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Hydrated metal ions in aqueous solution:
How regular are their structures?
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Abstract: The hydration reaction is defined as the transfer of an ion or neutral chemical
species from the gaseous phase into water, Mn+(g) → Mn+(aq). In this process, water mole-
cules bind to metal ions through ion-dipole bonds of mainly electrostatic character. The hy-
dration reaction is always strongly exothermic with increa sing heat of hydration with in-
creasing charge density of the ion. The structures of the hydrated metal ions in aqueous
solution display a variety of configurations depending on the size and electronic properties
of the metal ion. The basic configurations of hydrated metal ions in aqueous solution are
tetrahedral, octahedral, square antiprismatic, and tricapped trigonal prismatic. This paper
gives an overview of the structures of hydrated metal ions in aqueous solution with special
emphasis on those with a non-regular coordination figure. Metal ions without d-electrons in
the valance shell form regular aqua complexes with a coordination figure, allowing a maxi-
mum number of water molecules to be clustered around the metal ion. This number is de-
pendent on the ratio of the metal ion radius to the atomic radius of oxygen in a coordinated
water molecule (1.34 Å). The lighter lanthanoid(III) ions have a regular tricapped trigonal
prismatic configuration with the M–O distance to the capping water molecules somewhat
longer than to the prismatic ones. However, with increasing atomic number of the lan-
thanoid(III) ions, an increasing distortion of the capping water molecules is observed, result-
ing in a partial loss of water molecules in the capping positions for the heaviest lanthanoids.
Metal ions with d4 and d9 valance shell electron configuration, as chromium(II) and cop-
per(II), respectively, have Jahn–Teller distorted aqua complexes. Metal ions with low charge
and ability to form strong covalent bonds, as silver(I), mercury(II), palladium(II), and plat-
inum(II), often display distorted coordination figures due to the second-order Jahn–Teller ef-
fect. Metal ions with d10s2 valence shell electron configuration may have a stereochemically
active lone electron pair (hemi-directed complexes) or an inactive one (holo-directed). The
hydrated tin(II), lead(II), and thallium(I) ions are hemi-directed in aqueous solution, while
the hydrated bismuth(III) ion is holo-directed. The structures of the hydrated cationic oxo-
metal ions are reported as well.
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INTRODUCTION

This paper aims to give an overview of the structures of hydrated metal ions, especially the first hydra-
tion shell, in different parts of the periodic table, and point out the areas in the periodic table where it
is expec ted to find metal ions with specific physical-chemical and structural properties based on mainly
experi mental structural studies in aqueous solution, sometimes supported by crystal structures.
Experimental hydration dynamics and theoretical simulations of hydrated metal ions will not be pre-
sented or discussed as it lies outside the scope of this paper even though they give a very important con-
tribution to the understan ding of the physical-chemical properties of hydrated metal ions in aqueous so-
lution. 

HYDRATION OF METAL IONS

The hydration reaction is defined as the transfer of an ion or a neutral chemical species from the gase -
ous phase into water; for metal ions Mn+(g) → Mn+(aq). At this process, water molecules bind to metal
ions through ion-dipole bonds of mainly electrostatic character and to anions through mainly hydrogen
bonds. The hydration reaction is always strongly exothermic with increasing heats of hydration with in-
creasing charge density of the ion, with a value of the heat of hydration of metal ions of about ΔhydrH =
–974�Z2/dM–O (kJ mol–1); Z = charge of ion and dM–O = mean M–O bond distance in Å of the hydrated
metal ion in aqueous solution, Fig. 1. The entropy term of the hydration reaction has a small negative
value, and thereby the Gibbs energy of hydration is slightly less negative than the corresponding heat
of hydration [1,2].

As the M–O bonds are mainly of electrostatic character, the coordination number of the hydrated
metal ions is expected to be determined by the ratio of the ionic radius of the metal ion and the radius
of the water oxygen atom [3]; the size of the water oxygen atom at coordination to metal ions has been
determined to be 1.34 Å [4]. It is therefore expected that metal ions with an ionic radius smaller than
0.55 Å (the lower-limiting radius ratio, rion/rO in H2O, for the octahedron is 0.414) is expected to be tetra-
hedral, metal ions with an ionic radius in the range 0.55–0.98 Å (the upper-limiting radius ratio of the
octahedron and the lower-limiting radius ratio of eight-coordination is 0.732) are expected to be octa-
hedral, while metal ions with an ionic radius larger than 0.98 Å are expected to be eight-coordinate or
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Fig. 1 Heats of hydration of some metal ions, –ΔhydrH, as function Z2/dM–O; squares = monovalent; diamonds =
divalent; triangles = trivalent; circles = tetravalent ions. The heats of hydration are collected from refs. [1,2], and
the M–O bond distances are summarized in Table 1. 



have an even higher coordination number. The preferred coordination figures are those with high sym-
metry and minimized ligand–ligand repulsion. The expected coordination figure for four-coordination
is therefore the tetrahedron, for six-coordination the octahedron, for eight-coordination the square anti -
prism and for nine-coordination the tricapped trigonal prism, Fig. 2. However, several metal ions do not
display these regular structures due to specific electronic structure, strong ability to form covalent in-
teractions, or strong tendency to hydrolysis, causing formation of cationic oxometal ions.

SIZE OF A METAL ION

It is important to stress that a metal ion does not have a given ionic radius as it depends on the number
of ligands clustered around it. Certain metal ions have a certain strongly preferred coordination number
and figure due to electronic reasons, while the majority of the metal ions cluster the maximum number
of ligands sterically possible around them with the ligand–ligand repulsion taken into account. This
means that the coordination number will be largely determined by the ratio of the metal ion radius and
the radius of the coordinating atom(s) in the ligands. The radius of the oxygen atom in coordinated
water molecules, 1.34 Å [4], can be used for most monodentate oxygen donor solvents [5], except
tetrahydrofuran (THF) and other ethers [6].

OVERVIEW OF THE STRUCTURE OF HYDRATED METAL IONS

The M–O bond distances used to determine the ionic radii of metal ions and anions are preferably de-
termined in aqueous solution to avoid the influence of lattice and other packing energies. Furthermore,
information of second and possible third hydration shells can only be obtained in aqueous solution.
Several examples have been found where the coordination number of the first hydration sphere of a hy-
drate may be different in solid salts and in aqueous solution as, e.g., found for bismuth(III) [7]. For sev-
eral metal ions with low charge density, crystallization takes place without the ion being hydrated, as
for the alkali and silver ions [8,9]. It is therefore not possible to extrapolate the hydrate structure of sev-
eral metal ions in aqueous solution from solid-state structures. The structures of most hydrated metal
ions in aqueous solution have been studied by extended X-ray absorption fine structure (EXAFS), large-
angle X-ray scattering (LAXS), and/or large-angle neutron scattering (LANS). 

The hydrated alkali and alkaline earth metal ions display the expected coordination numbers and
confi gurations based on their ionic radii. The coordination numbers and figures of the alkali metal ions
(d0) are still not characterized in aqueous solution in such a way that certain values can be given even
though the lithium and sodium ions seem to be octahedral [10–12], the potassium [10–12], and rubid-
ium [13] ions square antipris matic, and the cesium ion probably 12-coordinated [10–12]. The alkaline
earth metal ions (d0) have much more well-defined hydrate structures, with beryllium(II) being tetra-
hedral [14,15], magnesium(II) octahedral [10,11], and cal cium(II), strontium(II), and barium(II) square
antiprismatic [10,11,14–16]. The trivalent group 3 metal ions (d0) show a more scattered pattern, with
the scandium(III) ion being eight-coordinate in a tricapped trigonal pris matic fashion due to partial
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Fig. 2 Basic models for tetrahedron, octahedron, square antiprism, and tricapped trigonal prism.



water deficit in two of the three capping positions as will be discussed below for the heavier lan-
thanoid(III) ions [17,18]. The larger yttrium(III) and lanthanum(III) ions are eight- and nine-coordinate
in square antiprismatic and tricapped trigonal prismatic configuration, respectively [17,19,20]. In group
4, the hydrated titanium(III) ion (d1) is reported to have a slightly compressed octahedral structure [21].
Titanium(IV) (d0) is present as an oxo ion, titanyl(IV), TiO2+, as it has too high charge density to resist
hydrolysis in water independent of the level of acidity. The tetravalent zirconium and hafnium ions (d0)
are square antiprismatic as expected from their ionic radii, even though they are extremely prone to
hydro lyze to tetrameric [M4(OH)8(H2O)16]8+ ions [22]. In group 5 only, vanadium has cationic chem-
istry in aqueous solution. The hydrated vanadium(II) and vanadium(III) ions (d1 and d2, respectively)
are both octahedral based on struc ture in the solid-state and theoretical simulations [8,9,23], but it has
not yet been confirmed by experimental structural studies in aqueous solution. The vanadium(IV) or
vanadyl(IV), VO2+, and vanadi um(V) or vanadyl(V), VO2

+, ions are present as cationic oxo ions for the
same reason as the titanyl(IV) ion. The group 6 metals chromium and molybdenum have cationic chem-
istry in the oxidation states +II (d4) and +III (d3). The chromium(II) ion has Jahn–Teller distorted octa -
hedral configuration [24], while molybde num(II) is present as a dimer with a quadruple bond between
the molybdenum(II) ions, and each molybde num(II) is hydrated with approximately four water mole-
cules [25]. The hydrated chromium(III) ion has a well-established octahedral structure in aqueous so-
lution [26], while the hydrated molybdenum(III) ion is found to be a regular octahedron in the solid
state [27], while in aqueous solution strong hydrolysis is reported. The hydrated metal ions in groups
7–9, manganese(II) (d5), iron(II) (d6), iron(III) (d5), ruthenium(II) (d6), ruthenium(III) (d5), osmium(II)
(d6), cobalt(II) (d7), cobalt(III) (d6), rhodium(III) (d6), and iridium(III) (d6) have all octahedral config-
uration [10,11,28–34]. In group 10, the hydrated nickel(II) ion (d8) is octahedral [35], while the
 hydrated palladium(II) and platinum(II) ions (d8), previously believed to be square planar, have been
shown to have strongly tetragonally elongated octahedral configuration [36–40]. In group 11, the
 hydrated metal ions copper(I) (d10), copper(II) (d9), silver(I) (d10), and gold(III) (d8) ions display dif-
ferent configurations. The hydrated copper(I) is believed to have tetrahedral configuration, but only in-
direct experimental indica tions have been presented so far [41]. The hydrated copper(II) ion has
Jahn–Teller distorted octahedral con figration [42–44], and the hydrated silver(I) ion display a linearly
distorted configuration [45]. The hydrated zinc(II) and cadmium(II) ions (d10) have regular octahedral
configuration [10,11], while mercury(II) ion (d10) display a distorted octahedral configuration due to
second-order Jahn–Teller effects [46]. The hydrated trivalent metal ions in group 13, aluminum(III),
gallium(III), indium(III), and thallium(III) (d10) ions have all regular octahedral configuration
[10,11,26,47,48], while the structure of the hydrated thallium(I) ion (d10s2) in aqueous solution is dif-
ficult to define [49]. The structure of the hydrated thallium(I), tin(II), and lead(II) ions (d10s2) is
strongly affected by the lone electron pair, giving complexes with low symmetry (hemi-directed)
[12,49], while the hydrated bismuth(III) ion (d10s2) has a regular square antiprismatic configu ration,
showing that the lone electron pair of this triply charged ion has no stereochemical effect, giving a sym-
metric hydrate complex (holo-directed) [7]. The hydrated lanthanoid(III) ions all have basic tricapped
trigonal prismatic structure in aqueous solution. The hydrates of the lanthanum(III) ion and the lightest
lanthanoid(III) ions, Ce–Nd, all have a regular tricapped trigonal structure with the capping water mol-
ecules at ca. 0.10 Å longer bond Ln–O distance than to the water molecules forming the prism
[17,50,51]. Starting from samarium(III), the three capping water molecules will not be equally strongly
bound, but the basic tricapped trigonal prism is still maintained [50,51]. Starting at holmium(III), the
bond strength of the two weakly bound capping water molecules has decreased to such a degree that
full occupancy cannot be maintained, thus, there is a water deficit in comparison to the basic configu-
ration [50,51]. The hydrated actinoid(III) and actino id(IV) ions seem all to be nine-coordinate, proba-
bly tricapped trigonal prismatic configuration, in aqueous solution, even though some structures are
only determined in the solid state so far [52–61]. The structu res of the hydrated lanthanoid(III), acti-
noid(III), and actinoid(IV) ions are discussed in more detail below. The hydrated dioxouranium(VI) or
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uranyl(VI) ion; UO2
2+ has a linear O=U=O entity with five water molecules binding to uranium in a

pentagonal fashion [62].
An overview of mean bond distance, ionic radius, and configuration of the hydrated metal ions is

given in Table 1, and the configuration of the most common oxidation state in aqueous solution with
well-defined high symmetry is given in their respective position in the periodic table of the elements in
Fig. 3.

Table 1 Overview of M–O bond distance, calculated ionic radius, the ionic radius reported by Shannon [63], and
the configuration of hydrated metal ions in aqueous solution.

Aqua complex M–O distance Mn+’s ion radius/Å Shannon Configuration Refs.

Li(H2O)4
+ 1.95 0.61 0.59 Tetrahedron 8–11

Li(H2O)6
+ 2.10 0.76 0.76 Octahedron 8–11

Na(H2O)6
+ 2.43 1.09 1.02 Octahedron 8–12

K(H2O)8
+ 2.84* 1.50* 1.51 Square antiprism 8–12

Rb(H2O)8
+ 2.97 1.63 1.61 Square antiprism 13

Cs(H2O)12
+ 3.25* 1.91* 1.88 12-coordination 10–12

Cu(H2O)4
+ 2.14 0.80 0.60 Tetrahedron, 41

extrapolated
Ag(H2O)4

+ 2.32 + 2.54 0.98 + 1.2 1.00 Distorted tetrahedron 45

Be(H2O)6
2+ 1.615 0.275 0.27 Tetrahedron 10,11

Mg(H2O)6
2+ 2.10 0.76 0.72 Octahedron 10,11

Ca(H2O)8
2+ 2.46 1.12 1.12 Square antiprism 15

Sr(H2O)8
2+ 2.62 1.28 1.26 Square antiprism 16

Ba(H2O)8
2+ 2.82 1.48 1.42 Square antiprism 16

Eu(H2O)8
2+ 2.584 1.24 1.25 64

V(H2O)6
2+ 2.14 0.80 0.79 Octahedron, blue 8,9*

Cr(H2O)6
2+ 1.99 + 2.3 0.65 + 0.96 0.73 (LS) Octahedron (JT), 24

light blue
Mn(H2O)6

2+ 2.20 0.86 0.830 (HS) Octahedron, 10,11
pale pink

Fe(H2O)6
2+ 2.12 0.78 0.780 (HS) Octahedron, 10,11

pale green
Co(H2O)6

2+ 2.08 0.74 0.745 (HS) Octahedron, red 10,11
Co(H2O)6

3+ 1.87 0.53 0.545 (LS) Octahedron, blue 10,11*
Ni(H2O)6

2+ 2.055 0.715 0.690 Octahedron, green 35
Cu(H2O)6

2+ 1.96 + 2.28 0.62 + 0.94 0.73 Octahedron (JT), 42–44
blue

Zn(H2O)6
2+ 2.08 0.74 0.74 Octahedron 10,11

Rh(H2O)6
3+ 2.04 0.70 0.665 Octahedron, 32,33

pale yellow
Pd(H2O)4

2+ 2.01+2.75 0.67 0.64 Square-planar, 36
pale yellow

Pt(H2O)4
2+ 2.01+2.75 0.65 0.60 Square-planar, 40

pale yellow
Cd(H2O)6

2+ 2.30 0.96 0.95 Octahedron 10,11
Hg(H2O)6

2+ 2.34 1.00 1.02 Octahedron 46
Pb(H2O)6

2+ 2.54 1.20 1.19 12
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Al(H2O)6
3+ 1.89 0.55 0.535 Octahedron 10,11

Ga(H2O)6
3+ 1.96 0.62 0.620 Octahedron 26

In(H2O)6
3+ 2.14 0.80 0.80 Octahedron 26

Tl(H2O)6
3+ 2.22 0.88 0.885 Octahedron 47,48

Sc(H2O)8.0
3+ 2.17 + 2.33 0.83 + 0.99 0.87 Tricapped trigonal 17,18

prism
Ti(H2O)6

3+ 2.03 0.69 0.67 Octahedron, violet 65,66*
V(H2O)6

3+ 1.994 0.654 0.640 Octahedron, blue 8,9*
Cr(H2O)6

3+ 1.96 0.62 0.615 Octahedron, 26
blue–green 

Fe(H2O)6
3+ 2.00 0.66 0.645 (HS) Octahedron, 10,11

pale violet
Y(H2O)8

3+ 2.36 1.02 1.019 Square antiprism 9
La(H2O)9

3+ 2.52 + 2.64 1.18 + 1.30 1.216 Tricapped trigonal 50,51
prism, colorless

Ce(H2O)9
3+ 2.54 1.20 1.196 Tricapped trigonal 50,51

prism, pale red
Pr(H2O)9

3+ 2.50 1.16 1.179 Tricapped trigonal 50,51
prism, pale green

Nd(H2O)9
3+ 2.49 1.15 1.163 Tricapped trigonal 50,51

prism, pale violet–red
Sm(H2O)9

3+ 2.46 1.12 1.132 Tricapped trigonal 50,51
prism, pale yellow

Eu(H2O)9
3+ 2.425 1.085 1.062 Tricapped trigonal 50,51

prism, pale reddish
Gd(H2O)9

3+ 2.415 1.075 1.053 Tricapped trigonal 50,51
prism, colorless

Tb(H2O)9
3+ 2.39 1.05 1.040 Tricapped trigonal 50,51

prism, pale pink
Dy(H2O)9

3+ 2.37 1.03 1.027 Tricapped trigonal 50,51
prism, pale yellow

Ho(H2O)8.91
3+ 2.36 1.02 1.015 Tricapped trigonal 50,51

prism, pale yellow
Er(H2O)8.96

3+ 2.35 1.01 1.004 Tricapped trigonal 50,51
prism, pale pink–red

Tm(H2O)8.7
3+ 2.33 0.99 0.994 Tricapped trigonal 50,51

prism, pale green
Yb(H2O)8.5

3+ 2.32 0.98 0.985 Tricapped trigonal 50,51
prism, colorless

Lu(H2O)8.2
3+ 2.31 0.97 0.977 Tricapped trigonal 50,51

prism, colorless
Bi(H2O)8

3+ 2.41 1.07 1.17 Square antiprism 7
Pu(H2O)9

3+ 2.48 (+ 2.57) 1.14 (+ 1.23) 9-coordination, violet 52,53
Am(H2O)9

3+ 2.48 (+ 2.58) 1.14 (+ 1.24) 9-coordination, pink 52,54
Cm(H2O)9

3+ 2.45 (+ 2.55) 1.11 (+ 1.21) 9-coordination, 52,54,55
pale green
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Table 1 (Continued).

Aqua complex M–O distance Mn+’s ion radius/Å Shannon Configuration Refs.
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Zr(H2O)8
4+ 2.19 0.85 0.83 Square antiprism 22

Hf(H2O)8
4+ 2.16 0.82 0.83 Square antiprism 22

Ce(H2O)8
4+ 2.41 1.07 0.97 Square antiprism, 12

yellow 
Th(H2O)9

4+ 2.45 1.11 1.13 Tricapped trigonal 52
prism

U(H2O)9
4+ 2.42 1.08 1.05 9-coordination, green 56,57

Np(H2O)9
4+ 2.40 1.06 9-coordination, 58,59

yellow–green
Pu(H2O)9

4+ 2.39 1.05 9-coordination, brown 60,61

Hg2(H2O)6
2+ 2.25 0.91 0.97 Tetrahedron, 67

Hg–Hg = 2.52 Å
Mo2(H2O)6

4+ 2.25 0.78 Tetrahedron, red, 25
Mo–Mo = 2.12 Å

TiO((H2O)5
2+ (2.20) + 2.34 0.84 Square antiprism 12

VO(H2O)5
2+ (1.59) + 2.03 + 2.20 0.69 + 0.86 Distorted pyramid, 12

blue 
VO2(H2O)4

+ (1.7) + 2.00 + 2.2 0.66 + 0.86 Distorted octahedron, 12
yellow

UO2(H2O)5
2+ (1.70) + 2.42 1.08 Distorted pentagonal 62

bipyramid, yellow

*Data based on structures in the solid state.
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Table 1 (Continued).

Aqua complex M–O distance Mn+’s ion radius/Å Shannon Configuration Refs.

Fig. 3 Periodic table showing the basic configuration of the hydrates of the metal ions in their most common
oxidation state; yellow = tetrahedron; light yellow = distorted tetrahedron; dark green = octahedron; yellowish
green = Jahn–Teller distorted octahedron; bright green = PJTE distorted octahedron; blue = square antiprism; red =
tricapped trigonal prism; orange = distorted tricapped trigonal prism with water deficit; magenta = oxo-metal ion;
gray = other; grayish blue = metals lacking cationic chemistry in water; and light blue = configuration not
established. 



STRUCTURE OF METAL IONS WITH LOW SYMMETRY

Jahn–Teller distorted hydrated metal ions, chromium(II) and copper(II)

Theoretical consideration of how six ligand atoms influence the electron structure of d4 and d9 ions
shows that certain deformations become more stable than the regular octahedral configuration [68]. For
a free hexa-coordinated complex, as for the hydrated chromium(II) and copper(II) ions in aqueous so-
lution, the Jahn–Teller theorem predicts in the Oh point group strong vibronic coupling between elec-
tronic and nuclear motion conveyed by normal vibrational modes belonging to the Eg symmetry
species. The nuclear motion in the mean field of the electrons can be described by an adiabatic poten-
tial energy surface without mixing of different electronic states with three equivalent energy minima
symmetrically distributed around the energy maximum at the origin corresponding to the regular octa-
hedral configuration [68]. The minima occur for tetragonal displacements of the nuclei along the three
four-fold axes of the octahedral configuration, leading to two longer axial and four shorter equatorial
bond distances. Interconversion with pulsating motions of the ligand atoms takes place between the
three differently oriented elongated configurations with a rate depen ding on the depth of the corre-
sponding minima. There is also a weak correlation between the elongation and the strength of the vi-
bronic coupling [68].

The structure of the hydrated copper(II) ion in aqueous solution has been debated intensively in
recent years. It is, however, difficult to draw a clear conclusion as the interaction in the axial position
is very weak, and the color of copper(II) complexes with Jahn–Teller distorted octahedral and tetrago-
nally distorted square-pyramidal are pale blue, while four- and five-coordinated complexes with oxy-
gen donor ligands are green. In the solid state, a very large majority of the reported structures display a
Jahn–Teller dis torted structure with mean Cu–O bond distances of 1.975 and 2.35 Å in the equatorial
and axial positions, respectively [8,9]. A limited number of solid-state structures contain penta-aqua-
copper(II) complexes in distor ted square-pyramidal configuration with the axial position at the same
distance as found in the six-coordi nate Jahn–Teller distorted complexes [69–74], and only one penta-
aquacopper(II) complex with trigonal bipyra midal configuration [75], and one tetra-aquacopper(II)
complex with square-planar configuration [76] are reported in the solid state. Pasquarello et al. pro-
posed some years ago that the hydrated copper(II) ion is five-coordinate in aqueous solution [77], a
view which has been supported by theoretical simulations and EXAFS/XANES studies [78,79].
EXAFS and LAXS studies did, however, give physically unrealistic Debye–Waller factors with on av-
erage only one water in the axial positions, supporting a Jahn–Teller distorted octahedral configuration
[42]. Another EXAFS/XANES study concluded that it is not possible to distinguish between four-,
five-, and six-coordinate hydrate structures of copper(II) [43], and a recent theoretical simulation
showed that the energetic difference between five- and six-coordination is very small (ca. 5 kJ/mol) sup-
porting co-existence in aqueous solution [44]. It is not possible from the present experimental or theo-
retical simulation data to unambiguously determine if the hydrated copper(II) ion is five- or six-coor-
dinated or if they co-exist in aqueous solution, but five-coordination in trigonal bipyramidal fashion and
four-coordination can be ruled out as copper(II) complexes in these configurations have a different
color, green [8,9]. However, it is a striking fact that the number of six-coordinate copper(II) aqua com-
plexes in the solid state is much larger than the number of five-coordinate, in spite of the much lower
water activity at the formation of a solid phase than in aqueous solution.

The structure of the hydrated copper(II) ion has been reported in numerous studies in both aque-
ous solution [10,11,42] and the solid state [8,9,42]. The mean Cu–O bond distance to the equatorially
bound water molecules is 1.975 Å, and ca. 2.35 Å to the axially bound ones. However, the crystallo-
graphic studies of the solids [Cu(H2O)6]SiF6 and [Cu(H2O)6](BrO3)2 show a regular octahedral coor-
dination of six water molecules around copper(II) [80,81]. It has been shown by a combined EXAFS
and crystallographic study that the individual hydrated copper(II) complexes have the expected
Jahn–Teller distortion, but due to a random distribution of the direction of axial water molecules, the
overall mean symmetry becomes higher than the symmetry of the individual complexes [43]. This is
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certainly also true for the structure of [Cr(H2O)6]SiF6 [82], which is isostructural with [Cu(H2O)6]SiF6
even though it has not been experimentally proven. 

The hydrated chromium(II) ion displays as expected a significantly tetragonally elongated octa -
hedral structure with four strongly bound water molecules in a square plane, and with two water mole-
cules in the apical position at much longer bond distance. Only one EXAFS study has been reported on
the hydrated chromium(II) ion with a Cr–O bond distance of 2.08 Å in the equatorial positions, while
no water molecules in the apical positions were detected [24]. This value is in excellent agreement with
the structure of the chromi um(II) ion in solid (NH4)2[Cr(H2O)6](SO4)2, where the Cr–O bond distance
to the water molecules in the apical position are ca. 2.34 Å [83,84].

Electronically affected metal ions, mercury(II), silver(I), palladium(II), and platinum(II)

The hydrated mercury(II) ion is six-coordinate in a somewhat distorted fashion in aqueous solution as
well as in some solid salts [46,85]. Mercury(II) has also a strong tendency to form colinear complexes
as, e.g., seen in the hydrate structure of [Hg(H2O)2(μ2-CF3SO3)2]∞ [86], where the water molecules are
strongly bound while the trifluoromethanesulfonate oxygens are weakly bound in a strongly linearly
distorted octahedron. The destabilization of regular six-coordinated mercury(II) complexes, including
small monodentate ligands, is often attributed to a contribution of the mercury(II) 5dz2 atomic orbital
to the bonding molecular orbitals by vibronic coupling of pseudo-degenerate electronic states in a so-
called pseudo Jahn–Teller effect (PJTE) [87–90]. Another explanation of the strong preference for lin-
ear two-coordination with strong covalent contribution for the heavy d10 ions mercury(II) and gold(I)
has also been suggested. Relativistic spin-orbit coupling would split the three 6p orbitals and induce
lower energy for one 6p1/2 orbital in relation to two degenerate 6p3/2 orbitals, and the increased close-
ness of the 6s and 6p valence states would thus promote sp hybridization [91,92]. However, while rel-
ativistic effects certainly contribute to the special properties of the heaviest atoms, this suggestion is not
consistent with the similar, albeit weaker tendency to linear two-coordination of the lighter d10 ions sil-
ver(I) and copper(I), also with close valence shell states, while no similar tendency of linear coordina-
tion is found for cadmium(II). In the hydrated mercury(II) ion, four water molecules are slightly more
strongly bound, ca. 0.05 Å shorter than the remaining two in the axial positions.

The structure of the hydrated silver(I) ion in aqueous solution has been studied by LAXS,
EXAFS, and LANS. It was agreed that the hydrated silver(I) ion binds four water molecules in tetra-
hedral configuration in aqueous solution [10,11]. However, there was a general trend in the reported
mean Ag–O bond distances in the hydrated silver(I) ion depending on the method used. LAXS and
LANS on one hand give a mean Ag–O bond distance of 2.38–2.45 Å [10,11,93–95] while EXAFS on
the other gives mean Ag–O bond distances of 2.31–2.36 Å [96–98]. The LAXS and EXAFS techniques
are complementary, and the same result should be obtained if the model applied is the correct one [16].
In a recent study, new LAXS and EXAFS data were collected and by applying the regular tetrahedral
model of the hydrated silver(I) ion the previously reported results were reprodu ced [45]. A molecular
dynamics simulation based on ab initio quantum mechanical forces with molecular dynamics proposes
that the silver(I) ion has an irregular-shaped first hydration shell with a mean coordina tion number of
about 5.5 in aqueous solution (0.1096 mol dm–3) [99], but with Ag–O bond distances much longer than
the experimentally obtained ones [100]. By applying a non-regular model for the hydrated silver(I) ion
with two water molecules bound at short distance, 2.32 Å and 2–4 water molecules at much longer dis-
tance, ca. 2.5 Å, very good fits were obtained for both LAXS and EXAFS data [45]. This shows that
the hydrated silver(I) ion has an even stronger PTJE than mercury(II), probably due to the lower charge.

The structure of the hydrated palladium(II) and platinum(II) ions in aqueous solution were for a
long time believed to be square-planar, even though reaction mechanisms have required five- or six-co-
ordinated transition states to explain the observed kinetics [101]. Recent EXAFS and simulation  studies
have shown the presence of two very weakly bound water molecules in the axial positions [36–40]. The
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Pd/Pt-water interactions in the axial positions are very weak, being ca. 0.7 Å longer than the equatori-
ally bound water molecules [36,40]. 

Metal Ions with lone electron pair, thallium(I), tin(II), and lead(II) and bismuth(III)

The thallium(I), tin(II), lead(II), and bismuth(III) ions have all d10s2 electron configuration, where the
lone s2 electron pair may affect the stereochemistry of the complexes. The configuration of the com-
plexes of these ions depends on the character of the lone s electron pair. According to the valence bond
theory, this inert pair can either occupy a hybrid orbital formed by mixing the s and p orbitals on the
metal ion (stereo chemically active character) or be an s2 pair (inactive character). A hybrid orbital with
a lone s electron pair is considered as an additional ligand in the coordination sphere. However, in the
heart of molecular orbital theory, it is regarded that the classical concept of s and p orbital hybridiza-
tion on the metal ion is not correct and the stereochemical activity of the s2 electron pair is the result of
the anti-bonding metal ion–donor atom interactions [101]. This inert electron pair is characteristic for
the p-block elements. The role of the lone elect ron pair on the metal ions has been considered and an-
alyzed in several studies [103,104]. Two general structural types of configuration of the metal ions is
observed, hemi-directed, with a gap for the lone electron pair, and holo-directed, without a gap, as pre-
sented by Shimoni-Livny et al. [104]. 

The hydrated thallium(I) ion has clear signs of a stereoactive s2 lone electron pair, with two dif-
ferent Tl–O bond distances, 2.7 and 3.2 Å. However, it has not been possible to determine neither the
number of distances nor the configuration of the hydrated thallium(I) ion in aqueous solution [49].
There are no crystal structures containing hydrated thallium(I) ions reported [8,9].

The stereochemical effects in the hydrated tin(II) and lead(II) ions complexes are clearly seen in
a number of complexes, with the lone electron pair occupying nearly half of the sphere of the ion [8,9].
The hydrated tin(II) ion is hemi-directed with the water molecule trans to the lone pair more strongly
coordina ted than the four water molecules in the equatorial plane, 2.20 and 2.34 Å, respectively [12],
in aqueous solution. The solid monoaqua(bis(μ2-trifluoromethanesulfonato)lead(II), is holo-directed,
Fig. 4, while solid lead(II) perchlorate sesquihydrate is clearly hemi-directed [12]. When lead(II) binds
six oxygen ligands in a holo-directed configuration, the mean Pb–O bond distance is significantly
shorter than in six-coordinated hemi-directed complexes (which become at least seven-coordinated
when the space of the lone pair is included); the mean Pb–O bond distances are 2.48 and 2.55 Å, re-
spectively [8,9]. The mean Pb–O bond distance in the hydrated lead(II) ion in aqueous solution is
2.54 Å, and without any observable inner-core multiple scattering in the EXAFS data, strongly indicat-
ing a hemi-directed six-coordinate complex [12]. 
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Fig. 4 Structure of [Pb(H2O)(CF3SO3)2] in solid-state, holo-directed, and the hydrated lead(II) ion in aqueous
solution, hemi-directed.



The bismuth(III) ion has also d10s2 electron configuration, but here the stereochemical effects are
suppressed probably due to the high charge density yielding no gap for the lone electron pair (holo-di-
rected) [8,9]. The hydrated bismuth(III) ion is eight-coordinate in distorted square antiprismatic fash-
ion in aqueous solution, while in the solid trifluoromethanesulfonate salt it has tricapped trigonal pris-
matic configuration.

Hydrated lanthanoid(III) and scandium(III) ions

The hydrated lanthanoid(III) and scandium(III) ions all have a basic tricapped trigonal configuration in
aqueous solution. The hydrates of the lanthanum(III) ion and the lightest lanthanoid(III) ions, Ce–Nd,
all have a regular tricapped trigonal structure in both aqueous solution and the solid state [50,51], with
the capping water molecules at ca. 0.10 Å longer bond Ln–O distance than to the water molecules form-
ing the prism. The ionic radius of the lanthanoid(III) ions decreases with increasing atomic number due
to the lanthanoid contraction. This will, in principle, not affect the structure of the prism, which also de-
creases in size when the ionic radius of the metal ion decreases, but the more weakly bound capping
positions are strongly affected. Starting from samarium(III), the three capping water molecules will not
be equally strongly bound. Instead, one of the capping water molecules will be more strongly bound (at
shorter bond distance) than the remaining two (Fig. 5). This effect is small for samarium(III), but in-
creases step by step with increasing atomic number in the lanthanoid series. Starting at holmium(III),
the bond strength of the two weakly bound cap ping water molecules has decreased to such a degree that
full occupancy cannot be maintained, thus, there is a water deficit in comparison to the basic configu-
ration (Fig. 5). The water deficit and the difference between the strongly bound capping water molecule
and the more weakly bound ones increases from holmium(III) to lutetium(III). The hydrated
lutetium(III) ion has on average 2.2 water molecules in the capping positions with one strongly bound
one at 2.39 Å, and on average 1.2 water molecules in the two remaining capping positions at ca. 2.55 Å.
The even smaller scandium(III) ion binds eight water molecules in both aqueous solution and solid state
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Fig. 5 Schematic illustration of the bond strength of the capping water molecules of the hydrated lanthanoid(III)
ions in aqueous solution in the four tetrads. The line thickness represents the bond strength, and an open circle a
less than fully occupied site; tetrad 1 = La-Nd, tetrad 2 = Pm-Gd, tetrad 3 = Tb-Ho, and tetrad 4 = Er-Lu. 



in the same way as described for the hydrated lutetium(III) ion (Fig. 6), but with on average only one
water molecule in the two weakly binding capping positions [50]. The reason why the heavier lan-
thanoid(III) ions and scandium(III) ion can maintain the tricapped trigonal configuration in spite of the
water deficit and that the metal ions are obviously too small for that configuration is most probably the
extensive hydrogen bonding supporting this configuration in aqueous solution and the solid state.

Hydrated actinoid(III) and actinoid(IV) ions

The structures of the hydrated actinoid(III) and actinoid(IV) ions have been studied in aqueous solution
by means of EXAFS, which means that only bond distances can be determined accurately. Furthermore,
a number of hydrate structures have been reported in the solid state. In order to determine as accurately
as possible the coordination number in the hydrates in aqueous solution, the structures of complexes of
monodentate oxygen donor ligands determined crystallographically were summarized. This summary
showed that the bond distance for every coordination number is quite narrow and hardly overlaps be-
tween each other. The mean An–O bond distances as a function of coordination number for actinoid(IV)
ions are given in Fig. 7 [52]. 

Of the trivalent actinoid ions, plutonium(III), americium(III), and curium(III) have been studied
in aqueous solution [52]. The mean An–O bond distances reported, 2.48, 2.48, and 2.45 Å, is very close
to the An–O bond distance to the capping water molecules in [An(H2O)9](CF3SO3)3 [53–55], while
capping water molecules (ca. 2.57 Å in the solids) were not observed in aqueous solution [52,54].

The structure of the hydrated thorium(IV) ion has been shown to be nine-coordinate, most prob-
ably in tricapped trigonal prismatic fashion, in aqueous solution, with a mean Th–O bond distance of
2.45 Å [56]. The U–O bond distance in the hydrated uranium(IV) ion has been determined to be 2.42 Å
in two separate studies, strongly indicating a nine-coordination, see Fig. 7 [56,57], probably in tri-
capped trigonal prismatic configu ration. EXAFS studies of hydrated neptunium(IV) and plutonium(IV)
ions in acidic aqueous solution report An–O bond distances of 2.40 and 2.39 Å, respectively [58–61],
showing that also these ions seem to be nine-coordinate in aqueous solution, Fig. 7. 
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Fig. 6 Electron density map of [Lu(H2O)8.2](CF3SO3)3 at room temperature (left) and 100 K (right). At room
temperature, the strongly bound capping water molecule is randomly oriented giving a three-hold symmetry around
lutetium. On the other hand, at 100 K the position of the strongly bound capping water molecule, O7, is well
defined and Lu moves to a position between O7 and O8 when position O9 is empty or between O7 and O9 when
O8 is empty (green denotes higher electron density and red lower electron density than accounted for by the
structural model, see ref. [28] for further details).



Oxo-metal ions, TiO2+, VO2+, VO2
+, UO2

2+

Small highly charged metal ions such as titanium(IV), vanadium(IV), vanadium(V), and uranium(VI)
have very high charge density, and it is not possible to avoid hydrolysis reactions in aqueous solution.
As a result, the stable form of these ions is oxometal ions in aqueous solution where the charge density
is highly reduced. The structures of the hydrated oxometal ions are very much affected by the strongly
bound oxo group(s). The structures of hydrated titanyl(IV) and vanadyl(IV) ions have the same princi-
ple structure with a basic octahedral con figuration with the water molecule trans to oxo group very
weakly bound, and with the four equatorial water molecules in a plane somewhat below metal ion, Fig.
8. The hydrated vanadium(V) ion has a basic octahedral configuration and an unusual configuration
with two oxo groups bound in cis-configuration. The water molecules trans to the oxo groups are
weakly bound, while the remaining two water molecules, cis to the oxo groups, have intermediate V–O
bond distances, Fig. 9. The hydrated uranyl(VI) ion binds two oxo groups in trans configuration, and
perpendicular to the O=U=O entity five water molecules are bound to uranium [62]. 
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Fig. 7 The actinoid(IV)-oxygen bond distances and coordination numbers of the actinoid(IV) structures with
monodentate ligands reported in ref. [56]. The gray circles mark the An–O bond distances reported in aqueous
solution, showing that the studied hydrated actinoid(IV) ions are all nine-coordinated, most probably in tricapped
trigonal prismatic fashion, in aqueous solution.

Fig. 8 Structure of VO(H2O)5
2+ in aqueous solution, ref. [12].



IONIC RADII OF HYDRATED METAL IONS

The configurations and M–O bond distances in most metal ions in aqueous solution are well established
as summarized in Table 1. Using this information, the ionic radii of these metal ions in the configura-
tion they have in aqueous solution can be derived from the M–O bond distance and the size of the oxy-
gen atom in coordinated water molecules, 1.34 Å [4]. The classic ionic radii of metal ions reported by
Shannon, and Shannon and Prewitt [63], are in most cases in excellent agreement with the ionic radii
derived from M–O bond distances and the size of the oxygen in coordinated water molecules, Table 1.
However, in some cases they do not, mainly due to the fact that Shannon used oxide and fluoride struc-
tures where accurate data were lacking for some metal ions for the coordination number/configuration
observed in the hydrated metal ions in aqueous solution [5]. The ionic radii given in Table 1 are prob-
ably the most accurate ones available as lattice effects are affecting the values proposed by Shannon.
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