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Abstract: An ab Initio molecular dynamics investigation of the solvent effect (water) on the
structural parameters, '*>Pt NMR spin-spin coupling constants (SSCCs) and chemical shifts of a
series of pyridonate-bridged Pt"" dinuclear complexes is performed using Kohn-Sham (KS)
Car-Parrinello molecular dynamics (CPMD) and relativistic hybrid KS NMR calculations. The
indirect solvent effect (via structural changes) has a dramatic effect on the !Jpp, SSCCs. The
complexes exhibit a strong trans influence in solution, where the Pt—Pt bond lengthens with
increasing axial ligand o-donor strength. In the diaquo complex, where the solvent effect is more
pronounced, the SSCCs averaged for CPMD configurations with explicit plus implicit solvation
agree much better with the experimental data, while the calculations for static geometry and
CPMD unsolvated configurations show large deviations with respect to experiment. The
combination of CPMD with hybrid KS NMR calculations provides a much more realistic
computational model that reproduces the large magnitudes of ' Jpp, and 195pt chemical shifts. An
analysis of !Jpp, in terms of localized and canonical orbitals shows that the SSCCs are driven by
changes in the s-character of the natural atomic orbitals of Pt atoms, which affect the Fermi
contact mechanism.

1 Introduction

Platinum—containing molecules or complexes are interesting probes to assess theoretical
methods in the NMR parameters investigation of heavy elements because the '*°Pt (nuclear spin
1/2) has a wide chemical shift range (from -6000 ppm to 12000 ppm), depending of the
oxidation state, donor or accepter characteristics of the coordinating ligand and of the
metal-ligand interaction nature.'? The scalar spin-spin coupling between '*>Pt and other
magnetically active nuclei in solution may range from few Hertz to >140 kHz.?

The complexity involved in the calculations of the '**Pt chemical shift and spin-spin coupling
constants (SSCCs) makes very difficult to find an ideal computational model. Thus, the theoretical
understanding of the observed experimental trends of Pt NMR data remains a challenge. Among
the main factors is the correct description of the chemical environment, such as the solvent effect,
temperature, and pressure. Additionally, there is another hurdle to be considered, because heavy
nuclei require relativistic methods to determine their magnetic properties,* which also increases
the computational cost.

In particular, solvent effects are important because they can account for changes in the metal
complex electronic structure and its geometry, resulting in detectable changes in
physicochemical processes, reaction kinetics, and mainly NMR parameters.>® For instance,
Autschbach and Ziegler® showed for a set of Pt—TI bonded systems that the magnitudes of the
! J1ip coupling can be explained mainly due to the solvent coordination with the TI atom and that
the inclusion of explicit solvent molecules is underlying for a reasonable theoretical description

of the experimental trends. However, the accuracy of the theoretical results of 195pt NMR data
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can also be influenced by other factors, such as the internal reference, the density functional (in
the case of density functional theory (DFT) calculations), and the basis set. A certain degree of
error cancellation in the chemical shifts occurs when a compound chemically similar—and
simulated in the same chemical environment—as the investigated systems is used as the internal
reference for the calculations.*!%!! In part, such errors are related to the truncation of the basis
set, the approximation of the electronic correlation by the density functional, and errors of
self-interaction. Sterzel and Autschbach,'? investigated chemical shifts of '*°Pt for a set of
complexes in solution with different oxidation states as well as different coordination and
solvation spheres. The goal was to minimize the potential for error compensation and thereby to
expose the true difficulties with modeling platinum chemical shifts in an ab-initio fashion. The
same study showed that explicit solvation is essential for a good agreement with the
experimental data and that the 195pt NMR properties are strongly sensitive to the theoretical
model. The authors also suggested that vibrational corrections may improve the accuracy of the
calculated properties. More recently, Davis et al.!* performed calculations of magnetic
shieldings for the isotopologues and isotopomers of Pt aqua/chlorido complexes with
zero-point vibrationally averaged structures. Qualitatively, the trends of the observed effects
were reproduced well, but the quantitative agreement of the calculated and experimental data
was not reached. This was attributed to the implicit solvation model used. The inclusion of
explicit solvent molecules seems to be imperative to obtain better results.

Among the oxidation states of Pt, +3 is more rare and, therefore, its NMR data is worthy of
special attention. Mononuclear Pt" compounds are unstable and very rare because of the
reactive nature of the unpaired electron.'*!5 On the other hand, Pt"™ dinuclear complexes are
characterized by a structure involving a formal Pt—Pt bond resulting from the interaction
between ¢ HOMO and o* LUMO orbitals derived from the symmetric and antisymmetric
combination of d,;” orbitals of the metallic centers.!®!” Typically known as platinum blue
complex derivatives, they have Pt—Pt bridging ligands such as amidate,!® acetate,'®
thiocyanates,?° sulfates,?! and phosphates,?? connecting the two metal centers by NCO, NCS or
OXO (X = C, S, P) moieties. From a structural perspective, Pt dinuclear complexes are
classified as ‘Head-to-Head” (HH), where the same platinum is coordinated to two nitrogen and
two oxygen atoms of the ligands, generating two nonequivalent platinum atoms Pt[N,0O,] and
Pt[N4]. On the other hand, for the ‘Head-to-Tail’ (HT) arrangement, each equivalent platinum
atom is coordinated to two different ligand atoms Pt[N;0].232* Pt" dimers, which show a large
energy difference between 0 HOMO and o* LUMO, leading to a less stable Pt—Pt bond, were
also reported in the literature.?

The initial interest in platinum blue complexes was motivated by their potential action as

26-28

drugs in the treatment of cancer, especially after the discovery of cisplatin’s antitumor
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activity.?2 The ability to construct one-dimensional oligomeric chains, such as wires
containing metal-metal interactions with mixed valence (Pt" and Pt")*35, also drew attention

for applications as light-emitting diodes, photovoltaic cells and molecular sensors.?*¥ In

addition, interesting electrochromism,

photoluminescent, conductive, spectroscopic and
catalytic properties have been found in these compounds in solution, where the role of the
solvent may have a dramatic effect on the properties and behavior of the complex.**° Still, the
195ptl NMR parameters are also affected by the axial ligands and this can be, in part, explained
by the cis/trans effect, likewise the Pt" and Pt" complexes.!>!74 The solvent effect can
account for changes of complex structure, influencing the electron density along the Pt—Pt bond
in solvents of different polarities. Thus, the complexes may have a L—Pt"Y—Pt"—L character due
to the polarization of the metal-metal bond, and it will be reflected on the NMR parameters of
the metal center.

In the early 2000s, Biihl and coworkers applied molecular dynamics (MD) simulations to
describe the solvent in NMR calculations, as an alternative to calculations that use static
geometries. This approach proved to be successful in determining chemical shifts for metal
complexes containing Fe,*6 Mn,*” V,*® and Co*°. More recently, the combination of ab initio
molecular dynamics (AIMD) based either on Born Oppenheimer molecular dynamics (BOMD)
or Car-Parrinelo molecular dynamics (CPMD)>? simulations followed by Kohn-Sham (KS) DFT
calculations for light and heavy nuclei has been successfully applied to NMR parameter
investigations in solution.>'"> For instance, CPMD-based calculations with explicit solvation in
the NMR calculations have been imperative for understanding the coordination regime of Tl
with water molecules in TI—Pt bonded complexes.® The 'Jyp averaged out over the
configuration trajectory reproduces the experimental data within the error bars of the chosen

electronic structure model.”’

Based on natural molecular orbital (NLMO) analysis, the
coordinating water molecules in the T1 site enhance the covalency of the metal-metal bond.

In the first reported study on platinum complexes applying AIMD,>® Truflandier and
Autschbach obtained '*’Pt nuclear magnetic shielding constants as an average over the CPMD
trajectories with a small relative deviation of approximately 10% from the experimental data. A
closely coordinated nonequatorial water molecule with the Pt" and Pt" anionic complexes
causes a pronounced solvent effect on the '*>Pt chemical shifts, which is correlated with the
surface charge density. Furthermore, '>Pt chemical shifts of neutral cisplatin derivatives in
aqueous solution also showed a good agreement between theory and experiment with a deviation
of approximately 5%.%° Moreover, an investigation of the solvent effect on the SSCCs of neutral
cisplatin showed that an inverse hydration, previously indicated as essential for reproducing the
195py shielding tensor, also played a crucial role in the improved description of !Jpy SSCCs.®°

However, there are still no studies related to the investigation of '’Pt"" NMR data using

4

Page 4 of 40



Page 5 of 40

Physical Chemistry Chemical Physics

computational modeling of the chemical environment via AIMD.

Therefore, because AIMD is a powerful tool for obtaining dynamic molecular information in
solution, the main goal of this work is to elucidate the dynamic solvent effect on the ! Jpp, SSCC
and Pt chemical shifts of Pt"'—Pt" bonded complexes, depicted in Figure 1, synthesized and
characterized experimentally by Matsumoto and coworkers.?*%1-8 For this purpose, we combine
the CPMD approach and relativistic KS-DFT NMR calculations. This high-level modeling of
the solvent effects on the electronic structure as well as the solvent-solute interactions on the
structural parameters is necessary, due to the aforementioned difficulties in reproducing
experimental Pt NMR parameters with good accuracy by calculations. The effects of
coordinating solvent molecules on the NMR parameters are rationalized by means of NLMO
analysis. The selected Pt—Pt bonded systems are interesting in terms of their potential
applications, and present a very challenging test case to see how far the theoretical methods can

be pushed at present.

1-L'=L?=H,0,n=4

— 2-L'=1L2=Br,n=2

N /) 3-L'=12=cI,n=2
=@g 4-L'=H,0L2=Br .n=3

5-L'=H,0L?>=CI',n=3
o-pyridonate

Head-to-Head Head-to-Tail
(HH) (HT)

Figure 1: Head-to-Head (HH) and Head-to-Tail (HT) Pt-Pt a-pyridonate-bridged complexes.

2 Computational Details

CPMD simulations were performed using the plane wave (PW), periodic boundary DFT code
Quantum ESPRESSO (QE) version 6.0.% NMR SSCCs and chemical shifts were computed using
the CPL7%72 and NMR module”>-73, respectively, of the Amsterdam Density Functional (ADF)
package,’® version 2017.7

The geometries of complexes 1-5 were optimized using the PW module of QE. The
simulations consisted of a single optimized complex placed in the center of a cubic cell and
packed with water and counter ion molecules. The experimental sample solution for NMR
measurements was prepared using an acidic D,O solution (DClO,/D,0) to suppress

24

deprotonation of the complex ligands.*. Thus, perchlorate anions (ClO,) were added taking
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into account the charge of each complex, in order to maintain the neutrality of the cell and a total
of 64 solvent molecules (water + perchlorate anions). All hydrogen atoms were replaced with
deuterium to aid in adiabatic separation of the electronic and nuclear degrees of freedom.’”® Cell
dimensions, L, were chosen such that the density of the system was equal to that of the heavy
water at ambient conditions. The specific parameters for each system were as follows: 1:
complex + 60 water molecules + 4 perchlorate anions; L = 15.40 A; 2: complex + 62 water
molecules + 2 perchlorate anions; L = 15.51 A; 3: complex + 62 water molecules + 2
perchlorate anions; L = 15.30 A 4: complex + 61 water molecules + 3 perchlorate anions; L =
15.55 A; 5: complex + 61 water molecules + 3 perchlorate anions; L = 15.45 A. The initial
configurations were constructed with PACKMOL package 73

Structure optimizations and CPMD simulations were performed with the Perdew, Burke, and
Ernzerhof (PBE) generalized gradient approximation (GGA) exchange-correlation
functional.>”#! Ultrasoft pseudopotentials available from psilibrary 1.0.0%8? were used to
represent effective nuclei. A kinetic energy cutoff of 100 RY was found to be suitable, providing
an energy convergence of better than 2 meV per atom. Grimme’s dispersion correction (D2)%?
was included for all atoms. A fictitious electron mass of 450 au and a time step of 5.0 au (0.12 fs)
were used for their stability in integrating the CPMD equations of motion. %3435 After an initial
wave function optimization (using the CP module of QE), two simulation steps were performed,
i.e., equilibration and production trajectories. Equilibration was conducted in the canonical
ensemble (NVT) using a Nosé-Hoover thermostat® with a target temperature of 350 K. The
elevated temperature is known to alleviate deviations from the experimentally observed structure
of pure water compared with water simulations in CPMD that would otherwise occur.’®878° The
systems were allowed to equilibrate for approximately 3 ps before the thermostat was turned off.
The production followed the equilibration trajectory in the microcanonical ensemble (NVE) for
30 ps. The first 1 ps in the NVE ensemble was considered part of the equilibration. The
reliability of CPMD was probed by calculating radial distribution functions (RDFs) and selected
mean distances and angles for the solute. These calculations were performed with 2000 CPMD
configurations from the production step with a maximum radius (r,,,, ) of 12 A and a discrete
radial grid of 0.03 A, provided by Visual Molecular Dynamics (VMD), %! version 1.9.3.

The chemical shifts of '*Pt and 'Jpp SSCC calculations were performed with the hybrid
PBEO functional (containing 25% exact exchange)>”? including only scalar relativistic (SR)" or
scalar and spin-orbit (SO)"! relativistic effects by means of the zero-order regular approximation
(ZORA)®? Hamiltonian.* ZORA has been shown to be accurate for treating the relativistic
effects impacting NMR chemical shifts and J-coupling.®>*® Comparison with other relativistic
methods, such as the fully relativistic four-component approach, linear response elimination of

small component (LR-ESC) and four-component Dirac-Kohn-Sham (DKS) theory, have also

6
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demonstrated that ZORA 1is accurate for chemical shifts and J-coupling, even when very heavy

elements are involved.?”?8

We note in passing that ZORA is not accurate for absolute shielding.
However, this is not relevant in the context of the present work. The augmented all-electron STO
basis, developed for J-coupling calculations (jcpl)>’ was used for Pt atoms, and other atoms were
described by an all-electron Slater-type orbital (STO) basis set of polarized valence triple-{
(TZP) quality. In addition to the presence of explicit solvent molecules, the conductor-like
screening model (COSMO)® was applied. The level of theory was chosen as a compromise
between the computational cost and accuracy for the dynamics of aqueous systems.’%’® The
hybrid functional is more suitable for NMR parameter calculations because it reduces the
self-interaction error in semilocal DFT and thereby furnishes a more accurate and reliable
description of the electronic structure in the systems of interest.>’-10%-10!

The SSCC calculations were initially performed with ZORA-SR using 64 evenly spaced (every
0.45 ps) CPMD configurations from the production trajectory to provide a coarse estimate of the
cluster size (number of nearest neighbor (NN) solvent molecules to include in addition to the
solute) for each system. Solvent molecules were added around the solute from O to 25 in sets of
5, with and without COSMO in each selected CPMD configuration. The selection of NNs was
performed using a Fortran90 code developed in our group, which creates a 3 by 3 by 3 supercell of
the periodic simulation cell of each frame of interest. From this super cell, interatomic distances
were compared with covalent radii plus a small additional factor (following typical conventions for
semiempirical bond drawing) '°? to determine molecular subunits. The criterion for choosing NN
solvent molecules was based on the increasing order of interatomic contacts between the solute
and solvent. The absence of explicit or implicit solvation was also considered using only the solute
geometries of each CPMD configuration without COSMO.

Thus, the dependence on magnetic properties as a function of the number of explicit solvent
molecules was analyzed averaging out the SSCCs. Furthermore, the coupling constants were
decomposed in terms of localized molecular orbital (LMO) contributions in a relativistic
J-coupling analysis®® with natural LMOs (NLMOs) with the natural bond orbital (NBO)
program version 6.0 included in the ADF package.'® In this analysis, a set of localized orbitals,
NBOs and NLMOs, is determined from SR electronic structure while the property is calculated
including all relevant SO coupling terms. The projection of the SO orbitals onto the full
(occupied and unoccupied) set of SR orbitals affords the link between the two set of orbitals.
The sum of all terms in the analysis is therefore equal to the NMR parameter calculated from
variational SO DFT, allowing a decomposition in terms of SR localized orbitals, being
easy-to-interpret and easy-to-visualize. %103
After the required NN solvent molecules were determined for SSCC convergence, 192

additional configurations were selected for improvement of the statistical averaging, i.e., the final
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statistics were accumulated from 256 configurations per complex, evenly spaced over the
production trajectory (every 0.11 ps). Based on the required NN explicit solvent molecules, the
SSCCs and '°Pt shielding tensors were computed with a ZORA-SO Hamiltonian for all 256
clusters.  The chemical shifts were calculated from isotropic shielding constants and

experimental shifts using eqn (1),

)

0.

exptl
ref — Oprobe +6 (L

cale — ref

1HH

Here, was used as a secondary reference ‘ref’ in the calculations, and the experimental

chemical shift of 1HH

with respect to aqueous H,PtClg was added to convert the calculated shifts
to the standard reference. This commonly used way of referencing calculated chemical shifts
avoids systematic errors from having the probe and reference nucleus in different oxidation states

or in very different chemical environments. !2

3 Results and Discussion

3.1 Assessment of solvent

It is well known that the pure functionals, such as the PBE used in this work, overestimate the
hydrogen bond energy, ’® causing a ‘glassy’ character of water. This effect is manifested as a higher
O-O first peak and a deeper first trough in the oxygen-oxygen (g(r)OO) RDF when compared

106-108 However,

to RDFs obtained from neutron scattering and/or X-ray diffraction experiments.
the simulations performed at 350 K with Grimme’s dispersion correction (D2) minimize such an
overstructuring effect. The increase in the simulation temperature also mimic the nuclear quantum
effect in structural quantities such as the g(r)OO RDF, which is known to be essential for accurate
description of microscopic structure of liquid water. !%° The solvent structure in the simulation was
analyzed from the g(r)OO RDFs of the HH complexes given in Figure 2 and compared with the
experimental (full orange line) and simulated (full red line) RDFs of pure liquid water.

The first set of peaks from 2.20 A t0 2.45 A refer to solute (O,,;) and solvent (O,,,,) oxygen
atom pairs. Complexes with diaquo ligands (1, 4 and 5) present sharper intensity peaks due to
hydrogen bonds between the solvent and ligands. The second set of peaks from 2.45 A 10 6.00 A
presents a small shift and overstructuring (zoom in Figure 2) caused in part due to the presence
of the large solute complexes, which reduce the solvent mobility due to solute-solvent
interactions. However, based on the experimental uncertainties,%-19:110.111" the simulated
g(r)OO0 reflect a reasonably accurate simulation of the intermolecular structure of liquid water.

The same features were observed for the g(r)OO of the HT complexes (Figure S2 in SI).
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Additionally, RDFs g(r)HH are depicted in Figures S3 and S4 and likewise agree reasonably

well with the experimental data for pure liquid water.

3.5; g
] ,,,,2HH
37 .......3HH
. . 4HH
] _ gHH
2'5i Exptl
—64 H,O CPMD 330 K
O 2
o ]
= [ T B R s e e e rrrereTT e e
031 5* 24 26 28 3 32 34 36 38
1. s
0.5-
0+ I I . I I
2 3 4 5 6 7 8

Figure 2: Oxygen-oxygen RDFs for each of the five explored HH Pt(IIl) complexes; g(r)OO
denotes the RDF or pair correlation as a function of pair distance in A. The full orange line is the
experimental oxygen-oxygen RDF for heavy water from the joint X-ray diffraction and neutron
scattering experiments of Soper and Benmore!'!. The full red line is the theoretical oxygen-
oxygen RDF for pure water obtained by CPMD at 330 K'%. These latter two were extracted using
the engauge plot digitizer. '

3.2 Dynamic Properties

In order to analyze the mobility of the simulated systems, the root mean square deviation
(RMSD) for the perchlorate anions CI atoms and water molecules O atoms were computed relative
to the initial frames of the production trajectory. The RMSD plots are given in Figure S5. The
RMSD shows a diffusive behavior for the water molecules and perchlorate anions throughout the
simulation. In addition, the average distances between the Cl atoms and Pt atoms were calculated
(see Table S1 for specific values of each simulation) to assess how far the perchlorate anions are
from the solute on average, during the simulation. The distance between the perchlorate anions
and the solute is 9.8 + 0.7 A, 6.8 + 0.6 A and 7.7 + 0.4 A on average for diaquo, dihalo and

aquahalo complexes, respectively. This shows that the counter ions can be found surrounding the
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solute at a distance, equal or greater than the half of the simulation box, i.e, L/2 =7.70 + 0.05 A
on average. Therefore, the solvent-separated ion pair in aqueous solution is correctly reproduced

by the simulations.

3.3 Solute Structures and Solvation Shell

The platinum-oxygen RDFs describe the structure of oxygen atoms radially outward from
each platinum atom. The HH complexes were separately calculated because of the platinum atom
asymmetry with respect to the ligand bond lengths, which are the average of the two platinum
atoms for the HT complexes. Figure 3 shows the RDFs g(r)Pt[N4]O and g(r)Pt[N,O,] and their
integration for the five HH complexes studied in this work. The RDFs and their integrates for
HT complexes are depicted in Figures S6 and S7 in the Supporting Information (SI) because they
presented similar features to those discussed herein.

The first set of peaks from 2.0 At026Ain Figure 3A represents the axial oxygen of the
aquo ligand for the diaquo and aquahalo complexes. The shape of these peaks indicate a direct
coordination of oxygen atoms to Pt atoms and the strength of the Pt-OH, bond. Therefore, the
8(7),,.. of the peaks of aquahalo complexes is slightly smaller because of a weaker Pt-OH, bond
in comparison with the diaquo complex. The set of peaks at r ~ 3.1 A corresponds to the equatorial
oxygen bonded to the Pt[N,O,] atom for all complexes. The third and fourth sets of peaks represent
oxygen atoms from solvent molecules contained at the first and second solvation shells at r ~ 4.2 A
and 6.2 A, respectively. Similarly, the first set of peaks represents the axial and equatorial oxygen
atoms bonded to the Pt[N,O,] atom for the five complexes in Figure 3C. The second and third
sets of peaks, between 3.6 Aand 7.0 A, depict oxygen atoms from solvent molecules of the first
and second solvation shells. The RDFs show no structure at approximately 7.0 A.

RDF integration (Figures 3B and 3D) provides, on average, the number of oxygen atoms at a
distance r from a platinum atom, considering the oxygen atoms explicitly coordinated on platinum
sites and the number of water molecules in the solvation shells. In the RDF integrals, the atoms
from the previous radial shell are summed to the number of atoms of the next one because the
solvation shell consists of all solvent molecules within the respective radius.

For Pt[N,] of diaquo and aquahalo complexes, the first radial shell has a single oxygen atom,
while in the second radial shell, there are two oxygen atoms. At the same distance, the first two
water molecules are near this Pt site for the dihalo derivatives (Figure 3A). Three oxygens are
found in the first radial shell of the Pt[N,O,] atom (Figure 3C) for the diaquo complex, comprising
two equatorial ligands and one axial ligand. For dihalo and aquahalo complexes, only the oxygen
from equatorial ligands is counted.

The RDF integration shows 10 and 30 solvent molecules on average within the first and second

10
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Figure 3: Platinum-oxygen RDFs and their integrates for 2000 configurations of the production
trajectories of the five explored HH Pt(IIl) complexes. g( r)PE[N4]O and g(r)Pt[N,O,] denote the

RDFs or pair correlations as a function of pair distance in A; N(r)Pt[N4]O and N(r)Pt[N,O,]O
denote the RDF integrates.

solvation shells, respectively. Thus, a total of 64 solvent molecules included in the cubic box for
simulation is sufficient to describe the complexes in solution. Furthermore, visual inspection of
the trajectory reveals that the water molecules are located close to the equatorial NH; and axial
OH, ligands, interacting by hydrogen bonds. An example with a configuration of the HH diaquo
complex is provided in Figure 4.

The visual inspection also reveals important changes in the L—Pt—Pt—L moiety of the diaquo
and aquahalo complexes, which may influence the Pt NMR properties. The strong dynamic
interaction of the aquo ligands with solvent molecules induces an axial elongation of the Pt-OH,
bonds to a maximum length of 2.47 A for Pt[N,4]-OH, and 2.33 A for Pt[N,0,]-OH,. On the other

hand, while the bond of the aquo ligands becomes shorter, the Pt—Pt bond undergoes a dynamic
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Figure 4: Snapshot from the production trajectory of the HH diaquo complex showing the first
solvation shell with 10 solvent molecules (left) and the first plus the second solvation shell with
30 solvent molecules (right). The dashed lines represent the hydrogen bonds based on classical
criteria.!'® Note that in the simulation the counter ions visible in larger cluster are fully solvated.

axial lengthening (until reaching the maximum length of 2.73 A) in a synchronous motion opposite
to the axial bonds.

In addition to structural solvation, the complexes were also characterized with respect to
their geometric parameters in solution. The mean interatomic distances, angles and dihedrals,
averaged over the production trajectories, are listed in Tables S2 and S3. The available

experimental data from X-ray crystal structures'!'4-116

were included. The Pt—Pt average bond
length ranges from 2.594 A t0 2.635 A. This indicates the presence of formal metal-metal bond
between two d’ metal ions, because the Pt—Pt bond generally varies from 2.500 A t02.700 A, 117
in dinuclear platinum(IIl) complexes. The angles of the L—Pt—Pt—L moiety show a units of
degrees deviation, whereas the dihedral angles have a large deviation from the experimental
ranges, even for the static bare structure. The evolution of the main bond lengths and distribution
of dihedral angles during the simulation are depicted in Figure 5 for HT complexes, which were
chosen because of their bridging ligand symmetry, where the influence of a-pyridonate ligands
may be avoided.

Overall, the Pt;—Pt,, Pt;—L,; and Pt;—L, bonds are lengthened in the order diaquo < dichloro
< dibromo. For the aquahalo complexes, the Pt;—Pt, bond increases in the order aquachloro <
aquabromo, while no substantial difference was found in the Pt—OH, bond lengths for both

complexes. The Pt;—Pt, bond lengthens by 0.031 A and 0.059 A upon changing the axial ligands

12
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from aquo to chloride and from aquo to bromide, respectively. Thus, when chloride is replaced
by bromide, the Pt;—Pt, bond becomes 0.028 A longer. As expected, in the aquahalo complexes,
the Pt;—Pt, bond has an intermediate length between those of the diaquo and dihalo complexes,
increasing on average by 0.018 A. Furthermore, it is important to note that the mean Pt—Pt bond
length in the aquachloro complex is only 0.003 A longer than in the aquabromo complex. These
results suggest that the complexes present a strong trans influence effect in solution, where the
Pt—Pt bond lengthens with increasing axial ligand o-donor strength in a fashion consistent with
the established structural trans influence series in mononuclear platinum complexes. #4318 This
effect arises from the polarization of the shared metal atomic orbital, induced by one of the
substituents, which consequently causes a repolarization of the same orbital in the trans position.

The axial average Pt—ligand bond length also changes in solution because of hydrogen bonds
between ligands and solvent molecules as well as the trans effect. For dihalo complexes, the Pt—Cl
(2.513 A and 2.495 A) and Pt—Br (2.649 A and 2.645 A) bond lengths are >0.1 A longer than the
experimental data and longer than the typical Pt—Cl and Pt—Br bond distances for platinum(II)
and platinum(IV) structures.’® The effect of changing the axial ligands on the chemical bonds
can be observed in Figure 5 trough the overlap of the evolution bond lines. Upon replacing aquo
ligands by chloride (top-right), the average Pt—Cl bond lengths are very close to the Pt—Pt bond
length. Furthermore, when aquo ligands are replaced by bromide (middle-left), the metal-metal
and metal-ligand bonds have the same average lengths. Likewise, in aquahalo complexes, Pt,—Br
is0.155 A longer than Pt,—Cl, and the mean Pt;—OH, bond length is 2.280 A for both complexes.
These results indicate that the Pt—Pt bonds in the aquahalo complexes are more polarized than
those of the diaquo and dihalo complexes. Similiar results were obtained for platinum(III) acetate-
bridged dimers with axial halide ligands in the solid state, where the metal-ligand bond lengthens
more than 0.1 A because of the rrans effect.” Additionally, the trans effect for HH a-pyridonate-
bridge compounds is responsible for lengthening the Pt—Pt bond by 0.024 A when chloride is

replaced by bromide, as probed via X-ray structures. 16119
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Figure 5: Dynamic evolution of selected geometrical parameters for the HT diaquo (top-left),
dichloro (top-right), dibromo (middle-left), aquachloro (middle-right) and aquabromo (bottom-
left) complexes: evolution of Pt;—Pt, (black line), Pt,—L' (red line) and Ptz—L2 (blue line)
bonds during the CPMD simulation, along with the N3;,—Pt,—Pt;—0O;; (blue histogram) and
O1,—Pt,—Pt;—Nj; (red histogram) dihedral angle distributions. Values inside the graphs are the
bond lengths (R), and dihedral angles (D) for complexes calculated using unsolvated and implicitly

solvated (COSMO) optimized static geometries.
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Interestingly, Figure 5 shows that the distribution of the torsional angle around the Pt—Pt
bond is Pt—L dependent. For the diaquo complex (top-left), both dihedral angle distributions
show a restricted feature with substantial probability for angles near -22°, favoring the synclinal
conformation. The distributions are more diffuse with small probabilities for angles in the range
of 5° to -30°, when aquo ligands are replaced by chloride (top-right). Additionally, geometries
present the eclipsed conformation when angles of approximately 22° are more often visited. On
the other hand, replacing chloride with bromide (middle-left), the distributions are more
restricted again, presenting two symmetry probability angles. Therefore, because of the trans
effect, the increase in Pt—Pt bond length improves the rotational ability around the bond,
decreasing the steric repulsion between the NHj ligands and increasing the probability for a
synclinal geometry. Nonetheless, visual inspection reveals that the bridging ligands symmetry
contribute to two eclipsed octahedrals (Figures 6A and 6B, where the trans effect is known to be

more pronounced.
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(A) (B)

© D)

Figure 6: Snapshots from the production trajectory of the HH and HT dibromo complexes showing
the pseudooctahedral geometries in the CPMD simulation: side view (A, C) and top view (B, D).
The geometry of the HT complex is in good agreement with the two eclipsed octahedrals. The
bridging ligand asymmetry in the HT complex yields a twisted geometry when the Pt-Pt bond
lengthens.

For the aquahalo complexes, the dihedral angles present differences with respect to the axial
ligand trans effect. In the aquachloro complex (middle-right), the dihedral distributions are
somewhat less diffuse than in the dichloro complex (top-right) and the aquabromo complex
(bottom-left). These complexes have more restricted dihedral distributions with a significant
probability for angles of approximately 25° with respect to the dibromo complex (middle-left).
Therefore, more than one effect may be at work in aquahalo complexes as a competition between
aquo ligands (weak o-axial donor) and halide ligands (strong o-axial donors), as well as the
polarization of metal-metal bonds, such as X—Pt'¥(N;0)—Pt"(N;0)—OH,.2*

For HH complexes where the bridging ligands are not symmetrically bonded on the platinum
atoms, similar features were observed in diaquo, dichloro and aquachloro complexes, with some
differences due to their own asymmetry, which appears to slightly decrease the trans effect. In

complexes with bromide ligands (dibromo and aquabromo) and the HT systems, the trans effect
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is more pronounced. However, the rotation around the Pt—Pt bond, probed by dihedral angles,
does not occur easily because the solute has a twisted geometry (Figures 6C and 6D) when the
Pt—Pt bond is elongated because of the bridging ligand asymmetry. Therefore, the solute
structural features in solution noted here may indeed be crucial for NMR parameter calculations

of the systems studied in this work, as suggested by Sterzel and Autschbach 2.

3.4 Pt""-Pt" Spin-Spin Coupling Constants - ! Jpp,

Initially, the effect of relativistic corrections on the !Jpp, calculations was evaluated with
ZORA-SR and ZORA-SO Hamiltonians. Thus, the !Jpp, calculations were performed using an
evenly spaced set of 64 configurations from the production trajectory for the HH diaquo
complex. In addition, the number of NN solvent molecules was included in increments of five,
along with COSMO to treat bulk solvent effects. The bare-solute regime was also considered to
assess only the thermal effects on the selected configurations. Figure 7 shows a profile of ! Jpp,
average values regarding explicit solvation and the relativistic corrections applied.

The profiles of the two curves are very similar, with both converging at ten NN solvent
molecules. Furthermore, the difference between the results for the ZORA-SR and ZORA-SO
Hamiltonians was quite substantial (approximately 22%), and despite the overestimation of the
calculated 'Jpp, the SO effect must be considered for the magnetic property calculations of the
complexes studied. However, the ZORA-SR/PBE0/jcpl level of theory was applied to investigate
the solvent effect on ! Jpp, coupling to reduce the computational cost. These results are shown in
Figure 8 based on the data given in the SI (Table S4).

17



Physical Chemistry Chemical Physics

16
] ZORA-SO
1 o mm ZORA-SR
1l - Expt

-
N
L

1thpt/kHZ
° @ >
=
I

Solvent Molecules

Figure 7: 'Jpp, dependence profile of the HH diaquo complex on the explicit NN solvent count
and relativistic corrections. All data are means corresponding to production trajectory averages
(64 configurations). The asterisk correspond to bare structures (no explicit or implicit solvation),
while the remaining counts (0-10) correspond to structures including the given number of explicit
nearest solvent molecules and implicit solvation via COSMO. Bars in each point are the standard
errors in the means.
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Figure 8: !'Jpp, dependence on the explicit NN solvent count for complexes 1-5, Head-to-Head
(HH) and Head-to-Tail (HT). All data are means corresponding to trajectory averages (64 frames).
The asterisk correspond to bare structures (wherein all solvent molecules were stripped and
without implicit solvation), while the remaining counts (0-25) correspond to structures including
the given number of explicit nearest neighboring solvent molecules and implicit solvation via
COSMO. Standard errors (in the means) are given by the solid black lines.
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Figure 8 shows the solvent dependence of the Pt—Pt coupling for all complexes. Overall, the
trends show that, as the solvent molecule count increases, the Pt—Pt coupling constants decrease
until convergence for the diaquo complex while increasing toward solvation for the dihalo and
aquahalo complexes. Additionally, the implicit solvent has proven to be effective in changing the
calculated J-coupling, specifically when comparing CPMD bare structures (*) and CPMD
structures only with COSMO solvation (‘0’). For dihalo and aquahalo complexes, the average of
' Jpp, converged when 5 NN solvent molecules were present. However, for diaquo complexes, at
least 10 NN solvent molecules are required to achieve convergence because they have a
pronounced interaction with the solvent via hydrogen bonds through aqueous ligands, which
undergo exchange by solvent water molecules.

Therefore, to maintain rigorous solvation criteria for all complexes, 10 NN solvent molecules
were considered to calculate the SSCCs with the ZORA-SO/PBEO0/jcpl level of theory, i.e.,
around the first solvation shell according to the RDFs g(7)Pt[N4]O and g(7)Pt[N,O,] in Figure 3
and Figures S6 and S7 .

3.4.1 Configuration sampling

To obtain the magnetic properties with statistical reliability, it is necessary to sample the
total configurations generated by the CPMD. However, such sampling must be performed
systematically, guaranteeing the number of configurations necessary, resulting in data with a
satisfactory degree, and representing the complete simulation. 2’ This result can be verified by
the evolution of the average value for a given property with respect to the number of
configurations. As mentioned in the Computational Details section, a total of 256 configurations
evenly spaced from the production trajectory were selected to calculate the average magnetic
properties.>® Figure S13 shows that the evolution of the average of !'J,p, converges with
approximately 200 configurations, guaranteeing the sampling 256 configurations is
representative.

Based on Configuration sampling, the final SSCC averages along the CPMD trajectories,
using 256 configurations with different solvated and unsolvated models, are collected in Table 1.
In the Unsolvated and COSMO models, the static geometry with and without implicit solvent is
used, respectively. In the CPMD-Bare model, all solvent molecules were stripped of the
configurations from production trajectory and without implicit solvation (COSMO). Explicit and

implicit solvation are then included in the CPMD model.
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Figure 9: Depiction of the solvent-accessible surface for the continuum solvent model COSMO
for a snapshot from the production trajectory of the HH diaquo complex with 10 explicit solvent
molecules. Red, gray, and blue regions on the surface correspond to negative, neutral, and positive
potentials, respectively.

The results highlight the dependence of the solvent effect on the Pt—Pt coupling constant
calculations. For the diaquo complexes, where the solvent effect is more pronounced, the
COSMO model leads to SSCC approximately 6% and 38% lower than those of the Unsolvated
for optimized static geometries of the HH and HT systems, respectively. The CPMD-bare
provides SSCC 25% (for HH) and 30% (for HT) lower than those of the Unsolvated model,
indicating that the indirect solvent effect (vibrational contributions and structural changes) also
contributes substantially to the 'Jpp, coupling accuracy. However, the SSCCs remain more
accurate, approximately 22% lower than in the CPMD-bare by including explicit and implicit
solvation (referred to as CPMD). The CPMD reduces the calculated SSCC, on average, by 43%
with respect to those of unsolvated static geometries, although the results remain slightly
overestimated. Thus, SSCCs averaged on CPMD configurations with 10 NN solvent molecules
plus COSMO provided a deviation of 31% from the experimental, while the Unsolvated and
CPMD-Bare models show deviations of 125% and 69%, respectively. Therefore, representing
bulk solvation via COSMO along with the explicit first solvent shell is very important because it
modifies the properties of the explicit solvent molecules, as shown in the next section. Figure 9
shows one of the 256 snapshots used in computing the J-coupling for the HH diaquo complex in
Table 1. Overlaid in this image is the solvent-accessible surface generated from the COSMO

radii, with the surface colored by the corresponding COSMO potential.
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Table 1: Calculated 'Jpp, spin-spin coupling constants® for Head-to-Head (HH) and Head-to-
Tail (HT) complexes 1-5 with different solvated and unsolvated models. 'Jpp, calculations were
performed at the PBEO/ZORA-SO/TZP(jcpl) level of theory. The values in square brackets are
the relative error regarding the experimental data.?

Complex Unsolvated® COSMOY CPMD-Bare® CPMD/ Exptl8
1 HH 19971 [125] 18843 [112]  15037[69] 11633 [31](11629) 8886
HT 20979 13048 14751 11694 (11556) S
QHH 5578 [-12] 7921 [26] 5140 [-18] 8680 [38] (8553) 6306
QHT 6320 8157 5418 9571 (8988) —
3HH 5922 [-11] 8285 [25] 5574 [-16] 9275 [40] (9236) 6636
3HT 5956 8494 5771 8941 (9477) —
4HH 7358 [-3] 9694 [28] 6561 [-13] 10520 [39] (10558) 7574
4HT 8014 [10] 10129 [40] 6981 [-4] 10566 [46] (10086) 7260
SHH 7649 [-2] 10752 [38] 6686 [-14] 10413 [34] (10328) 7774
SHT 8924 [18] 10249 [35] 7495 [-1] 10291 [36] (10648) 7564

9Hz. ®%. ‘Relativistic couplings from the unsolvated, relativistically optimized geometry. “Relativistic
couplings from the relativistically optimized geometry with implicit solvation. ¢ Average of 64 CPMD
configurations, wherein all solvent molecules were stripped and without implicit solvation. / Average of
256 CPMD configurations plus a specified number of explicit nearest neighboring solvent molecules and
implicit solvation to model the bulk effect. The values in parentheses are the average of 64 CPMD
configurations. $Measurements using an acidic D,0O solution (DCIO4/D,0) to suppress deprotonation of
the diaqua complexes. Data extracted from Iwatsuki and coworkers. >*

For the dihalo and aquahalo complexes, the COSMO effect on the static geometry causes an
increase in the calculated ! Jpp, of 38% and 28% on average, respectively. CPMD-Bare structures
provide similiar results for an unsolvated static geometry when compared to the experimental
data. These characteristics can be rationalized considering the electrostatic, ‘semiclassical’
vibrational and solvent contributions to the NMR properties. The electrostatic contribution is
predominant in the static regime with COSMO and the ‘semiclassical’ vibrational and solvent
contributions appear in the CPMD approach resulting from the classical thermal motion of the
nuclei (see also refs. 58 and 59) and the presence of the explicit solvent molecules, respectively.
Thus, the results suggest that the vibrational contribution, which predominate in the
CPMD-Bare, is opposed to electrostatic contribution from COSMO. In some cases, the two
contributions cancel each other almost exactly. When the implicit solvent effect from COSMO is
included on CPMD configurations, ! J,p, increases by approximately 2200 Hz, as can be seen in
Figure 8 (‘0’). In the CPMD, in which the electrostatic, vibrational and solvent contributions are
present, the 'Jpp, remains almost constant indicating that the contribution via solute-solvent
interactions does not play a significant role for these complexes. This shows that obtaining the
average NMR properties using a dynamic model is important for these complexes in two aspects:

First, the main contribution is vibrational, which counterbalances the effect of COSMO. Second,
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the contribution of solute-solvent interactions correctly describes the effect of the solvent,
although the bulk effect described by COSMO contributes to overestimate the 'Jpp, in the
CPMD model, suggesting that the ! Jpp, calculation using sizable clusters with a large number of
solvent explicit molecules would be ideal. The computed 'Jpp, for all complexes were
overestimated by 2.8 kHz on average with the CPMD approach, although the decreasing of the
experimental trends is reproduced. Thus, the SSCCs in each HH system tend to decrease
theoretically in the order diaquo > aquabromo > aquachloro > dichloro > dibromo, which agrees
quite well with the experimental trend, where only aquabromo is switched with aquachloro.

The ZORA-SO computation yielded higher SSCCs than the ZORA-SR results (Figure 7 and
Table S4) because the SO contains cross terms between diamagnetic and paramagnetic spin-orbit
(DSO/PSO) coupling mechanisms and between Fermi contact and spin-dipolar (FC/SD) coupling
mechanisms.’!2! As the coupling mechanism is almost purely FC, the calculated SSCC may
undergo an increase due to SO coupling.

We also compared the ! Jp,p, computed applying PBE (GGA) and PBEQ (hybrid) functionals.
For static geometries, the results showed that the GGA PBE functional optimized geometry and
the hybrid PBEO functional magnetic property is the best approach to obtain the accurate SSCCs.
For CPMD configurations solvated with 10 NN explicit solvent molecules plus COSMO at the
ZORA-SO/PBE/jcpl level of theory, the average !Jpp, only decreases approximately 1 kHz for
the diaquo complex and 530 Hz for the dihalo and aquahalo complexes (Table S5 ). Therefore,
the protocol used in this work, where the CPMD configurations are obtained with GGA PBE
functional and NMR properties are obtained using hybrid PBEO functional, is currently the best

choice for the investigated systems.

3.4.2 J-coupling analysis

SSCC decomposition in terms of NLMO contributions was performed to rationalize the
solvent effect on the !Jpp, coupling. The application of NLMO analysis provides a wealth of
information regarding the chemical bonds in a system and their relationship to observable
properties, such as NMR properties. In addition, the relationship of the NLMOs to an ideally
localized set of NBOs provides insight into the extent of the electron delocalization and a
chemically intuitive description of the molecular electronic structure. The analysis consists of
building a set of NLMOs from a set of well localized NBOs that represent chemical bonds, lone
pairs (LPs), and core (CR) and unoccupied orbitals. When the electronic structure is well
localized, the NLMOs are very similar to the parent NBOs, resembling a perfect Lewis (L)
structure with the occupancy of each NBO very near to 2 for the closed shell systems. When the

electronic structure presents delocalization, the NLMOs have non-Lewis (NL) tails, with their
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NBO occupancy less than 2,51:104122

Because the observed trends for the 1 to S HH and HT complexes are very similar, the
diaquo, dichloro and aquachloro HH complexes were chosen for investigating the ! Jpp, coupling
transmission mechanism by NLMO analysis. Furthermore, the effect of different axial ligands,
H,O and X7, as well as their combinations L'=L2=H,0, L'=L?=X" and L'=H,0, L?>=X", may
be analyzed. The analysis were performed for 64 CPMD configurations unsolvated (bare) and
with complete solvation (10 NN explicit solvent molecules + COSMO). The NLMO
contributions for the total 'Jpp, SO computation are listed in Table 2, and three of the
delocalized bonding orbitals for the L!-Pt[N,]-Pt[N,O,]-L? moiety that feature prominently in
the analysis are characterized in Table 3.

Table 2: Average contribuitions of the 'Jpp, NLMO analysis for Head-to-Head complexes 1, 3
and 5.7

NLMO ! 3 >
CPMD-Bare’ CPMD¢ CPMD-Bare’® CPMD¢ CPMD-Bare’ CPMD¢
CR Pt -2957 -2433 -1032 -1871 -633 -1927
Pt-Pt 15353 12135 1755 9612 4253 10662
LP Pt 2612 2237 1129 1725 1200 1936
LPN -83 453 27 267 527 -50
LPO 49 -1344 61 20 -115 21
LP Cl — — 54 -1642 -495 -174
Pt-N 1228 917 331 351 621 =275
Pt-O 246 11 303 15 595 —
Pt-Cl — — 2829 388 357 320
Others -477 549 237 778 376 245
Total 15971 12525 5692 9644 6685 10759

¢All values (in Hz) are averaged on 64 CPMD configurations. The values are the sum of the L. + NL
components of each NLMO. *Unsolvated CPMD configurations. “CPMD configurations plus 10 explicit

NN solvent molecules and implicit solvation to model the bulk effect.

The presence of multicenter bonding involving the axial ligands and metallic centers is
observed in the NLMO set. More than 95% of the total SSCC is represented by one contribution
from the Pt—Pt bonding NLMO, shown in Figure 10 for snapshots of the set of 256 extracted
from the production trajectory. The NBO occupation for the sigma Pt—Pt bond is around 1.8 on
average, which characterizes it as a strongly delocalized/multicenter bond, in agreement with the
previous findings of related heavy atom dinuclear systems.!?*!2* Other contributions are quite
substantially derived from Pt, O and CI LPs and Pt-Cl, Pt-O and Pt-N bonds. There is also a
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large negative contribution from the Pt 5s orbital and minor contributions that were added and

assigned as ‘others’ in Table 2.

(A) (B)

© D)

(E) (F)

Figure 10: Snapshots from the production trajectory of HH diaquo (A,B), dichloro (C,D) and
aquachloro (E,F) complexes showing the Pt—Pt bonding NLMO in the CPMD-Bare model
(A,C,E) and in the CPMD model (B,D,F). The snapshots were chosen because they closely
represent the MD-averaged Pt—Pt J-coupling. Isosurface values: 0.03 au.

For the diaquo complex, the solvation effect decreases the ! Jp,p, by approximately 3 kHz. The

oxygen LP orbitals begin to contribute negatively, corresponding to 11% of the total coupling. The
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Table 3: Caracterization of three delocalized bonding orbitals from the L!-Pt[N,]-Pt[N,O,]-L2
moiety of the 1, 3 and 5 HH complexes in terms of the weight from different atoms and s/p/d

character.”
NLMO CPMD-Bare CPMD
Ouxial —Pt[Ng] 92 Oyl 8(38)p(62) 90 Oyyial 8(34)p(66)
3 PtN,] s(28)p(3)d(68) 4 PUN,] s25)p(3)d(73)
2 PN,0,] s(19)p(3)d(77) 5 PUN,O,] s(18)p(3)d(79)
1 Pt-Pt 56 Pt[N,] s(14)d(86) 55 Pt[Ny4] s(13)d(85)
39 PN,0,] s(17)d(82) 41 PUN,0,] s(15)d(84)
PUN,O,1 Oy 89 Oax s(44)p(56) 87 Oyt S(67)p(33)
6 PtIN,0,] s(21)d(77) 4 PN,0,] s(20)d(78)
4 PUN,] s(14)p(2)d(84) 3 PIN,] s(12)p(2)d(86)
CI-Pt[Ny4] 80 Cl1 s(4)p(96) 85 Cls(7)p(93)
7 PUN,0,] s(13)p(11)d(76) 6 PUN,] s(31)p(9)d(60)
6 Pt[N4] s(17)p(19)d(63) 5 Pt[N,O,] s(16)p(8)d(77)
PL-Pt 72 PIN,] s(8)d(91) 53 PUN,] s(12)d(87)
3 15 Pt{N,O,] s(11)p(4)d(84) 44 Pt[N,0O,] s(15)d(85)
11 CI s(6)p(94)
PUN,O,-C1 54 Cl s(5)p(94) 76 CI s(6)p(93)
45 PN,0,] s(14)d(86) 13 PN,0,] s(19)d(79)
10 PUN,] s(12)p(3)d(85) 10 PN,] s(12)p(3)d(85)
O,xia—PtINg] 96 Oy S(25)p(75) 94 O s(23)p77)
1 Pt[N,4] s(36)p(12)d(51) 2 Pt[N4] s(42)p(7)d(50)
1 PtIN,O,] s25)p(10)d(65) 2 PUN,0,] s21)p(6)d(72)
5 Pt-Pt 78 Pt[Ny4] s(7)d(92) 60 Pt[N,4] s(21)d(78)

Pt[N,0,]-Cl

11 P{N,0,] s(18)p(4)d(78)
9 CI[Pt] s(5)p(95)

54 Cl s(4)p(96)

44 PN,O,] s(18)d(82)

19 P{[N,0,] s(16)p(3)d(81)
10 CI[Pt] s(8)p(92)

63 Cl s(8)p(92)

36 P{N,0,] s(17)d(82)

2All values (in %) are averaged on 64 CPMD configurations.

solvent effect also increases the agreement of the Pt—Pt NLMO with the parent NBO from 92% to
94%, thus indicating a more localized NLMO. In addition, the contribution of each natural atomic
orbital (NAO) becomes more balanced (Table 3). However, the most dramatic solvation effect is
the s character decrease of the Pt NAOs because it is directly related to the Fermi contact, the main
mechanism responsible for the coupling. Thus, the small reduction in the s-character is responsible
for the 'Jpp, coupling decrease in the solvated regime. The O,y,—Pt[N,] and Pt{N,O,]—0 a1
interactions were assigned to LP orbitals slightly delocalized on the Pt atoms, with similar features
in unsolvated or solvated regimes, as shown in Figures S14A-S14D.

For the dihalo complex, the Pt—Pt bonding NLMO is characterized as an LP of the Pt{N,4] atom
that is delocalized onto the Pt[N,O,] (15%) and the CI” (11%) atoms (Figure 10C), suggesting a

weak covalent interaction between the metal centers. This NLMO contributes only 31% of the
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total coupling in the CPMD-bare model. The most important contribution comes from Pt—Cl
bonds, with an average of 50% for the total coupling. This happens because the Cl—Pt[N,4] and
Pt[N,0,]—Cl bonding NLMOs are delocalized over both Pt atoms, by approximately 13% and
10% respectively, as an LP orbital and a ligand o orbital of covalent interaction (Figures S14E and
S14G, respectively).

When the solvent is present, the percent contribution from the NBO parent of the Pt—Pt
bonding NLMO increases from 72% to 93%, and now 99% of the total coupling comes from this
highly localized orbital. The Pt—Pt bonding NLMO does not present the
three-center-four-electron character because its NAO contribution is more balanced (Figure
10D). On the other hand, the NLMO of the Cl—Pt[N4] bond does not undergo substantial
changes upon solvation (Figure S14F), while the NLMO of Pt[N,0,]—Cl (Figure S14H)
becomes less covalent. Their contributions are also substantially decreased, by approximately
2.4 kHz, but the LP orbitals of Cl showed a remarkable negative contribution. Unlike what we
observed in the diaquo complex, the Pt NAOs showed an increase in their s-character and hence
increased the 'Jpp, coupling upon solvation. Therefore, the solvent effect on the dihalo
complexes plays the key role of reorganizing the electronic structure and localizing the Pt—Pt
bonding orbital, changing the FC mechanism.

In the aquahalo complexes, the Pt—Pt bonding NLMO is the dominant contribution to the
total coupling (Figures 10E and 10F). The three-center-four-electron character is observed for
the Pt—Pt and O,,;y,—Pt[N4] (Figures S141 and S14J) NLMOs in solvated and unsolvated
regimes, and unlike in dihalo complexes, the Pt[N,O,]—Cl bond is well localized (Figures S14K
and S14L). Furthermore, the solvent effect leads to a more delocalized Pt—Pt NLMO,
decreasing the percent contribution from their parent NBO from 78% to 52%. This Pt—Pt bond
delocalization, which renders the three-center-four-electron character in these complexes, is
consistent with experimental observations through their chemical shifts that suggest a
polarization such as X—Pt"Y(N,0,/N;0)—Pt"(N,/N;0)—OH,. In addition, the s-character of the
Pt NAOs also undergoes a slight change, particularly in the Pt[N,] atom, which is responsible for
the increasing trend of ! J,p, when NN solvent molecules are included (see Figure 8).

The J-coupling analysis based on canonical molecular orbitals (CMO) for larger systems
typically involves a many large contributions with opposite signs,'?’, which can complicate an
analysis. Nevertheless, some contributions from the occupied spin-orbit CMOs (®) rationalize

the solvent effect on the Pt

complexes, as follows: For the diaquo complex (1) in the
CPMD-Bare model, two ® (Figure S15a) yield the main contributions to the 'Jpp, and the
breakdown of the CMOs in terms of NLMOs shows that the first represents 88% of the Pt 5s
atomic orbital, while the second contains several small contributions from different o-bonding

NLMOs of the equatorial ligands with high p-character, and the Pt—Pt o-bonding NLMO as the
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main component with 14%. In the CPMD model, the ! Jpp, is described by two @ pairs (Figure
S15b), both have the main contribution from Pt—Pt o-bonding NLMO. However, the Pt
6s-character becomes more ‘diluted’ over the lower-energy occupied CMOs, resulting in a less
efficient FC mechanism which reduces the spin-spin coupling upon explicit solvation.

For the dihalo complex (3) without solvent molecules, one ® pair (Figure S16a) with main
contributions from the Pt o-lone pair and o-bonding Pt[N,0,]—CI NLMOs describes ! Jpp,, both
with low Pt 6s-character. In contrast, with solvent molecules two @® pairs (Figure S16b),
including the HOMO-2, have significant contributions for !Jpp, from Pt—Pt 6-bonding NLMO
(the breakdown is 64%) with high Pt 6s-character, which combined with a relatively small
energy gap between the HOMO-2 and LUMO orbitals renders the FC mechanism more efficient
compared with the unsolvated system. This corroborates the results from the NLMO analysis
aforementioned, in which the electron density becomes more localized at the metal-metal bond
and it is the key issue for the spin-spin coupling increase of these complexes.

The same characteristic of the dihalo is observed for the aquahalo (5) complex in the absence
of the explicit solvent. The main contributions for ! J,p, under the explicit solvent effect come from
a @ pair with 86% of Pt 5s atomic orbital character and from HOMO-3 ® pair (Figure S17b). In
this case, HOMO-3, which is described by only 14 % of Pt o-lone pair NLMO with high Pt 6s-
character, contributes less than ® Pt 5s because the electron density in the Pt—Pt bond becomes

more delocalized.

3.5 Pt Chemical Shifts

The calculated isotropic shielding constants are collected in Table S9. Also, the evolution of
the shielding tensor average value was verified and 256 configurations also are a good statistic
representation of the simulation. The plots are provided in Figures S18-S22. In Table 4, the
NMR Pt chemical shifts (5'°°Pt) obtained using static geometry with and without implicit
solvation (referred to as Unsolvated and COSMO, respectively) and using explicity solvated
CPMD configurations plus COSMO (referred to as CPMD) are showed. Figures 11A and 11B

summarize the trends of the calculated chemical shifts in the different models used.

27



Physical Chemistry Chemical Physics Page 28 of 40

Table 4: Calculated Pt chemical shift® for Head-to-Head (HH) and Head-to-Tail (HT)
complexes 1 to S with different solvated and unsolvated models at the ZORA-SO/PBE0/jcpl level
of theory. The values in square brackets are the absolute deviation relative to experiment.?

Complex Atom Unsolvated®  COSMO¢ CPMD?  Exptl
- PN, ] -844 -844 -844 -844
1 Pt[N,0,] 393 393 393 393
HT Pt -1482 [1217]  -1205 [940] -245 [20] -265
HH Pt[N,] -891 [ 97] -1767 [779] -861 [127] -088
5 Pt[N,O,] -1164 [1132] -1085 [1053] -5 [27] -32
HT Pt -1087 [558] -1414 [885] -436 [94] -529
HH Pt[N,] -654 [294] -1730 [782] -670 [278] -948
3 Pt[N,0,] -1123 [1252]  -909 [1038] 163 [34] 129
HT Pt -905 [472] -1319 [886] -294 [139] -433
HH Pt[N,] -1322 [69] -1294 [97] -269 [1122]  -1391
4 Pt[N,0,] 518 [1161]  -1446 [2089]  -451 [1094] 643
- Pt[H, O] -872 [28] -697 [203] 242 [1142] -900
Pt[Br] -1033 [1053] -1951 [1971] -1005 [1025] 20
HEH Pt[N,] -527 [667] -1476 [282] -435 [759] -1194
5 Pt[N,0,] -855[1373] -1121[1639] =73 [591] 518
Pt[H,0] -936 [284] -821 [169] 220 [872] -652
Pt[CI] -549 1447  -1713[1611] -808 [706] -102
Mean Absolute Deviation® 674 962 535

?All values are given in ppm, and spin-orbit corrections are included for all calculations.
bRelativistic chemical shifts from the unsolvated, relativistically optimized geometry.
“Relativistic chemical shifts from the relativistically optimized geometry with implicit solvation.
@ Average of 256 CPMD configurations plus 10 explicit nearest neighboring solvent molecules
and implicit solvation to model the bulk effect. Ref. [ 24]

Overall, the CPMD affords 6'°Pt with good accuracy for HH/HT diaquo and dihalo
complexes. For the HH/HT aquahalo complexes, only 6'°Pt for Pt[N,]/Pt{H,0O] has a good
accuracy, specifically for Unsolvated and COSMO models. This may be correlated with the large
polarization of Pt—Pt bond of the aquahalo complexes (X—PtIV(NZOZ/N3O)—PtH(N4/N3O)—OH2)

compared to diaquo and dihalo complexes. Nonetheless, some insight can be obtained. For
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Figure 11: Trends of the NMR '*°Pt chemical shifts of Head-to-Head (A) and Head-to-Tail (B)
complexes calculated using different models

instance, the Pt[N,0,] of the dibromo (2") and dichloro (3"'), and Pt of the diaquo (1%71)
complexes shift to lower fields and their §!'° Pt show an improvement from Unsolvated to
COSMO model. Then, they shift to much lower fields, agreeing with experimental values in the
CPMD model, and suggesting an additional contribution from explicit and implicit solvent. On
the other hand, for the other §'Pt the COSMO model worsens the agreement with the
experiment. However, in the CPMD model, these 6'°°Pt match fairly well with the experiment.
The results still suggest that some error cancellation is taking place in the Unsolvated model.
Because of the error cancellation, the Unsolvated model appears to perform as well as the
CPMD model, for the Pt[N,] of the 2HH, 3HH and SHH the Pt[N,O,] of the 4HH_ Pt[Br] of the 44T
and Pt[Cl] of the 5HT. The mean absolute deviation (MAD) in Table 4 indicates that the
Unsolvated model performs slightly better than COSMO, with a MAD of 674 ppm against 962
ppm, respectively, while the CPMD gives a MAD of 535 ppm. These differences arise from the
shortcoming of the static approach in neglecting vibrational and explicit solvent contribution,
which is corrected by the CPMD approach. These aforementioned observations reflect results
discussed earlier for other platinum complexes, !> which highlight the general difficulty of
reproducing Pt NMR shifts by calculations. It is worth mentioning that the shifts obtained for
compounds 44T and 5MT in the CPMD model seem to be inverted when compared with
experimental data, which were assigned based on the results of the HH aquahalo complexes
considering the similarity of the Pt—Pt and Pt—N couplings.?* Thus, our findings suggest that
both Pt[X] and Pt[H,O] may have been assigned interchangeably.

Figure 12A shows the correlation between experimental and calculated NMR '*’Pt chemical
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shifts of the Pt complexes compared with Pt"/Pt" complexes previous reported by Truflandier
et al.”®>°. A good correlation can be observed for the HH/HT diaquo and dihalo complexes,
whereas for HH/HT aquahalo complexes several large disagreements were obtained. Apart from
these outliers, the correlation appears to be reasonable (R?> = 0.98) at the scale of the plot, as
well as observed for Pt"/Pt" complexes. Despite the discrepancies in the aquahalo complex data,
which need further investigation, the CPMD model still yields the best results, as can be seen in

Figure 12B that shows the correlation between experimental and calculated §'°3Pt using the three

models.
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Figure 12: Correlation between experimental and calculated NMR Pt chemical shifts with
CPMD averaging protocol compared with previous work (orange rectangles)®®° (A); and with
the other approaches used in this work (B).

The 6'%Pt as well as the SSCCs averaged over CPMD configurations solvated with 10 NN
explicit solvent molecules plus COSMO were also computed at the ZORA-SO/PBE/jcpl level of
theory (Table S6), and accuracy improvement was not observed in comparison with the results
obtained at ZORA-SO/PBEO/jcpl. The chemical shift accuracy may be improved because
approximations with respect to the DFT method and the basis set are always the most crucial
points in theoretical calculations. The use of a hybrid functional also in the CPMD in
conjunction with property calculations would be very interesting and could potentially improve
the results. However, such calculations would be extremely demanding of computational

resources.
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4 Conclusions

In the present work, we elucidated the dynamic solvent effect on the Pt—Pt spin-spin

coupling constants and '*°Pt chemical shifts of pyridonate-bridged Pt™

dinuclear complex
derivatives, combining the CPMD approach and relativistic KS-DFT NMR calculations. Based
on physically significant simulations, structural and molecular orbital properties that play a key
role in spectroscopy are predicted with reasonable precision.

The O—O RDFs exhibit structuring similar to that of pure water,'!!

indicating that
complexes of this size are well solvated by 64 solvent molecules used for dynamics. The Pt—O
RDFs show that the complexes have two well structured solvation shells with 10 and 30 solvent
molecules.  Other structural results of the complexes are in good agreement with the
experimental X-ray data,?* with some differences due to the solute-solvent interaction, primarily
via hydrogen bonds.

The trends in the Pt—Pt and Pt—L bond lengths reveal a strong trans influence effect in
solution, which is responsible for two main features of the HT complexes. First, the Pt—Pt bonds
are more polarized in the aquahalo complexes than in the diaquo and dihalo complexes. Second,
the probability of rotation around the Pt—Pt bond increases, which favors a synclinal geometry.
These features are further enhanced because the bridging ligand symmetry contributes to two
perfect octahedral stacked systems, where the trans effect is known to be more pronounced. In
HH systems, the trans effect is reduced, and the complexes assume a twisted geometry when the
metal-metal bond is elongated because of the bridging ligand asymmetry, which makes rotation
around the Pt—Pt bond difficult.

The Pt—Pt SSCCs computed from snapshots along the CPMD trajectory, including SO
effects, produce a difference of 2.8 kHz, on average, between theory and experiment. These
results highlight the difficulty of assessing NMR Pt properties, even when important effects are
included. However, some of the important experimentally observed trends were reproduced, and
the role of the solvent and the solvation shell on the !Jpp, could be explored and evaluated in
detail. Calculations using a nonhybrid functional or scalar relativistic correction yielded
acceptable agreement with experimental SSCCs because of a cancellation of errors resulting
from approximations in the computational model. Without the SO calculations, a comparison
between SR calculations and experiments could thererefore lead to the incorrect conclusion that

the SO effects are negligible. However, this is not true for Pt"

complexes. Despite the
overestimation of the SSCCs computed in the present work, so far there is no evidence in the
literature that would point to the treatment of relativity by ZORA as the major source of errors.
The observed deviations between calculated and measured NMR data therefore most likely arise

from the other approximations used for the molecular dynamics and the NMR calculations, such

31



Physical Chemistry Chemical Physics

as finite configuration sampling, finite basis errors, and the approximations in the XC functional.

A decomposition of the electronic structures and Pt—Pt J-couplings reveals that, in the
unsolvated and solvated regimes, three-center-four-electron Pt—Pt bonding occurs in the diaquo
and aquahalo complexes. The presence of explicit solvation makes the NLMOs more localized
in the diaquo and dihalo complexes, improving the Pt—Pt coupling. For the diaquo complex, the
solvent effect reduces the s-character in the Pt—Pt bond, whereas for the dihalo and aquahalo
complexes, the s character increases. These main findings of the analysis rationalize the
dramatic decrease in 'Jpp, due to solvation, in particular, for the diaquo complex, and the
pronounced increase in 'Jpp, for dihalo and aquahalo complexes, affecting the Fermi contact
J-coupling mechanism.

5pdll chemical shifts present a variation of values within the different models evaluated, and
the agreement with experiment has room for improvement. However, the chemical shifts
computed from CPMD snapshots show good improvement with respect to those computed from
unsolvated static geometries. In most cases, the accuracy of the MD-averaged shifts is better
than or similar to those obtained using static geometries with COSMO.

The present calculations also show that modern techniques, combining relativistic electronic
structure methods with ab-initio molecular dynamics and on-the-fly analysis of the calculated
NMR tensors are able to give unprecedented detailed insight into the factors that determine the

experimental observations at the microscopic level.
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