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ABSTRACT

Treating '*>Pt nuclear magnetic resonance parameters in solution remains a considerable challenge from a quantum chemistry point of view,
requiring a high level of theory that simultaneously takes into account the relativistic effects, the dynamic treatment of the solvent-solute
system, and the dynamic electron correlation. A combination of Car-Parrinello molecular dynamics (CPMD) and relativistic calculations
based on two-component zeroth order regular approximation spin-orbit Kohn-Sham (2¢-ZKS) and four-component Dirac-Kohn-Sham
(4c-DKS) Hamiltonians is performed to address the solvent effect (water) on the conformational changes and *Jpep, coupling. A series of
bridged Pt"™" dinuclear complexes [L'~Pt,(NH3)4(Am),-L*]™" (Am = a—pyrrolidonate and pivalamidate; L = H,O, Cl~, and Br™) are stud-
ied. The computed Pt-Pt coupling is strongly dependent on the conformational dynamics of the complexes, which, in turn, is correlated with
the trans influence among axial ligands and with the angle N-C-O from the bridging ligands. The J-coupling is decomposed in terms of
dynamic contributions. The decomposition reveals that the vibrational and explicit solvation contributions reduce * Jpp, of diaquo complexes
(L' = L* = H,0) in comparison to the static gas-phase magnitude, whereas the implicit solvation and bulk contributions correspond to an
increase in ' Jpp, in dihalo (L' = L? = X™) and aquahalo (L' = H,O; L* = X™) complexes. Relativistic treatment combined with CPMD shows
that the 2¢c-ZKS Hamiltonian performs as well as 4c-DKS for the ' Jp;p, coupling.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0196853

I. INTRODUCTION +12000 ppm. The shift depends on the Pt oxidation state, the

donor or acceptor characteristics of the coordinating ligand, the
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Nuclear magnetic resonance (NMR) parameters of platinum
(Pt) are highly versatile experimental probes for structure and
dynamics as well as for chemical bonding in Pt-containing species."”
The only magnetic isotope, '*°Pt, has spin 1/2 and a receptivity
almost 20 times larger than that of *C, rendering '**Pt as one of the
best explored isotopes in NMR among transition metals. The known
chemical shift range of °Pt is wide, ranging from ca. —6000 to

covalency of the metal-ligand interaction, and the characteristics of
excited states that couple magnetically with the ground state when
the systems respond to the external and internal magnetic fields
that are probed in NMR experiments. Spin-spin coupling constants
(J-coupling) involving *>Pt, which are useful for determining the
extent of interaction of the metal center with coordinated ligands,
also vary considerably, from ~1 to 10 kHz.?
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From a theoretical point of view, predicting '*’Pt NMR data
poses serious challenges because the calculated parameters require
a high computational level by taking into account relativistic effects
and the electron correlation, among other factors.” ' As shown in
some of the cited works, Pt NMR shifts are known to depend very
sensitively on structural parameters, such as Pt-ligand distances, and
when open coordination sites are present (for example, as is the case
with planar complexes), the Pt center may interact directly with sol-
vent molecules or neighboring sites in a solid. Therefore, for solvated
Pt complexes, reliable calculations of Pt NMR parameters require a
high-level dynamic description of solvation. The crucial importance
of a dynamic treatment of solvent effects when attempting accurate
predictions of Pt NMR parameters was demonstrated specifically by
Autschbach and co-workers for Pt' and Pt"”* complexes and Pt-TI
bonded!” systems, it was emphasized by Davis et al.'’ for the iso-
topologues and isotopomers of Pt' aqua/chlorido complexes, and,
more recently, highlighted again by Castro et al.'’ who studied Pt-P
bonded complexes.

Computational strategies have been investigated for the study
of heavy-metal-containing molecules in solution and their NMR
parameters.”* A simple and commonly used model is the implicit
solvation method, which only accounts for the electrostatic effects
of the solvent environment on the NMR parameters through a
dielectric continuum. Explicit solvation, for example, when incorpo-
rated into ab initio molecular dynamics (AIMD), is also widely used
when the description of solute-solvent interactions at the quantum
mechanics (QM) level is crucial. Furthermore, AIMD incorporates
the semiclassical vibrational contributions, resulting from the classi-
cal thermal motion of the nuclei, which can influence the chemical
shift of Pt and its J-coupling with ligand nuclei.”’ The combi-
nation of AIMD with Kohn-Sham (KS) density functional theory
(DFT) NMR calculations for light and heavy nuclei has been suc-
cessfully applied to NMR parameter investigations in solution more
generally."”'"%

As mentioned already, calculated Pt NMR chemical shifts and
J-couplings are sensitive to relativistic effects. This is expected, given
the high nuclear charge of Pt (Z =78) and given that molecular
properties arising from the hyperfine magnetic interaction between
electrons and nuclei heavily weigh the relativistic effects of the
valence orbitals in the outer and deep cores.” Relativistic calcula-
tions of NMR parameters, in particular, involve approximations in
the treatment of the system’s ground state as well as its response
to the internal and external magnetic fields,”! even when such
calculations are labeled fully relativistic. As far as the one elec-
tron part of the Hamiltonian is concerned, the 4-component (4c)
Dirac Hamiltonian, as well as “exact” 2-component (2¢, X2C and
variants thereof) and approximate 2c (quasi-relativistic) Hamiltoni-
ans are available for NMR calculations.”"* Among the latter, the
zeroth-order regular approximation (ZORA) Hamiltonian® is in
widespread use for NMR applications,” " often in combination
with DFT. It has been demonstrated repeatedly that heavy-element
NMR chemical shift and J-coupling calculations can be as accurate
with ZORA as they are with fully relativistic methods,'”******~*
especially when considering the impact of the many other approx-
imations that are necessary in molecular electronic structure and
response calculations. (However, note that ZORA is not accurate for
describing the relativistic effects on the absolute shielding of heavy
isotopes.” ")
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Recently, a combination of Car-Parrinello (CP) AIMD and
ZORA relativistic NMR calculations was shown to produce aque-
ous solution '**Pt chemical shifts and Pt-Pt one-bond J-coupling of
a—pyridonate-bridged dinuclear platinum complexes in reasonable
agreement with the available experimental data and more accurately
than calculations utilizing static optimized geometries.”® An analy-
sis of the isotropic NMR results in terms of localized and canonical
orbitals’” showed that *Jpp, is driven by solvent-induced changes
in the s-character of the natural atomic orbitals of the Pt atoms,
which affects the (usually dominant) Fermi contact mechanism of
J-coupling and its relativistic analog. Interestingly, although the
experimental trends were reproduced correctly, the inclusion of the
spin-orbit (SO) interaction in the relativistic calculations signifi-
cantly overestimated J-coupling values, which were larger by 2.8 kHz
on average compared to scalar relativistic (SR) calculations. How-
ever, SO effects are part of a full description of the relativistic effects
in a system, and therefore, there is no good reason why they should
be discarded. This raises the question whether the approximations
inherent in ZORA break down when dealing with the combination
of relativistic effects from two Pt centers in Jpp,.

Pt-Pt bonded complexes represent the rare Pt +3 oxidation
state. The formal metal-metal bond is often stabilized by bridging
the ligands coordinated to the platinum atoms either by two nitro-
gen and two oxygen atoms, namely, “Head-to-Head” (HH), or by
two different ligand atoms, namely, “Head-to-Tail” (HT). In the
HH configuration, the Pt centers are not equivalent (herein referred
to as Pt[N,0,] and Pt[N4]), while in HT, the platinum atoms are
equivalent (referred to as Pt[N30]).”*” Many interesting proper-
ties and potential applications have been attributed to these types
of compounds.”’”’ However, as explained already, the prediction of
NMR parameters for 195pt in general, and for pt! complexes, in
particular, still poses challenges for quantum chemistry.

The aim of the present study was to extend the insights,
obtained recently in Ref. 36 for a-pyridonate-bridged dinuclear
platinum complexes, into the solution state of the derivatives of
pivalamidate- and a-pyrrolidonate-bridged dinuclear complexes
shown in Fig. 1. Therefore, we concentrate our efforts mainly on
the relativistic treatment and the investigation of contributions from
the dynamic approach to the calculated 'Jpp, coupling. To this end,
a comparison was made between the DFT calculations based on
the Dirac-Kohn-Sham (4c-DKS) vs the ZORA SO Kohn-Sham
(2¢-ZKS) Hamiltonian, as well as the decomposition of the J-
coupling into solvent and thermal contributions. These aspects have
not been addressed in previous studies on Pt™' dinuclear plat-
inum complexes. As will be shown, ZORA performs accurately for
these systems, and therefore, the deviations between the calculated
and experimental NMR data must arise from a combination of
other approximations, highlighting the need for improved theoret-
ical methods to treat NMR parameters of platinum and potentially
other heavy transition metals.

1. COMPUTATIONAL DETAILS
A. AIMD simulations

AIMD simulations of the Car-Parrinello type were performed
using Quantum ESPRESSO (QE) version 6.0.° The geometries of
the complexes 1-10 (see Fig. 1 for the numbering) were initially opti-
mized using the QE PW module, applying the Martyna-Tuckerman
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FIG. 1. Schematic representation of head-to-head (HH) Pt—Pt a—pyrrolidonate-bridged (1-

bridged complexes were investigated in Ref. 36.

correction, which assumes the system to be isolated (a molecule or
a cluster in a 3D super cell), to yield accurate and numerically effi-
cient descriptions of long-range interactions.”> The simulation cells
were then created using the PACKMOL ™" software. Each cell con-
sisted of a single optimized complex in the center surrounded by
solvent molecules. To reproduce the chemical environment of the
NMR measurements,” perchlorate anions (ClOj ) were substituted
for water, as needed, maintaining the neutrality of the cell and a total
of 65 solvent molecules (the solute complex, water molecules, and a
few perchlorate anions). Hydrogen atoms were replaced with deu-
terium to aid in the adiabatic separation of electronic and nuclear
degrees of freedom.” The dimensions of the cells, L, were chosen to
reproduce the heavy water density of 1.11 g cm ™. The box sizes are
presented in Table I.

Structure optimizations and AIMD simulations were per-
formed with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.””” Ultrasoft pseudopotentials from psili-
brary 1.0.0°° were used to represent each atom by its effective core
and the associated valence pseudo-orbitals.”” The trajectories were
obtained with a kinetic energy cutoff of 100 rydberg, a fictitious elec-
tron mass of 450 atomic units (a.u.), and a time step of 5.0 a.u.
(0.12 fs) to integrate the Car-Parrinello equation of motion.”’ *
Grimme’s dispersion correction (D2)** was included for all atoms.
After an initial wave function optimization (using the QE CP mod-
ule), two simulation steps were performed, i.e., equilibration and

TABLE I. Simulation box compositions and sizes for the systems studied herein.”

System Solute H,0 Clos~ LIA

1/6 1 60 4 15.27/15.35
217 1 62 2 15.18/15.25
3/8 1 62 2 14.96/15.04
4/9 1 61 3 15.22/15.30
5/10 1 61 3 15.12/15.20

*System numbering refers to the complex numbers shown in Fig. 1.
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o~ pyrrolldonate pivalamidate o- pyndonate *)

=L2=H,0; n=4
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=H,0L%=ClI';n=3

5) and pivalamidate-bridged (6—10) complexes studied in this work. * a-pyridonate

production. Equilibration was carried out in the canonical ensemble
(NVT) using a chained Nosé-Hoover thermostat® at a temperature
of 350 K to attenuate the overstructuring produced by the PBE func-
tional when applied to the dynamic structure of water.”**” The
systems were allowed to equilibrate for ~3 ps. Subsequently, the pro-
duction trajectory was simulated 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 the AIMD simulations
was probed by calculating radial distribution functions (RDFs) and
selecting mean distances and angles for the solute. These analyses
were carried out using 24 100 AIMD configurations each from the
production runs with a maximum radius (fmax) of 7 A and a dis-
crete radial grid of 0.03 A, provided by Visual Molecular Dynamics
(VMD)*** version 1.9.3.

B. NMR parameter calculations

The ]Pﬂ)t calculations were performed mainly with the CPL
module’”* of the Amsterdam density functional (ADF) pro-
gram version 2018.”° The ZORA Hamiltonian was used in its SR
(“1-component”) version or in its proper 2¢ form, the latter includ-
ing both the SR and SO effects, along with the hybrid functional
PBEO (containing 25% of exact exchange).” A Slater-type orbital
(STO) basis developed for J-coupling calculations (jcpl)®” was used
for Pt atoms, while other atoms were described by an all-electron
STO basis set of polarized valence triple-{ (TZP) quality. The
atomic nuclei were described as spherical Gaussian charge and
magnetization distributions.”” The conductor-like screening model
(COSMO)’® was applied to represent the bulk solvent effects in
addition to, or on top of, explicit microsolvation.

The dependence of the magnetic properties as a function of
the number of explicit solvent molecules was analyzed by arithmetic
averaging of the J-coupling over sufficiently large solute-solvent
clusters following the approach described in our previous work.”
Additional details are provided in Sec. S2 of the supplementary
material. The final statistics for 'Jpp, were accumulated from 256
AIMD production run configurations per complex, evenly spaced
along the trajectory (every 0.11 ps), computed at the 2c-ZKS/PBEO
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level. The results obtained using the AIMD configurations (termed
the dynamic model) were then compared with those calculated using
single optimized geometry (termed as the static model) for an iso-
lated complex and the complex calculated using only the continuum
model to represent the solvent.

Additional 4c-DKS calculations of 'Jpp, for complexes 1 and
6 were performed to assess the 2¢c-ZKS calculations. The PBEO func-
tional was used for consistency, along with the Gaussian-type orbital
(GTO) basis set Dyall VTZ7"® for Pt atoms, which was shown to
be efficient for NMR parameters.”” For the other atoms, the IGLO-
II*" basis set designed for magnetic properties was applied. Because
of the computational effort associated with these calculations, 64
AIMD configurations among the total of 256 that were sampled were
used in the 4c set of calculations, either without any type of solva-
tion (AIMD"®) or explicitly solvated with the ten nearest-neighbor
molecules (solvent or counter ion) in solution (AIMD'™) as
explained in Sec. S2. Because the effects of relativity mainly affect
the complexes, to reduce computational resources, the AIMD'OWN
model in the 4c-DKS calculations was adjusted with bulk solvent
contributions from the corresponding 2¢-ZKS data. The 4c-DKS cal-
culations were performed using the Respect program,® designed to
perform relativistic DFT calculations at the fully relativistic four-
component level [Dirac-Coulomb Hamiltonian,*” represented in a
restricted kinetically balanced (RKB) spinor basis].

C. Conceptual separation of contributions
to the solvent effect

The total solvent effect on a given '*>Pt NMR parameter is in
principle, although not necessarily in practice, an observable and
is given by the difference between the solution phase vs gas phase
measurement or calculation. The solvent effect may be conceptu-
alized by separating it into a direct and an indirect contribution.
(As it is usually the case, such a partitioning is somewhat arbitrary
because only the sum of all contributions is well-defined, but justi-
fied if it gives insight.) The direct effect arises from the perturbation
of the solute electronic structure by the presence of the solvent. The
reference point is the electronic structure of the solute in the gas
phase at a given molecular geometry. For the purpose of the present
work, we use the geometry of the solvated complex to evaluate the
direct NMR effect. The indirect effect arises from the changes in
the solute geometry in the solvent with respect to the equilibrium
structure in vacuum. This change in geometry also causes changes
in the electronic structure of the solute® and, therefore, changes in
the NMR parameters. The indirect solvent effect is quantified here
as the change in a given NMR parameter in gas-phase calculations
when the geometry of a complex is changed from the gas-phase
equilibrium geometry to the solution-phase geometry. The latter can
be an individual configuration or an averaged geometry extracted
from a molecular dynamics (MD) simulation of the solvated system,
for example, or a complex geometry optimized in conjunction with
some kind of solvent model. It is worth mentioning that the consid-
eration of the indirect solvent effect actually involves a combination
of vibrational averaging and solvation effects. While simulations in
the gas phase can provide additional insights into the vibrational
contribution, this study focuses on the liquid phase. We conducted
a decomposition of each effect based on the 'Jpp, calculations in
Sec. [11 C.

ARTICLE pubs.aip.org/aipl/jcp

I1l. RESULTS AND DISCUSSION

The quality of the simulated solvent structure was gauged based
on the g(r)[O-0] RDFs, by assuming that the structure of liquid
water will be largely preserved between the complexes at not too
high concentrations. Indeed, a reasonably accurate simulation of the
intermolecular structure of liquid water was obtained when com-
pared to the simulated and experimental RDFs of pure water (see
Sec. S1 in the supplementary material).

The platinum-oxygen RDFs, g(r)[Pt-O], are shown in Fig. 2.
These RDFs describe the (ligand and solvent) structure around the
platinum atoms. The first set of peaks, from 2.0 to 2.7 A shown
in Figs. 2(a) and 2(c), represents the axial oxygen of the aqua lig-
and for the diaquo and aquahalo complexes directly coordinated
with the Pt[N4] atoms. The Pt-OH, interaction appears to be rather
strong overall, resulting in relatively small variations of the Pt-O
distances during the simulations. Correspondingly, these RDF peaks
are sharp, although less so for the aquahalo complexes as compared
to the diaquo complexes, presumably indicating a somewhat weaker
Pt-OH; interaction in the former. The RDF peaks just above 3.0 A,
as shown in Figs. 2(a) and 2(c), correspond to the equatorial oxygen
atoms bound to the Pt[N;O,] atoms; the distances are those with
respect to the Pt[Ny4] centers. Differences in the results for the dif-
ferent complexes regarding this peak are negligible. The third and
fourth sets of peaks, around 4.2 and 6.2 A, respectively, represent
oxygen atoms from solvent molecules contained in the first and sec-
ond solvation shells. Figures 2(b) and 2(d) show the first set of peaks
around 2 A, which represents both the axial and equatorial oxy-
gen from the Pt[N;O;] moiety for all complexes. Correspondingly,
these RDF peaks are considerably higher than the first RDF peaks
shown in Figs. 2(a) and 2(c), while the peaks just above 3 A are not
present. The second and third sets of peaks, between 3.6 and 7.0 A,
depict oxygen atoms of the solvent molecules of the first and second
solvation shells, respectively.

The RDF integrals, N(r)[Pt[N4]-O] and N(r)[Pt[N,O,]-O],
represent the average number of oxygen atoms found up to a dis-
tance r from the platinum center, including the oxygen atoms
explicitly coordinated on platinum sites. Since we know the latter,
the N(r) data reveal the number of water molecules surrounding
a given complex. For the diaquo and aquahalo complexes, integra-
tion of the RDFs gives 10 and 30 solvent molecules for the first and
second solvation shells, respectively.

For the dihalo complexes, ~7 and 20 solvent molecules, respec-
tively, were found. Therefore, a total of 64 solvent molecules (includ-
ing counter jons in the solvent count) within the simulation box are
suitable to describe the complexes in solution. Furthermore, a visual
inspection revealed that the solvation occurs much closer to the NH3
and OH; ligands, as shown by the spatial distribution function (SDF)
in Fig. 3. The SDF can be thought of as a three-dimensional general-
ization of an RDF. The SDF isosurfaces indicate the regions in space
where the relevant probability density exceeds the density averaged
over simulation box.

A. Dynamics in solution

To evaluate the dynamics of the complexes in solution, the
geometrical parameters shown in Fig. 4 were probed. The his-
tograms for the dihedral angle distributions, O12-Pt,-Pt;-N3; and
O,,-Pt;-Pt;-Ny;, and the evolution in time of the Pt-L distances
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FIG. 2. Platinum-oxygen RDFs, g(r)[Pt-O] (left vertical axes), and the corresponding radial integrals, N(r)[Pt-O] (right vertical axes), for the ten platinum complexes. (A)
and (B): a—pyrrolidonate-bridged complexes. (C) and (D): Pivalamidate-bridged complexes.

are shown in Figs. S6 and S7, respectively. Rotations around the
Pt-Pt bond are obviously hindered by the bridging ligands, restrict-
ing the dihedral angle ranges to the range of approximately —30°
to +30°. The diaquo and dihalo a-pyrrolidonate-bridged complexes
(1, 4, and 5) presented a twisted conformational preference. The
aforementioned dihedral angles have their highest probability to be
around —5° and 12° for diaquo and dihalo complexes, respectively.
The aquahalo complexes (2 and 3) exhibit dihedral angles that are
more evenly distributed, i.e., the hindered rotation around the Pt-Pt
bond occurs somewhat more easily.

For the pivalamidate-bridged complexes (6-10) the rotation
around Pt-Pt is similar to those in the a—pyrrolidonate-bridged sys-
tems. The a-pyridonate-bridged complexes demonstrate a higher
probability of torsional angles around 22° and 25°, which sug-
gest a twisted conformation for those with diaquo and aqua-
halo axial ligands, respectively. In contrast, complexes with dihalo
axial-substituted ligands exhibit angles ranging between —5° and
-30°.°° In comparison to structurally analogous bridging com-
plexes, acetate-bridged Pt"! compounds with dihalo (Br~ and CI7)
axial ligands exhibit small torsion angles, less than 5.5°, yield-
ing eclipsed conformations.” Conversely, carboxylate-bridged com-
plexes with cis-methyl groups instead of amines exhibit larger angles

around 22°-25°.%%® Hence, the variations in the rotation around
the Pt-Pt bond are likely not only solely attributed to the bridg-
ing ligands but also influenced by the nature of the axial ligands.
However, it was observed that the angle formed by the N- C- O
atoms from the bridging ligand is on average 125° for 1-5 and 121°
for 6-10. This suggests that the greater the angle of N-C-0O, the
greater the average bond length between Pt atoms, i.e., pivalamidate
< a—pyrrolidonate, which could ease the rotation around that bond
because the steric hindrance between NH3 groups is reduced and the
Pt-Pt bond becomes more labile.

The conformational preference of the complexes is related to
the trans influence caused by the axial ligands and the bridging
ligands as well.’® The trans influence is responsible for changes
in the Pt-L bond lengths since the Pt-L; distance varies as
a-pyrrolidonate > pivalamidate, while the Pt-L, distance tends
to increase in the opposite order. The complexes bridged by
a-pyridonate demonstrate a Pt-L,; value higher than the compounds
studied in this work. Meanwhile, the P-L, value is observed to
be lower in these complexes compared to the investigated com-
pounds.” These structural features are crucial to '*>Pt NMR calcu-
lations and need to be taken into account to reach a good agreement
between the experimental and theoretical data.’
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FIG. 3. Spatial distribution function (SDF) showing the regions of high probabil-
ity for finding water molecules (blue color) and the perchlorate ions (green color)
surrounding complex 1. The SDF was generated by the TRAVIS program®
and visualized by VMD® with isovalue for each surface of 145.1 (H,0) and 75.9
(CIO4™), respectively.

L2
H3N ly, ", r ‘\\\\\\\O
22 | Pt2|||'l“
H3N / \
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H3N y, I, “\\\\\\\\ N
21 e pri 41
HNT N
11 31

FIG. 4. Schematic representation of the geometrical parameters evaluated to
probe the dynamics of the complexes in solution: distances Pt-Pt, Pt;—L4, and
Pt,—L,. Dihedral angles O1,—Pt,—Pti—N3¢ (blue) and O—Pt—Pti—Ngq (red).

B. Static vs dynamic complexes’ treatment on 'J,,,,,

The computed J-coupling constants were evaluated by employ-
ing static and dynamic approaches with and without solvation,
employing the models presented in Table 1. In the models Static**®
and Static“?M©, a static optimized geometry with and without
implicit solvation (continuum model) is considered, respectively.
In the AIMD™ model, all solvent molecules were stripped off
the AIMD configurations. NMR parameters were subsequently cal-
culated for the “bare” un-solvated complexes and averaged along
the trajectories. The full AIMD model (AIMD™!) includes explicit
microsolvation and the continuum model to describe the bulk sol-
vent effects. As discussed previously, the AIMD model indicated that

ARTICLE pubs.aip.org/aipl/jcp

the complexes have ten solvent molecules (counting solvent proper
and counter ions) in the first shell. Table S1 in the supplementary
material presents the average composition and the charge of each
cluster evaluated. This is supported by extensive NMR test calcula-
tions, detailed in Sec. S2 in the supplementary material, showing that
the !Jpp, data in the full ATIMD model are converged when N = 10
explicit solvent molecules are included in the NMR calculations. The
following discussion is based on the calculations with N = 10.

For diaqua complexes (1 and 6), the Static®O*MO and ATMDP**
models provided results that were, on average, 7.0 and 5.9 kHz,
respectively, lower than the Static’®® model. Relative to Static’®™,
the Static®M° model only gives the static electrostatic contribution
from the solute electron density polarization to the direct solvent
effect, whereas the AIMD"™® model produces only the indirect sol-
vent effect in the dynamic setup.”” Our results indicate that the
inclusion of both these effects is very important to produce accu-
rate ' Jpip,. Accordingly, even more accurate 'Jpp, are obtained when
both explicit and implicit solvations are applied to the dynamic
configurations (AIMDFull model), with results that are, on aver-
age, about 2.9 kHz lower than the AIMD¢ model. However, the
full AIMD results remain noticeably higher than the experimen-
tal *Jpepe even though they are strongly improved over the other
models.

For the dihalo and aquahalo complexes, the implicit solva-
tion on the static geometries, on average, increases llptpt by 3.1
and 3.9 kHz, respectively. The results of the AIMD® model
have a slightly greater deviation from the experimental data com-
pared to the Static®™ model except for those in complex 5. In the
AIMD™! model, where electrostatic, dynamic, and explicit solvent
contributions are considered, 'Jpp, does not change significantly
in comparison to the Static“®*™° model [see points 5-25 of Figs.
S2(a) and S2(b)], showing a small net contribution of solute-solvent
interactions. The final AIMD 'Jpp, values calculated by means
of the AIMD™! regime are overestimated by 3.2 + 0.4 kHz, on
average, when compared to the experiments. For the a-pyridonate-
bridged complexes,’® similar trends were observed for the calcu-
lated J-coupling. However, the 'Jpp, experimental trend: diaqua
> aquachloro > aquabromo > dichloro > dibromo is reproduced by
the calculations for the a—pyrrolidonate-bridged complexes. For the
pivalamidate-bridged complexes, the experimental trend was mostly
reproduced with the exception of a swap between aquabromo and
aquachloro, whose ! Jpp, values differ only by 168 Hz, similar to that
observed for the a-pyridonate-bridged systems.

The correlation between experimental and theoretical data,
shown in Fig. 5, provides a comprehensive assessment of the accu-
racy of the evaluated static and dynamic models. Despite a slight
overestimation of the experimental data, the AIMD™ model stands
out, showing the highest correlation and indicating a more consis-
tent estimate of the J-coupling. Moreover, it is important to point
out that the accuracy of the electronic structure method used here
has previously been estimated to give around 13% median per-
centage errors with respect to experimental data,”” which has been
confirmed by some of our previous work.””'>****” Concerning the
structural changes of the complexes in solution, including the Pt-Pt
and Pt-L bond lengths, dihedral angles, and the different bridging
ligands, no direct correlation was identified between them and the
!Jowpe values. This stems from the AIMD simulations revealing that
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TABLE II. Calculated vs experimental *Jpp, coupling constants® for a-pyrrolidonate-

complexes. Calculations with different solvated and unsolvated models.
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(1-5) and pivalamidate-bridged (6-10)

Complex  L/L? Static®™™ StaticCOMO AIMDP AIMDP! Expt.’
1 H,O/H,O 22245[135] 15644 [65] 15301 [61] 12836 [35] (12659) 9482
2 Br /Br~ 7267 [9] 10917 [63] 5329 [-20] 9629 [44] (9633) 6682
3 cl/cl- 6566 [-8] 9721 [36] 5883 [-18] 10334 [45] (10428) 7132
4 Br /H,0 7208 [-9] 12353 [56] 6866 [-14] 11373 [43] (11790) 7940
5 CI'/H,O  6731[-17] 11701[45] 7657 [-5] 11829 [46] (12014) 8096
6 H,O/H,O 21067 [127] 13666 [48] 16266 [76] 12974 [40] (12947) 9262
7 Br™/Br~ 6332 [-8] 9084 [32] 5653 [-18] 9866 [43] (9800) 6902
8 cr/cr- 6625 [-8] 9438 [31] 6181 [-—14] 9970 [38] (9969) 7216
9 Br /H,0 7566 [-6] 10821 [34] 6679 [-17] 11078 [37] (11153) 8086
10 Cl /H,0 8455[3] 10883 [32] 7579 [-8] 10910 [32](11078) 8234
1 H,O/H,O 19971[125] 18843 [112] 15037[69] 11633 [31](11629) 8886
A" Br/Br~ 5578 [-12] 7921 [26] 5140 [-18] 8680 [38] (8553) 6306
3HH" cl/cl- 5922 [-11] 8285 [25] 5574 [-16] 9275 [40] (9236) 6636
4HH Br /H,O 7358 [-3] 9694 [28] 6561 [-13] 10520 [39] (10558) 7574
5HH ClI"/H,0 7649 [-2] 10752 [38] 6686 [-14] 10413 [34] (10328) 7774

*Results are in units of Hz. The calculations were performed with PBEO/ZORA SO/TZP(jcpl). The values in the square
brackets are the relative deviation in percent with respect to the experimental data. The standard errors for each average value

for AIMD" and AIMD models are presented in Table S2.

®Unsolvated optimized geometry and no solvation used in NMR calculation.

“Geometry optimization and NMR calculation with the implicit solvation model.

4 Arithmetic average of 64 AIMD configurations, using only the solute. No solvation included.

€ Arithmetic average of 256 AIMD configurations, each including ten explicit nearest-neighbor solvent molecules (or counter
ions) and added implicit solvation model to treat bulk effects. The values in parentheses represent the average of the 64 AIMD

configurations used for the AIMD®™® column.

‘Measurements using an acidic D, O solution (DCIO4/D,0) to suppress the deprotonation of diaqua complexes. Data extracted

from Ref. 39.
8a-pyridonate-bridged complexes, Ref. 36.

25
1 eStatict™ (R? = 0.72)
1 mStatic®oSM° (R? = 0.77) °
20; ¢ AIMDP2® (R? = 0.81) L
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Experimental "Jpp / kHz

FIG. 5. Correlation between experimental and calculated NMR !Jp,p, for the differ-
ent computational models. The lines correspond to the linear regressions for the
datasets of each evaluated system setup.

geometric effects are notably pronounced, given simultaneous vari-
ations in multiple bond lengths and/or dihedral angles (Sec. III A).
Thus, the trends in J-coupling observed among complexes with
the different bridging ligands a-pyridonate,’® a—pyrrolidonate, and
pivalamidate, but identical axial ones highlight the contrasting
chemical environments experienced by the L;-Pt;-Pt;-L, back-
bone. These differences in the chemical environment lead to a
polarization of the Pt-Pt bond (such as L, - Pt;"- Pt,'V - L), which
is affected by both the equatorial ligands™ """ and the axial
ligands. 091 As a result, several effects, such as geometrical, elec-
tronic, substituent, and solvation, collectively contribute to the
experimental and calculated the ' Jpyp, range.

C. Contributions to ' J,,,, in the dynamic approach

Each effect present in the dynamic treatment was isolated
to better understand its contribution to the total 'Jpp, value,
based on Egs. (la)-(1d). Here, ]Vib corresponds to the nuclear
motion (mostly of vibrational nature) during the dynamics.
Effects from implicit solvation are denoted by J*™™P! explicit

solvation effects are denoted as ™. and bulk solvation
by ]solv,bu]k
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J™ = AIMD™ - Static”"™, (1a)
ootvimel _ ATMDSOSMO — AIMDP™, (1b)
geoteespl _ ATNDIONN _ A pppbare (10)
Jolvbulk _ A Pl _ AT pIONN, (1d)

It is worth mentioning that the sum of Jpp, obtained from the
Static®™® model combined with J*®, jMexPl ang peotvbulk o equal
to the J-coupling calculated using the full AIMD model [referred
to as AIMD™ in Eq. (1d)]. Here, ‘Jpp; was calculated using the
AIMD configurations solvated by 10NN solvent molecules without

A)
diaqua (1)
6000
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2000
bg&b. o ,\“"6 Py
-2000

-4000

Uptet | Hz
o
\\\‘HH\HH‘H\HHH‘\HHHH \\HHH\‘HHH\H‘\HHHH‘\H

-6000

B)
diaqua (6)
6000

4000
2000
JENNPLRSII
-2000
-4000

-6000

1JPtPt/HZ
\H‘\HHHH‘\\HH\H‘HHH\\\CD\\HHH\‘H\HHH‘\HHHH‘H\

aquachloro (5)

o

aquachloro (10)
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COSMO specifically to isolate the explicit solvation. J*™™! is the
solvent effect in the dynamic model that would be obtained using
only COSMO, without additional microsolvation. This contribution
is not equal to Jeobulk hecause the solvent-accessible surface gener-
ated for the continuum model surrounds the complex with its first
explicit solvation shell in the latter case (bulk), whereas the surface
directly interacts with the solute complex in the calculation, labeled
AIMDGISMO,

The partitioning in equation set (1) was performed for a sub-
set of the systems. The results are presented graphically in Fig. 6.
For the diaqua complexes, all contributions to * Jpp,, arising from the
dynamics and solvation are negative and reduce the J-coupling mag-
nitude. The dynamic conformational treatment (reflected in Ty
and the inclusion of explicit solvent molecules (J**™*') together

dichloro (3)

mﬁm

1
q,'b% "L'\E)Q‘

- Jvib

= Jsolv,impl
- Jsolv,expl
= Jsolv,bulk

dichloro (8)

o

o

-Jvib

-Jsolv,impl
- Jsolv,expl
= Jsolv,bulk

FIG. 6. Contributions from nuclear motion (J'), implicit solvation (J°“m"), explicit solvation (J5"®®'), and bulk solvent effect (J°“*4*) for 'J,, of the diaqua, aquachloro,
and dichloro complexes with bridging a—pyrrolidonate (a) and pivalamidate (b) ligands. See Eq. (1). All data are arithmetically averaged over 64 AIMD configurations and

include SO effects.
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with the bulk effects are evidently of great importance for an accu-
rate description of the coupling. The higher magnitude of !
compared to J*"*" for these complexes is related to solute-solvent
interactions mediated via hydrogen bonds of the axial aqua ligands.
Visual inspection of the simulations revealed that the hydrogen
bond interactions along with the exchange of aqua ligands and
solvent water molecules are also responsible for changes in the
solute structure throughout the dynamics. In turn, this causes a
pronounced indirect solvent effect, which is reflected in a large ]Vib
contribution.

For the analyzed aquachloro and dichloro complexes, J*°™?!,
Jeove®land oMUk each increases the total coupling with respect
to the Static®® model, while a small negative Jv
pounds 3, 8, and 10. The positive J*™* for complex 5 can be explained
by the more pronounced rotation around the Pt-Pt bond caused
by the larger angle N-C-O of the bridged group, as mentioned in
Sec. [T A.

The large ™™ for the aquachloro and dichloro complexes
shows that COSMO polarization is more effective on complexes
containing axial halogens. In the aquahalo complex, J*™™! s
almost 800 Hz greater than in the dihalo complex. The reason
for this is that the metal-metal bond tends to be easily polariz-
able in the aquahalo complex because the system has the Pt"-Pt"
7% It is interesting to note that the ™!
are close to the sum of J*™' and JoMPuk ywhich may lead to a
misleading interpretation of the solvation effects if they are only
determined with the help of a model such as COSMO.

Regarding geometric parameters, such as the Pt-Pt and Pt-L
distances as well as the dihedral angles, no direct relationship was
found between the change of a single parameter and the trends in
!Jowpe. The use of AIMD shows that the variations in the bond lengths
and dihedral angles are pronounced. These variations go along with
complex changes in the electronic structure that are reflected in the
calculated J-coupling via the J* contribution, that is, the indirect
solvent effect.

is found for com-

character. contributions

D. Treatment of relativistic effects

As previously shown for a-pyridonate-bridged complexes,’
and also for the complexes investigated here, the calculations based
on 2c-ZKS lead to overestimated 'Jpep, values. Then, the question
arises whether this overestimation is caused by the approximations
inherent in ZORA or by other approximations that are made in the
calculations. To evaluate the accuracy of the relativistic treatment,
Yppe of the diaqua complexes was also calculated using 4c-DKS
with the same underlying PBEQ hybrid functional. The results are
summarized in Table III.

For all models, the results show that the calculated 'Jpp, value
is larger with 4c-DKS than it is in the 2c-ZKS calculations, and
therefore, 4c-DKS overestimates the experimental values even more
strongly. It is important to note that the difference in the results
(Azks-pks) between the two relativistic Hamiltonians decreases as
the model is improved. The difference becomes insignificant for the
explicitly solvated systems when considering the overall agreement
with the experimental data. The effect of the dynamic treatment,
and more so of the microsolvation, is somewhat unintuitive because
the relativistic effects and differences between quasi- relativistic and

ARTICLE pubs.aip.org/aipl/jcp

TABLE IIl. Comparison between 'Jpp, of diaqua complexes calculated with 2c-ZKS
and 4c-DKS Hamiltonians arithmetically averaged over 64 AIMD configurations.?

2¢-ZKS 4¢-DKS Azxs-DKS
Model 1 6 1 6 1 6
Static®® 22245 21067 24896 23158 -2651 —2091
AIMDP™® 15301 16266 16625 17567 -1324 -1301
AIMD'™NN 13525 13718 13745 13980 -220 -262
AIMD™' 12659 12947 12878 13209 -219 -262

“*Results are in units of Hz. The standard errors for each average value for the 4c-DKS
models are presented in Table S3.

"Due to the absence of COSMO in the Respect program, the model AIMD'™ in
4c-DKS calculations was adjusted by adding the eolwbulk
calculations.

contribution from 2¢-ZKS

fully relativistic Hamiltonians are expected to be mainly associated
with the atomic core regions. We tentatively assign the sizable dif-
ferences between 2¢-ZKS and 4c-DKS for the “bare” model systems
as being associated with the diffuse regions of the molecule. Here,
the differences between the basis set types in the two sets of calcula-
tions, namely, STOs in 2¢-ZKS vs GTOs in the 4c-DKS calculations,
potentially play an important role. Once the systems are solvated
with explicit water molecules, the properties of the solute will be
modified by the presence of the microsolvation shell, as previously
shown,'” and therefore, the differences in the description of the dif-
fuse molecular regions via the long-range behavior of the AO basis
set will be less important than in the gas phase. Furthermore, when
the results without and with microsolvation are compared for 64
individual AIMD configurations (see Tables S4 and S5), it is clear
that most of the differences between the J-coupling obtained from
2¢-ZKS and 4c¢-DKS not only become insignificant for the AIMD
average but also for each individual AIMD configuration.

Therefore, as shown previously in the literature,
for compounds containing heavy elements and properties that
are determined by valence-shell orbitals, such as NMR shifts and
J-couplings, the 2¢-ZKS Hamiltonian is accurate. Likewise, in the
present study, essentially the same deviations between theory and
experiment are found in the dynamic calculations with microsol-
vation when using 2c-ZKS or 4c-DKS. It is likely that systematic
improvements will be obtained only when the electronic structure
treatment and the dynamic sampling are further improved simulta-
neously. Wilson and Lipard®® also had difficulties in obtaining good
results for the Pt-Pt bond length, which is related to the fact that
DFT functionals have difficulties in elucidating weak ds—ds interac-
tions in Pt(II) complexes.”” Thus, we suggest that the next step to
improve the accuracy of the calculated NMR parameters for these
Pt(IIT) complexes would be the adoption of a hybrid functional in the
AIMD simulations to reduce errors in the description of geometric
parameters; as well as a larger sampling through longer simulations.
However, this still remains a challenge given the high computational
cost of AIMD.

19,24,25,32-35

IV. CONCLUSIONS

In the present work, we elucidated the dynamic solvent
effect on the 'Jpp, coupling constants of a-pyrrolidonate- and
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pivalamidate-bridged Pt"" dinuclear complex derivatives through

AIMD simulations and NMR calculations with two-component and
four-component relativistic treatments.

The decomposition of the total J-coupling into different con-
tributions from the dynamic treatment showed that, for diaquo
complexes, they all lead to a reduction, while for the dihalo and
aquahalo complexes, most of these contributions lead to an increase
in the coupling. The diaquo complexes were the most sensitive to
the effects of dynamic treatment, in which the vibrational (J*'*)
and the explicit solvation (J**?) contributions are responsible for
reducing the J-coupling of the diaquo complexes by ~8 kHz. For
the dihalo and aquahalo complexes, implicit solvation (J*'™?) and
bulk solvation (J**") are the most important contributions. The
former accurately reproduces the solvent on the AIMD configura-
tions when the explicit solvent molecules are removed, while the
latter has almost the same contribution to J-coupling as the explicit
solvation in the AIMD™! model. These findings show that configu-
ration sampling through a dynamic approach and explicit treatment
of at least the first solvent shell, along with the bulk solvent effects,
are highly relevant to get a complete and more accurate description
of the NMR tensors of the investigated complexes.

The relativistic treatment based on a quasirelativistic vs a fully
relativistic Hamiltonian yields overestimated 'Jpp, with essentially
the same deviations from the experimental data. Therefore, the
approximate treatment of relativity by ZORA is unlikely to be the
major source of errors. The observed deviations between the calcu-
lated and measured NMR data most likely arise from other approxi-
mations used for the molecular dynamics and the NMR calculations,
such as finite configuration sampling, finite basis errors, and the
DFT approximations used in the dynamics and in the electronic
structure calculations for the NMR parameters.

SUPPLEMENTARY MATERIAL

The supplementary material provides details on assessment of
molecular dynamics, solvent effect on the ' Jpip, coupling, configura-
tion sampling, structural characterization of complexes in solution,
and errors of the average J-value.
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