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1. INTRODUCTION

Coordination chemistry of Pd(II) and Pt(II) is ruled by their
d8 electronic configuration. This explains the usual square-planar
ligand arrangement around these two transition-metal cations.
Their aqueous solutions are then primarily conditioned by
tetrahydrates forming well-defined square-planar aqua ions.
The solution chemistry of these cations has attracted experi-
mental and theoretical attention because of their relevance in
catalytic processes1�3 and the pharmacological activity of some
derivatives in several cancer treatments.4,5 Reaction mechanisms
of Pd(II) and Pt(II) complexes in aqueous solution have often
been associated with entering and releasing of ligands or water
molecules involving the axial regions.6,7 This leads us to focus
attention on how the Pd(II) and Pt(II) hydration structure must
be envisaged.

In 1945, Frank and Evans8 suggested that the strong electro-
static interactions due to the charge borne by metal cations
induce in water a series of concentric shells which are responsible
for their hydration. Except for some cases of highly charged metal
cations, where a third shell may be invoked, it is usually accepted
that only two hydration shells are well-defined and that beyond
them bulk water properties are recovered. A further step of this
model recognizes that the strong interactions among the bare
cation and the first-shell water molecules make them distinct
from the bulk molecules. First-shell water molecules could then
be envisaged like ligands intimately joined to highly charged metal
cations, that leads to the aqua ion concept, [M(H2O)n]

m+.9,10

Many transition-metal cations form highly symmetric coordina-
tion compounds that fit well Frank and Evans’s model. However,
for the square-planar Pd(II) and Pt(II) aqua ions, the concentric
shell model must be revisited by addressing the question of
how the hydration structure in the regions above and below the
molecular plane are defined.11,12

Pioneering wide angle X-ray scattering (WAXS)6,13 and ex-
tended X-ray absorption fine structure (EXAFS)14 studies on the
hydration structure of the Pt(II) did not find evidence of axial
water molecules. The first report on the hydration structure in
this region was given by Martinez et al.,15 based on classical
molecular dynamics (MD) simulations of a highly diluted Pd(II)
aqueous solution; a new hydration shell in the axial regions was
revealed in the Pd�O and Pd�H radial distribution functions
(RDF). The water molecules in this region show structural and
dynamical properties noticeably different from those of the first
and second shell, with the ensemble of their properties being a
compromise among first and second shell, and even the bulk. This
compelledMartinez et al.15 to propose the termmeso-shell for this
hydration type; this new term aims to stress that water molecule
behavior in this axial region may no longer be identified with the
first or the second hydration shell. A later classical MD study of
the Pt(II)16 case gave evidence for a less tightly bound meso-shell
at ∼3 Å, indicating that the structural and dynamical disorder of
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ABSTRACT: Solution chemistry of Pd(II) and Pt(II) complexes is
relevant to many fields of chemistry given the widespread applica-
tions of their compounds in homogeneous and heterogeneous
catalysis, intermediate reaction synthesis, and antitumoral drugs.
The well-defined square-planar arrangement of their complexes
contrasts with the rather diffuse axial environment in solution. A
theoretical proposal for a characteristic hydration shell in this axial
region, called the meso-shell, stimulated further experimental and
theoretical studies which have led to different pictures. The present work characterizes the structure of the axial region of the Pd(II)
aqua ion in solution using a combination of neutron and X-ray diffraction and extended X-ray absorption fine structure (EXAFS)
spectroscopy, with empirical potential structure refinement (EPSR). The results confirm the existence of the axial region and
structurally characterize the water molecules within it. An important finding not previously reported is that the counterion, in this
case the perchlorate anion, competes with water molecules for the meso-shell occupancy. The important role played by the axial
region in many ligand substitution reactions is therefore intimately connected with the presence of the counterion and not just
hydration water. This must call the attention of the experimental community to the important role that the counterion of the
precursor salt must play in the synthesis.
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these water molecules will not allow their detection by EXAFS.
After this proposal, experimental and theoretical studies have
addressed the question of the nature of the hydration shell of both
cations as well as other related complexes in aqueous solutions.

Purans et al.17 assigned a weak hump in the Pd K-edge EXAFS
spectrum of an acid aqueous solution of Pd(NO3)2 to one or two
water molecules at a distance of 2.50 Å, whereas Hofer et al.18

extracted from the EXAFS function a shell at∼2.72 Å which was
ascribed to two water molecules forming a weak bond with the
metal. This led these authors to identify this arrangement as
something similar to the structures resulting from a Jahn�Teller
effect. However, the EXAFS fitting to square-pyramidal orienta-
tion, giving a distance of 2.81 Å, was also compatible with the
EXAFS spectrum. These authors supported the presence of axial
water molecules by means of quantum mechanics/molecular
mechanics hybrid MD simulations, predicting a distance of 2.7
Å.18 Beret and co-workers19,20 found a more elusive axial hydra-
tion water molecules for both Pd(II) and Pt(II) aqua ions by
means of CPMD simulations. For the Pt(II) case, the proposal of
an asymmetric behavior was given, predicting a rather unex-
pected hydrogen bonding of one of the axial water molecules
with the Pt cation. This unusual arrangement, particularly in the
cationic and neutral complexes, has been called “anionic”19,20 or
“inverse”21,22 hydration mode.

Further experimental and theoretical studies of Pt(II) aqueous
solutions have supplied different qualitative and quantitative
descriptions on the number and relative orientations of the axial
water molecules.21�29 The different quantitative and qualitative
results derived from the different techniques reflect the rather
elusive character of the axial hydration shell. This might also be
joined to the probably different behavior of the twometal cations.
The present work addresses the question of the experimental
detection of the water molecules contributing to the hydration
structure in the axial region of the Pd(II) aqua ion by undertaking
a recently proposed multechnique approach which is particularly
appropriate for this demanding problem.30 A set of neutron and
X-ray diffraction measurements, combined with a modified
reverse Monte Carlo method, the empirical potential structure
refinement (EPSR) method,31 applying constraints on the local
order around the metal cation by means of information derived
from the corresponding EXAFS spectrum,32 have been per-
formed. The ensemble of these techniques, which are able to
provide with different weights the structural information on
different regions around the central cation, seems particularly
suitable to explore this controversial problem. Thus, EXAFS
informs on the local order around the Pd cation, whereas neutron
diffraction provides the whole water structure and its changes in
the presence of the aqua ion. The X-ray diffraction pattern,
although also being sensitive to the global solution structure,
increases preferentially its sensitivity to the patterns involving the
heavy metal cation.33

2. METHODS

Three 0.425 M aqueous solutions of Pd(II) acetate in 1.25 M HClO4

acid to prevent hydrolysis of the aqua ion were prepared from p.a. Sigma-
Aldrich reactant (ref 520764) in H2O, in D2O, and in an equimolar
H2O�D2O mixture, HDO. Neutron scattering measurements were
carried out at room temperature at the ISIS pulsed neutron source of the
Rutherford Appleton Laboratory (U.K.) on the SANDALS instrument.
This is specially optimized for the study of liquid samples containing
hydrogen. Additional X-ray data for the aqueous solution of palladium

acetate inH2O have been collected on a PANalytical XPERT-PROθ/2θ
diffractometer using silver radiation (Kα = 0.5594 Å). The experimental
setup for the liquid sample measurements was similar to that employed
in recentmeasurements of other solutions.30,34 The standard corrections
and normalizations have been applied to the neutron and X-ray data by
means of the suite of programs Gudrun andGudrunX, respectively.35 To
refine the information about the Pd(II) aqua ion structure, the average of
three Pd K-edge XAS spectra of a 0.1 M aqueous solution of Pd(II)
nitrate in 1 M HClO4 acid, recorded in absorption mode at the
Synchrotron Radiation Source (ESRF, Grenoble, France). The BM29
beamline, was used. Standard procedures for the EXAFS signal extrac-
tion from the spectrum were applied as detailed elsewhere.36

The extraction of the real-space pair-distribution functions from the
structure factors obtained from neutron and X-ray scattering diffracto-
grams needs their decomposition into a linear combination of partial
structure factors. This task has been undertaken by means of data
modeling based on the EPSR approach.31 The method is based on a
classical NVTMonte Carlo simulation of the system under study which
employs an iterative algorithm to achieve consistency between the
experimental scattering data and model functions derived from the
statistically simulated system. The initial stage of the procedure consists
of a thermalization of the simulation system by using a set of reference
interparticle potentials. These initial potentials are modified by adding
empirical terms in an iterative manner to minimize the residual function
between the experimental and computed structure factors. Details of the
procedure can be found elsewhere.30,31,34The SPC/E model was
adopted for the water molecules. A table with the Lennard�Jones and
charge parameters for the different species employed to build the
reference potential is given in the Supporting Information (Table S1).
The simulation box was formed by 20 palladium cations, 40 acetic acid
molecules, 59 perchlorate anions, 19 protons (treated as soft charged
spheres), and 2281 water molecules. The simulated molecular ratios are
the same as the experimental ratios, considering that, due to the acid
concentration provided by the perchloric acid, the acetate anion is in its
protonated form.

In order to improve the initial description of the model system, we
have assumed that themetal cation in this solution is in its aqua ion form,
that is, the square-planar [Pd(H2O)4]

2+.10 The statistical incorporation
of the hydrated ion concept has already been applied for Pd(II) and
Pt(II) aqueous solution,15,16 leading to satisfactory descriptions of their
solution properties. In this case, the method applied to incorporate the
flexibility of the aqua ion has been similar to that previously employed for
Cr3+.30

3. RESULTS AND DISCUSSION

Figure 1 shows the neutron and X-ray data together with the
fitted data obtained by the EPSR model and their corresponding
residuals. The agreement of the simulated structure factors is
good in all cases. It must be noted that a common atomistic
representation provided by the MC simulation using the final
refined intermolecular potentials is able to simultaneously match
the structure of the three different solutions and four different
diffractograms. The top of Figure 1 shows the comparison of the
experimental and simulated k2-weighted EXAFS spectrum for
the Pd(II) aqueous solution. The simulated EXAFS spectrum
was obtained by averaging the individual spectra that result from
selecting 10 000 local structures from the same MC simulation.
The FEFF (version 8.4) code37 has been employed to simulate
the spectrum for each structure. An example FEFF input file is
given in the Supporting Information. Good agreement between
the experimental and simulated spectra is observed. The EXAFS
oscillation is mainly dominated by the contribution of the
scattering paths including the oxygen atoms of the water
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molecules forming the Pd(II) tetrahydrate. The tetrahydrate was
represented in the EPSR simulation as a molecule containing a
Pd atom at its center surrounded by four water molecules placed
in a square-planar arrangement. The EXAFS data were not
included in the EPSR procedure for refining the potential, but
the reference potential parameters of the Pd aqua ion used in
EPSR simulation were refined against the EXAFS data to give
agreement in phase and intensity of the simulated spectrum.32,33

Figure 2 collects the most relevant pair distribution functions
of the EPSR model that fit the experimental data. The Pd�Ow

RDF shows a first sharp peak centered at 2.04 Å that integrates to
4 oxygen atoms which belongs to the Pd aqua ion. This value
agrees with the range of previous values provided in the literature
[2.00�2.04 Å].15,17�20 A second less intense but well-defined
peak centered at 2.85 Å integrates to∼2 oxygen atoms confirms
the axial hydration, which encloses a distance range distribution
of 2.7�3.5 Å. These values for the axial coordination are close to
the theoretical values predicted by Martinez et al.15 and Hofer
et al.18 of 2.7�2.8 Å, but are larger than the EXAFS-based value
proposed by Purans et al.17 of 2.5 Å. A third broader peak
extended from∼3.6�4.8 Å, centered at 4.2 Å and integrating to
8 oxygen atoms, contains the equatorial second hydration shell.

This second hydration shell peak gives a value similar to that
given by Martinez et al.15 of 4.1 Å, but is shorter than the one
estimated byHofer et al.18 of 4.4 Å. Theminimum of the Pd�Ow

peak corresponding to the axial coordination does not go down
to zero. This indicates that water molecules in the meso-shell
easily exchange with bulk. This fact agrees with the difficulties to
distinguish between an associative activation Interchange (Ia)
and an associative (A) mechanism for the water-exchange
process in the [Pd(H2O)4]

2+ aqua ion.7,38 The Pd�Hw RDF
provides a set of three peaks consistent with the Pd�Ow RDF,
shifted with respect to the oxygen correlations at such distances
that indicate that an ion�water dipole orientation is adopted by
water molecules surrounding the Pd(II) cation. It is worth noting
that this global behavior rules out the possibility of an anionic
hydration in the axial region, as has been proposed for the Pt
hydration case.21,20 The third plotted RDFs correspond to the
distributions of the perchlorate atoms around the metal cation. It
is noticeable that the first Pd�OClO4

� peak is centered at the
same position as the second Pd�Ow peak, and their widths are
also similar. Both peaks present the same topology, except for

Figure 1. Experimental and fitted neutron and X-ray diffraction data
and experimental and simulated EXAFS spectrum for different Pd(II)
aqueous solution. (a) X-ray and neutron data of palladium acetate acid
aqueous solutions in H2O, D2O, and HDO: experimental (dots), EPSR
model fits (solid lines), and fit residuals (dashed lines). (b) Pd K-edge
k2-weighed EXAFS data of a Pd(II) nitrate acid aqueous solution in
H2O: experimental spectrum (dots) and simulated spectrum (solid line)
from snapshots provided by the EPSR simulation.

Figure 2. Left: Pd�X pair RDF (solid and dashed lines) and running
coordination numbers (dotted lines). Right: Pair partial RDF for the
axial and equatorial regions. Left: Pd�H (bottom), Pd�O (middle),
Pd�OClO4

� (top, dashed line), and Pd�ClClO4
� (top, solid line) RDFs

obtained from the EPSR simulation. (left y-axis corresponds to g(r);
right y-axis corresponds to running coordination numbers). Right:
Partial Pd�O and Pd�OClO4

� RDFs corresponding to the axial
(0�45�) and the equatorial (45�90�) region. (the partial Pd�Ow

RDFs have been built excluding the first-shell water molecules.)
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their heights. The perchlorate feature is more than two times
higher than that of water and is equally well-defined. This is
expected due to the preferential attractive character that the
metal cation aqua ion induces in its closest environment for
anions, compared with the water molecules playing the solvent
role, as well as the relative concentration of anions with respect to
water. In fact, the running coordination number is 0.5 oxygen
atoms. This close similarity indicates that the regions above and
below the molecular plane of the aqua ion can be envisaged not
only as a hydration shell but also as a coordination region. Thus, a
polyoxoanion, such as perchlorate, is a molecularly well-fitted
coordinating molecule which may be playing a similar role to that
of the water molecules in this region.

The first peak of the Pd�ClClO4
� RDF is centered at∼4.25 Å,

that is, shifted about 1.40 Åwith respect to the position of the first
maximum of the Pd�OClO4

� RDF, and it integrates to the same
value of 0.5. The Cl�O bond length in the perchlorate anion is
1.47 Å. These data indicate that the average orientation of the
perchlorate anion in the axial region is generally pointing only
one of its oxygen atoms toward the metal cation. The second
broad peak of the Pd�ClClO4

� RDF, centered at ∼5.30 Å,
integrates to∼1 chloride atom. It corresponds to chloride atoms
belonging to the anions coordinating the equatorial water
molecules. In the light of the perchlorate Cl distributions, the
broad Pd�OClO4

� distribution extending from 3.8 to 6.8 Å is the
overlapping result of the peaks corresponding to the rest of the
oxygen atoms belonging to the axial perchlorate anion (peak at
∼5.2 Å) and those belonging to the equatorial region: the first
hump at ∼4.2 Å corresponds to the perchlorate oxygen atoms
forming the hydrogen bonding, whereas the broad third peak at
6.2 Å corresponds to the outer oxygen atoms of the equatorial
perchlorate anions.

When the solute under study presents a relevant symmetry
element, as in the Pd(II) aqua ion case, a decomposition of the
total RDF, in partial RDFs, with each of them corresponding to
excluding regions of the space, can be performed.19 Two partial
RDFs corresponding to the axial (0�45� range of the azimuthal
angle) and the equatorial regions (45�90�) for Pd�Ow and
Pd�OClO4

� have been included in Figure 2. It is worth pointing
out that these partial RDFs have included all the oxygen atoms
beyond a Pd�Ow cutoff radius of 2.5 Å, namely the oxygen atom
first-shell is excluded for clarity reasons. These plots support the
structural analysis carried out previously. The Pd�Ow peak at
2.85 Å appears in the axial partial RDF (0�45�), whereas the
peak at∼4.2 Å appears in the equatorial partial RDF (45�90�).
In the axial Pd�OClO4

� partial RDF, a peak at 2.85 Å is seen for
the perchlorate oxygen coordinating the Pd and a second peak at
∼5 Å belonging to the rest of oxygens of the axial perchlorate
anion. The equatorial Pd�OClO4

� partial RDF contains the two
peaks centered at 4.0 and 6.0 Å for oxygen atoms belonging to the
perchlorate anions occupying the equatorial region.

Spatial distribution functions39 (SDFs) provide a complemen-
tary 3D view of the structure surrounding the Pd aqua ion by
defining isochoric surfaces which show the highest probability
regions for finding a given species. Figure 3 shows SDFs for the
center of mass of water molecules (top) and perchlorate anions
(bottom). For the water SDF, the yellow surfaces show that the
equatorial region is formed by four banana-shaped lobes occupy-
ing the intermediate regions between the Pd�OI bonds. This
shape is imposed by the hydrogen bonds formed with the first-
shell water molecules, whose librational and rotational move-
ments mainly affect their hydrogen atoms. A second region that is

well-defined in the SDF corresponds to the lobes above and
below the molecular plane which form the axial hydration region.
The extent of the region indicates that these water molecules
although much closer to the metal cation (the corresponding
maximumRDF peak is at 2.85 Å) than the second hydration shell
(the corresponding maximum RDF peak is 4.2 at Å) smear much
more than the water molecules of the first shell, so that their
pattern is rather intermediate between that of the first and the
second shell. This finding represents an experimental support of
the meso-shell concept.15 It is also interesting to note the set of
small lobes in between the equatorial and the axial regions. These
small spots are due to water molecules which are bridging the
equatorial second hydration shell with the axial region. These
bridge water molecules are a consequence of the high ability of
bulk structure to fit themolecular shape of the solute, establishing
a hydrogen bond network which helps to support the meso-shell.
This bridge region had been already observed in the classical MD
simulation of Pd(II) carried out by Martinez et al.15

The SDF corresponding to the perchlorate anion around the
Pd(II) aqua ion is shown in the bottom of Figure 3 (green
surfaces). It is interesting to point out how similar its axial
distribution is to that of the water. This reinforces the finding,
already observed in their corresponding RDFs, concerning the
similar axial coordination pattern adopted by water molecules
and the counterions of polyoxoanionic nature. This similarity
must be understood on the basis of the combination of an

Figure 3. Spatial distribution functions around the Pd(II) aqua ion. Pd
cation (blue sphere), oxygen atoms of the aqua ion (red spheres). Top,
water oxygen atoms (yellow surfaces); bottom, perchlorate chlorine
atoms (green surfaces).



966 dx.doi.org/10.1021/ja206422w |J. Am. Chem. Soc. 2012, 134, 962–967

Journal of the American Chemical Society ARTICLE

attractive molecular cation, the square-planar Pd(II) aqua ion,
providing an oblate-like molecular shape and the high molecular
adaptability of the water structure.40 The cooperative effects
define attracting conical regions above and below the central
cation that can accommodate preferentially hard donor ligands as
water molecules or perchlorate anions. The equatorial region
shows four lobes centered in the bisectrix region of the OPdO
angle. These are the regions occupied by the first-shell hydrogen
atoms which favor the hydrogen bond formation with anion
oxygen atoms. As in the water case, the banana-shaped distribu-
tion is a consequence of the librational degrees of freedom of
hydrogen atoms in the first hydration shell. It is worth noting that
these 3D representations provide the spatial probabilities relative
to the distribution of each species independently, that is, water
molecules or perchlorate anions. Therefore, although their
patterns are similar, particularly in the axial region, the water
occupancy is more than 4 times that of the anion.

4. CONCLUDING REMARKS

The axial structure of the tetrahydrate Pd(II) in aqueous
solution has been experimentally determined by the combined
use of neutron and X-ray diffraction techniques, EXAFS, and an
atomistic representation of the system based on a specially
designed reverse Monte Carlo procedure, the EPSR method.
The multitechnique approach including experimental methods
specifically sensitive to the hydrogen atoms, the use of the
hydrated ion concept in the atomistic model employed, and
the EXAFS-refined description of the Pd(II) aqua ion have been
keys to achieve an unambiguous experimental answer on the
meso-shell detection.

The axial hydration is found to be centered at ∼2.85 Å
containing on average two water molecules, each of them located
on one side of the molecular plane. There is then an intermediate
shell between the tightly bound water molecules of the first shell
(2.04 Å) and the equatorial water molecules forming the second
hydration shell (4.2 Å). These experimental results support the
use of the theoretically proposed term, meso-shell.15 This specific
term emphasizes that structural and dynamical properties
associated to the axial regions are different enough from those
of the equatorial region, which accommodates the four tightly
bonded water molecules forming the Pd aqua ion, namely, the
first hydration shell.

However, some new fundamental insights have been achieved
from the analysis of the present data. Experimental limitations
force us to work with a nondilute aqueous solution and the
presence of an acidic medium to prevent the hydrolysis of the
[Pd(H2O)4]

2+ aqua ion. This was precluded in the theoretical
MD simulation by the use of a nondissociable water model. As a
result, the perchlorate anion distribution has been revealed to be
significant in the close environment of the aqua ion, and in
particular appears to display a similar axial coordination pattern
to the aqua ion as adopted by themeso-shell water molecules. On
one hand, this issue highlights that the meso-shell is not only a
hydration structure but rather a coordination region built by the
cooperative effects of the square-planar hydrated cation and the
ability of water structure to fit around this to promote a particular
interaction in the axial regions. In addition to water molecules,
polyoxoanions, which share donor and topological properties
with them, may be inserted. On the other hand, this axial anion
coordination leads to the unexpected relevance that counterions
may play in determining the chemical reactivity of square-planar

metal complexes. Equatorial ligand substitution processes are
usually proposed to be initiated by axially entering reactants.3,7 It
is usually thought that the initial step is a dehydration process
that must be conditioned by the meso-shell characteristics. From
the present results, these initial steps involving the axial region
may also be affected by the presence of the counterion, charged
species which may impose a different behavior on the entering
reactant. This raises the chemical conclusion that, as a function of
the counterion chosen for the metalo-precursor salt, the subse-
quent reactionmechanisms could be affected. In other words, the
shared access to the meso-shell of both water and perchlorate
anion, as a prototype of polyoxoanion, stresses the specific
character of the anion role in the in-solution chemical reactivity.
This specificity is going beyond the classical Br€onsted�Bjerrum
equation,41,42 where the ion effects on chemical reactions are
quantified by the ionic strength, that is, a measure of the free
charge in the media, regardless the chemical nature of the ions.
The results presented point to a specific effect which is not
derived from the intrinsic chemical interaction of the anion salt
and some reactants, but from the combination of the hydration
structure and the involved reactants; that is a specific chemical
effect based on a collective medium behavior.

We believe that in this work the concept of the meso-shell has
been experimentally supported in a robust manner by coupling
three different highly demanding experimental techniques to an
atomistic theoretical approach. The studied sample was chosen
to be the best compromise between experimental chemical
requirements and a concentration low enough to approach the
theoretical dilute solution conditions modeled by previous
computer simulations. These peculiar conditions have allowed
us to extend the meso-shell concept from the traditional hydra-
tion to the coordination of a representative polyoxoanion as the
perchlorate. To our knowledge, this is the first experimental
evidence on this concurrent behavior. This may open new
approaches in the field of solution chemistry by calling particular
attention to the specific effects that counterions may produce in
the media where reactions occur.
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