion coefficient, D;, and volume
of hydrated ion, A3, using experimental structure data in aqueous solu-
tion from Table 6; red circles-monovalent metal ions assuming one
hydration shell, blue circles-divalent metal ions assuming two hydration
shells, green circles-lanthanum(i) and lanthanoid(i) ions assuming two
hydration shells, cerice circles-trivalent metal ions assuming three
hydration shells, black circles-trivalent metal ions and sodium ion
assuming two hydration shells, yellow triangles-monovalent anions with
one hydration shell, and brown triangles-divalent anions assuming one
hydration shell.

Table 5 Mean M-O bond distance, A, in oxoanions in solid state
(without strong bonds to the oxoanion oxygens) and aqueous solution,
Tables S2 (ESI) and S4, respectively

d(M-0)(s) d(M-O)(aq)  Diff. Ref.
clo,” 1.573 1.591 0.018 148
clo,~  1.474 1.501 0.027 148
clo,~  1.430 1.453 0.023 2, 62 and 148
BrO;~  1.652 1.671 0.019 148
10, 1.807 1.829 0.022 148
10,~ 1.756 1.781 0.025 148
MnO,” 1.611 1.630 0.019 149
ReO, 1.710 1.735 0.025 149
SO;>~  1.524 1.53 0.008 150
S0, 1.475 1.495 0.020 151
Se0;%”  1.692 1.709 0.017 153
SO, 1.635 1.657 0.022 153
$,0,2  1.470+2.000 1.479 +2.020  0.009 + 0.020 152
Cro,*~ 1.643 1.660 0.017 149
Cr,0,%~ 1.608+1.782 1.616 +1.806  0.012 + 0.024 149
MoO,>~ 1.756 1.775 0.019 149
wo,*~  1.776 1.797 0.021 149
PO,>~  1.540 1.531 —0.009 154 and 155
AsO°”  1.678 1.704 0.026 156
VO~ 1.720 1.738 0.018 149
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Table 6 Ilonic diffusion coefficients at zero ionic strength, D;, 10~ m? s™%, M—0O, bond distance, d(M—0) in hydrated metal ions, and X—(H)---O,, or
X-O(=H)---O, distance in anions, A, O,(—=H)---O,, distance in cations and O(-H)---O,, A, in oxoanions, A, radius of hydrated ion including the hydration
shells assuming a van der Waals radius of hydrogen of the water in the outer hydration shell of cations of 1.20 A, and of oxygen in the outer
hydration shell of anions, 1.40 A, R, A

Ion D;* d(M-0) d(Or++-Opy) d(M—(O-H)-++Oyy) £(M-0Oy+--Op) R v
One hydration shell ions

Na* 1.334 2.43 3.83 235
Na* 1.334 2.43 2.95° 4.67° 120¢ 5.52° 704¢
K" 1.957 2.79 4.19 308
Rb* 2.072 2.98 4.38 352
Cs* 2.056 2.43 4.48 377
I 1.989 2.8+3.2 4.6 407
Two hydration shell ions

Li* 1.029 1.95 2.85¢ 4.0 114.1 6.09 943
Be?* 0.599 1.62 2.785¢ 3.7 111.5 5.97 803
Mg2+ 0.706 2.069 2.785 4.08 113.4 6.17 983
Ca* 0.792 2.46 2.785 4.58 121.0 6.66 1239
Sr* 0.791 2.64 2.785 4.78 123.0 6.86 1355
Ba** 0.847 2.82 2.785 4.90 121.4 6.99 1433
Mn>* 0.712 2.174 2.783 4.26 116.7 6.34 1068
Fe** 0.719 2.124 2.785 4.091 112.2 6.19 991
Co** 0.732 2.090 2.788 4.07 112.4 6.16 980
Ni%* 0.661 2.057 2.787 3.981 109.6 6.08 940
cu** 0.714 1.965 2.787 4.094 117.9 6.17 982
Ag+ 1.648 2.33 2.785 4.90 125.6 6.72; 3.6” 547
Zn** 0.703 2.091 2.790 4.10 113.5 6.19 993
cd** 0.719 2.302 2.785 4.284 114.4 6.38 1088
Hg2+ 0.913 2.33 2.785 4.198 109.6 6.31 1051
Pb*" 0.945 2.53 2.785 4.44 113.2 6.55 1176
Sc** 0.574 2.174 2.752 4.276 120.0 6.35 1171
Nl 0.550 2.365 2.725 4.41 119.9 6.50 1149
La** 0.619 2.527 2.785 4.63 121.2 6.72 1269
ce** 0.620 2.516 2.785 4.56 119.9 6.65 1234
Sm** 0.608 2.43 2.785 4.56 121.0 6.64 1227
Er 0.585 2.36 2.785 4.45 120.1 6.54 1169
AP* 0.541 1.891 2.725 5.52 119.9 6.10° 950°
cr’t 0.595 1.966 2.725 5.58 120.0 6.15° 974°¢
Fe’* 0.604 1.999 2.746 5.51 114.5 6.10° 949°¢
Three hydration shell ions

AP 0.541 1.891 2.725 5.52 119.9 7.81 1999
cr*t 0.595 1.966 2.725 5.58 120.0 7.88 2042
Fe** 0.604 1.999 2.746 5.51 114.5 7.83 2014
Ion Dy d(X-0) d(X-+-0y) d(0-(H)---Oy) d(X-(H)---Oy) R v
Cl™ 2.032 3.25 4.65 421
Br~ 2.080 3.36 4.76 452
I 2.045 3.61 5.01 527
NO;z~ 1.902 1.28 3.02 3.61 5.01 527
ClO,~ 1.382 1.591 3.040 3.881 5.281 617
ClOs™ 1.72 1.501 3.021 3.770 5.170 579
Clo,~ 1.792 1.453 3.046 3.757 5.157 574
BrO;~ 1.483 1.671 2.987 4.068 5.468 685
105~ 1.078 1.829 3.013 4.270 5.670 764
10,4~ 1.451 1.781 3.009 4.243 5.643 753
MnO,~ 1.632 1.630 3.031 4.095 5.495 695
ReO,~ 1.462 1.735 3.010 4.197 5.597 734
Cr042’ 1.132 1.660 2.85 3.940 5.340 637
WO42_ 0.991 1.775 2.85 4.010 5.410 663
SOSZ_ 0.959 1.53 2.878 3.68 5.080 549
SO42_ 1.065 1.495 2.85 3.61 5.010 527
SeO427 1.008 1.657 2.85 3.622 5.022 531
PO43_ 0.824 1.537 2.815 3.588 4.988 520

“Ref. 157. 7 Length and radius of an applied cylindric model. “ Denotes assumed value.
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with two. This indicates that fractions of a third hydration
shell are present around these ions, Fig. 8, as also indicated
by the LAXS studies, vide supra. The volumes of the calcium
(), strontium(u), barium(u) and lead(u) ions are slightly
larger than expected from the ionic diffusion coefficient-
hydrated volume relationship, Fig. 8. This may indicate that
the second hydration shells are not complete or that the
water molecules in the second hydration shell are less stiff.
This is supported by the increasing deviation from the linear
relationship with increasing size/decreasing charge density of
these ions, Fig. 8. The volumes of the divalent anions seem to
be underestimated, indicating the presence of portion of a
second hydration shell even though they have not been
detected in LAXS studies. The 1(O-D) stretching frequencies
of the first hydration shell being lower than in bulk water
may indicate the possibility of portion of a second hydration
shell, vide supra. The ionic diffusion coefficient-hydrated
volume relationship strongly indicate that the sodium ion
has two hydration shells even though neither the LAXS nor
the DDIR studies indicate this (Table 5). The hydrated silver
ion fits well into the size-ionic diffusion coefficient relation-
ship assuming a cylindrical form.

Conclusions

The good correlation between calculated volume of the hydrated
metal ions from the LAXS measurements and the ionic
diffusion coefficients metal ions and anions at infinite dilution,
summarized in Table 6 and Fig. 8, show that the hydrate struc-
tures studied in relatively concentrated solution are also repre-
sentative for dilute solutions. It is possible that the outer
hydration shells of both metal ions and inorganic anions
becomes more well-defined in dilute solution where the compe-
tition of the available water molecules is very limited.

The results presented in this paper describe the arrangement
of water molecules around metal ions and inorganic anions in
aqueous solution. This information must be obtained in
aqueous solution as at crystallization hydrate bonds weaker
than hydrogen bonds in the aqueous bulk will transfer to the
remaining aqueous bulk for bonding energy reasons. This can
be partly overcome by crystallization at low temperatures as
shown by Voigt and coworkers.”” However, the magnesium(i)
and calcium(u) ions have only portions a second hydration shell
in the solid state,>® and the aluminium(m) ion is completely
lacking a third hydration shell.” It is important to stress that
hydrated metal ions and inorganic anions interact with signifi-
cantly more water in aqueous solution than the amount
observed in solid state structures. This is especially important at
the analysis of reaction mechanisms and transport properties
involving metal ions and anions in aqueous solution.

The alkali metal ions, except lithium, and the thallium(i)
ion are weakly hydrated in aqueous solution and form only a
single hydration shell with different physico-chemical pro-
perties to those of bulk water. However, the ionic diffusion
coefficient-volume relationship supports the presence of two

15532 | Dalton Trans., 2024, 53, 15517-15538
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hydration shells around the sodium ion, Fig. 8. The lithium,
silver(1), metal(u), scandium(m), yttrium(m), lanthanum(u) and
lanthanoid(u) ions, and most likely the actinoid(u) ions, form
two hydration shells with the second hydration shell water
molecules having similar physico-chemical properties to those
of the first hydration shell of the alkali and thallium(i) ions.
The trivalent transition metal ions and the thorium(wv) and
uranium(v) ions form two well-defined hydration shells and
portions of a third hydration shell. The M-O bond distances
are not significantly affected by the presence of a second
hydration shell, and M-O bond distances observed in solid
compounds can be transferred to aqueous solution. On the
other hand, the X-O bond distance in oxoanions, except phos-
phate, increase by ca. 0.02 A in aqueous solution due to the
hydration in comparison to the X-O bond distances in solid
compounds where the anion is not bound to a metal ion other
than the alkali metal ions. The monovalent anions have a
single hydration shell, while the divalent anions form in
addition portions of a second hydration shell, evidently in the
lower ionic diffusion coefficients than expected for the size
with a single hydration shell. The trivalent anions may have
two hydration shells as experimentally observed for the vana-
date ion.
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