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Palladium(u) in liquid ammonia: an investigation of
structural and dynamical properties by applying
quantum mechanical charge field molecular
dynamics (QMCF-MD)¥
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The structural and dynamical properties of Pd%* in liguid ammonia have been investigated via quantum
mechanical charge field molecular dynamics. Similar to the case of aqueous Pd*, a six-fold coordination
polyhedron in the form of a tetrahedrally elongated octahedron is observed with two ligands in axial posi-
tions forming an extended first shell. To highlight the difference in solvation between the aqueous and
ammonia case a selection based on the angular-radial distribution with respect to the well-known
square planar motif was applied also providing a detailed understanding of ligand exchange between the
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extended first and second shells. All structural properties resulting from this investigation compare well
with the available solid-state data of various N-containing complexes. From the dynamical perspective,
Pd?* in liquid ammonia forms a more flexible complex with a higher rate of ligand exchange than that of
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1 Introduction

Liquid ammonia and its interactions with metal ions became
a subject of particular interest due to the broad use of
ammonia solutions in industrial applications."™ Its inter-
actions with palladium(u) are prominent examples that have
been investigated in the context of catalysis as well as in
electrochemical processes,>® however, the majority of experi-
mental investigations have been carried out only with
ammonia-containing complexes.” ™ The only experimental
investigation in liquid ammonia was conducted by Rasmussen
et al."* reporting a dissociation rate of Pd(NH;),*" as 7.8 x 107 s7".
Thus, the respective structural properties of Pd*" in liquid
ammonia remain ambiguous today. The vast majority of
experimental investigations report a square-planar coordi-
nation geometry,’"'>*>!® but a number of studies also
highlight the presence of ligands in an axial position with
respect to the plane'” ' similar to the aqueous case.”
Caminiti et al.>* performed EXAFS and LAXS measurements
on (NH,),PdCl, in aqueous solutions and reported the pres-
ence of two axial water molecules at 2.77 A coordinated to the
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[PAC1,]*~ complex. Investigations on cyclic polythioether also
showed that Pd*" coordinates five to six ligands where two
axial ligands coordinate weakly at 2.96-3.27 A.??

Theoretical investigations in water by Marcos and co-
workers via classic molecular dynamics (MD)** and Car-
Parrinello molecular dynamics (CPMD)** indicate the for-
mation of a tetrahedrally elongated octahedral Pd*'-H,O
complex. The two ligands in an axial position are located at a
longer distance from the Pd*>" ion and thus, have been termed
meso-shell. Shah et al.>® investigated the same system via a
hybrid QM/MM-MD?**?*” approach and reported a square-pyra-
midal complex. However, it was concluded that the simulation
of the system is not sufficiently accurate if only a single
hydration shell is included in the quantum mechanical treat-
ment. Application of an enlarged quantum region including
the first plus second hydration shell as realised in the
QMCF-MD procedure® revealed the presence of two axial H,O
ligands located at 2.7 A in excellent agreement with EXAFS
measurements. The QMCF-MD?**7*? framework itself has been
proven to be a sophisticated QM/MM-MD approach employing
an enlarged quantum region and an improved coupling
between the QM and MM zone resulting in a more accurate
representation of solvated compounds®~” in excellent agree-
ment with available experimental investigations. In this paper,
the QMCF-MD simulation approach is applied to study the
structural and dynamical properties of Pd*" in liquid
ammonia, including a detailed comparison with the simu-
lation results obtained for the aqueous case.*”

This journal is © The Royal Society of Chemistry 2017
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2 Methods

As mentioned previously, QMCF-MD is an enhancement
over the conventional QM/MM-MD approach.’®?” It has been
shown that by using an enlarged quantum region, the appli-
cation of solute-solvent non-Coulombic pair potentials in the
QM/MM coupling is not required.***"*? Furthermore, the
partial charges of all MM atoms surrounding the QM region
are included as an external potential into the QM-Hamiltonian
to modulate the electron density close to the QM/MM
interface:*®

28-32

Her =Hou + V' (1)
L q
Vi = Zé (2)
J=1

Here V'; is the potential of electron i, g; are the partial
charges of the /™ particle in the MM region®>*! and ry is the
distance between electron 7 and the point charge J. The partial
charges of all atoms within the QM region were obtained via
Mulliken population analysis in every simulation step. Further
details about the QMCF-MD approach have been published
elsewhere.*' To evaluate the structural properties radial distri-
bution functions (RDFs), coordination number distributions
(CNDs), and angular distribution functions (ADFs) were
employed. To obtain a more detailed depiction of the sol-
vation, radial and angular data are combined into an angular-
radial distribution plot (ARD). For the dynamical aspects,
mean residence times (MRT) were calculated via the direct
method®® as well as vibrational analysis based on the Fourier
transform (FT) of the ion-ligand velocity autocorrelation func-
tions (VACFs).

2.1 Simulation protocol

The simulation was performed analogously to the highly suc-
cessful QMCF-MD simulation of Pd*>" and the topologically
similar Pt*" in aqueous solution.?®*° A canonical NVT ensem-
ble under periodic boundary conditions and minimal image
convention was studied in a cubic box with a side length of
33.9 A consisting of one Pd** and 1000 ammonia molecules.
The radius of the QM region was set to 6.5 A. To ensure the
continuity of ligand exchanges between QM and MM regions,
a smoothing function with a value of 0.2 A was employed.>**
To correct the cutoff of the Coulombic interactions, the
reaction field*! approach was applied. An Adams-Bashforth
predictor-corrector algorithm was used to integrate the
equation of motions. A value of 0.5 fs was set as the time step
of the simulation enabling explicit hydrogen movements. To
keep the temperature of the system constant the Berendsen
algorithm®® with a bath relaxation time of 0.1 fs was
employed.

To select an adequate level of theory in QM/MM MD type
simulations, a compromise between the accuracy of results
and computational effort has to be sought. Despite its com-
monly known shortcomings in the description of the corre-
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lated motion of the electrons, the application of Hartree-Fock
theory in a QMCF-MD simulation study of aqueous Pd**
resulted in an excellent agreement of the structural data and
the experimental results obtained via extended X-ray absorp-
tion fine structure (EXAFS) measurements published in the
same study.?® For this reason the performance of Hartree-Fock
theory as well as the more popular density functional methods
BLYP,*® PBE** and B3LYP***® has been benchmarked in
energy minimisations of small [Pd-(NH3),]** clusters in the gas
phase (n = 1, 2 and 4, a six-fold coordination as observed in
the QMCF-MD simulation proved unstable under gas phase
conditions) against correlated ab initio methods, namely
second order Moller-Plesset perturbation theory (MP2) and
Coupled Cluster with Single and Double excitations (CCSD)
using the Gaussian09 program.’” The respective results are
summarised in Table 1. It can be seen that in the case of the
DFT methods the interaction energy per ligand E/n is greatly
overestimated, while HF theory agrees well with the correlated
ab initio methods, especially upon an increase of the number
of ligands n. The same convergence occurs in the case of the
average Pd**-N distance.

A similar trend has been observed in simulation studies of
other highly charged ions*® such as Eu(u),*® Al(m),>° and
U(v)>* which produce data in excellent agreement with the
experimental results using Hartree-Fock to describe the inter-
action in the QM region. Since the observed structural and
energetic data of the model cluster systems are in line with the
conclusions drawn in the combined theoretical and experi-
mental study of aqueous Pd** and the applied simulation pro-
tocol in this study is effectively identical,>® the Hartree-Fock
method thus provides the best compromise between effort and
accuracy. The DZP** basis was applied to all atoms of
ammonia and LANL2DZ>® to the Pd*" ion.

Table 1 Average ion—nitrogen distances rpq_y in A and the respective
interaction energy per ligand E/n in kcal mol™* obtained for different
[PA(NH3),>* clusters (n = 1, 2 and 4) at different levels of theory.
A six-fold coordination complex as observed in the QM/MM simulation
proved unstable in a gas-phase environment

Method n T'pdN E/n
HF 1 1.97 -143.02
2 2.06 -116.24
4 2.12 -87.06
MP2 1 1.98 -142.49
2 2.06 -116.23
4 2.10 -86.99
CCSD 1 2.01 -142.46
2 2.08 -116.32
4 2.12 -87.16
BLYP 1 2.02 -207.94
2 2.11 -155.06
4 2.13 -113.28
B3LYP 1 1.98 -194.67
2 2.07 -147.55
4 2.11 -109.36
PBE 1 1.99 -211.91
2 2.08 -158.53
4 2.10 -116.93
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The potential parameters for the ligand-ligand interaction
inside the MM region as well as in the QM-MM coupling were
taken from the respective ammonia potential reported by
Heinzinger and coworkers®® which has been successfully
applied in investigations of a variety of ions in ammonia.>® >
The starting structure was taken from a well equilibrated struc-
ture of Ni** in liquid ammonia published earlier.>® Afterwards,
the system was re-equilibrated for 18 ps after invoking the
QMCF-MD potential followed by sampling for 20 ps. All QM
calculations were executed using the TURBOMOLE 7.0.1
package®®* and the trajectory was visualized using VMD.*

3 Results and discussion

Fig. 1a depicts the Pd-N and Pd-H radial distribution func-
tions and the respective integration numbers. Two well-
defined solvation spheres are observed, the first one ranging
from 1.90 A to 2.52 A with maximal values of 2.12 A and 2.65 A
in the Pd-N and Pd-H case, respectively. The second one
emerged in a broad distribution ranging from 2.54 A to 6.0 A
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Fig. 1 (a) Pd®>*—N (black solid) and Pd?>*—H (red solid) radial distribution
functions (RDFs) and their integration number (dashed line) obtained via
QMCF-MD simulation. The inset shows the presence of an extended
first shell similar to the aqueous case.?° (b) Decomposition of the Pd—N
RDF according to a combined angular-radial criterion (see Fig. 2 and 3)
showing the first shell (solid black), extended first shell (solid blue) and
second shell plus bulk (solid red) and the associated running integration
numbers (dashed).
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with maxima found at 4.49 A and 4.90 A (see Table 2). A slight
shoulder (shown in the inset of Fig. 1a) visible from 2.54 A to
3.53 A indicates the presence of axial ligands although the
respective peak is much less resolved than in aqueous solu-
tion.? In the latter case this region has been termed extended
first shell*® or meso-shell.>® Due to the anisotropic solvation of
Pd>* the definitions of first and second shell are not as
straightforward as in the case of an ion exhibiting a spherically
isotropic solute-solvent potential. Although the axial ligands are
located at longer distances they formally belong to the first
contact layer between the ion and the solvent. From this perspec-
tive the term extended first shell may be more precise than the
designation of meso-shell introduced by considering the location
of the respective peak in the Pd-O RDF of the aqueous case.*?

A zero value between the first and second solvation shell
indicates that no exchange of the four equatorial ligands took
place during the simulation time, highlighting the rigidity of
the square planar structural motif. On the other hand, a non-
zero value between the second solvation shell and the bulk
indicates the occurrence of the ligand exchange reactions.

According to the solid state structural data obtained from
experimental investigations of various NHj-containing com-
pounds (Table 3), the Pd-N bond distance is in the range of
2.03 A to 2.26 A. This value compares well with 2.12 A obtained
from the RDFs for Pd*" in liquid ammonia. The deviation in
distance can be attributed to the different environment in the
solid-state® ' (i.e. dielectric properties, proximity of counter
ions, etc.) as well as the different nature of the ligands'*"?
whereas in our case pure ammonia was employed as the
solvent. In comparison with aqueous Pd*" studied via
QMCF-MD and EXAFS® the Pd-ligand in ammonia showed a
longer average distance by about 0.1 A. The extended first shell
in the RDFs also highlights a clear distinction between the
first and second solvation shells with its maximal value
located at 2.7 A (see the ESIT). This suggests that the solvation
sphere of Pd** in ammonia has a higher flexibility than the
solvation sphere in water and also indicates a weaker contri-
bution of axial ligands in ammonia.

A difficulty in the structural analysis of the system results
from the anisotropic solution characteristics, which can be ele-
gantly probed via angular-radial distributions.” The nitrogen
density is depicted not only in a radial fashion but also takes
the angle with respect to the well-known square planar
arrangement of the equatorial ligands into account. The
respective normal vector was obtained via a three-dimensional
least-square fit to the positions of the Pd and the nitrogen
atoms of the four planar ligands (see Fig. 2). Since the latter
are never replaced along the simulation, this analysis is not
influenced by ligand exchange reactions and is thus consistent
over the whole trajectory. Fig. 3a and b show the ARD plot of
Pd>" in liquid ammonia in comparison with the aqueous case
investigated in an earlier study.”® The dashed green line rep-
resents the cone region, which together with a radial interval,
is used to separate the extended first and second shells. The
extended first shell is located in the cone segment with an
angle of 31.88° and a distance of 5.0 A from the ion in the

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7dt01548h

Open Access Article. Published on 27 June 2017. Downloaded on 7/28/2025 2:18:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper

Table 2 Characteristic values of the Pd2+—NH3 radial distribution functions obtained via the QMCF-MD simulation. r™ and r™ are the maximum and
minimum values in A of the first, extended first and second solvation shells observed in the Pd—N and Pd—H RDFs, CN is the respective average
coordination number

Pairs o rn M m ™ rm CN, CNext CN,
Pd*"-N 2.12 2.52 3.40 5.0 4.49 6.0 4 2 18.8
pd*'-H 2.65 3.07 3.80 5.40 4.90 6.22 12 6 56.6

Table 3 Structural properties of Pd?* in the solid state and various solutions: dpg_n and dpg_o correspond to the respective Pd—N and Pd-O dis-
tances in A and CN is the coordination number of the first solvation shell in the equatorial (eq) plane and the axial position (ax)

Method dpa-n dpa-o CN System Ref.
QMCF-MD 2.12 4 (eq) 1000 ammonia molecules This work
3.40 2 (ax) 1000 ammonia molecules This work
XRD 2.038 4 [Pd(NH;),]M0O, 9
XRD 2.040 4 [Pd(NH,),]CrO, 10
XRD 2.042 4 [PA(NHS,),]5[Ir(NO,)e],-H,O 11
XRD 2.03 4 PACL, (L), 68
L' = 1-ethyl-5-methyl-3-phenyl-1H-pyrazole

XRD 2.11 4 (*-P,N,0-Mor-DalPhos)Pd(Ph)OTf 12
XRD 2.26 4 (k*-P,N-Mor-DalPhos)Pd(n'-cinnamyl)Cl 12
XRD 2.034 4 [PA(NHS,),][Rh(NH;)(NO,)s] 13
QMCF-MD 2.07 4 (eq) 499 water molecules 20

2.70 2 (ax) 20
EXAFS 2.01 4 (eq) 40 mmol dm™ Pd(ClO,), solution in 1.0 mmol dm™* HCIO, 20

2.77 2 (ax) 20
MD 2.01 4 (eq) 23

2.67 2 (ax) 496 TIP4P water molecules 23
CP-D 2.04 4 (eq) 70 water molecules 24

3.50 2 (ax) 24

ammonia case and within an angle of 35.75° and a distance of
4.9 A in the aqueous case.

According to these depictions the high density along the
x-axis indicates the orientation of the four ammonia ligands in
square-planar arrangement while the much broader densities
centered on the y-axis represent the two highly mobile axial
ligands. Fig. 3 also provides information about the ligand
exchange pathway: beyond the distributions of the axial
ligands a region of zero density is observed (dark blue color at
approx. +5 A along the y-axis). It can be seen that ligands in
the axial position move perpendicularly to the axis when
exchanging to/from the second solvation shell. Comparison
with the distribution of aqueous Pd** shown in Fig. 3b reveals
a narrow distribution, especially between the extended first
shell and the bulk. As a consequence the respective peak in
the pair distribution is more defined and shows little overlap
with the second hydration shell (see Fig. S17).

The definition of the different regions based on combined
radial-angular criteria enables a decomposition of the ion-
ligand pair distribution depicted in Fig. 1b and S1bt for Pd*" in
ammonia and aqueous solution, respectively. It can be seen that
the extended first and second shells are well-separated by intro-
ducing the conical selection criteria and only a small region of
overlap exists. The maximal values for the extended first and
second shells were found at 3.40 A and 4.49 A with the respect-

Fig. 2 Sketch of the definition of the first shell plane and the associated

cone region. The normal vector fi is obtained via a least-squares fit of
the plane to the positions of the Pd®* and the nitrogen atoms of the
four in-plane ligands.

This journal is © The Royal Society of Chemistry 2017

ive average coordination numbers 2 and 18.8, respectively.
The associated coordination number distributions (CNDs)
for the first, extended first, and second solvation shells are
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Fig. 3 Angular-radial distribution (ARD) of (a) Pd®**~N and (b) Pd**-O

obtained via the QMCF-MD simulations. The green lines represent the

cone selection used to define the axial region with respect to the equa-
torial plane.

shown in Fig. 4a. For the first solvation shell (black) a value
of 100% located at CN 4 indicates that Pd*" is coordinated
by four ligands and shows no exchange events along the
simulation. Since, based on the conical selection, molecules
were marked upon migration to/from the extended first shell
along the simulation, the respective coordination number
distribution (red) can be easily obtained. Probabilities of
64%, 18%, 14% were found for coordination numbers 2, 3,
and 1 reflecting the rapid exchange dynamics of the extended
first shell. This is in line with the broad peak observed in
the Pd-N RDF, in which the extended first shell is barely
visible and is merged with the peak of the second solvation
shell (Fig. 1). A broad distribution ranging from 15 to 23
with a maximum at 19 observed for the second shell
(green) also indicates a high rate of ligand exchange with
the bulk.
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Fig. 4b and c depict a number of representative snapshots
along the simulation and a set of normalized N-Pd-N angular
distribution functions. The four different distributions have
been obtained via selection of the ligands in the equatorial
and axial positions. First, the ADF of all N-Pd-N triples within
a radius of 3.53 A is depicted considering both equatorial as
well as axial ligands. Two peaks with maxima located at 88°
and 175° occur corresponding to the octahedral coordination
polyhedron. Two slight shoulders visible from 60° to 75° and
from 105° to 125° indicate the angular motion of ligands in
axial positions leading to the distorted octahedral form as
depicted in the snapshots in Fig. 4b. Next, the ADF between
ligands in the equatorial plane is shown (N.q-Pd-N.q, red).
Two narrow peaks located at 90° and 180° result from the rigid
square-planar sub-structure. In the third ADF, only triples
between ligands in the equatorial plane and the axial position
are considered (N.q-Pd-N,, blue). As can be expected only one
distribution near 90° is observed, showing a low intensity
accompanied with a broadness in the range of 55° to 125° in
line with the conical selection (see Fig. 2 and 3). No abrupt
decay is visible at both sides of the peak, indicating that the
conical selection is within an appropriate margin. The last
ADF shows the normalized ADFs considering only axial
ligands (N—Pd-N,, green). Due to the low coordination
number and the high mobility of the ligands in the extended
first shell the distribution is subject to a large degree of noise,
which is in stark contrast to the well-defined distributions of
the Neq-Pd-N.q angles. The main peak being located between
115-180° results from the coordinated N,,—Pd-N,, triples,
while the small peak in the range 55-70° stems from the sim-
ultaneous presence of exchanging ligands in the cone
segment. The observed distributions clearly demonstrate the
high degree of flexibility of ligands in the axial coordination
sites as opposed to the rigidness of the square-planar sub-unit
of the coordination structure.

To elucidate the rate of the ligand exchange between the
second shell and the bulk, the mean residence time (MRT)
was calculated via the direct method, which provides further
insight about the reactivities of the ions.>® Since in the first
solvation shell no ligand exchange was observed only a lower
limit of >80 ps can be provided. For the extended first shell 44
successful exchanges of NHj; to/from the second solvation
shell have been observed resulting in an MRT value of 0.95 ps.
This result is lower than that for aqueous Pd** showing an
MRT of 3.5 ps based on 8 successful exchange events.>® On the
other hand, 162 successful exchanges of NH; between the
second solvation shell and the bulk have been observed result-
ing in a MRT of 2.5 ps, which is also lower than that for
aqueous Pd** reported to be 4.6 ps.>® In addition, the associ-
ated R, value measuring how many attempts are required to
achieve one lasting change in the solvation shell has been eval-
uated via

N0.0
R = ®

ex

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Coordination number distributions (CNDs) of the first, extended first and second solvation shells of Pd?* in liquid ammonia obtained from
QMCF-MD simulation. (b) Different types of arrangements of Pd**~NH; in liquid ammonia. (c) Normalized angular distribution functions (ADFs) of

different N—Pd—N angles in the first solvation shell.

where N0 is the number of all transitions through a shell
boundary, and N%? is the number of exchanges persisting after
0.5 picosecond. A value of 5.5 attempts was observed for Pd**
in ammonia, which is substantially lower than the 16.7
attempts in the aqueous case. An overview of the ion-N dis-
tance versus simulation time for the all exchanging ligands is
shown in Fig. 5.

The vibrational frequency of the Pd*>*~-NH; interactions in

liquid ammonia is depicted in Fig. 6. Two peaks at 396 and

This journal is © The Royal Society of Chemistry 2017

411 have been observed with corresponding force constants of
114 and 123 N m™!
action of Pd*" in liquid ammonia than in the aqueous case
with a frequency of 398 cm™
N m~ "% Investigation by Durig et al.®® on a number of cis and
trans Pd>* of the type Pd(NH,),Cl, reported the Pd**-N stretching
frequency in the range from 528 to 436 cm™". This value com-
pares well with the frequencies obtained for Pd*" in liquid

. These results confirm the weaker inter-

and a force constant of 139

ammonia considering the different nature of the treated systems.
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4 Conclusion

The QMCF MD simulation provided a detailed picture of the
complex solvation structure of Pd*" in liquid ammonia, which
despite being a monoatomic solute, exhibits a spherically an-
isotropic interaction with the surrounding ligand molecules.
The obtained results compare well with the experimental data
available in the literature where available. In particular, the
good agreement of the vibrational frequencies with those of
similar compounds confirms that the chosen level of theory is
of similar quality as in those of earlier studies of hydrated Pd**
and the topologically similar Pt**, thus enabling a detailed
comparison of the different solvation complexes.

Based on a combination of angular-radial density infor-
mation a separation of the pair distribution into individual
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shells was feasible. A solvation pattern similar to that of the
aqueous case showing a tetrahedrally elongated octahedron
was observed with four ligands forming the well-known
square-planar coordination motif at an average Pd-N distance
of 2.12 A plus another two ligands located at 3.40 A in an axial
position forming an extended first shell. Compared to the
corresponding ion-O distance reported as 2.7 to 2.8 A, the
extended first shell is notably shifted towards the second sol-
vation shell in the case of liquid ammonia, highlighting the
substantially weaker interaction between Pd*" and NH;. As a
consequence the entire solvation structure is more labile than
the Pd*>" aquo-complex leading to a decrease of the mean resi-
dence times of the ligands in the extended first and second
shells to 0.95 and 2.5 ps. Based on the angular-radial density
information an exchange path perpendicular to the molecular
plane could be identified.

The presented data highlight the substantial differences in
the interaction of Pd** with water and ammonia ligands, and
thus act as an important reference for future investigations. In
particular, since the characteristics of the ligands in the axial
position are difficult to measure experimentally due to their
weak interaction and exceptionally high exchange rate, theore-
tical methods prove to be an increasingly reliable alternative
route to characterise the structure and dynamics of solvated
compounds. The results also provide a valuable reference for
an improved force field implementation aimed at the descrip-
tion of transition metal complexes in solution, such as for
instance, that by Comba and coworkers.®”
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