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The usefulness of pressure variation for the elucidation of
mechanisms of solvent exchange reactions on metal ions is
discussed. Even if the distinction between a limiting and an
interchange mechanism, based on the magnitude of the
activation volumes, is not straightforward, the activation
mode, associative or dissociative, can be assigned from the
sign of ∆V‡. The use of quantum mechanical calculations
has also become a valuable tool in studies of exchange
reactions. These calculations can be performed on the
ground state and on transition states or intermediates
with increased or decreased coordination number. They
are useful for distinguishing between possible pathways
and/or to give insight on the mechanism, not available
experimentally.

† Based on the presentation given at Dalton Discussion No. 4, 10–13th
January 2002, Kloster Banz, Germany.

Introduction
The substitution reaction on metal ions M may, in a general
way, be written as:

To elucidate the mechanisms of such reactions, it is usual to
measure the reaction rate as a function of a number of chemical
(concentrations, pH, ionic strength, solvent) and physical
(normally temperature) parameters. The empirical rate law, the
electronic and steric effects induced by variations of leaving X,
entering Y, and non-reacting L ligands, the variable temper-
ature activation parameters (activation enthalpy, ∆H‡ and activ-
ation entropy, ∆S ‡) and any other experimental or theoretical
information available on the system are then used to assign a
reaction mechanism. It is found however, that such information

LnMX �Y  LnMY � X (1)
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may be insufficient to distinguish clearly between reaction
mechanisms. This is especially so for an important class of
substitution reactions in inorganic chemistry, namely solvent
exchange reactions, where X = Y in eqn. (1). Normally one
cannot vary the concentrations of the reactants (unless working
with an ‘inert’ diluent) so that the mechanistic assignment must
often be made on the basis of activation parameters alone.

Fortunately, temperature is not the only physical variable
which can be varied in kinetic studies. Pressure can also affect
the rate of a substitution reaction in solution, and variable
pressure measurements yield an activation volume, ∆V‡, which
can be used as a supplementary (and often decisive) parameter
for mechanistic assignment.1 Although the first high pressure
kinetic study in inorganic chemistry was made over forty years
ago,2 the rapid development of the field has occurred in the
last twenty years, since the adaptation for variable pressure
studies of most fast reaction techniques: stopped-flow,3

temperature-jump,4 pressure-jump 5 and NMR.6

In recent years the application of classical molecular dynam-
ics (MD) computer simulations as well as ab-initio and density
functional (DFT) calculations have gained significant interest.
Classical MD 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 103 water molecules can be simulated
over several ns (10�9 s). Exchange processes can be followed
directly by inspecting trajectories, molecular coordinates and
velocities as a function of time.

Full quantum mechanical calculations are computationally
much more demanding and, therefore, mostly restricted to
small ion–water clusters containing one metal ion and a limited
number of water or other solvent 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 coordination sphere, bulk solvent
and anions are neglected and, furthermore, contrary to classical
molecular dynamics simulations no real timescale is provided.
These calculations are not based on empirical pair wise additive
interaction potentials and therefore calculations on all types of
ions, including transition metals, are feasible.

A promising method, developed in the last decade, is first
principles molecular dynamics like the Car–Parrinello tech-
nique.7 In these calculations interatomic potentials are explicitly
derived from electronic ground-state within the density func-
tional theory in local or non-local approximation. It combines
quantum mechanical calculations with molecular dynamics
simulations and, therefore, overcomes the limitations of both
methods. Actual computers allow only simulations of aqueous
solutions of about 60 water molecules for a few ps (10�12 s).
This limit is still at least one order of magnitude shorter than
the fastest directly measured water exchange rate. Nevertheless,
several publications appeared in the late nineties on solvated
Be2�,8 K� and Cu2� 10 presenting mainly structural results.

Solvent exchange reactions: theoretical concept
The mechanistic classification accepted for ligand substitution
reactions was proposed by Langford and Gray in 1965.11 They
divided substitution reactions into three categories of stoichio-
metric 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 (or more 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 mechan-
isms must be dissociatively and all A mechanisms must be
associatively 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 (Ia mechanism) to negligible (Id mechanism).12 For a
solvent exchange process, the forward and backward reaction
coordinates must be symmetrical. Thus, for an Id mechanism,
with negligible bond-making of the entering group, the leaving
group is also necessarily weakly bound. Inversely, for an Ia

mechanism, both the entering and the leaving group must have
a considerable bonding to the metal (Fig. 1).12 Swaddle suggests

that for substitution of solvents such as water on octahedral
complexes, only I mechanisms need to 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 coordin-
ation number (nanosecond time-scale). Furthermore, he
concluded from early computer simulations 14 that there can be
no clear-cut mechanistic classification of the Ia : Id 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 mentioned above, the proposition of a reaction mech-
anism is based mainly on the response of the reaction rate to
the variation of chemical and physical parameters. The volume
of activation, ∆V‡, has become the main tool for the experi-
mental identification of the water exchange mechanism.15 ∆V‡

Fig. 1 Representation of the transition state for the spectrum of
solvent or symmetrical ligand exchange processes.
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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 eqn. (2).

The observed exchange rate constant, k, is either slowed or
accelerated by increasing pressure, depending on the positive
or negative sign of ∆V‡, respectively. It is usually accepted that
the activation volume has two contributions: an intrinsic com-
ponent, ∆Vint

‡, resulting from changes in bond lengths and
bond angles, and an electrostrictive component, ∆Velec

‡, which
arises from changes in electrostriction of the solvent outside the
first coordination sphere. For solvent exchange reactions differ-
ences in electrostriction between the transition state and the
reactant can be neglected, hence ∆V‡ ≈ ∆Vint

‡. Consequently,
the activation volume will be a direct measure of the degree of
bond formation or bond breaking in the transition state (after
correction of small volume changes due to the adjustment of
the bond lengths of the spectator ligands at 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. 1. An important
issue is the prediction of activation volumes for the limiting
substitution mechanisms D and A. Swaddle 16 developed a
semi-empirical model in which the absolute partial molar
volume, ∆Vabs

0, 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,17 this
model gives similar absolute limiting values of |∆V‡| = 13.5 cm3

mol�1 for D and A processes for water exchange on di-and
tri-valent 3d transition metal ions.

Variable pressure NMR
Since the pioneering work of Benedek and Purcell in the fifties 18

two general approaches have emerged for the measurement of
high resolution NMR spectra at variable pressure.19 One
relatively simple approach consists of using a thick-walled glass
container or a sapphire tube which can be placed directly into
a standard NMR probe. An alternative approach is to build a
dedicated high pressure NMR probe which will replace the
ambient pressure commercial one.

The glass tubes are capillaries supporting a pressure up to
300 MPa.20 The external diameter is standard (5 to 10 mm) but
their small internal diameter limits the detection of NMR
nuclei with small natural abundance like 13C, 15N or 17O. By
replacing the glass with a relatively thin-walled sapphire tube 21

the internal diameter becomes much larger which results in a
much better filling factor for the NMR coil. A light weight
cylindrically symmetrical titanium valve which dramatically
minimizes spinning side bands is shown in Fig. 2.22,23 Safety
considerations are of special importance in the use of this kind
of tube, especially when working with gases under pressure. To
ensure continuous safety of the user a protective device made of
acrylic plastic was developed (Fig. 2). It prevents the user from
being exposed directly to the tube while it is being pressurized
or under pressure. The maximum working pressure is limited to
10 MPa. The transparent tubes are pressurized outside the
NMR magnet and can be easily shaken for rapid dissolution of
gases in a liquid.24 Sapphire tubes are also an ideal tool to
measure NMR spectra at temperatures above the boiling point
of the solvent used.22

To build a special high-pressure high-resolution probe for
NMR is a much more demanding task which may explain why
only a few research groups have done it so far.25 The pressure
vessels are made from non-magnetic material (such as for
example Berylco-25) and contain the high-frequency NMR

(2)

coil. They allow one to work under non-spinning conditions at
pressures typically up to 500 MPa.26

A 1H (400 MHz) high-resolution probe for narrow bore
(50 mm) cryo-magnets built in our laboratory is shown in
Fig. 3.27 It allows 2H (61.4 MHz) field locking and has a
maximum working pressure of 200 MPa. A second, multi-
nuclear probe (20 to 160 MHz) for narrow bore (50 mm)
cryo-magnets has also been developed in our laboratory. It is
equipped with a second electronic circuit for 1H decoupling and
2H (61.4 MHz) field locking. A spectral resolution of less than
1 Hz is typically achieved with these probes (non-spinning).

To study gases dissolved in liquids, the high-pressure probe is
equipped with a mixing unit (Fig. 3).28 This overcomes the very
slow diffusion across the gas–liquid interface. With this unit a
good mixing is achieved in less than 1 min.23

Water exchange from the first coordination shell on
metal ions
The replacement of a water molecule from the 1st coordination
shell [see eqn. (3)] is an important step in complex formation

reactions of metal cations as well as in many redox processes.
The general chemistry of aqua ions over the periodic table of
elements, its synthesis, structure and reactivity has been
reviewed by Richens 29 and the theoretical and experimental
aspects of water exchange have been discussed recently in an
extensive way.30 The metal cations are often classified into three
groups. The first group is represented by the main group metal
ions, varying mainly in ionic radius and electric charge. The
number of water molecules in the first coordination sphere

Fig. 2 Schematic drawing of the sapphire tube/Ti-valve assembly
(expanded) and the safety device.

[M(H2O)n]
z� � nH2O*  [M(H2O*)n]

z� � nH2O (3)
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Fig. 3 High-pressure, high-resolution, normal-bore (Ø 50 mm) NMR probe (left) equipped with a mixing facility (right) suitable for studies under
gas pressures up to 100 MPa. The high-pressure probe can also be used (without the mixer) for studies under liquid pressure to 200 MPa.

spans from 4 to 10 or greater.31 The second group consists of
the d-transition metal ions, which are mainly hexacoordinated
with some exceptions like Pd2� and Pt2� which are square
planar and Sc3� that might be hepta coordinated.32 Their
exchange rate constants are very strongly linked to the
occupancy of their d orbitals. The third group involves the
trivalent lanthanide and actinide ions which are eight or nine
coordinated. Their kinetic behavior is mostly influenced by the
decrease of the ionic radius along the series and the subsequent
change in the coordination number.

The observed exchange rate constants cover more than 18
orders of magnitude (Fig. 4) from the most labile monovalent
alkaline ions to the very inert trivalent transition metal ions
Rh3� and Ir3�. On the slow exchange side, a water molecule
stays at room temperature for more than 300 years in the 1st
shell of the hexaaqua iridium(),22 a third-row transition metal
ion with a large ligand field contribution to the activation
energy. These extremely slow rates can be determined at high
temperature and variable pressure by an isotopical exchange
technique using an NMR detection method. On the other
extreme, the mean lifetime of a water molecule in the first
coordination shell of Cs� was estimated to be 200 ps.33 Cs� is
the largest monovalent metal cation and has therefore the
lowest surface charge density. The most rapid water exchange
rate directly measured by 17O NMR (kex

298 = 5.0 × 109 s�1 for
CN = 7) is that on europium().34 Eu2� is isoelectronic with
Gd3� and very similar in size to Sr2� but it is unstable against
oxidation in aqueous solution. Because of its size and the 2�
charge EuII may provide insight as a probe in the chemistry of
CaII and SrII even if a recent XAFS study on aqueous solutions

of Sr2� and Eu2� surprisingly concluded two different coordin-
ation numbers for both ions of 8.0 and 7.2, respectively.35

Another very fast exchanging divalent ion, CuII, has gained
some interest recently. It was found from an experimental
(neutron diffraction) and theoretical (Car–Parrinello molecular
dynamics simulation) study that the copper ion in aqueous

Fig. 4 Mean lifetimes of a single water molecule in the first
coordination sphere of a given metal ion, τH2O, and the corresponding
water exchange rate constants, kH2O. The full bars indicate directly
determined values, and the empty bars indicate values deduced from
ligand substitution studies.
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solution is surrounded by five water molecules (as can be seen
from the running coordination number in Fig. 5, inset) arranged
in a trigonal bipyramid or in a square pyramid.36 This is in
contrast to what was generally accepted, namely that the Jahn–
Teller distorted octahedron, observed in the solid state, is also
present in solution. From 17O NMR an inter-conversion rate of
2 × 1011 s�1 and a water exchange rate of 4.4 × 109 s�1 was
obtained using the geometry of hexacoordinated Cu2�.37

Reanalysing the same NMR relaxation data with a new model
including only five H2O molecules in the first coordination
sphere and a similar rapid inter-conversion between the two
geometries mentioned above (Fig. 6) yielded a water exchange
rate of (5.7 ± 0.2) × 109 s�1 slightly enhanced with respect to the
value obtained previously assuming sixfold coordination.

Activation volumes for water exchange from the 1st coordin-
ation shell of aqua ions are collected in Tables 1 to 4. With the
exception of the value for [Cr(H2O)6]

3� they were all obtained
from variable pressure 17O NMR studies. In the following we
would like to summarize some general trends for the water
exchange mechanism which can be drawn from these ∆V‡.

Diamagnetic metal ions

There are only a few main group metal ions amenable to
detailed mechanistic study of water exchange: Be2�, Mg2�,
Al3�, Ga3� and In3� (Table 1). They provide the 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. The tetrahedrally 8,38 coordinated
BeII and the octahedrally 39 coordinated MgII show relatively
slow water exchange rates from the first coordination sphere.
The water exchange reaction on [Be(H2O)4]

2� is characterized
by the most negative activation volume observed for a water
exchange process (∆V‡ = �13.6 cm3 mol�1), which is close to a
calculated limiting ∆V‡ = �12.9 cm3 mol�1 for an A mechanism
(hexaaqua ion).40 The water exchange rate for [Mg(H2O)6]

2� 41

lies between those of [Co(H2O)6]
2� and [Ni(H2O)6]

2� and
reflects the order of ionic radii of these three ions (Table 1). The
strongly positive activation volume (∆V‡ = �6.7 cm3 mol�1)
is intermediate between those obtained for Co2� and Ni2�.
Based on the similarity between Mg2� and these ions an Id or D
mechanism is proposed for H2O exchange.

The trivalent cations Al3�, Ga3� and In3� have closed shell
configurations and differ strongly in their ionic radii (Table 1).

Fig. 5 Partial pair correlation functions gCuO(r) (A) and gCuH(r) (B)
obtained by the second-difference isotopic substitution method in
neutron diffraction (thick curves) and by first-principles molecular
dynamics (thin curves). The dotted curve in (A) corresponds to the
theoretical gCuO(r) obtained by considering the same momentum
transfer range as in the experiment. The coordination numbers as a
function of cutoff radius are given in the insets. The horizontal dashed
line (inset, upper panel) corresponds to sixfold oxygen coordination.

Rate constants and activation parameters for water exchange
on AlIII 42 and GaIII 43 have been determined from kinetic 17O
NMR experiments (Table 1). Water exchange processes on
[Al(H2O)6]

3� and [Ga(H2O)6]
3� are characterized by positive

∆V‡ values. From ab-initio calculations it was concluded that
the water exchange on Al3� and Ga3� hexaaqua complexes
proceeds via a D mechanism involving a pentacoordinated
intermediate [M(H2O)5�H2O]3�.44 The calculated activation
energies ∆E ‡ for these complexes are in remarkable quanti-
tative agreement with the experimental values for ∆H‡.
Unfortunately, the water exchange rate on InIII is too fast to be
measured and only a lower limit could be obtained. The
ab-initio calculation on aqua ions of In3� gave a much lower
energy pathway for an a activated mechanism.44 Together with
the presence of a stable seven-coordinate intermediate an A
mechanism was assigned for H2O exchange at [In(H2O)6]

3�.
Activation volumes were estimated from these cluster calcu-
lations using the Connolly surface.45 The corresponding ∆V‡

for an associative exchange process calculated for In3� was �5.2
cm3 mol�1. The change in mechanism from dissociative (Al3�,
Ga3�) to associative (Sc3�, In3�) has already been observed
experimentally for organic solvent exchange reactions.46

First-row octahedral transition metal ions

Volumes of activation for water exchange on divalent high spin
1st row transition metal ions (Table 2) indicate that the mechan-
ism progressively changes from an associative activation mode
for the early elements to a dissociative activation mode for the
later ones. This changeover is explained by the progressive
filling of the d orbitals and the decrease in ionic radii along
the series, both factors disfavouring bonding processes. The
activation volume measure for water exchange on copper()
(∆V‡ = 2.0 cm3 mol�1) is much smaller than the one measured
for nickel() (∆V‡ = 7.2 cm3 mol�1) but still positive. This could
effectively reflect the decrease in coordination number from six
(Ni2�) to five for Cu2�.

Fig. 6 Time evolution of the coordination geometry of [Cu(H2O)5]
2�:

τ = (θ � φ)/60 × 100% where θ and φ are O–Cu–O angles. (A) Berry
twist mechanism showing, from left to right, the reorientation of the
main axis of a square pyramidal configuration by pseudorotations via a
trigonal bipyramidal configuration. The grey atoms in the plane of the
trigonal bipyramid are all candidates for becoming apical atoms in a
square pyramid. (B) Evolution of τ as derived from the first-principles
molecular dynamics simulation (window-averaged over an interval of
0.5 ps). The parameter τ describes, in a continuous way, intermediate
configurations of the fivefold-coordinated Cu() aqua ion ranging
between the regular square pyramidal (τ = 0%) and the regular trigonal
bipyramidal (τ = 100%) configurations.
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Table 1 Exchange rate constants and activation volumes for exchange on diamagnetic metal ions

Ion ri/pm Geometry k(298 K)/s�1 ∆V‡/cm3 mol�1 Mechanism Ref.

[Be(H2O)4]
2� 27 Tetrahedral 7.3 × 102 �13.6 A 40

[Mg(H2O)6]
2� 72 Octahedral 6.7 × 105 �6.7 Id, D 41

 
[Al(H2O)6]

3� 54 Octahedral 1.92 �5.7 D 42
[Ga(H2O)6]

3� 62 Octahedral 4.0 × 102 �5.0 D 43
[In(H2O)6]

3� 80 Octahedral >3.0 × 104 �5.2 a A, Ia 44
a Estimated from ab-initio calculations. 

Table 2 Exchange rate constants and activation volumes for water exchange on first row transition metal ions

Ion ri/pm Geometry k(298 K)/s�1 ∆V‡/cm3 mol�1 Mechanism Ref.

[V(H2O)6]
2� 79 Octahedral 8.7 × 101 �4.1 Ia 47

[Mn(H2O)6]
2� 83 Octahedral 2.1 × 107 �5.4 Ia 48

[Fe(H2O)6]
2� 78 Octahedral 4.39 × 106 �3.8 Id 48

[Co(H2O)6]
2� 74 Octahedral 3.18 × 106 �6.1 Id 48

[Ni(H2O)6]
2� 69 Octahedral 3.15 × 104 �7.2 Id 48

[Cu(H2O)5]
2� a 73 Trigonal bipyramid, square pyramid 5.7 × 109 �2.0 Id 36

 
[Ti(H2O)6]

3� 67 Octahedral 1.8 × 105 �12.1 A, Ia 49
[V(H2O)6]

3� 64 Octahedral 5.0 × 102 �8.9 Ia 50
[Cr(H2O)6]

3� 61 Octahedral 2.4 × 10�6 �9.6 Ia 51
[Fe(H2O)6]

3� 64 Octahedral 1.6 × 102 �5.4 Ia 52
[Ga(H2O)6]

3� 62 Octahedral 4.0 × 102 �5.0 D 43
a Water exchange rate for [Cu(H2O)6]

2� (distorted octahedron): k(298 K) = 4.4 × 109 (ref. 37) 

Table 3 Exchange rate constants and activation volumes for water exchange on second and third row transition metal ions

Ion ri/pm Geometry k(298 K)/s�1 ∆V‡/cm3 mol�1 Mechanism Ref.

[Ru(H2O)6]
2� 73 Octahedral 1.8 × 10�2 �0.4 Id 58

 
[Pd(H2O)6]

2� 64 Square planar 5.6 × 102 �2.2 Ia 59
[Pt(H2O)4]

2� 60 Square planar 3.9 × 10�4 �4.6 Ia 60
 

[Ru(H2O)6]
3� 68 Octahedral 3.5 × 10�6 �8.3 Ia 58

[Rh(H2O)6]
3� 66 Octahedral 2.2 × 10�9 �4.2 Ia 61

[Ir(H2O)6]
3� 68 Octahedral 1.1 × 10�10 �5.7 Ia 22

Table 4 Exchange rate constants and activation volumes for water exchange on lanthanide ions

Ion ri/pm Geometry k(298 K)/s�1 ∆V‡/cm3 mol�1 Mechanism Ref.

[Eu(H2O)7]
2� a 120 — 5.0 × 109 �11.3 Ia, A 36

 
[Gd(H2O)8]

3� 105.3 Square-antiprism 1.2 × 109 �3.3 Ia 64, 65
[Tb(H2O)8]

3� 104.0 Square-antiprism 5.6 × 108 �5.7 Ia 64, 65
[Dy(H2O)8]

3� 102.7 Square-antiprism 4.3 × 108 �6.0 Ia 64, 65
[Ho(H2O)8]

3� 101.5 Square-antiprism 2.1 × 108 �6.6 Ia 64, 65
[Er(H2O)8]

3� 100.4 Square-antiprism 1.3 × 108 �6.9 Ia 64, 65
[Tm(H2O)8]

3� 99.4 Square-antiprism 0.9 × 108 �6.0 Ia 64, 65
[Yb(H2O)8]

3� 98.5 Square-antiprism 0.5 × 108  Ia 64, 65
a Water exchange rate for [Eu(H2O)8]

2� (ri = 125 pm, square-antiprism): k(298 K) = 4.4 × 109 s�1 (ref. 65). 

For trivalent high spin ions (Table 2) the ∆V‡ values become
decreasingly negative on going from TiIII to FeIII, with a positive
value for GaIII. This changeover in mechanism from associative
to dissociative activation mode is confirmed by the few results
available in non-aqueous solvents.53 In the last few years
Rotzinger has published several ab-initio calculations on 1st
row transition metals.54 In summary, his results on first row
transition metals provided the following picture. Hexacoordin-
ated Sc3�, Ti3� and V3� react via an associative A mechanism
with relatively long-lived intermediates. The dissociative
pathway is the only one possible for water exchange on Ni2�,
Cu2� and Zn2�. For the elements in the middle of the 3d series
both associative (Ia/A) and dissociative (D) pathways can occur.

Ziegler found from a density functional study 55 on
[Cu(H2O)n]

2� (n = 3–8) that in the case of n = 8 the most
favoured structure, has only four water molecules in the first
hydration shell, and all four other water molecules are double-
hydrogen-bonded to the primary shell water molecules. In this
structure the number of hydrogen bonds is maximized with four
hydration shell water molecules, and this structure is strongly
favoured in terms of energy over other possibilities. This
theoretical study clearly shows that for Cu2� hydrogen bond
formation between first and second shell water molecules
strongly competes with binding of H2O molecules to the axial
position of the Jahn–Teller distorted copper ion. Further calcu-
lation with even more than eight water molecules will be

638 J. Chem. Soc., Dalton Trans., 2002, 633–641



necessary to solve this question definitively. As already
mentioned above, from first-principles molecular dynamics
(Car–Parrinello MD), where the outer coordination shells are
fully taken into account, a coordination with five water
molecules was found, in agreement with the experimental data
of neutron diffraction.10

Second- and third-row octahedral transition metal ions

For the low-spin t2g
6 hexaaqua ions [Ru(H2O)6]

2�, [Rh(H2O)6]
3�

and [Ir(H2O)6]
3� one would a priori predict a dissociative

activation mode. The filled t2g orbitals, spread out between
ligands, electrostatically disfavour the approach of a seventh
molecule towards a face or edge of the octahedron and there-
fore decrease the ease of bond-making. In a first study of the
mechanism of substitution on [Ru(H2O)6]

2�, it was shown that
the rate constants for the anation reactions by Cl�, Br�, and I�

were very similar, indicating identical steps to reach the trans-
ition state (i.e. dissociation of H2O).56 Later, this study was
extended to a large variety of ligands possessing various
charges and nucleophilicities, and it was clearly demonstrated
that the rate determining step of the monocomplex formation
reactions was independent of the nature of the entering ligand.
An Id mechanism was therefore attributed for the substitution
reactions on [Ru(H2O)6]

2�.57 However, a variable pressure study
of water exchange on this ion gave an activation volume close
to zero (∆V‡ = �0.4 cm3 mol�1) and was therefore interpreted
as an interchange I mechanism without predominant “a” or
“d” character (Table 3).58 Attempts to compute, at the restricted
Hartree–Fock (SCF) level using the self-consistent reaction
field model (SCRF), a transition state for an I mechanism failed
and only a D mechanism with a five coordinate intermediate
could be computed.62 The impossibility of calculating a trans-
ition state for the Id mechanism does not mean that it does
not exist: it is just not available within the model in which the
second coordination sphere is not treated quantum chemically.
Therefore, the experimental together with theoretical results
available today suggest that water exchange on [Ru(H2O)6]

2�

proceeds via a “d activation”, either the Id or D mechanism.
This is also in agreement with the high pressure study of the
formation of [Ru(H2O)5(DMF)]2� from the aqua ion, for which
the volume of the transition state lies between the volume of
the reactant and the volume of the products and where an Id

mechanism has been assigned.63

[Rh(H2O)6]
3� and its third-row analog [Ir(H2O)6]

3� are the
most inert aqua ions known to date. The lifetime of a water
molecule in the first coordination shell of Ir3� is 9.1 × 109 s
(at 298 K), which corresponds to about 300 years. The neg-
ative activation volumes of the Rh3� and Ir3� ions suggest the
operation of associative Ia exchange mechanisms (Table 3).
Theoretical calculations have allowed characterization of the
seven-coordinate transition state {[Rh(OH2)5 � � � (OH2)2]

3�}‡

corresponding to the Ia exchange mechanism for rhodium.62

Why do Rh3� and Ru2� undergo water exchange via disparate
mechanisms although they are isoelectronic? The charges are
different effecting especially the M–O bond strength. This is
manifested by the calculated activation energies for the
exchange reactions via the D mechanism: 71.9 kJ mol�1 for
Ru2� and 136.6 kJ mol�1 for Rh3� 62 (Fig. 7). Therefore, the
strong RhIII–O bonds allow the water exchange on
[Rh(H2O)6]

3� to proceed via the Ia pathway, whereas the same
reaction on [Ru(H2O)6]

2�, which has considerably weaker RuII–
O bonds, follows Id or D mechanisms. The low-spin t2g

5

[Ru(H2O)6]
3� is four orders of magnitude more labile than the

t2g
6 [Ru(H2O)6]

2� 58 and, according to the same arguments
developed above, exchanges water by an Ia mechanism. The
knowledge of the difference in lability of [Ru(H2O)6]

2� and
[Ru(H2O)6]

3� led to the unequivocal identification of an outer-
sphere mechanism operating in the electron exchange between
these two aqua complexes.58

Lanthanide ions

The only trivalent lanthanides which could be studied are the
heavier, paramagnetic ions from Gd3� to Yb3�. These are all
eight coordinate in contrast to the ions of the light elements.
The water exchange rates measured by 17O NMR are closely
correlated with the rate of the interchange between an inner
sphere water molecule and a SO4

2� anion from the outer sphere
coordination.64 The values show a maximum in the middle of
the series, corresponding to the crossover region in CN from
nine to eight. The activation volumes measured are all neg-
ative,65 indicating an associatively activated water exchange
mechanism (Table 4). 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
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 La3� to Nd3�.
Unfortunately, so far it has not proved possible to demonstrate
experimentally these predictions for the light lanthanide ions.
The absence of significant crystal field splitting and the
shielding of the f orbitals makes classical molecular dynamics
simulations feasible. Structural and dynamic results of MD
simulations of an early (Nd3�), a middle (Sm3�) and a heavy
(Yb3�) lanthanide are in good agreement with experimental
findings.30,36

Complex formation of Ru(II) aqua complexes with
small gaseous molecules
Shortly after the publication of the first facile synthesis of
[Ru(H2O)6](tos)2 (tos = tosylate),67 a very interesting and
promising chemistry has started on the organometallic
chemistry of Ru() in water. For example, [Ru(H2O)6](tos)2, was

Fig. 7 Energies calculated with a polarizable continuum model,
differences of the sums of all metal–oxygen bond lengths, ∆Σ(M–O),
and energy profiles for water exchange on rhodium() (left and middle)
and ruthenium() (right) hexaaqua ions.
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Table 5 Experimental free energies of activation, ∆G ‡ (298.15 K), for water exchange, calculated binding energies, Eb, and bond distances, d, for
[Ru(H2O)5L]2� complexes (L = H2O, H2C��CH2, CO, N2)

[Ru(H2O)5L]2� Ru–H2Oax bond Ru–L bond

L Eb/kJ mol�1 ∆G ‡/kJ mol�1 d/Å Eb/kJ mol�1

H2C��CH2 166.2 70.4 2.188 248.6
H2O 179.4 83.0 2.095 179.4
CO 182.5 81.0 2.151 286.4
N2 208.5 99.1 2.090 188.3

shown to be an ideal starting material for the straightforward
syntheses of [Ru(H2O)5L]2� (L = N2,

68 CO,69 H2C��CH2
70). The

reaction [eqn. (4)] was followed as a function of temperature

and concentration, which means gas pressure, using the
high-pressure probe described above.71

The water exchange reactions on the reactants and products
have been followed by 17O NMR spectroscopy. The variable-
pressure and variable-temperature kinetic studies made on
selected examples are all in accordance with a dissociative
activation mode for water exchange. The positive activation
volumes obtained for the axial and equatorial water exchange
reactions on [Ru(H2O)5(H2C��CH2)]

2� (∆Vax
‡ and ∆Veq

‡ = �6.5
and �6.1 cm3 mol�1) are the strongest evidence of this conclu-
sion. The increasing cis-effect series was established according
to the lability of the equatorial water molecules and is as
follows: F2C��CH2 ≅ CO < Me2SO < N2 < H2C��CH2 < MeCN <
H2O. The increasing trans-effect series, established from the
lability of the axial water molecule, is the following: N2 �
MeCN < H2O < CO < Me2SO < H2C��CH2 < F2C��CH2.
Density functional calculations showed a variation of the Ru–
H2Oax bond length (Table 5). The best correlation was found
between the lability and the calculated Ru–H2Oax bond energies.
From the DFT calculations it appears that a decrease of the
electronic density along the Ru–Oax bond and the increase of
the lability can be related to an increase of the π-accepting
capability of the ligand. In an experimental study with L =
H2C��CH2, CH3CN, (CH3)2SO and CO is was found that the
rate determining step in the exchange of L on [Ru(H2O)5L]2� is
the rupture of the Ru–H2Oax bond with trans-[Ru(H2O)4L2]

2� as
reaction intermediate.72 Due to the trans effect exercised by
these strong π-accepting ligands, the ligand exchange reaction
is faster than the mono-complex formation reactions. In the
cis-bis-complex formation Ru–H2Oeq bond breaking is also
the rate determining step, but due to the decrease in lability of
the water molecules cis to π-accepting ligands, these reactions
are much slower. As a general rule, the rate of these complex
formation reactions, of a dissociative nature, can be predicted
from the water exchange rates determined by 17O NMR.

Summary and outlook
The results presented in this perspective demonstrate the use-
fulness of pressure variation for the elucidation of mechanisms
of solvent exchange reactions on metal ions. Even if the distinc-
tion between a limiting and an interchange mechanism, based
on the magnitude of the activation volumes, is not straight
forward, the activation mode, associative or dissociative,
can mostly be assigned unambiguously from the sign of ∆V‡.
Different nuclear magnetic resonance techniques have to be
applied to measure water exchange rate constants on metal ions
over a range of more than 18 orders of magnitude. High-
pressure equipment, such as high-pressure NMR probes, is still
not easy to obtain.

The use of quantum mechanical calculations has also
become a valuable tool in studies of solvent exchange reactions.
These calculations can be performed on the ground state and

[Ru(H2O)6]
2� � L  [Ru(H2O)5L]2� � H2O (4)

on transition states or intermediates with increased or
decreased coordination number. They are useful for distinguish-
ing between possible pathways and/or to give insight on the
mechanism, not available experimentally. The results obtained
also show that the influence of the second coordination sphere
on the structure and the energies can be important especially if
the first coordination sphere is very labile. A very promising
computational technique which includes outer sphere effects
is Car–Parrinello molecular dynamics (first-principles MD).
This method is limited, with actually available computers, to
the simulation of very fast (some pico-seconds) processes in
solution.
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