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ABSTRACT: We present ab initio simulations based on subsystem DFT of group 10 aqua

ions accurately compared against experimental data on hydration structure. Our simulations
provide insights into the molecular structures and dynamics of hydration shells, offering
recalibrated interpretations of experimental results. We observe a soft, but distinct second

hydration shell in Palladium (Pd) due to a balance between thermal fluctuations, metal— RV “\g' o

water interactions, and hydrogen bonding. Nickel (Ni) and platinum (Pt) exhibit more rigid

hydration shells. Notably, our simulations align with experimental findings for Pd, showing y -l i 4 N

axial hydration marked by a broad peak at about 3 A in the Pd—O radial distribution
function, revising the previously sharp “mesoshell” prediction. We introduce the “hydrogen
bond dome” concept to describe a resilient network of hydrogen-bonded water molecules
around the metal, which plays a critical role in the axial hydration dynamics.

Group 10 aqua ions (ie, Nif},), Pdfl,), and Pt(},) play
critical roles in many processes in chemistry, biology, and
related disciplines. For example, Nl(aq) can anchor onto the
1nterlayer of layered MnO, to perform as a single-ion catalyst,"
and Pd(aq) is routinely employed as catalyst in an array of
chemical processes.” Since water is generally considered the
“greenest” reaction solvent,’ a thorough comprehension of the
chemistry of group 10 aqua ions hinges on understanding the
structure, dynamics, and electronic properties of the water—ion
complex in aqueous solution. Because a solvation shell
rearrangement is often involved in reactions, the nature of
the microsolvation environment of these aqua ions has an
undeniable 1mpact on their reactivity.” Experimental”® and
theoretical”® studies have thoroughly characterized the water
shell structure of Nl(aq) It is well-known that Nl(aq) has a stable
octahedral coordination shell of water molecules, the Nl(aq)
complex, exhibiting little dynamics’ with a water exchange
event occurring in the millisecond time scale.'® However,
Pd%:q) and Pt%;’q) aqua ions are square planar, [M(H,0),]*,
and display a much more complex and dynamic water
environment, particularly in the axial positions. To date,
there are three main paradigms used for describing the axial
hydration in Pd%a*q) and Pt%;'q) complexes:

® Mesoshell. This paradigm considers weak, symmetric
coordination at the axial positions identified by a sharp
peak in the M—O radial distribution function (RDF)
between the first and the second solvation shell peaks
located between 2.5 and 3 A. This is supported by
classical MD simulations based on force fields,"' on
empirical potential structure refinement (EPSR), and
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model systems that reproduce structure factors from
neutron diffraction experiments, X-Ray diffraction
(XRD) and extended X-Ray absorption fine structure
(EXAFS).>~'*

e Extended first shell. This paradigm considers the
existence of axially coordinated water molecules
resulting in a broad peak between the first and the
second solvation shell peaks in the M—O RDF. This is
supported by QM/MM simulations'>'® and fits to
EXAFS spectra of selected structures.'®

e “Anionic” coordination. This paradigm was reported
for some group 10 water-solvated complexes. It suggests
an unusual coordination where Pt(2;q) is directly
coordinated to a hydrogen atom of water, * resulting
in an electrostatic attraction between the Sd orbitals and
the aqua Pt ion and an axial water molecule. Quantum
chemical considerations also find that weak van der

. 18,1
Waals forces play a crucial role."*"”

While anionic coordination has been reported only for a
limited set of complexes, the most commonly invoked
paradigms for pure aqua complexes are the extended first
shell and the mesoshell. For example, the mesoshell concept
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has been advanced by several studies of the aqua Pd ion."" ™"

Unfortunately, the current understanding of the hydration shell
structure and dynamics of Pd%:q) is undermined for several
reasons. A major obstacle has been the inability to directly
probe the ion’s environment experimentally, as diffraction
techniques do not directly produce partial ion—water structure
factors. Instead, they only provide structure factors associated
with the entire system. As a result, other indirect character-
ization methods have been employed thus far.

One method to determine partial structure factors involves
measuring the difference in diffraction data between multiple
solutions of high concentration, utilizing isotopic substitutions
and the differing scattering lengths of the isotopes.””*" This
method is known to yield low signal-to-noise ratios due to the
small signal contribution from the metal centers (0.5-3% of
the total””) compared to the overwhelming signal from the
solvent. Additionally, to extract partial structure factors, as
demonstrated in refs 23 and 24, Monte Carlo or molecular
dynamics simulations are conducted with interatomic
potentials calibrated to represent the experimental data, also
known as empirical potentials. However, it is important to note
that there is no unique fit for these potentials regardless of
whether neutron scattering or neutron scattering together with
X-ray scattering data are taken as the target. In fact, it has been
observed that the fits are under-determined, meaning that
multiple distinct potentials can yield fits of similar
accuracy.””™”" A similar criticism can be raised for analyses
of EXAFS based on few model structures rather than
converged ensembles of structures'* that may reproduce the
EXAFS spectra without providing a reliable structure-to-
spectrum relationship.

Early experiments (i.e., large-angle X-Ray scattering (LAXS)
and EXAFS) did not predict the existence of a structured,
sharp axial coordination for both Pd{j, and Ptf},, aqua
ions.”®*” Hofer et al.'® advanced the “extended first shell”
paradigm. They found a slightly improved EXAFS fit when
including axial waters in the model and corroborated the
finding with QM/MM simulations. However, the EXAFS fit
presented in ref 16 with the axial waters is only marginally
better than the one for square planar models. This shows that
while a certain level of axial ligation is to be expected, the
specifics of the structure (transient or stable, broad or sharp)
could not be ascertained with confidence. Similar analyses were
presented later for Pd(z:q)14 where EXAFS results were
reproduced with a fit involving only 3 structures. Bowron et
al."”? carried out a thorough analysis of several experiments
(neutron and X-Ray diffration, EXAFS) applying the EPSR
method (empirical potentials mentioned above) also finding a
structured axial solvation for Pdf};, exemplified by a clear,
sharp peak in the Pd—O RDF situated between the first and
second solvation shell.

Thus, despite strong indications of identifiable axial
solvation in Pd%:q), the evidence pinpointing a specific structure
associated with such a solvation to date remains somewhat
weak. This caused a delay in the fundamental understanding of
the hydration structure and dynamics of group 10 aqua ions,
and specifically of the axial water coordination in Pd%:q) and, to
a lesser extent, of Pt%:q). In this work, we aim to shed light on
this process by providing an alternative interpretation for the
hydration structure especially of Pd{}, that is still consistent
with previous experimental results and at the same time takes
into account an ensemble of structures that samples the
configuration space spanned at ambient and experimental
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conditions.”> Our aim is to further refine our knowledge of
these systems through the lenses of ab initio molecular
dynamics simulations (AIMD).”> We still strongly and
crucially rely on comparison with experimental data which
provide us with an invaluable benchmark.

The main reason hindering widespread AIMD simulations of
aqua ions is the need to consider large system sizes (hundreds
of water molecules and large metal—counterion distances) and
long simulation times (i.e., hundreds of ps). Such requirements
are not easily met by standard electronic structure methods
based on density functional theory (DFT) because these have
a computational scaling that grows cubically with system size,
ie, O(N®. Such scaling would require significant and
expensive computational resources for carrying out the
simulations. There are several alternative methods to standard
DFT that feature a more amenable computational scaling while
retaining a satisfactory accuracy of the simulation. For example,
linear scaling DFT,*" as well as divide and conquer methods,
such as the fragment molecular orbital (FMO) method*>*?
and subsystem DFT (sDFT).>*~*° Our group has focused on
the development of sDFT methods which has resulted in
robust, fast, and accurate sDFT software.”” ™’ In the recent
past, our group showed that sDFT can predict the structure of
molecular liquids accurately (self-translational diffusion co-
efficient of water’” and liquid carbon dioxide') as it was
shown to correct spurious intersubsystem charge transfer that
occurs when employing semilocal exchange—correlation func-
tionals®”*' due to the so-called self-interaction error. The self-
interaction error within each subsystem can be addressed on a
case-by-case basis as needed. For example, in this work, we use
the Hubbard U correction””™** for the metal-containing
subsystem to counteract the self-interaction error locally at
the metal site.””

After a short introduction to the computational method-
ology, there is a devoted presentation of the results related to
uncovering a quantitative agreement between the simulations
and the available experiments. We also provide an in-depth
analysis of the competition between thermal fluctuations, the
attraction from the bare metal centers to the water molecules,
and the constraints imposed by the ensuing hydrogen bond
(HB) network. The conclusions underscore the importance of
our findings, prompting us to suggest a revision of the
“mesoshell” paradigm to a “hydrogen bond dome” concept,
which we believe is more precise.

Methods. AIMD simulations involve propagating the
positions of each atom according to Newton’s equations of
motion in the presence of a computational thermostat that
regulates the system’s temperature. The forces on the atoms
are computed with ab initio electronic structure methods. In
this work, we use a flavor of density functional theory (DFT)
known as subsystem DFT (or sDFT). The most important
advantage of sDFT over DFT is its favorable computational
scaling allowing the user to run long AIMD simulations for
system sizes typically not accessible with standard computa-
tional resources.

sDFT can be summarized with two equations. One regards
the expression of the total electron density rigorously in terms
of subsystem electron densities. Namely,

p) = X 0,(0)
T (1)

https://doi.org/10.1021/acs.jpclett.4c00464
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where Nj is the total number of subsystems. p; is the electron
density of subsystem I. Equation 1 clearly intends to “divide
and conquer” the electronic system into subsystems of smaller
size than the full system.

Key to the accuracy of sDFT is the fact that subsystems
interact weakly with each other. Thus, the second equation
regards the energy functional which can be rigorously split into
subsystem-additive and subsystem-nonadditive terms

NS
E[{p,, vie}] = D Elp,, vl + E™{py, viy}]

=1 ()
where v, is the electron—nuclear attraction potential. The
energy functional of each subsystem is defined in the usual way
according to DFT. The nonadditive term, E™d[{p, vL.}], is
approximated by computationally advantageous expressions
based on orbital-free DFT. For more information on sDFT, we
refer the reader to several reviews.”**>*>*

Particularly important in this work is the use of adaptive
sDFT dynamics. That is, the AIMDs are run with a fluctuating
number of subsystems. During the AIMD, when atoms of two
fragments (molecules or ions) are closer than a predefined
threshold distance (see covalent radii used for this purpose in
the Supporting Information) the fragments are merged into a
single subsystem. Conversely, when molecules belonging to the
same subsystem move away, they are split into two separate
subsystems. The specifics of the adaptive sDFT algorithms can
be found elsewhere.”® Examples of AIMD previously carried
out with sDFT include several molecular condensed phase
systems” ™" and interfaces.>>

In this work, all the simulation setups are composed of one
metal ion atom (M**) and 117 H,O water molecules. We
added two chloride (CI™) counter-ions to the solvent phase to
build a neutral system, in a cubic box of lattice vector a = 15.08
A, corresponding to a molar concentration of 0.484 M which is
in the same order of magnitude as the concentrations
employed in the experiments considered in this work.

All the simulations have been carried out with the in-house
code eDFTpy.>* eDFTpy is an all-Python code implementing
sDFT, where QEpy’* is used as the DFT solver for the
subsystems. QEpy is based on Quantum ESPRESSO 6.5.”
The work and data are parallelized with mpidpy’® with a
method that reduces to a minimum gathering of large data sets
described in detail in ref 52.

The revAPBEK®” kinetic energy functional was employed as
the nonadditive kinetic energy which is part of the nonadditive
term of the energy functional in eq 2. We chose the DFT
exchange—correlation functional PBE® for all subsystems and
for the nonadditive part of the functional. For the metal-
containing subsystem, we corrected PBE by the addition of the
Hubbard U.”™* The U parameter was determined self-
consistently (based on linear-response theory">**) and
independently for the octahedral and the square-planar
geometries of each aqua ion (see Figures S1—S3). To avoid
biasing toward octahedral or square-planar coordinations, we
chose to use the average of the U parameters for the octahedral
and square-planar geometries. The resulting U values are as
follows: 6.79 eV for Ni, 0.78 eV for Pd, and 3.54 eV for Pt.

To model the electron—nuclear attraction potential, we used
ultrasoft pseudopotentials from the GBRV library.”” We opted
for an energy cutofts for the wave functions of each subsystem
of 40 Ry, their density of 400 Ry and the total density (the sum
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of all subsystem densities) of 200 Ry. All input files and output
files of our simulations are available on Zenodo.”’

In line with established arguments from crystal field theory,
the spin multiplicities were chosen to be singlet for low-spin
square planer Pd** and Pt*" and triplet for high-spin octahedral
Ni?*.°! To validate the triplet spin multiplicity for Ni** in pure
water, the solution-phase magnetic susceptibility was exper-
imentally measured (g = 3.26 ug; see the Supporting
Information for details).

AIMD:s are run in the NVT ensemble (T = 300 K) for a total
simulation time of 41, 30, 51, and 40 ps for Nif},) in H,O,
Ni%;q) in D,0, Pd%:q), and Pt%:q) in H,0, respectively. The time
step was chosen to be 0.7 and 1.0 fs for simulations involving
H,O and D,O solvents, respectively. The Berendsen thermo-
stat with a temperature coupling parameter of 0.2 ps”> was
used. Optimization of the cluster structures is performed at the
®B97XD/def2-TZVP level with Gaussian 16 (Rev A.03).%
Grimme’s D3 dispersion corrections are employed for
structure optimization.ﬂ_67

The EXAFS spectrum of Pd%:q) was computed using FEFF8-
lite.°®®” The calculation employed an ensemble of 11,028
frames derived from the sDFT AIMD trajectory. The analysis
incorporated multiple scattering effects, considering up to four-
legged paths. Water molecules with Pd**—O distances less than
6 A were included in the model structures.

TRAVIS has been used to compute radial, angular, and
composite distribution functions (R/A/CDFs) and structure
factors.”” HB analyses were carried out with the MDAnalysis
package (Version: 2.4.3).”"”* Visual molecular dynamics
(aka, VMD)” and CYLview20'* were used for displaying
molecular structures.

Analysis of Available Experiments. An important result of this
work is the interpretation of currently available experiments
that probe the structure of the hydration shells around the
metal ions. As mentioned before, experiments deliver global
structure factors, and it is up to other means (simulations in
this work) to dissect the global structure factors into partial,
metal—oxygen, and metal—hydrogen structure factors that
deliver the most relevant and useful structural information. We
will see that even for the most established system, Ni%;'q), the
experimental results (in particular for the metal-H,O tilt
angle) are contextualized and clarified by our simulations.

A summary of key structural descriptors can be found in
Table 1. They include the metal—oxygen most probable
distance (Ryg'_o); the average and most probable metal—water
tilt angle, 0, defined as the angle between metal—oxygen axis
and the plane of the water molecule defined by the vector sum
of the two OH bond vectors; and the coordination number of
ligated oxygens to the metal center, CNg. Let us now describe
how each of the structure descriptors as extracted from the
simulation compares against the experimental estimates for
each of the three metal elements. The distributions of tilt
angles, 6, for Ni%:q), Pd%:q), and Pt%:q) are also provided in
Figure SS.

In Figure 1, we present structure factors, partial Ni-D,O and
Ni-H,O RDFs derived from the AIMD simulations based on
sDFT against neutron diffraction (panels a—c) and X-Ray
diffraction (panel d) experimental results. The sDFT structure
factors and RDFs are obtained as follows. Due to the different
relative concentration for different atoms and their varying
scattering lengths, the total RDF of Ni with all other atoms in
the system, Gy(r), is formally ex;)ressed as the weighted
summation of individual RDFs as®’

https://doi.org/10.1021/acs.jpclett.4c00464
J. Phys. Chem. Lett. 2024, 15, 5517-5528
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Table 1. Summary of Key Structural Descriptors for Group
10 Aqua Ions”

System  Properties This work Experiment
Ni¥*  Ry_o 2.10 A 2.072 + 0.003 A,° 2.07 + 0.02 A,°
2.05 A*', 2.06 + 0.01 A,”°
2.069 + 0.001 A”
0 (deg)  42.73° (50.70°)  42° + 8°° 40° + 10°77
CN, 6 5.8 +0.2°
Pd*  Rpy_o 2.05 A 2.04 A"
0 (deg)  52.67° (54.30°) —
CN, 4 48
Pt* Rpe'_o 2.04 A 2.01 + 0.01 A,*® 2.02 + 0.02 A*®
0 (deg)  5023° (53.70°) —
CNo 4 47829

“CNp is the coordination number of O atoms around the metal
center; 0 is the tilt angle between the M—O axis and the plane of the
same water molecule. Finally, Ry2*_o is the most probable metal—
oxygen distance in the first hydration shell. The descriptors are
extracted from our AIMD simulations, and experimental measure-
ments with estimated errors. The column “This work” reports the
average values of the metal-H,O tilt angles, 8, directly from the
simulations (accounting for thermal broadening). The most probable
0 value is given in parentheses. The experimental estimate for Ni—
H,0 0 is derived from peak metal—oxygen distances and assume an
O-D bond length of 0.98 A and a D—O—D angle of 105°.

Gui(r) = Algy,_o(r) — 11 + Blgy,_,(r) — 1]

+ C[gNi—Cl(r) - 1] + D[gNi—Ni(r) - 1]

3)
The constants A = 0.64 X 107 and B = 1.46 X 107> are taken
from ref 6, which involved a 1.46 molal (about 1.4 M) NiCl,
solution in D,0. We stress that even though our simulations
consider 0.484 M solutions, the ratio of the A and B constants
for the experimental concentration and the one considered in
our simulations are essentially the same.

The structure factors (panels a and b of Figure 1) provide
the most straightforward comparison of our simulations with
the raw experimental data. It is clear that the sDFT results lie

within 16 of the experimental fit almost everywhere. We note
that the low-Q region of the structure factor cannot be
reproduced by simulations for two reasons (also mentioned in
the description of Figure 2). Namely, the finite-size effect in
the simulations and a potential residual inelastic scattering
from the experiment. As mentioned before, the reason for the
high level of noise in the experimental data is the fact that
these structure factors are found by taking the difference
between the structure factors of two NiCl, solutions. As the
neutron scattering is dominated by the scattering of the water
solvent, the difference signal is about 0.5—3% of the total
scattering intensity. Fourier transform of these structure factors
generates the Gy(r) in Figure lc. The uncertainty given as
gray shade was estimated in the Supporting Information as the
difference between two RDFs produced by two independent
experiments reported in ref 79. The comparison shows that our
sDFT simulations accurately predict the location of the first
two peaks of Gy(r) (2.10 A and 2.67 A), which correspond to
Ni—O and Ni—D distances, compared with experimental
peaks, which are located at 2.06 A and 2.65 A. The sDFT
prediction for the Ni—O peak also agrees with other
experimental results, i.e., 2.07 A reported in previous neutron
diffraction (1.4 M NiCl, solution®), and XRD (2.951 M NiCl,
solution”®). sDFT also reproduced the location (4.01 A) and
width of the second hydration shell as seen in the comparison
to X-Ray data in Figure 1d as well as with EXAFS (4.00 A from
ref ).

An important aspect of our work is the analysis of the
metal—water tilt angle, 6, described before. The tilt angle is a
property that fluctuates greatly due to thermal effects. In Ni%;q),
the distribution of 6 is very broad and nonsymmetric
compared to Pd and Pt aqua ions. The average, mean value
of 0 is 42.73° and differs greatly from its most probable value
(i.e., the peak of the distribution) of 50.7°. The experiment
values of 42° and 40° were derived based on the assumptions
that the D—O—D angle and the O—D distance, are 105° and
0.98 A, respectively. The significant asymmetry of the 6
distribution is evident in our simulations and has also been
reported, although to a lesser degree, in previous AIMD

1
0.02 —— SDFT (D,0) (d) —— SDFT (H;0)
(C) = D,0 neutron diffraction exp.¢ 16 ---- H,0 X-Ray exp.
o . Experimental uncertainty v X-Ray 1" peak?
(=4 nd e
& 14 v X-Ray 2" peak
< -0.02
v == Neutron diffraction fitting?
—0.04 L . Neutron diffraction data® 4
— sdft [Nat-'0']
0 2 4 6 8 10 12 14 S
QA1) z
O 2
0.03 A === Neutron diffraction fitting®
( b) { o Neutron diffraction data®
0.02 — sdft ('62-0]
. 001 g 0 ~ /
o
@ 0 g
a I &
-0.017 f v
» 2
-0.024 . i
L First solvation ¢y~ ¢ g N £ SSz==c=-
—0.03f shell
0 2 20 25 30 35 40 45 50 55 6.0 30 35 40 45 50 55 6.0
r(A) r(A)

Figure 1. (a and b) Structure factor difference of a 1.43 molal solution of NiCl, between naturally occurring Ni (“Nat”) (a) and ®Ni (“62”) (b)
with NiCl, solution that is a mixture of natural and “62” and has nearly zero neutron scattering length (called “0”). Circles are the raw experimental
data; dashed black line is the experimental fit of the data, and the red shadings are 1o (dark red shade) and 26 (light red shade). sDFT results are
the red solid lines. (c and d) Radial distribution functions (RDFs) for Ni** aqua ion from our simulation (red lines), experiment (black lines), and
experimental uncertainty range (gray shade). (c) RDF of all atom pairs containing Ni, Gy;(r). (d) Partial Ni—O RDF, gy;,_o(r). X-ray diffraction
measurements locate the first hydration shell peak at 2.07 A and the second hydration shell peak at 4.00 A. For ease of comparison, the peaks are
represented by Gaussian functions of width taken from the experimental measurements. [*From Figure 4.17(a) in ref 79. YFrom Figure 4.17(b) in

ref 79. ‘From ref 6. “From refs S, 76. “From ref S.]
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simulations of Ni aqua ion based on the semilocal exchange—
correlation functional PBE® where the average and peak values
were found to be 43.5° and 47°, respectively.

Next, we compare the neutron diffraction structure factor
S(Q) of Pd,. Figure 2 displays the structure factor from
neutron scattering experiments as well as calculated ones from
our simulations (sDFT) and the EPSR simulations from ref 13.
We recall that, similar to eq 3, the total S(Q) is expressed as a
linear combination of the partial structure factors of different
interaction pairs between atom a and f. S,4(Q), given by

n
S(Q) =N Z Cac/ib(zb/isa/}(Q)
a,p=1 (4)
where the ¢, is the molar concentration of atom a, by
represents the neutron scattering length of atom f, and N is
a normalization constant.

An analysis of eq 4 shows that the total structure factor is
only weakly sensitive to the fine structure of the partial
structure factor Spy_o(Q) due to the low concentration of
Pd**—O atom pairs in comparison to the overwhelmingly
larger O—O atom pair concentration from the solvent. For the
structures considered in our simulations, the ratio is of 1 Pd*"—
O pair for every 200 O—O pairs. This observation necessarily
weakens the results from ref 13 (indicated by EPSR, hereafter)
which computes S(Q) from molecular dynamics simulations
on force fields that are adjusted to find a best fit to the
experimental structure factor. Such a fit predominantly
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optimizes the partial structure factors involving only H and
O atoms.

Figure 2a shows that the S(Q) derived by our sDFT
simulations (neutron scattering lengths were taken from the
NIST database®’) is also very close to the experimental S(Q)
for Q larger than 2 A™". In fact, the overall structure factor and
in particular the first peak near 3 A™' is better described by
sDFT compared to the EPSR simulations. Yet, due to the
limited size of the simulation unit cells, both sDFT and EPSR
are unable to reproduce the S(Q) in the low-Q_limit. The
inability to compare the low-Q parts of S(Q) could be ascribed
to the well-known finite-size effects® and, in this case, also to
residual inelastic scattering. This does not affect our
predictions or results in any way.

Figure 2b shows a comparison among experimental EXAFS
spectra and two simulated counterparts (EPSR and sDFT).
The experimental and EPSR data sets were extracted and
digitized from ref 13. Notably, a favorable alignment between
the sDFT-simulated spectra and the experimental data is also
observed. Because of the elemental specificity inherent in
EXAFS, it is a highly sensitive technique exclusively targeting
the local environment of Pd*". The agreement also stipulated
that our sDFT simulation is capable of accurately representing
the solvation shells of Pd**. Figure S7 collects a comparison of
EXAFS spectra collected by two separate experiments. The
EXAFS spectrum from ref 14 is somewhat different from the
one from ref 13 likely because of the employment of different
techniques for normalization and subtraction of the baseline in
the spectrum. However, the two EXAFS experimental spectra
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Figure 3. Metal—oxygen (red) and metal—hydrogen (blue) RDFs: (a) Pd** and (b) Pt**. The coordination numbers for H and O atoms are

printed next to the corresponding peaks.

share similar features which are also reproduced in the
simulations.

Looking back at Table 1, we see that the most probable
Pd**—0 distance is well reproduced by our simulations, which
underestimates the experimental estimation by barely 0.01 A.

For Pt%:q), we only consider the results of the experimental
measurements summarized in Table 1 which were taken from
refs 28 and 29. The sDFT simulation results show a slight
overestimation of about 0.03—0.04 A for the Pt**—~O most
probable distance. Interestingly, the structural descriptors
predicted by our simulations do not clearly distinguish the
hydration of Pt{},) from Pd(},). However, we will see that the
predicted dynamic behavior of the hydration shells of these
two ions is noticeably different.

Hydration Shell Structure. The hydration shell structures
predicted by our simulations for Pd%;'q) and Pt%:q) are compared
in Figure 3, where the partiall M—O and M—H RDFs are
compared side by side. In Figure 4 we report the ADFs for the
metal—oxygen bonds of the first hydration shell.

0.25 —— M=Nj2*
' — M=PE2+
—— M=Pd2+
0.201
w .
LS 0.5 Sooe : Sisee
<
X 2:1
0.101
4:1
0.051
0.00L : : : : : ,
60 80 100 120 140 160 180

Bo-m-0

Figure 4. ADFs for the intramolecular 6_y_o angle of the three
group 10 aqua ions. Sgp- and Sjg- are the integral areas of first and
second peaks, respectively. The ratios of Sgy:S g0 are printed in the
figure.

The M>*—0 and M*'—H RDFs of both Pd%:q) and Pt%;q) are
quite similar to each other. Specifically, the first peaks of the
M?*—0 RDFs for both ions are located at around 2.05 A, and
their integrals equal 4, which indicates coordination by 4 water
molecules. The first hydration peaks for hydrogen atoms are
broader than those for oxygen atoms and located around 2.56
A for both Pd%:q) and Pt%;q).

The second hydration shells for both Pd**—~O and Pt**—0O
start before 3.00 A, which is a shorter metal—oxygen distance
than for Ni** (with a second hydration peak beginning at 3.30
A). We notice that the Pd**—O peak associated with the
second hydration shell is somewhat broader than that of Pt**—
O. However, contrary to the EPSR"” and the force field-based
simulations,'" a sharp peak between the first and second shells
for Pd** does not appear in our results. A Car—Parrinello
Molecular Dynamics (CPMD) simulation of this system'” also
did not find the sharp peak between the first and second shells.
The comparison between RDFs from the several simulations
available in the literature and the present work are presented in
Figures S8—S10.

The analysis of O—M>*—0 ADFs provides further insights
into the structure of the aqua ions (see Figure 4). In the case of
Ni**, the ADF peaks are located between 76°—107° and 160°—
180°, with the maxima at 90° and 171°, respectively. The ADF
shapes of O—Pd**~O and O—Pt**—O are similar to each
other, but different from that of O—Ni**—0. Both Pd%:q) and
Pt%;'q) aqua ions have two peaks at ranges of 77°—102° and
160°—180°, with maxima at 90° and 175°. The integral areas
between the first and second peaks are 4:1, 2:1, and 2:1,
respectively, clearly indicating that the water coordination of
Ni%:q) is octahedral, while that of Pd%:q) and Pt%;'q) aqua ions is
square-planar.

To shed light on the predicted structure of the second-shell
hydration in the three aqua ions considered, we present in
Figure 5 the combined radial-angular distribution function
(CDF) for these systems. Inspection of the top panels of the
figure shows that for Ni**, no significant axial second hydration
shell is present. This is a consequence of the fact that aqua Ni
has a bound water in the axial position at about 2 A distance.
This generates a vacuum of water molecules (oxygen atoms)
until about 4.5 A. For Pd and Pt aqua ions the CDF shows a
different picture. The axial solvation is occupied by water.
These concentrate at 3.5 A for Pd and at 4.5 A for Pt. The Pd
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Figure S. (a—c) Combined radial distribution function for the metal—oxygen atom pairs distance and azimuthal angle with normal to the aqua ion
plane. (d—f) Decompostion of gpg_o(r) into equatorial (eq), bridge (br), and axial (axial) regions. A visual of the three regions is provided in Figure

S11.

aqua ion is particularly interesting as it shows bridge and axial
shells blending into a single feature with three maxima (one for
each bridge region and one for the axial position). The panels
in the lower part of the figure simply trace the angles in
between the boundaries indicated in the upper panels; also
provided in the inset is a zoomed-in view of the region of
metal—oxygen distances between 2.5 and 3.5 A. While for Pd a
nonzero RDF for axial waters is already detectable right after
2.5 A, the feature does not amount to a sharp isolated peak;
instead, it develops into a broad peak centered at ~3.5 A.

Hydration Shell Dynamics. The hydration shell structure
analysis carried out thus far only provides information about
the thermal average structure. In reality, thermal fluctuations
occur in the structure that make it depart from the average.
These fluctuations are captured by our simulations and are the
subject of the following discussion. Water dynamics is closely
related to the ability of water to self-diffuse. Even though
AIMD simulations with semilocal DFT exchange—correlation
functionals were shown to severely underestimate the self-
diffusion of water,*”®> sDFT with semilocal nonadditive
functionals was shown to provide a perfect balance of
nonadditive exchange—correlation and nonadditive kinetic
energy allowing it to model liquid water in a quantitatively
correct way.”” sDFT’s value for the water self-diffusion is 3.0 +
0.4 X 107 cm® s™! against an experimental value of 2.34 in the
same units.

In order to characterize the mobility of water in the first and
second hydration shells, the time evolution of the shortest 18
M?**—0O distances are evaluated from the simulations’
trajectories and shown in Figure 6. The clear boundary
between the two hydration shells further indicates that there is
no intershell water exchange in the time scale of our
simulations (tens of ps). This is consistent with the analysis
of the RDFs presented previously and with the known water
exchange rates for these complexes.”

The Ni**—O distance of the first hydration shell has a larger
fluctuation than the Pd**—O and Pt**—O distances. The Ni*'—
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Distance of closest 18 M2*-0 pairs ()
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Time (ps)
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Figure 6. Time evolution of the 18 shortest metal—oxygen distances
for (a) Ni**, (b) Pd*, and (c) Pt** aqua ions. The first hydration shell
is highlighted in green. The 3 A threshold is indicated by the
horizontal lines. Triangles label second shell water entry events into
the region where the M?*—O distance is <3 A. Lines are set to
become more transparent as the water molecules are located farther
from the metal center.

O bond distance can fluctuate to 2.6 A (see Figure 6 at 4.0 ps
for Ni), which deviates substantially from the average distance
of 2.14 A. In contrast, the four coordinated waters in Pd*" and
Pt** are tightly bound to their metal centers.

The mobility of the second hydration shell differs for the
three aqua ions. For Ni**, due to sterics provided by the 6
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waters in the first hydration shell, the second shell is well
separated at a distance of 3.3 A from the metal center. In
contrast, the second hydration shell in Pd** is softer, clearly
displaying the short-lived and transitory nature of water
molecule penetration in the intermediate region. The
minimum Pd**—O distance is 2.63 A at 33.4 ps. Conversely,
the second hydration shell for Pt*" is rigid in comparison to the
Pd**with only one Pt**—O distance reaching a length less than
3.00 A throughout the entire AIMD trajectory.

We provide a visual of the molecular-level structure for the
mentioned hydration shell fluctuations in Figure 7. In the

5.6 ps

7.6 ps

Figure 7. Two snapshots following a water molecule (wl) entering
the intermediate region between the first and second hydration shells
of Pd*". At 5.6 ps, panel a shows a defected HB network (there are
fewer water molecules linked directly and indirecly to aqua ion above
the aqua ion plane than below the plane). Panel b shows that the
shortest Pd**—O distance of 2.66 A is reached at 7.6 ps, where wl
enters the intermediate region between the first and second hydration
shells. The HBs of molecules w1, w2, and w3 are represented by blue
transparent bonds.

figure, the first hydration shell and second hydration shell
water molecules connected directly and the nearest indirectly
connected to the aqua ion via HBs are highlighted. We see in
panel a of Figure 7 that at 7.3 ps there are less hydrogen
bonded water molecules in the region above the Pd%:q) plane
(4 waters, w3 is not included) than in the region below the
plane (7 waters). The water molecules below the Pdf},) aqua
ion plane form an HB network. Conversely, another side above
the plane shows an HB network defect. An important
consequence of the HB defect is that the water molecule
labeled as w1 in Figure 7 is less restrained by the HB network
and could move toward the metal center, reaching the short
distance of 2.66 A as can be seen in the second snapshot in
panel b of the figure. The short metal—water distance also
results in a transient and twisted HB structure. The HB angle
of water w2 (82.53° see figure for details) is much smaller
than for a typical HB (109.47° found in water ice). This
process is also illustrated in the video whose link is provided in
the Supporting Information.

However, such transient, defective HB network states are
rare and a stable axial ligation of water on Pd** does not occur.
In view of this analysis, we conclude that water molecules do
not stably ligate axially in the Pd** aqua ion because they are
“locked” in a stif HB network that, at least at room
temperature, is seldom disrupted.

The Hydrogen Bond “Dome” Concept. The previous
considerations highlight that the Coulomb attraction between
axial waters and bare Pd** or Pt** cations is contrasted by a
resilient HB network. In order to describe the HB network in
the axial region of the second hydration shell, we analyzed our
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trajectories using a loose definition of HB (oxygen donor—
acceptor distance cutoff of 3.3 A and a donor—hydrogen—
acceptor angle greater than 145°). To avoid counting HBs
from water in the equatorial region, we focused on the HBs
forming above and below the square planar complex plane
(selected by the angle between M**—O vector and aqua ion
planes ranging from 15° to 90° on both sides of the plane of
the metal complex). We further filtered the water molecules by
their topology. That is, only water molecules that are either
nearest neighbor of the metal center or H-bonded to a nearest
neighbor molecule are included.

Figure 8 summarizes this analysis correlating the shortest
metal—oxygen distance in the second hydration shell with the
number of water molecules involved in the axial HB network.
The data in Figure 8 has been filtered by a Viterbi algorithm
with a two-state hidden Markov model to filter out noise from
thermal fluctuations.**

The maximum number of axial H-bonded water molecules
for Pd%:q) and Pt%:q) on either side of the plane (below or above
the aqua ions plane) is 9. When the number of axial H-bonded
waters on one side of the square plane is 3 or less, the HB
network enters a defective, fluxional state. The axial HB
network of Pdf},) is softer than that of Ptf;), as the number of
axial H-bonded waters on one side for Pd%;'q) often falls below 3
to 1. A crucial observation is that the number of water
molecules entering the axial region of Pd%:q) is anticorrelated
with the total number of axial H-bonded waters. Four events of
water entering into the axial region of Pd(1I) aqua ion (Pd—O
distance less than 3 A) are marked on Figure 8a. The four
structures with shortest Pd—O distances are depicted in Figure
8c. In structures 1—3, the water molecules in the axial region of
Pd>* are located on the sides with fewer axial HB waters,
resulting in a lack of HB constraints. Conversely, in structure 4,
the closest water molecule is involved in a twisted HB.
However, the presence of twisted HB structures in this case
leads to an exclusion rather than stabilization effect on the
water molecule, owing to the relaxation of tension in the HB
structure.

Combined with the discussion of hydration shell dynamics,
our results suggest that a defect in the HB network is a
necessary condition for water molecules entering the axial
region of Pd{,) and Pt(};) aqua ions. We conclude that the
constraints imposed by the axial HB network play a dominant
role in determining the hydration shell dynamics.

To provide a visual for the axial H-bonded water molecules,
we selected one AIMD snapshot of Pd%;q) at 11.5 ps (selected
because of the large number (12) of axial HB waters), carved a
cluster containing the metal center and 20 water molecules,
and performed geometry relaxation in vacuum. The optimized
structure of a Pd%:q) cluster was then utilized as an initial guess
for the optimization of Pt%:q). The structure resulting after
relaxation is depicted in Figure 9. The absence of the
condensed phase environment and the fact that geometry
relaxations deliver so-called zero-Kelvin structures; the
resulting hydration shell is more compact compared to the
average one obtained from the AIMD simulations.

Figure 9 clearly shows that the HB network has a tendency
to arrange in a dome shape. The number of H-bonded dome
waters in the figure for both Pd{},) and Pt{},) aqua ions is 10,
which is consistent with the AIMD results. This additional
analysis reveals no water molecules in close proximity to the
metal cation centers. The minimum Pd**—O and P**-0O
distances are 3.22 A and 3.39 A, respectively. Even though

https://doi.org/10.1021/acs.jpclett.4c00464
J. Phys. Chem. Lett. 2024, 15, 5517-5528


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00464/suppl_file/jz4c00464_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00464?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00464?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00464?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00464?fig=fig7&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

)]

E 12 (a) —— Above the Pd?* aqua ion plane

-+ —— Below the Pd?* aqua ion plane

© 10

<

m 8

L My

2 | L1 |

2 <

:E , |I‘ ' ||‘|‘\ “ ‘i “ ‘l H‘ 5

o ¥

“ 0 o

(0] L

S JMMHMMMHIM\MM B

=3

> Q

b4 1442 ‘ ‘ 3 ‘ a4 ‘ 276
0 10 20 30 40 50

2 121 —— Above the Pt?* aqua ion plane

@ | (b) .

+— —— Below the Pt?* aqua ion plane

© 104

2

[an]

I

Ic

X

@®©

5 3

= o

(0] L

a 3.3 %

e 3.0 §

2 2.7 8
o 5 10 15 20 25 30 35 <=

Time (ps)

Figure 8. Blue and green lines: The time evolution of the number of water molecules in the axial HB network above and below the aqua ions plane,
respectively (see text for details). Red line: Shortest metal—oxygen distance from the second hydration shell. Four water entering into the axial
region events are selected to illustrate the relationship between water penetration and nearby HB networks. The defective axial HB network is a
necessary condition for the penetration of second-shell waters in the intermediate region between the hydration shells.
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Figure 9. Optimized Pd(aq) and Pt(?q) clusters. The shortest metal—
oxygen distance is 3.22 A and 3.39 A for Pd and Pt, respectively. The
HBs are indicated by blue dashed lines. The ten dome waters are
labeled W,—W,,. Of these, six waters located below the aqua-ion
planes are arranged in a six-membered ring, while the remaining four
waters located above the aqua-ion plane form a four-membered ring.

these distances are still larger than those predicted by
simulations featuring the mesoshell of axial water,' "3 Figure
9 provides a picture similar to Figure S of ref 11, albeit
featuring a further away and broader axial hydration shell.
Particularly telling is the information available in Figure 10, as
we compare the RDFs of the axial Pd—O pairs from sevral
works. The Pd—O axial hydration predicted by sDFT features
broader RDF peaks. Specifically, when the waters within 20° of
azimuthal angle are considered, the peak of the axial shell is at
3.35 A. The peak shifts to 3.54 A when the azimuthal angle
boundary is increased to 45° likely because, according to
Figure S, water molecules in the bridge region are also partially
included, thus shifting the peak.
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Figure 10. Contribution of axial waters to the metal—oxygen RDF
taken from “ref 11 (black dash-dotted line), ‘ref 13 (black dotted
line), and our sDFT AIMD simulations where the axial region is
defined by azimuthal angle up to 45° (black solid line) and 20° (red
dashed line). The data from refs 11 and 13 were extracted by fitting
the mesoshell sharp peaks by Gaussian functions. The sDFT data
were fitted with a Gaussian function from the decomposed gpg_o(r) of
the axial region presented in Figure 5.

In summary, sDFT AIMD simulations predict that water is
dynamically diffusive toward the Pd metal center, influenced by
the balance between hydrogen bond networks and Coulomb
attraction from the metal centers.

In conclusion, in this work we employ accurate yet
computationally amenable ab initio molecular dynamics
simulations based on subsystem DFT to explore the hydration
shell structure and dynamics of group 10 aqua ions (Nl(aq),
Pd(aq), and Pt(aq)) To our knowledge, this work provides the
most accurate description of these hydrated ions to date. Our
simulations are accurate, as they closely match the available
experimental data for the three ions.
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An important focus of this work is the structure and
dynamics of the second hydration shell (ie, the water
molecules beyond the ones directly coordinated to the metal
center). Our simulations and our analysis of the available
experimental data through the lenses of our ab initio dynamics
simulations shed light particularly on axial hydration. To date,
axial hydration of Pd is characterized by the “mesoshell”
concept.'”'* The mesoshell is identified by a clear, sharp peak
in the partial Pd—O RDF sitting between the first and the
second solvation shell. Our analysis refines this view finding
that the sharp mesoshell is rather a broader feature with an
onset at 2.5 A and extending up to 4.3 A, approximately. Our
analysis goes beyond structural considerations and ventures
into the characterization of the dynamics of the hydration
shells. By monitoring the distances (Ry*_o) between the
cation center M** and the nearby O atoms, we found that the
water molecules rarely visit the axial region (Rpg*_o < 3 A). By
visualizing the AIMD trajectories, we found that the waters in
the second hydration shell are bound by a resilient HB network
which counteracts the attraction to the cation center.

Optimized snapshots from the AIMD show that the HB
network in the axial region of Pd and Pt forms a protective
“dome” on both sides of the Pdf},) and Pt{;,) aqua ion planes.
The domes counteract water penetration from the axial
directions. We ascribe to the existence of the domes the fact
that our interpretation of the experimental data is more
consistent with a broad axial solvation shell rather than a
mesoshell for Pd%:q).

The interpretation of condensed-phase chemical reactions
involving Pd*" in water must consider the influence of the
“dome” structure. This dome, a robust hydrogen bonding
network, needs to be disrupted before any ligand can
coordinate with the metal ion. Consequently, mechanistic
analyses of catalytic reactions in aqueous environments should
account for the dome’s potential effects.
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