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Abstract 

The water exchange reaction between coordination shells around metal ions in aqueous 
solution is a fundamental reaction in understanding the reactivity of these ions in chemical 
and biological systems. The results reviewed in this paper demonstrate the complementary of 
experimental studies and computer simulations or quantum chemical calculations performed 
on such systems. Due to the large range of exchange rate constants, a variety of experimental 
and different computer techniques have to be applied. Very fast exchange reactions between 
first and second coordination shell and between second shell and bulk solvent can be 
simulated by classical molecular dynamics technique. Reaction pathways for water exchange 
on metal ions with a less labile first coordination shell can be followed by calculation of 
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clearly defined transition states. Success and shortcomings of the techniques are discussed by 
means of recent publications. 0 1999 Elsevier Science S.A. All rights reserved. 

Kemnrds: Water exchange reaction; Coordination shell: Reaction pathways 

1. Introduction 

The water exchange reaction between the first and second coordination shell 
around a metal ion in aqueous solution is the simplest ligand substitution reaction 
(Eq. (1)). It is a fundamental reaction in understanding of the reactivity of metal 
ions in chemical and biological systems 

[M(H,O),,]‘+ + nH,O* F? [M(H20*),,]- + + rzH,O (1) 

The replacement of a water molecule from the first coordination shell is an 
important step in complex formation reactions of metal cations and in many redox 
processes. The chemistry of aqua ions has been the subject of a recent book [l]. 

< T-t,0 1 s 
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Fig. 1. Mean lifetimes of a single water molecule in the first coordination sphere of a given metal ion. 

so+, and the corresponding water exchange rate constants, k,,+. The tall bars indicate directly 
determined values, and the short bars indicate values deduced from ligand substitution studies, 
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In water exchange reactions the reactant and the product are identical, as are the 
ligand and the solvent: water. The Gibbs energy change of the reaction is zero. The 
observed exchange rate constants cover more than 18 orders of magnitude (Fig. 1) 
from the most labile monovalent alkaline ions to the very inert trivalent transition 
metal ions Rh3+ and Ir’+ [2]. On the fast exchange side, the mean lifetime of a 
water molecule in the first coordination shell of Cs’ was estimated to 200 ps. Cs’ 
is the largest monovalent metal cation, and therefore, has the lowest surface charge 
density. On the other extreme, a water molecule stays for more than 300 years in 
the first shell of the hexaaqua iridium(III), a third-row transition metal with a large 
ligand field contribution to the activation energy. 

The metal ions are often classified into three groups. The first group is repre- 
sented by the main group metal ions, varying mainly in ionic radius and electric 
charge. The number of water molecules in the first coordination sphere spans from 
four to ten or more [3]. The second group consists of the d-transition metal ions, all 
hexa-coordinated with the exception of Pd’+ and Pt’+ which are square planar 
and SC’+ that might be hepta-coordinated [4]. Their exchange rate constants are 
very strongly linked to the occupancy of their d-orbitals. The third group involves 
the lanthanide and actinide ions which are eight or nine coordinated. Their kinetic 
behavior is influenced mostly by the decrease of the ionic radius along the series 
and the subsequent change in the coordination number. 

Experimentally, water exchange rate constants are determined mainly from 
nuclear magnetic resonance measurements [5,6]. Other techniques are restricted to 
very slow reactions (classical kinetic methods using isotopic substitution) or are 
indirect methods, like ultrasound absorption, where the rate constants are estimated 
from SOi- complexation reactions [7]. The microscopic nature of the mechanism 
of the exchange reaction is not directly accessible by experimental methods. In 
general, reaction mechanisms can be deduced by experimentally testing the sensitiv- 
ity of the reaction rate to a variety of chemical and physical parameters such as 
temperature, pressure, or concentration. 

In recent years the application of classical molecular dynamics or Monte Carlo 
simulations as well as ab initio and DFT calculations have gained significant 
interest. The performance of the new computer generations and the theoretical 
approaches allows now to perform calculations which can provide deeper micro- 
scopic insight into water exchange processes. Classical simulations of hydrated 
metal ions in solution mainly rely on pairwise additive, effective interaction 
potentials obtained from quantum mechanical calculations or from empirical 
optimization of thermodynamic values like hydration energies or radial distribution 
functions. This approach limits these simulations to metal ions with filled atomic 
orbitals, mainly to main group ions and those transition metal ions, where ligand 
field effects can be neglected (e.g. lanthanides). The advantage of the classical 
methods is that relatively large systems, containing up to 10’ water molecules can 
be simulated over several ns (10 -’ s). Exchange processes can be followed directly 
by inspecting trajectories, molecular coordinates and velocities as a function of 
time. 



154 L. Helm. A.E. Merbarh , Coordinarim Chrruistr~~ Reviews 187 (1999) 151- 181 

Full quantum mechanical calculations using ab initio self-consistent field (SCF) 
methods or density functional theory are computationally much more demanding 
and, therefore, restricted mostly to ion-water clusters containing one metal ion and 
a limited number of water molecules. Different metal-water clusters that can occur 
along the reaction coordinate of a water exchange process have to be calculated. A 
comparison of energies and structural parameters like metal-oxygen bond dis- 
tances in the reactants, transition states and intermediates will help to associate 
them to different reaction mechanisms. In gas-phase calculations, second coordina- 
tion sphere, bulk solvent and anions are neglected and, furthermore, contrary to 
classical molecular dynamics simulations no real time-scale is provided. On the 
other hand, these calculations are not based on empirical pairwise interaction 
potentials, calculations on all types of ions, including transition metals, are feasible. 

A promising method, developed in recent years, is the first principles molecular 
dynamics like the Car-Parrinello technique [S]. In these calculations the inter- 
atomic potentials are derived explicitly from electronic ground-state within the 
density functional theory in local or non-local approximation. It combines quantum 
mechanical calculations with molecular dynamics simulations and, therefore, over- 
comes the limitations of both methods. Actual computers allow only simulations of 
aqueous solutions of about 50 water molecules for several ps (10 - ” s). This limit 
is still at least one order of magnitude shorter than the fastest directly measured 
water exchange rate, /< = 3.5 x 10’ s- ’ for [Eu(H,O),]‘+ , i.e. one exchange event 
every (8 x 3.5 x 10’ SK’)-’ = 36 ps [9]. 

2. Theoretical concepts of solvent exchange reactions 

The mechanistic classification accepted for ligand substitution reactions was 
proposed by Langford and Gray in 1965 [lo]. They divided substitution reactions 
into three categories of stoichiometric mechanisms: associative (A), where an 
intermediate of increased coordination number can be detected, dissociative (D) 
where an intermediate of reduced coordination number can be detected, and 
interchange (I) where there is no kinetically detectable intermediate. Furthermore, 
they distinguished two major categories of intimate mechanisms: those with an 
associative activation mode (a), where the reaction rate is approximately as sensitive 
to variation of the entering group as to variation of the leaving group, and those 
with a dissociative mode (d), where the reaction rate is much more sensitive to the 
variation of the leaving group than to the variation of the entering group. Evidently 
all D mechanisms must be dissociatively and all A mechanisms must be associa- 
tively activated. The I mechanisms include a continuous spectrum of transition 
states where the degree of bond-making between the incoming ligand and the 
complex ranges from very substantial (I:, mechanism) to negligible (I,, mechanism) 
[l 1,121. For a solvent exchange process, the forward and backward reaction 
coordinates must be symmetrical. Thus, for an Z,, mechanism, with negligible 
bond-making of the entering group, the leaving group is also necessarily weakly 
bound. Inversely, for an Z;, mechanism, both the entering and the leaving group 
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Mechanism Rate constant 

Reaction Coordinate 

Metal ion with first coordination 
sphere 

Leaving solvent molecule 

Entering solvent molecule 

Fig. 2. Representation of the transition state for the spectrum of solvent or symmetrical ligand exchange 
processes. 

must have a considerable bonding to the metal (Fig. 2) [ll]. Swaddle suggests that 
for substitution of solvents such as water on octahedral complexes, only Z mecha- 
nisms need be considered [13]. He assumes that associative A processes are sterically 
inhibited, whereas dissociative D mechanisms are unlikely due to the long life-times 
required for intermediates with a reduced coordination number (nanosecond time- 
scale). Furthermore, he concluded from early computer simulations [14] that there 
can be no clear-cut mechanistic classification of the Z&/Z,, type [13] and proposed 
that there is just one interchange mechanism which spans an essentially infinite 
number of microscopic pathways. For a particular reaction a broad manifold of 
microscopic pathways will be more important than others, leading to a distinctive 
set of measurable parameters. 

As above mentioned, the proposition of a reaction mechanism is based mainly on 
the response of the reaction rate to the variation of chemical and physical 
parameters. The volume of activation, AV $, has become the main tool for the 
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experimental identification of the water exchange mechanism [15- 171. AL’* is 
defined as the difference between the partial molar volume of the reactants and that 
of the transition state at a temperature T, and given in Eq. (2). 

(2) 

The observed exchange rate, k, is either slowed or accelerated by increasing 
pressure, depending on the positive or negative sign of AL’:, respectively. It is 
usually accepted that the activation volume has two contributions: an intrinsic 
component, A I’!“,, resulting from changes in bond lengths and bond angles, and an 
electrostrictive component, A Vi,,,, which arises from changes in electrostriction of 
the solvent outside the first coordination sphere. For solvent exchange reactions 
differences in electrostriction between the transition state and the reactant can be 
neglected, hence A V: z D I’!,,. Consequently, the activation volume will be a direct 
measure of the degree of bond formation or bond breaking in the transition state. 
The relation between the pressure induced changes of the observed exchange rates 
and the underlying solvent exchange reaction mechanisms is visualized in Fig. 2. An 
important issue is the prediction of activation volumes for the limiting substitution 
mechanisms D and A. Swaddle [ 18,191 developed a semi-empirical model in which 
the absolute partial molar volume, Acbs, of a hydrated metal ion in water is 
related to its ionic radius, depending on the coordination number, and the charge 
of the metal ion. Taking ionic radii from Shannon, this model gives similar absolute 
limiting values of IA V:] = 13.5 cm3 mol- ’ for D and A processes on di- and 
trivalent 3d transition metal ions. 

3. Water exchange from the first coordination shell 

3.1. Transition metal ions 

Water exchange on di- and trivalent transition metal ions has been the subject of 
extensive experimental studies and has been widely reviewed [11,20]. Table 1 
summarizes the experimental first-order rate constants and the activation parame- 
ters. The sequence of reactivity of the divalent first-row transition metal ions is 
largely independent of the mechanism and semi-quantitatively coincides with pre- 
dictions based on ligand field activation energies and molecular orbital calculations 
[20-221. 

The water exchange mechanism progressively changes from 1, to 1, as the 
number of d-electrons increases and the ionic radius decreases. This change is 
demonstrated most evidently by the change in sign of the activation volume, AV. 
The observed progressive mechanistic changeover cannot be explained in terms of 
cationic size only, the electronic configuration also plays an important role. For a 
a-bonded octahedral complex, the tZg orbitals are non-bonding, whereas the e, 
orbitals are antibonding. The gradual filling of the tzs orbitals, spread out between 
ligands, will electrostatically disfavor the approach of a seventh molecule towards 
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a face of the octahedron, and therefore decrease the ease of bond-making. Simi- 
larly, an increased occupancy of the ep orbitals, pointed to the ligands, will enhance 
the bond breaking tendency. These effects, combined with the steric effects outlined 
above, can explain the sequences of the AIf: values. 

The very high lability of the d” [Cu(H20),]’ + is coincident with the operation of 
a dynamic Jahn-Teller effect [23]. Its tetragonal distortion reorients randomly very 
rapidly so that the lifetime of a given distortion (5; = 5.1 x 10 - ” s at 298 K) is 
much shorter than the lifetime of a given coordinated H,O molecule (tuZo = 2.3 x 
lo-” s at 298 K). The longer axial bonds facilitate water exchange through a 
d-activation mode which is consistent with the positive activation volume (Table 1). 

Water exchange on trivalent first-row transition metal ions shows a similar 
behavior as that of the divalent analogues. [Cr(H?O),]” + is the most inert (Table 1) 
as a consequence of its large ligand field activation energy reflected in the large AH: 
value. A I’: decreases from - 12.1 ([Ti(H,O)J’ + ) to - 5.4 cm’ mol- ’ 
([Fe(H20),]’ + ). The activation volume for Ti3 + approaches the limiting value of 
- 13.5 cm3 mol - ’ for an A mechanism [18], hence the operation of an A 
mechanisms can be assigned. As the occupancy of the tzg orbitals and in parallel the 
electronic repulsion towards an entering ligand increase, the activation volumes 
become less negative, indicating a changeover to less associative, and finally a 
dissociative activation mode (for Ga3+) as a consequence of the filling of the 0 
anti-bonding e6 orbitals. 

Experimental data on water exchange on second- and third row transition metal 
ions are much more scarce. The mechanism of water exchange on octahedral 
[Ru(H,O),]‘+ has been discussed from different aspects. Based on the small 
activation volume, AI/: = - 0.4 cm3 mol- ‘, an interchange, Z, mechanism was first 
attributed [32]. The mechanism of the substitution reactions on [Ru(H20),]” has 
been determined by comparing the rate constants for the monocomplex formation 
between the aqua ion with different ligands [33]. The extreme similarities between 
the inner sphere interchange rate constants, ki, for a series of complex formation 
reactions let the authors assign a dissociative interchange mechanism, Z,. The small 
activation volume may originate from the compensation between a positive contri- 
bution due to the loss of a water molecule and a negative term from the contraction 
of the complex at the transition state. The low-spin t& [Ru(H20),]’ + is four orders 
of magnitude more labile than the t;, [Ru(H~O)~]’ + [32]. This difference in lability 
led to the unequivocal identification of an outer-sphere mechanism operating in the 
electron exchange between these two aqua complexes [32]. [Rh(H,O),]‘+ and its 
third-row analog [Ir(HzO),13 + are the most inert aqua ions known up to now [2,34]. 
The lifetime of a water molecule in the first coordination shell of Ir’ + is 9.1 x 10” 
s (at 298 K), which corresponds to about 300 years. The negative activation 
volumes of the Ru3 + , Rh3 + and I? + ions suggest the operation of an associative 
I, exchange mechanism. 

The vast majority of the square-planar dg transition metal ions, such as palladiu- 
m(I1) and platinum(I1) undergo ligand substitution through associatively activated 
mechanisms [35]. Water exchange on [Pd(H?O),]’ + [36] and [Pt(H20),]’ + [37] were 
studied by “0 NMR (Table 1). The mechanistic interpretation of the activation 
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volumes is complicated by the square-planar geometry of the complexes. The axial 
sites may be occupied by non-bonded water molecules. The bond formation 
between the metal center and such a water molecule leading to a five-coordinate 
transition state may result in rather small volume changes. It is therefore difficult to 
distinguish from Avi values between an associative interchange Z, and a limiting 
associative A mechanism. 

In recent years, several authors published ab initio or density functional theory 
(DFT) calculations on gas-phase hydrated metal ions. The main goal of the studies 
was to obtain microscopic insight into water exchange on octahedral complexes. On 
constrained pentagonal bipyramidal heptacoordinated species of the type 
MHzOM + , Akesson et al. [38] obtained an interchange water exchange mecha- 
nism with increasingly associative character in the order Cr3+, Fe”+, V3+ and 
Ti3+, which is consistent with experimental activation volumes. However, they 
proposed a dissociative mechanism for water exchange on octahedral Mn2+ and 
V2+ ions, which is in contradiction with experimental findings. This discrepancy 
was resolved by Rotzinger [39-411 who performed calculations on di- and trivalent 
first-row transition metal ions from Sc3 + to Zn2 + using ab initio methods at the 
Hartree-Fock or CAS-SCF level. All pertinent transition states and intermediates 
that could occur along the reaction coordinate of an associative, a concerted and a 
dissociative water exchange process were calculated. In this study, reactants, 
products, and intermediates were characterized by the absence of any imaginary 
vibrational frequency throughout, whereas transition states always show a single 
imaginary frequency [39]. As an approximation, he neglected second sphere and 
bulk water as well as anions. The reliability of his calculations was proved by the 
agreement of the computed activation energies AES with the experimental AGt and 
AHX values. 

The computations provided structures and energies for a variety of transition 
states and intermediates for water exchange. Each type of exchange mechanism 
proceeds via a characteristic transition state. As examples we will discuss 
Rotzinger’s results for Ti3 + -, V’+ - and Ni2 + - clusters. The calculated transition 
state of Ti3+ (Fig. 3a) has C, symmetry. The imaginary frequency describes a 

(4 (b) (cl 

Fig. 3. Perspective views of the {~i(H,0),-$H,0)]3 + }* transition state (a), ([V(H,O),-.(H,O)-J’+ }f 
transition state (b) and ([Ni(H20)S...H20.H,0]‘+ }* transition state (c). 
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motion of the seventh water molecule toward or away from the metal center. As 
Rotzinger states, in this reaction water entry dominates undoubtedly the activation 
process which can clearly be identified as an A mechanism. The following heptaco- 
ordinated intermediate [Ti(H,O)# + has only real vibrational modes and C, 
symmetry. The calculated energies of the transition state and the intermediate are 
given in Fig. 4, together with the experimental AG: value. Calculation of the partial 
molar volumes of the reactants, the transition state and the intermediate is difficult 
and Rotzinger calculated differences of the sums of all metal-oxygen bond lengths, 
AL, which are related to the activation volumes. Fig. 4 shows that the sign of AC 
is negative and agrees with that of the experimental AVt. 

The transition state for ( [V(HzO),..jHzO),]’ + }: (Fig. 3b) has C, symmetry and 
is arising from a concerted process. The entering and the leaving ligands are 
symmetrically equivalent and indistinguishable. The hypothetical transition states 
involving electronic low-spin (triplet) states, {[V(H,O),]’ + ‘,:, have very high ener- 
gies (242 and 244 kJ mol - ‘) relative to the reactant, excluding spin-change in the 
water exchange process. The negative value of AC for the transition state shows 
that bond formation occurs to a larger extent than bond breaking. This is 
representative for an I:, mechanism which was previously attributed form high-pres- 
sure experiments. 

For water exchange on [Ni(H20),]“- only a transition state for the dissociative 
activation could be calculated. The species {[Ni(H20),..(H20)(H20)]’ + ): (Fig. 3c) 
has C, symmetry and the incoming and the leaving water molecules are well 
distinguishable. The imaginary modes involve mainly a motion of the leaving ligand 
toward or away from Ni’+ . The subsequent intermediate [Ni(H,O), . (H,O),]’ f 
has C?,. symmetry and is basically a square-pyramidal penta-coordinate species, 
hydrated by two water molecules. The calculated sum of the metal-oxygen bonds 
has increased for both the transition state and the intermediate as compared to the 
reactant leading to a positive of value AC (Fig. 4). The energy difference between 
transition state and intermediate is small for this dissociative process. An improved 
model could change the energies of the intermediate and the transition state in an 
unequal way, so that the pentacoordinated intermediate becomes the transition 
state for an 1, mechanism. 

In summary, the results obtained by Rotzinger on first row transition metals 
provided the following picture [40]. Hexacoordinated Sc3 + , Ti? + and V3 + react via 
an associative A mechanism with relatively long-lived intermediates. The dissocia- 
tive pathway is the only possible for water exchange on Ni’ + , Cu’+ and Zn’ + . For 
the elements in the middle of the 3d series both associative (Z,,/A) and dissociative 
(D) pathways can occur. 

The hydration of the zinc(H) ion was also studied by Hartmann et al. [42]. 
Structures and hydration energies were computed using DFT for [Zn(H,O),,]‘+ 
with n = l-6 and for [Zn(H,O)n]‘+ .r?rHzOwithn=5andm=1,2andn=6and 
m = 1. The structures with water molecules in the second coordination sphere 
revealed two types of complexes having either one or two hydrogen bonds between 
the first and second sphere water molecules. In agreement with Rotzinger [40], a 
dissociative D mechanism was found to be most likely for the water exchange on 
[Zn(H,O),]‘+ . 
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Pd(aq): Ia Pd(aq):Id Wad 

EWng 

LDA 

Fig. 5. Calculated and observed activation enthalpies obtained for an associative mechanism on 

(Pd(H,O),]’ * . a dissociative mechanism on [Pd(HZO),]’ ’ , and for associative mechanisms on 
[Pt(H20),]’ ’ and [Pt(H,O)CIZ]’ ’ (top). The black bars include relativistic contributions computed at 
the LDA geometries. the white bars refer to nonrelativistic results. and the shaded boxes represent 
observed values. Schematic representation of the ligand exchange process on planar dS aqua complexes 
(bottom). 

Density functional theory has been used by Deeth et al. [43] to model water 
exchange on square-planar pd( H20),]’ + and [Pt( H,O),]’ f . Energies and structures 
of three-, four- and five-coordinated species were calculated. In order to reproduce 
experimental activation enthalpies, AH:, for water exchange, an explicit correction 
for solvation was applied by using the simple Born model. The calculations strongly 
suggest that water exchange at these square-planar metal centers proceeds via an 
associative mechanism, in full agreement with experimental assignments [36,37]. 
The agreement in experimental and calculated activation enthalpy is better than 10 
kJ mol - ’ for an /;, mechanism, whereas it differs for more than 100 kJ mol - ’ for 
an 1, mechanism. Fig. 5 shows a schematic representation of the water exchange 
process on planar d8 complexes. The transition state has a structure close to a 
trigonal bipyramid with three elongated bonds (equatorial water molecules) and 
two bonds of the same length as the square-planar complex. The calculations result 
in almost the same structure for ([Pd(H,O),]’ - ): and for { [Pt(H20),]’ T 1:. The 
bond stretching in the transition states partially compensates the decrease of the 
molar volume originating from the association of a fifth water molecule to the 
metal center. This effect qualitatively explains the small and similar experimental 
activation volumes [36,37] for these square-planar aqua complexes (Table 1). 



3.2. Lanthanides 

The 15 trivalent lanthanide ions, which may be collectively denoted Ln”, 
represent the most extended series of chemically similar metal ions. The progressive 
filling of the 4f orbitals from La3 1 to Lu’ + is accompanied by a smooth decrease 
in ionic radius with increase in atomic number as a consequence of the increasingly 
strong nuclear attraction for the electrons in the diffuse f orbitals. These orbitals are 
shielded by the surrounding filled 5s and 5p orbitals, leading to very small crystal 
field splittings in the lanthanide complexes. Thus, the coordination properties of the 
Ln’+ ions mainly depend upon the steric and electrostatic nature of the ligands. 
The coordination of the lanthanide(II1) ions in aqueous solution was certainly one 
of the most controversial questions of lanthanide chemistry. Now it is well 
established from neutron scattering [44,45], X-ray scattering [46-481 and absorption 
fine structure [49], density [50] and spectrophotometric [51] techniques that the 
lighter ions (La3 L -Nd’ i- ) are predominantly nine-coordinate and the heavier ions 
(Gd7 - -Lu3 - ) are predominantly eight-coordinate species. The ions Sm’ + -Eu” - 
exist in equilibria between nine- and eight-coordinate. The change in coordination 
number is reflected in the absolute partial molar volumes, Vc.!i,rr determined in 
aqueous LnCI, solutions (Fig. 6). 

[Ln(H20),]” + + HZ0 + [Ln(H20),]’ T (3) 

The calculated absolute partial molar volumes using the semi-empirical model of 
Swaddle [18,19] agree well with [Ln(H,0)J3 + at the beginning and with 

[LnWJ%I’ + at the end of the Ln3 -+ -series. 
The absence of crystal field splitting and the shielding of the f orbitals makes 

classical molecular dynamics simulations feasible. Hence, for solvents without 
covalent bonding like water, ion-solvent forces can be well represented by simple 
Coulomb and van der Waals terms. Due to the strong electric field of the trivalent 
ions, water molecules in the first coordination shell are polarized. Inclusion of a 
polarization term proved to be essential in the description of the Ln’- -water 
interaction (Fig. 7) [52]. 

Fig. 8 shows the distribution of the number of water molecules for three distance 
regions of three trivalent ions, designed as Nd”, Sm’+ and YbZ+ [52]. The first 
and the second hydration shells as well as the region between the two shells were 
obtained from classical molecular dynamics simulations using one cation immersed 
in 300 polarizable water molecules. The experimentally observed change of the first 
shell coordination number CN, from nine for Nd’+ to eight for Yb”+ could be 
reproduced. The result for Sm7 + reveals that the observed CN, of 8.5 corresponds 
indeed to an equilibrium between an octa aqua and an ennea aqua ion. Only 9% of 
all configurations have a ninth water molecule between the two spheres (Fig. 8). 

An advantage of computer simulations is that they can deliver microscopic 
structural pictures of the systems studied. A detailed analysis of the first coordina- 
tion shell [53] showed that for the light lanthanide ions (Nd3 ‘) the nine water 
molecules form a tricapped trigonal prism (Fig. 9) similar to that found by solid 
state X-ray diffraction studies on [Ln(H,O),Is+ with counterions CF,SO<, 
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EtOSO;, and BrO, [54]. The mean ion-oxygen distance, rM, calculated for the 
three capping water molecules is 3.6% longer than that for the six prismatic ones. 
The eight Hz0 molecules in contact with the smaller heavy lanthanide ions (Ybj’) 
form a square antiprismatic geometry (Fig. 9) with equal ion-oxygen distances. 
The dipole vectors of the first coordination shell water molecules are radially 
aligned [52] with mean tilt angles from the cation-oxygen axis of 13” (Nd3 +, 
Sm3 + ) and 12” (Yb3 + ). The distribution function of all angles 8 = LO/-ion-O”, 
formed by pairs of water oxygens that belong to the first shell, was calculated and 
agreed well with the structures described above [53]. 

As already mentioned, hydration shells from simulations of Sm3+ are actually a 
mixture of equal amounts of eight- and nine-fold coordinated ions. If water 
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as l . Activation volumes, AV:, are shown as W. 
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I 
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Fig. 7. Comparison of the Ln’+ -water oxygen radial distribution function, g,,-o. from the simulations 
(... unpolarizable water,---polarizable water) with experimental data from neutron diffraction for 
Nd” and Yb’ + (- experimental data). 

molecules up to an ion-oxygen distance of 3.0 A are considered, either a tricapped 
trigonal prism (for CN, = 9) or a square antisprim (for CN, = 8) is found. Fig. 10 
(bottom) gives an example of the trajectories of the water molecules of the first and 
the second hydration shell for a 100 ps interval and illustrates the equilibrium 
between the two coordinations. The reaction volume, Av”, for this equilibrium can 
be estimated from geometrical considerations. Using Swaddle’s semi-empirical 
model [18] a volume of - 13.0 cm’ mol- ’ can be calculated. From the molecular 
dynamics simulations volumes included in the solvent-accessible Connolly surface 
[55], I’,;,,, can be calculated. In Fig. 10 (top) the Connolly volume enclosed by the 
surface of the first hydration shell of the Sm3+ aqua ion is given as a function of 
time. With I’,,, (CN, = 9) = 112.0 cm3 mol-’ and V,,, (CN, = 8) = 101.2 cmi 
mol- ’ a reaction volume of - 7.2 cm3 mol- ’ was calculated [56]. Molecular 
dynamics simulations performed at different densities (p = 0.9, 1.0 and 1.1 g cm -’ 
corresponding to pressures of - 2440, 1 and 1880 bar) showed a change in the 
mean coordination number from 8.26 to 8.62 due to an increase of configurations 
with nine coordinated water molecules in the first shell with increasing density (Fig. 
11). The slope of a plot of In(K) versus the pressure gives D I’” [56]. The value 
obtained in this way ( - 8.3 cm3 mol - ‘) is close to the one described above; both 
volumes calculated in different manners from MD simulations agree well with the 
reaction volume of - 10.9 cm-’ mol- ’ measured experimentally for [Ce(H,O)$ + 
+ Hz0 F? [Ce(HzO)$ + [57]. 

Rate constants for water exchange on lanthanide(II1) ions can be determined by 
“0-NMR relaxation and chemical shift measurements [58,59]. Unfortunately, only 
eight-coordinate heavy lanthanides (Gd3 + to Yb’+) could be studied (Fig. 6). 
Powell’s results [60] at high magnetic fields allow to determine lower limits for 
water exchange rates at 298 K on [Nd(H20),]“+ and [Pr(Hz0),13 +. The water 
exchange rates are closely correlated with the rate, k?“, of the interchange between 
an inner sphere water molecule and a SO: - ion from the outer sphere coordination 
(Fig. 6) [61]. The values show a maximum in the middle of the series, corresponding 
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to the crossover region in CN, from nine to eight. For the heavy lanthanides, in 
addition to variable temperature, variable pressure measurements were made so 
that the activation volumes for the exchange process could be determined. The 
activation volumes are all negative [59], indicating an associatively activated water 
exchange mechanism (Fig. 6). This observation can be explained in terms of the 
coordination equilibrium observed in the middle of the series. For the heavy 
lanthanides, the octa ion is the lowest energy species and the ennea aqua ion 
represents the intermediate (or transition state) in the associatively activated water 
exchange reaction. The exchange rates become faster towards the middle of the 
series as the difference in the energy between octa aqua and ennea aqua ions 
decreases. For the mid-series lanthanides, the octa and the ennea- aqua species are 
in equilibrium. The transition from one species to the other requires relatively little 
energy, so that these lanthanides should have the fastest water exchange rates of the 
series. For the light lanthanides, the ennea aqua ion is now the lowest energy 
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Fig. 9. Structures of the first hydration shells for the simulations Nd, Sm. and Yb. The geometric centers 

of the point clouds have been connected to guide the eye. The radii of the central spheres represent the 
ionic radii. 

species. One can expect, therefore, that the octa aqua ion will be the intermediate 
(or transition state) in the exchange process, which will proceed via a dissociatively 
activated mechanism. One would expect to observe an increase in water exchange 
rates and positive activation volumes from La’+ to Nd’+ . Unfortunately, so far it 
has not proved possible to demonstrate experimentally these predictions for the 
light lanthanide ions. 

From molecular dynamics simulations, however, information on water exchange 
is available for the three regions of coordination. The simulation qualitatively 
confirmed the lability maximum of the first hydration shell found in the middle of 
the series [56]. From the trajectories obtained from the simulations, all transitions 
of water molecules between the first hydration shell and the bulk were identified 
and grouped into pairs of water molecules that together form a coupled exchange 
(Fig. 12) [56]. 

The 15 exchange events on [Nd(H20)J3 + observed in the 3.1 ns simulation time 
are of dissociative character throughout the simulation (Fig. 12, left). A consider- 
able mechanistic variability between the two limiting reaction pathways is evident. 
One limit is a pathway with rather strong dissociative character via an eight-fold- 
coordinated transition state of a lifetime of 10 ps. The other extreme is a pathway 
with nearly synchronous leaving and entering of water molecules. Since the crossing 
point between the trajectory of the incoming and the leaving water molecules is 
displaced towards the second shell, this pathway is most appropriately classified as 
a dissociative interchange, Id, mechanism with weak dissociative character. The 
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leaving water molecule is in any case sitting in the capping position. The remaining 
eight water molecules adopt a square antiprismatic geometry. The incoming water 
molecule approaches with the least steric hindrance by the opposite square face. 
The angular distribution for the angle formed by the incoming water molecule, the 
ion and the leaving water molecule shows a maximum at about 180”. 

The water exchange on [Yb(H,O)$+ starts with the approach of a ninth water 
molecule on one of the squares of the square antiprismatic geometry. After a slight 
rearrangement of the eight other Hz0 molecules, the nine form together a tricapped 
trigonal prism with the incoming one sitting on a capping position. Subsequently 
another capping water molecule is driven out of the primary hydration shell. The 
oxygen-ion-oxygen angle between the incoming water oxygen, the Yb’+ and the 
leaving water oxygen is about 120” [56]. 

Similarly to the hydration equilibrium of Sm3+, volume profiles for water 
exchange processes can be obtained using Connolly’s method. Volume changes with 
respect to the mean volume of an aqua ion in equilibrium plus one isolated water 
molecule are shown for 10 ps intervals in Fig. 13 [56]. For [Nd(H,O),]‘+ (Fig. 13, 
top) the dissociation of a water molecule from the primary hydration shell 
corresponds to an increase in volume. The picture that emerges from the volume 

300 320 340 360 380 400 
t/p 

Fig. 10. Ion-oxygen distance for a 100 ps interval simulation for Sm (bottom). The plot illustrates the 
equilibrium between eight- and ninefold coordination. The volume If<;,, that is enclosed by the 

solvent-accessible surface of the [Sm(H,O), $ ‘- ’ q d ua ion is shown as a function of time (top). 
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0 5 10 15 20 25 

number of water molecules 

Fig. Il. Distribution of the water molecules in three distance ranges around the Sm’+ ion at three 
different overall densities. The inserted numbers are the mean numbers of water molecules in each 
distance range. 

profile for the water exchange on ~b(H20),]’ i is more complicated. The entering 
of a water molecule from the second hydration shell into the region between the 
first and second sphere leads to a slight increase of the volume. This feature of the 
volume profile indicates that the square antiprismatic octa aqua ion prepares itself 
geometrically for the reception of a ninth water molecule before compacting to the 
transition state that is a tricapped trigonal prism. 

3.3. Main group elements 

There are only few main group metal ions amenable to detailed mechanistic study 
of water exchange: Be’+, Mg’+, Al-‘+, Ga3 + and In+. They provide the 
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opportunity to study the influence of size and charge on mechanism without the 
complicating effects of the variation of the electronic occupancy in the d-orbitals. 

All alkali ions and Ca’+, Sr” and Ba” are very labile as a consequence of 
their relatively low surface charge density. The only direct experimental data on 
water exchange on some of these ions come from incoherent quasi-elastic neutron 
scattering (IQUENS) [62-641. IQENS has an observation time scale r,,,, m lo-’ s 
and allows to give limits for ion to water-proton binding times T, (Table 2). 

The tetrahedrally [65-691 coordinated beryllium(H) and the octahedrally [70-751 
coordinated magnesium(I1) show relatively slow water exchange rates from the first 
coordination sphere and can be measured directly by NMR techniques (Table 3). 
The water exchange reaction on beryllium(I1) is characterized by the most negative 
activation volume observed for a water exchange process (A I’: = - 13.6 cm’ 
mol - ‘), which is close to a calculated limiting A V: = - 12.9 cm’ mol ’ for an A 
mechanism (hexa-aqua ion) [65]. The water exchange rate for [Mg(H20)J’+ [76] 
lies between those of [Co(H,O),]’ + and [Ni(HIO),]’ + (Table 1) and reflects the 
order of ionic radii of these three ions (Co’ i = 74 pm, Mg’+ = 72 pm, Ni’ r = 69 
pm) [77]. The strongly positive activation volume (A P’: = + 6.7 cm3 mol- ‘) is 
intermediate between those obtained for Co” and Ni’? Based on the similarity 
between Mg’ i and these ions an Z, or D mechanism is proposed for H,O exchange. 
Furthermore, the complex formation rates [78] are close to the water exchange rate. 
which is indicative of a metal-water bond rupture as the rate determining step. 

The trivalent cations Al3 A) Ga” i and In’ A have closed shell configurations and 
differ strongly in their ionic radii (53, 62 and 80 pm, respectively). They form 
octahedral [M(H,O),]” - subunits in the solid alums CsM”‘[S0&.12H,O [79]. In 
aqueous solution the coordination numbers are also six as revealed by X-ray 
diffraction for Al(II1) [80-821 and In(II1) [83-851, and by NMR measurements for 
Al(II1) [85-871, Ga(II1) [85-901 and In(II1) [85]. Rate constants and activation 
parameters for water exchange on Al(II1) [91] and Ga(II1) [92,31] have been 
determined from kinetic ” 0-NMR experiments (Table 4). Water exchange pro- 
cesses on [Al(H,O),]’ T and [Ga(H20),]’ i are characterized by positive A I’: values, 
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Fig. 12. Superpositions of the trajectories for the exchange events observed for solution Nd (CN = 9. 

left.) and for the exchange events observed for simulation Yb (CN = 8. right). 
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which are, however, substantially smaller than anticipated for a D mechanism, and, 
therefore, an I, mechanism was proposed. Unfortunately, the water exchange rate 
on In3+ was too fast to be measured, and thus precluded the measurement of an 

Table 2 
Ion-water proton binding times, r,, obtained from IQENS experiments on concentrated aqueous ionic 
solutions at -298 K [63] 

5,<10-‘1’s 

Li + 

Cs’ 
Ca2 + 

Cd+ 
F 
Cl- 
I- 

CIO; 

T,> lo-“’ s 

Zn’ + 

Nd’ + 
Dy’+ 

s,>5x 10-y s 

Mg?’ 
Ni’+ 

AIZ + 
CrZ + 
Fe>+ 
Ga’+ 
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Table 3 
Water exchange rate constants and activation parameters for water exchange on [Be(H,O),]‘+ 

lMg(H@),l’+ 

Ion k (298 K) AH: AS: Al’: Mechanism Ref. 

W’) (kJ mol-‘) (J K-’ mol-‘) (cm2 mol - ‘) 

[Be( HzO),]’ + 7.3 x 105 59.2 +8.4 - 13.6 A [641 
[Mg(H,O),]‘+ 6.7 x 10” 49. I +31.1 6.7 I,j. D 1751 

activation volume. The new limits for water exchange rate on In’+ established by 
using Tb’ i as paramagnetic shift reagent [93] are about three orders of magnitude 
higher than the previous estimates [94]. 

Kowall [93] modeled water exchange mechanisms on Al”‘, Ga7+, and In’+ 
using ab initio calculations at the Hartree-Fock level. Similar to transition metal 
ions, clusters with one ion and seven water molecules were considered [39]. For all 
three ions transition states and intermediates have been obtained for a dissociative 
pathway with structures similar to those found by Rotzinger (Fig. 3~). The energies 
of the dissociative transition state are in excellent agreement with the activation 
enthalpies, AH:, measured for [A1(H10),13 + and for [Ga(H20)$ + (Table 4) [91,31] 
The energy difference, AE!, between the calculated intermediate and its correspond- 
ing transition state is relatively large for Al’ + and Ga3 + , but smaller for In’ + . The 
computation of transition states for an associative exchange mechanism was only 
successful for In’ + . The structures of the transition state and the intermediate for 
[In(H20),]’ + are the same as those for [Ti(H,O),]“+ [39]. Furthermore, the 
associative pathway requires a much lower activation energy (AEt = + 29.1 kJ 
mol-‘) than the dissociative water exchange (AE: = + 75.2 kJ mol-‘). The 
calculated activation energy of + 29.1 kJ mol ~ ’ is in good agreement with the limit 
I 33.1 kJ mol- ’ for AG;,, obtained experimentally [93]. 

Positive activation volumes for water exchange were measured on Al3 + and 
Ga” + by variable-pressure NMR experiments, and a dissociative mechanism, I,, 
was assigned. Due to the relatively large energy differences between transition state 
and intermediate calculated for these clusters, a limiting D mechanism was recently 
proposed from the calculations [93]. The much lower energy pathway for an a 
activated mechanism for In’+ together with the presence of a stable seven-coordi- 
nate intermediate allowed the assignment of an A mechanism for H,O exchange at 
[In(HzO)$ + . Activation volumes were estimated from the ab initio cluster calcula- 
tions using the Connolly surface [55]. The van der Waals radius of oxygen was 
adjusted to reproduce the experimental A V’: for Al3 + and Ga3 + . The correspond- 
ing activation volume for an associative exchange process calculated for In’+ was 
- 5.2 cm3 mol - ‘. The change in mechanism from dissociative (Al’ + , Ga3 +) to 
associative (SC’ + , In’ +) has already been observed experimentally for organic 
solvent exchange reactions [20]. 

Swaddle used a More-O’Ferrall type diagram, scaled to the volume as a physical 
parameter, to visualize the interplay between bond-making and bond breaking in 
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simple interchange processes (Fig. 14). Based on Swaddle’s semi-empirical model 
for partial molar volumes of metal ions in solution, Merbach choose f 13.5 cm3 
mol - ’ as the limiting value for A and D mechanisms [12]. The only measurable 
volume is, however, the activation volume, that is the volume difference between 
the transition state and the reactant. If, as Swaddle supposes, all water exchange 
reactions had to be regarded as interchange mechanism, the transition state would 
lie on the dashed diagonal in Fig. 14a. In this view, A and D mechanisms are 
considered as the limiting cases for the interchange mechanistic continuum and are, 
therefore, following the edges of the square diagram. However, from Rotzinger’s 
[39,40] and Kowall’s [93] calculations intermediates with increased and decreased 
coordination numbers have been identified and a different view of the square 
diagram was defined [93]. For concerted mechanisms (0, the single transition state 
lies, as before, on the AI’ diagonal axes. However, for stepwise mechanisms, the 
intermediate is situated on the diagonal while the two transition states lie symmet- 
rically off to the diagonal. The intermediates must not necessarily lie on the corner 
of the square, which means that the absolute value of the volume difference 
between intermediate and ground state can be significantly smaller than 1 f 13.51 
cm7 molt ‘. From calculated structures, Kowall et al. [93] derived volume changes 
for the transition states, AV:, and for intermediates, AI’,. These values are then 
used to draw reaction trajectories into the square diagram (Fig. 14b). As one would 
expect, transition states are about half the way between the reactant and the 
intermediate. 

4. Water exchange from the second coordination shell 

Information on the second coordination shell of water molecules around cations 
is much poorer than that on the first shell [3]. Properties of solvent molecules in this 
coordination shell are often very similar to those of the bulk, making their 
investigation extremely difficult. The analysis of radial distribution functions, g(r), 
at long I’ distances, is difficult and much less reliable. The main source of structural 
information comes from neutron scattering [95] and X-ray [96-991 diffraction 
experiments on aqueous solutions. For cations with strong second shell solvation, 
such as the trivalent Al’ +, Cr” + , or Rh’+, information can be obtained from far 
infrared spectroscopy [loo]. Computer simulations performed in close relation to 
experimental studies can deliver more insight into the microscopical structure and 
dynamics of solvent molecules in the second coordination shell [lOl, 1021. 

Ions having a kinetically inert first coordination shell, like Cr3 + , offer experimen- 
tally the best opportunity to study second sphere exchange. Bleuzen et al. [loll 
showed in a combined experimental “0-NMR relaxation and computer modeling 
study that strong hydrogen bonding, due to polarization of first coordination 
sphere water molecules, leads to a structurally and kinetically well-defined second 
shell. From radial pair distribution functions, obtained from MD simulations on 
Cr(ClO,), in 277 H,O molecules, peaks at 3.99 A for oxygen and at 4.66 A for 
hydrogen corresponding to the second coordination sphere are clearly distinguish- 
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6 

0 

Fig. 15. Radial distribution function, g(r), and running coordination number, CN, for the simulation of 
[Cr(H20)$ + m water. 0, shows distance of first shell water oxygens. 

able (Fig. 15). Integration of the oxygen g(r) between 3.00 A and the first minimum 
at 4.45 A gives the mean number of 12.9 water molecules for the second sphere of 
Cr3+ which agrees well with the values of 12-13.6 found experimentally [95,96]. 
The experimentally measured exchange rate constant of k,, = 7.8 x 10” s - ’ (at 298 
K) corresponds to a lifetime of 128 ps for one water molecule in the second 
coordination shell and is in good agreement with the lifetime of 144 ps observed 
from the molecular dynamics simulation. The angular distribution for the angle 
formed by the two exchanging water molecules shows a maximum at cos(8) 2 0.76, 
which represents an angle of about 40” (Fig. 16). The ion-oxygen distance vectors 
of two adjacent water molecules in the second coordination shell produces an angle 
of about 37”. Based on the simulation the following picture for an exchange 
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Fig. 16. Angular distribution for the angle formed by the entering water molecule, the Cr’+ ion, and the 
leaving water molecule around the moment of an exchange event. 
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Fig. 17. Visualization of a water exchange between the second coordination shell and bulk solvent on 
[W-W),13 + obtained from MD simulation: (1) selected first sphere water molecule; (2). (3) second 
sphere water molecules before exchange; (4) exchanging outersphere water molecule. 

reaction between a second and a third sphere water molecule on [Cr(H,0),13+ 
could be obtained (Fig. 17): In a first step a water molecule (no. 4 in Fig. 17) enters 
the second coordination sphere and increases the coordination number temporarily. 
In a second step the first sphere water molecule (no. l), close to the entering one, 
rotates around its oxygen-chromium bond, then one of the hydrogen bonds 
formed to second sphere waters (no. 3 in Fig. 17) breaks up and a new hydrogen 
bond to the entering water molecule is formed. During the rotation the second 
hydrogen bond is maintained (no. 2 in Fig. 17). The third step consists of the 
leaving of the water molecule which has lost its hydrogen bond to the second 
sphere. This relatively simple picture agrees with the angle of about 40” degrees 
between the exchanging molecules resulting from the simulation (Fig. 16). The 
activation mode which can be attributed for this reaction from the MD simulation 
is associative. 

Mufioz-Paez et al. [102] performed extended X-ray absorption fine structure 
studies on aqueous solutions of Cr3 + and Zn2 + . They detected second coordina- 
tion shells in both cases with coordination numbers of 13.3 + 1 (Cr3+) and 
11.6 f 1.5 (Zn’+). The same group performed Monte Carlo [103] and molecular 
dynamics [ 1041 simulations of [Cr(H,O),] 3 + in dilute aqueous solutions using an ab 
initio Cr3 + hydrate-water interaction potential. They found second shell coordina- 
tion numbers of N 14 from both simulations. Furthermore, from simulations and 
EXAFS measurements they concluded that chloride ions are situated beyond the 
second hydration shell. Translational self-diffusion coefficients for second shell 
water molecules are much closer to those of the complex than to those of bulk 
water molecules. The authors conclude for this cation that the second hydration 
shell is joined tighter to the first shell than to the bulk water. 

Near infrared experiments on lanthanide(II1) ions showed no well defined second 
hydration shell [105]. MD simulations led to coordination numbers of water 
molecules in the second coordination sphere, CN,,, of 17.61 (Nd3+, CN, = 8.98), 
17.13 (Sm3+, CN, = 8.52), and 16.74 (Yb3+, CN, = 8.01) (Fig. 8) [52]. The resi- 
dence times for water molecules in the second shells around Nd, Sm and Yb are 13, 
12 and 18 ps, respectively [56]. The slightly higher value for Yb3 + can be related to 
its smaller ionic radius, rion. 
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5. Concluding Remarks 

The results reviewed in this paper clearly demonstrate that experimental studies 
and computer simulations or quantum chemical calculations are complementary. 
Due to the range of more than 18 orders of magnitude for water exchange rate 
constants on metal ions a variety of experimental techniques, mainly nuclear 
magnetic resonance, have to be applied. In a similar way, different computer 
techniques have to be used to calculate these simple chemical reactions in solution. 
Very fast exchange reactions like those on lanthanide ions or on second coordina- 
tion shell can be simulated by classical molecular dynamics technique. Reaction 
pathways for water exchange on transition metal ions and on less labile first 
coordination shells can be followed by calculating clearly defined transition states 
and intermediates. Obviously, both techniques suffer from shortcomings: approxi- 
mations on interaction potentials, missing of outer coordination shells. Neverthe- 
less, they offer useful information that help the experimentalist understand 
underlying microscopic details of macroscopic observations. 
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