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ABSTRACT: This study investigates the trans influence in
dinuclear platinum(III) complexes using a combined approach of
ab initio molecular dynamics and natural localized molecular
orbital (NLMO) analysis. Focusing on pivalamidate-bridged PtIII

complexes with axial ligands of varying σ-donation strength, it is
quantified how ligand−metal interactions propagate through the
Pt−Pt bond, and how they affect bond polarization, axial water
coordination, and 1JPtPt spin−spin coupling constants. NLMO
analysis reveals quantitatively that strong σ-donating ligands
polarize the Pt−Pt bond, shifting the electron density toward the
opposite platinum center. The polarization mechanism is identified
as the primary reason for the observed reduction of 1JPtPt, because
the bond polarization diminishes the transmission of the nuclear magnetic spin-induced electron spin density through the Pt−Pt
bond. Additionally, the destabilization of axial water coordination at the opposite Pt site can be rationalized through a polarization-
induced PtIV− PtII-like mixed-valence character.

1. INTRODUCTION
The coordination of a ligand X to a metal ion M in a
coordination complex modifies the interactions between the
metal and another ligand A in a complex. The classification of
the X−M−A moiety as trans vs cis depends on whether the
affected ligand A is adjacent or opposite to ligand X.1

Typically, the relevant interactions are described as two
distinct but related phenomena,2−6 namely, (i) a kinetic effect
associated with the change in the rate of substitution of a
ligand due to exchange of the trans ligand, and (ii) a structural
and energetic influence that takes place via associated
modulations of the M−A bonds. Evidently, there must be a
corresponding modification of the X−M bond and the
associated kinetics by the presence of the M−A coordination,
and both are likely also modulated by the presence and type of
other ligands, such that it is important to consider the synergy
between the different metal−ligand bonds in the system. This
work focuses on the trans influence, that is, to what extent and
how does the presence of the X−M interaction influence the
M−L bond in the trans position. In what follows, the word
“effect” is used in its more general sense, not specifically in
reference to the aforementioned kinetic effect, unless explicitly
stated so.

The trans influence can often be rationalized through σ
interactions between ligand X and metal M. A useful way to
conceptualize the situation is by representing the bonding
system with the following resonance structures, with the
relative weights of them in the ground state wave function

depending on the nature of the ligands X and A, as well as the
metal M:

X: M A X M : A (1)

This resonance scheme illustrates that as the σ interaction
X−M strengthens, the contribution of the right-hand
resonance form becomes increasingly dominant. Presumably,
this enhances the polarization of the M−A bond toward the
ligand, while weakening its covalent character.

Since the trans influence modulates the M−A bond, it
impacts various properties associated with the electronic
structure, including NMR parameters such as the JMA coupling
constants.7 While it is well established, by combining both
experimental and theoretical data,4 that increasing trans
influence tends to reduce the JMA-coupling, the main
underlying reasons should be further investigated in specific
systems. Namely, does a reduction of the JMA nuclear spin−
spin coupling arise primarily from a polarization of the M−A
bond, from diminishing spin−spin coupling transmission
through the σ-bond (as the resonance scheme suggests),
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simply via an increased bond distance, or a combination of
these factors?

Because they play an important role in the mode of action of
PtII-based anticancer drugs,8 trans effects have been extensively
explored in PtII complexes.9 However, trans effects have not
yet been theoretically explored in the less common PtIII

complexes, where they involve the metal−metal bond, affecting
ligand lability and bond strengths at the opposite metal center.
In contrast to Pt(II) dimers, Pt(III) complexes are
characterized by a metal−metal bond involving two d7

platinum atoms with equatorial bridge ligands and axial ligands
at both ends of the Pt−Pt axis. The axial ligands play an
important role in the chemical properties of the complex in
solution. Depending on the ligands and details of the synthesis,
Pt(III) complexes may also assemble into oligomeric chains,
including “wires” comprising metal−metal interactions with
mixed valences, such as PtII and PtIV.10−12 In this case, one of
the platinum atoms adopts a d8 electronic configuration
interacting with a d6 Pt(IV) center. Such molecular chains have
attracted significant interest for their potential applications in
light-emitting diodes, photovoltaic cells, and molecular
sensors.12−14 The present study is concerned with dinuclear
Pt(III) complexes.

Dinuclear PtIII complexes serve as interesting model systems
for understanding how the trans influence is transmitted
through the PtIII−PtIII bond, which can be probed
experimentally (and computationally) by 1JPtPt. Amidate-
bridged dinuclear platinum complexes are particularly
interesting in this context because the rates of substitution
reactions at the axial sites and the associated reaction
mechanisms can be strongly influenced by through-bond
trans interactions. This, in turn, impacts for instance the
efficiency of such complexes as homogeneous catalysts in
selective olefin oxidation reactions.15,16

Among available quantum chemical methods, the analysis
based on localized molecular orbitals (LMOs) appears to be a
particularly well-suited tool for the theoretical investigation of
these effects. In this approach, delocalized canonical molecular
orbitals are transformed into more chemically intuitive
localized orbitals representing individual bonds, lone pairs, or
core−shells, which can be used to evaluate how electron
density is redistributed along the L1−Pt−Pt−L2 bonding
framework. For example, so-called natural LMOs (NLMOs),
obtained via the popular natural bond orbital (NBO)
algorithms,17 have been employed as a basis to decompose
1JPtPt coupling constants,18,19 enabling identification of the
principal orbitals responsible for transmitting the spin−spin
coupling and how their contribution changes with the nature
of the axial ligand. Furthermore, the natural localized
molecular orbital (NLMO) analysis can be used to quantify
the extent of σ-donation.20

Although NLMO analysis can provide insights into the
electronic structure and properties of metal complexes,
evaluating fluctuations and correlations between different
variables�such as ligand−metal σ-donation, Pt−Pt bond
polarization, and 1JPtPt−as they occur in solution requires
configurational sampling. Ab initio molecular dynamics
(AIMD) is a powerful tool for this purpose, as it enables
simulations of ensemble configurations,21,22 while being able to
capture bond formation and breaking without the need for a
force field with parameters for different metal coordination
environments. Furthermore, the trans influence is most
commonly characterized via metal−ligand distances in the

solid state through X-ray crystallography. However, in solution,
solvent interactions can significantly perturb the electronic
structure, affecting both Pt−Pt and Pt−ligand bond distances
and NMR parameters. AIMD simulations with explicit solvent
modeling therefore provide a suitable way to investigate these
effects as they occur in solutions.

Motivated by these considerations, we present a combined
computational approach using AIMD and NLMO analysis to
investigate the trans influence of axial ligands in dinuclear
platinum complexes, the propagation of this influence through
the PtIII−PtIII bond, and its effect on the Pt−Pt J-coupling in
solution. We analyzed a set of pivalamidate-bridged dinuclear
platinum complexes (Figure 1) that covers a range of σ-

donation strengths. These complexes have been previously
synthesized and experimentally characterized in solution,23−25

providing an opportunity for evaluating these effects. Note that
we have already shown in previous works26,27 that relativistic
density functional theory (DFT) calculations of the type used
for the present study are capable of reproducing the
experimentally observed platinum NMR parameters reasonably
well, thus providing a crucial “reality check” of the calculations
presented in this work.

2. COMPUTATIONAL METHODS
AIMD simulations were carried out using the Car−Parrinello
(CPMD) approach as implemented in the quantum ESPRESSO
program,28 version 6.0. The electronic structure was described with
the Perdew−Burke−Ernzerhof (PBE) generalized gradient approx-
imation density functional.29 Ultrasoft pseudopotentials were used to
represent each atom with an effective core potential and smooth
pseudo atomic orbital during the simulation. The pseudopotentials
employed were obtained from pslibrary version 1.0.0.30 The NMR
calculations of the spin−spin coupling 1JPtPt for 256 sampled AIMD
configurations used the PBE0 hybrid functional,31 incorporating both
scalar relativistic and spin−orbit (SO) effects via the zero-order
regular approximation (ZORA) Hamiltonian32 as implemented in a
2018 release of the Amsterdam Density Functional (ADF)
program.33−37 For the Pt atoms, we employed the augmented all-
electron Slater-type orbital (STO) basis set for J-coupling calculations
(jcpl)38 from the ADF basis set library, while all other atoms were
described by an all-electron STO basis of polarized valence triple-ζ
(TZP) quality. This level of theory represents a balance between
computational efficiency and accuracy, as is usually the case.
Calculated 1JPtPt were decomposed into NLMO contributions using
a relativistic J-coupling analysis developed previously by one of us.18,19

NLMOs were generated with the NBO program17 (version 6.0) as
interfaced with ADF. The same approach was applied to conduct

Figure 1. Dinuclear pivalamidate-bridged PtIII complexes investigated
in this study. Boldface labels indicate the shorthand nomenclature
used in the text. Adapted from J. Chem. Phys. 2024, 160, 114307, with
the permission of AIP Publishing.
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NLMO analysis to assess σ-donation in MD-sampled configurations.
To obtain smooth and normalized probability density estimates, we
used kernel density estimation39,40 with a Gaussian kernel instead of
simple histograms. The bandwidth was optimized via Scott’s rule,41 as
implemented in SciPy Stats42 module. The detailed computational
protocol applied in this study is described in the Supporting
Information. It is based on a combination of AIMD simulations and
relativistic KS-DFT NMR calculations, a combination of methods that
has been employed also in our previous work.26,27,43,44

A brief comment on the expected accuracy of the electronic
structure model is in order. Namely, there is ample demonstration in
the literature that heavy-element NMR chemical shift and J-coupling
calculations can be as accurate with ZORA as they are with fully
relativistic methods,45−51 especially when taking into account other
approximations�e.g., the DFT functional and basis set�that are
used in such calculations. (We note in passing, however, that ZORA is
not sufficiently accurate for predicting the absolute shielding of heavy
isotopes because of deep-core contributions to the shielding; however,
those cancel in the chemical shift.45,48) The combination of ZORA/
PBE0 with the chosen STO basis sets was previously benchmarked for
J-coupling involving third−row transition metals38 and gave
approximately 8% median unsigned deviation with respect to
experimental data for coupling constants involving one Pt center,
and about 12% median unsigned deviation for a larger set including
W, Pt, Hg, Tl, and Pb.

3. RESULTS AND DISCUSSIONS
3.1. Trans Influence and NLMO Analysis. With the goal

of evaluating the variation in L−Pt σ-donation across different
ligands during the dynamics, we conducted NLMO analyses
on configurations sampled from the AIMD simulations. The
analysis generates localized NBOs designed to resemble a
classical Lewis structure, including bonding, nonbonding, and
lone pair (LP) orbitals, based on internal program thresh-
olds.52 The NLMOs are generated as linear combinations of
NBOs, capturing electron delocalization when they are present.
When localization is strong, NLMOs closely resemble their
“parent” NBOs. Conversely, when electron delocalization is
important, the NLMOs exhibit non-Lewis character, with
parent NBO occupancies less than 2 (see further details in the
Supporting Information, Section S1). For each sampled
configuration, the extent of σ-donation was quantified as the
metal density weight in the occupied L−Pt orbital, regardless
of its NBO classification type (delocalized LP vs bond). Figure
2 presents the resulting probability density functions (PDFs)
of the extent of σ-donation in the AIMD simulations, along

with the corresponding expectation values (AIMD averages;
see Section S2 in the Supporting Information for additional
information).

The observed trend in σ-donation strength follows the order

< < <

<

H O Cl Br CH COH CH COCH

CH THF
2 2 2 3

2

which is consistent with qualitative considerations: water
ligands exhibit weaker donation compared to halides (Cl, Br),
while the covalently bound carbon-based ligands show the
strongest σ-donation as expected.53

An interesting behavior is observed for the chloro ligand,
which shows two distinct peaks in the PDF image in Figure 2.
This bimodal distribution reveals the existence of two well-
defined bonding regimes: those dominated by LP character
(with σ-donation values around 0.2) and those with
pronounced bonding character (showing σ-donation values
around 0.7). A visual comparison of representative σ-donating
NLMOs from the two regimes is shown in Figure S5. This
clear separation allows the configuration space to be
partitioned into two events�LP and bonding�enabling the
estimation of conditional expectation values. Notably, a strong
correlation between the σ-donation strength and the Cl−Pt2
distance was observed. The LP regime corresponds to a larger
average distance of 2.48 ̊A, while the bonding regime has an
average distance of 2.39 ̊A (Figure S6). This average
contraction of 0.1 ̊A in the bond distance reflects the increased
covalent character of the metal−ligand interaction and
provides a structural evidence that supports the classification
of this complex into two distinct bonding regimes in solution.

The potential for π-interactions in these platinum halide
complexes was also investigated. To measure π-donation from
the halide p orbitals to the metal, we quantified the metal
orbital contributions to the halide LP NLMOs (see Section
S3.6). Our analysis shows that π-donation is exceedingly weak,
with halide atomic orbitals contributing over 99% of the
density of the relevant LP NLMOs. This confirms that the
bonding is overwhelmingly dominated by σ-interactions, with
no significant π-donation from halide ligands. Furthermore, as
expected, back-donation from platinum nonbonding orbitals is
also insignificant, as shown in Figure S8. Back donation is
typically observed with ligands different than those studied
herein, such as CO, NO, or CN−, which possess low-energy,
unoccupied π* orbitals able to accept density from the metal.53

Concerning the organic axial ligands, it is noteworthy that
the extent of donation is sensitive to the chemical environment
and hybridization of the carbon atom bound to the metal-
coordinating carbon. Namely, the CH2THF ligand donates
about 0.1 electrons more than the other two studied carbon-
coordinating ligands. The weaker donation by the latter ligands
can be attributed to the electron-withdrawing effects within the
carbonyl groups. As shown later, this has an effect on the
solvent−water interaction at the formally vacant Pt1 site of
these complexes.

As suggested by the notion of trans influence, axial L−Pt
coordination should have a concomitant effect on the Pt−Pt
bond. This is corroborated by the distribution of the Pt−Pt σ-
bonding orbital over the two Pt centers. Table 1 lists the
density weight percentages of the relevant NLMO on the two
Pt centers, averaged over the AIMD trajectories as a function
of the axial ligand. The trends seen in the table are rather
suggestive: The stronger the donation for a given ligand

Figure 2. Normalized PDFs for the extent of σ-donation (Lax → Pt2)
from NLMO analysis of 64 AIMD-sampled configurations. Triangles
indicate the overall AIMD averages.
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(Figure 2), the longer is the Pt−Pt distance and the less equal
is the Pt−Pt bonding orbital shared between the two Pt
centers. For the stronger donating ligands, the Pt2−Pt1 bond
polarizes more strongly toward Pt1. In other words, for L =
H2O or Cl, we have a description corresponding to L: Pt2−Pt1,
whereas for the stronger donating/more covalently bound
ligands, the description changes to L−Pt2: Pt1. This situation is
exemplified in Figure 3, which shows the Pt−Pt NLMO of

representative AIMD snapshots for the 2H2O vs the CH2THF
complex. The figure provides a compelling visual representa-
tion of the trans influence. It is worth noting that the changing
description of the bond pattern reflects an increase in the
mixed-valence Pt2

IV−Pt1
II character, which is also suggested by

concomitant changes in the experimental 195Pt chemical shifts
as reported by Matsumoto and co-workers.54 This analysis

provides a conceptual framework for understanding the
reduced electrophilicity at Pt1 in these compounds, which
has important implications for water coordination, as discussed
next.
3.2. Trans Influence and Axial Ligand Coordination.

Figure 4 presents the Pt1−O radial distribution functions
(RDFs) for the complexes (left) along with the corresponding
coordination numbers calculated from a differentiable switch-
ing function (right). This analysis quantitatively addresses how
the axial ligand σ-donation strength at the Pt2 site affects water
coordination at the Pt1 site.

The RDFs reveal distinct coordination behavior: Complexes
with weaker σ-donating ligands (2H2O, 1Cl, and 1Br) exhibit
stable water coordination at Pt1, as evidenced by a sharp peak
at r ∼ 2.1 Å that is distinct from the first solvation shell at r ∼
4.1 \Angstrom. In contrast, complexes with carbon-bound
ligands present only broad peaks at r ∼ 2.4 Å, suggesting at
best weak and transient Pt1−O coordination bond formation.
This effect is most pronounced for the CH2THF complex,
which shows no discernible peak for axial water coordination at
the Pt1 site. The coordination number plot (Figure 4, right)
shows a marked change around a σ-donation strength of 0.85,
marking a transition from a relatively stable water ligand at the
Pt1 site to weak and transient water binding. The two panels in
Figure 4 go hand-in-hand and are easily rationalized by the
data in Table 1: A buildup of electron density on the Pt1 site,
resulting from the polarization of the Pt−Pt bond toward Pt1
for the strongly donating ligands L at the Pt2 site, disfavors
Pt1−O(water) coordination. We might call this a trans−trans
influence. Despite the increase of electron density at the Pt1
site, however, the AIMD data showed no compelling evidence
for “inverse hydration”, i.e., coordination by water hydrogens.

Extending this analysis, one can infer, based on the trans-
ligand σ-donation strength, that the 3Cl and 3Br pivalamidate-
bridged complexes (see the inset in Figure 5, left) in solution
ought to maintain a water molecule coordinated at the vacant
Pt1 site. This prediction is indeed supported by the MD
simulations, which show a sharp peak at r ∼ 2.1 Å in the Pt1−
Ow RDFs that integrates to 1.0. Further support comes from Pt
chemical shift calculations of the optimized structures (Figure
5, right), which show better agreement with the experimental
solution-phase data when a coordinated water molecule is
included.

The average contributions of Pt2 and Pt1 to the Pt−Pt
NLMO were calculated to be 31% and 55%, respectively, for
3Cl and 21% and 58%, respectively, for the 3Br complex.

Table 1. AIMD-Averaged Pt−Pt Distances (Å) and
Corresponding Density Weight-% of the Main Pt−Pt
Bonding NLMO on Each Pt Center, Computed from 64
AIMD Configurations

ligand L or L2 dPtPt Pt2 Pt1

H2O 2.60 48 49
Cl 2.62 33 53
Br 2.63 22 56
CH2COCH3 2.72 10 81
CH2COH 2.72 10 82
CH2THF 2.77 5 88

Figure 3. Depiction of the Pt−Pt σ-bonding NLMO (±0.03
isosurfaces) for the axial ligand L (at the top in each image) =
2H2O (weakly σ-donating ligand, left graphic) vs L = CH2THF
(strongly σ-donating ligand, right graphic).

Figure 4. Left: RDFs of the Pt1 site and water oxygen atoms. Right: average coordination number (CN) between the Pt1 site and water O atoms vs
the σ-donation for the different axial ligands at the Pt2 site.
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These values indicate similar, if slightly stronger, Pt−Pt bond
polarization compared to 1Cl and 1Br, respectively (Table 1).
Our calculations suggest that while equatorial halide ligands
have an influence on the Pt−Pt bond polarization, the effect is
not strong enough to induce a PtIV−PtII type polarization that
could leave the Pt1 center uncoordinated. Matsumoto and co-
workers synthesized the compounds in solution but were
unable to isolate them, confirming their formation by ESI MS
based on the mass-to-charge ratio.55 Our findings indicate that
in solution complexes 3Cl and 3Br are characterized by the
presence of a coordinated water molecule at the Pt1 center.
3.3. Trans Influence on 1JPtPt. The experimental

characterization of dinuclear PtIII complexes in solution is a
challenging task, but the complexes also present considerable
challenges for computational studies. For instance, the 1JPtPt
coupling constant is highly sensitive to the electronic structure,
geometrical parameters, and the treatment of solvent and
solvent−solute dynamics. In the MD, this leads to considerable
ensemble fluctuations ΔJ, making it a very challenging property
for theoretical calculations, as it highlights the limitations of
static theoretical treatments for these systems. Please note that
we forego comparisons of the MD-averaged 1JPtPt to
experimental data, as this was already done in ref 27, and
focus instead on the trans influence context.

Figure 6 presents the estimated PDFs of 1JPtPt along with
their ensemble averages for the studied complexes, derived
from the AIMD simulations and subsequent relativistic NMR
calculations. It can be noted that the J-coupling averages follow
the expected trend, namely, a lengthening and polarization of
the Pt−Pt bond reduces the ensemble-averaged J-coupling. It
can also be noted that the complexes with smaller 1JPtPt have
much sharper distributions of 1JPtPt values. This seemed to us
counterintuitive at first, because the systems with larger Pt−Pt
distances, more polarized Pt−Pt bonds, and concomitant
smaller 1JPtPt also sample a larger range of Pt−Pt distances, as
shown below. This would typically be expected to lead to
larger, not smaller, fluctuations in the coupling constant.
Fortunately, this effect can be rationalized based on the
NLMO analysis of 1JPtPt.

Figure 7 (left) shows the decomposition of 1JPtPt for a
representative configuration obtained from each MD simu-
lation. For the ligands with strong σ-donation, the contribution
of the Pt−Pt bond orbital to the coupling constant tends to be
less important. This trend must be connected to the enhanced

polarization of the Pt−Pt bond, such that the diminished
covalency of the Pt−Pt bond reduces the transmission of the J-
coupling through this orbital. As a result, both the total 1JPtPt
value and the dominant orbital contribution (from the Pt−Pt
bonding orbital) decrease. The left panel of Figure 7 also
indicates that for those systems with a strongly donating axial
ligand and strong Pt−Pt bond polarization, most of 1JPtPt is
transmitted by other orbitals, which are presumably less
sensitive to the Pt−Pt distance fluctuations. This is likely the
reason for the situation illustrated in the right panel of Figure
7: Even though there are large Pt−Pt distance fluctuations for
the CH2THF complex, 1JPtPt varies much less than it does for
the 2H2O complex because the σ(Pt−Pt) orbital is not the
dominant contributor, as shown in Figure S9. As it was
previously addressed for pyridonate-bridged complex deriva-
tives26 and also observed here, 1JPtPt in these Pt(III) dinuclear
compounds is dominated by the relativistic analog of the Fermi
Contact (FC) mechanism, as it is often the case for NMR J-
coupling. Furthermore, the 2H2O, 1Cl, and 1Br complexes
exhibit a stronger influence of the Pt s-character in the Pt−Pt
bond, which is directly related to the FC mechanism. As the
Pt−Pt distance increases, the axial ligand−Pt distance tends to
shorten, and the s-character increases, yielding higher 1JPtPt
values. On the other hand, the Pt−Pt distance tends to shorten
when the axial ligand−Pt distance increases. This indirect

Figure 5. Left: RDFs of the Pt1 site and water O atoms for the L = halide complexes shown in the inset. AIMD with PBE and BLYP functionals are
compared. Right: deviation between calculated Pt1 and Pt2 chemical shifts (optimized structures at PBE0/ZORA-SO/TZP(jcpl) level) with and
without water coordination at Pt1 site, compared to experimental values. The water-coordinated species exhibits, on average, closer values to
experiment in the static calculations, as indicated by the lower mean absolute deviation, | | = | |Calc exp . This is consistent with the simulations,
where water binding occurs and the uncoordinated species is not sampled.

Figure 6. Normalized 1JPtPt PDFs obtained by sampling 256
configurations from AIMD simulations. The NMR calculations were
performed with PBE0/ZORA-SO/TZP(jcpl). Triangles indicate the
overall averages.
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relationship between Pt−Pt distance and 1JPtPt also explains
why the variations of 1JPtPt for the 2H2O complex are much
stronger in comparison.

4. CONCLUSIONS
AIMD combined with NLMO analysis has proven to be a
useful approach for investigating the trans influence in
dinuclear platinum(III) complexes. In this work, the σ-
donation strength of different trans ligands in pivalamidate-
bridged PtIII complexes has been systematically evaluated,
providing not only a quantitative measure of σ-donor effects
but also insights into the dynamic ensemble fluctuations. The
resonance scheme (eq 1) served as a conceptual framework for
rationalizing trends in electrophilicity and 1JPtPt coupling
constants.

The combined approach revealed that strong σ-donating
ligands induce strong polarization of the Pt−Pt bond, shifting
the electron density toward the opposing platinum center. This
effect leads to a transition from a covalent Pt−Pt bond to a
mixed-valence PtIV−PtII-like state as σ-donation increases. The
trans influence is transmitted to the opposite platinum site
(trans−trans), modulating the stability of axial water
coordination through this polarization mechanism. Weak σ-
donors (e.g., H2O, Cl−, and Br−) allow for stable water
binding, while strong σ-donors (e.g., CH2THF−) reduce the
electrophilicity of the Pt1 center, disfavoring axial coordination.

The 1JPtPt spin−spin coupling constant decreases with
increasing axial σ-donation due to reduced electron sharing
across the Pt−Pt bond, which reduces both the magnitude and
relative contribution of the σ(Pt−Pt) orbital to the coupling.
Counterintuitively, fluctuations in 1JPtPt diminish as the bond
weakens, which highlights the dominant role of bond
polarization over distance variability in explaining 1JPtPt trends
in these dinuclear platinum complexes.

■ ASSOCIATED CONTENT
Data Availability Statement
The XYZ coordinates from AIMD snapshots underlying this
study are available at 10.5281/zenodo.17078535.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03401.

Includes details about temperature fluctuations of the
Car−Parrinello Molecular Dynamics simulations, sol-

vent structure, convergence of the evaluated sampled
variables (1JPtPt and σ-donation), π-donation and π-back-
donation analysis, and NLMO decomposition of 1JPtPt-
coupling; additionally, it provides theoretical back-
ground on estimating ensemble averages and distribu-
tion functions from MD simulations (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Patrick R. Batista − Department of Fundamental Chemistry,
Institute of Chemistry, University of São Paulo, Sa ̃o Paulo,
São Paulo 05508-000, Brazil; orcid.org/0000-0002-
2712-9571; Email: patrick@iq.usp.br

Lucas C. Ducati − Department of Fundamental Chemistry,
Institute of Chemistry, University of São Paulo, Sa ̃o Paulo,
São Paulo 05508-000, Brazil; orcid.org/0000-0002-
6539-4325; Email: ducati@iq.usp.br

Jochen Autschbach − Department of Chemistry, University at
Buffalo, State University of New York, Buffalo, New York
14260-3000, United States; orcid.org/0000-0001-9392-
877X; Email: jochena@buffalo.edu

Author
Pedro P. R. Oliveira − Department of Fundamental

Chemistry, Institute of Chemistry, University of São Paulo,
São Paulo, Sa ̃o Paulo 05508-000, Brazil; orcid.org/
0000-0002-0961-6413

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.5c03401

Funding
The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the National Laboratory for Scientific
Computing (LNCC/MCTI, Brazil, SDumont supercomputer),
Centro Nacional de Processamento de Alto Desempenho em
Sa ̃o Paulo (CENAPAD-SP), and the Center for Computa-
tional Research (CCR)56 at the University at Buffalo for

Figure 7. Left: 1JPtPt-coupling total value and the contribution from only the Pt−Pt bonding orbital (NLMO) for representative configurations
obtained from MD the simulations. The configurations were chosen based on having 1JPtPt being close to the AIMD-average value. Right: 1JPtPt vs
dPtPt for 256 AIMD-sampled configurations of 2H2O and CH2THF complexes.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c03401
Inorg. Chem. 2025, 64, 21501−21508

21506



providing computational HPC resources. P.P.R.O., L.C.D., and
P.R.B. acknowledge grants #2022/12004-0, #2024/00633-8,
#2024/17236-1, #2018/07308-4, #2021/09687-5 São Paulo
Research Foundation (FAPESP). This study was financed in
part by the Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior�Brasil (CAPES)�Finance Code 001. L.C.D.
also acknowledges the CNPq #304653/2023-3 grant. J.A. is
grateful for support by the US Department of Energy Office of
Science, Basic Energy Sciences (BES), Materials Chemistry
program award DE-SC0022310.

■ REFERENCES
(1) Hartley, F. The cis-and trans-effects of ligands. Chem. Soc. Rev.
1973, 2, 163−179.

(2) Chernyaev, I. The mononitrites of bivalent platinum. I. Ann. Inst.
Platine USSR 1926, 4, 243−275.

(3) Pidcock, A.; Richards, R.; Venanzi, L. 195 Pt−31 P nuclear spin
coupling constants and the nature of the trans-effect in platinum
complexes. J. Chem. Soc. A 1966, 0, 1707−1710.

(4) Appleton, T.; Clark, H.; Manzer, L. The trans-influence: Its
measurement and significance. Coord. Chem. Rev. 1973, 10, 335−422.

(5) Coe, B. J.; Glenwright, S. J. Trans-effects in octahedral transition
metal complexes. Coord. Chem. Rev. 2000, 203, 5−80.

(6) Anderson, K. M.; Orpen, A. G. On the relative magnitudes of cis
and trans influences in metal complexes. Chem. Commun. 2001,
2682−2683.

(7) Tsipis, A. C. Trans ligand effects on 195Pt NMR shielding
constants of square planar Pt (II) complexes. Theor. Chem. Acc. 2020,
139, 151.

(8) Pinter, B.; Van Speybroeck, V.; Waroquier, M.; Geerlings, P.; De
Proft, F. trans effect and trans influence: importance of metal
mediated ligand−ligand repulsion. Phys. Chem. Chem. Phys. 2013, 15,
17354−17365.

(9) Chval, Z.; Sip, M.; Burda, J. V. The trans effect in square-planar
platinum (II) complexes�A density functional study. J. Comput.
Chem. 2008, 29, 2370−2381.

(10) Sakai, K.; Tanaka, Y.; Tsuchiya, Y.; Hirata, K.; Tsubomura, T.;
Iijima, S.; Bhattacharjee, A. New Structural Aspects of α-
Pyrrolidinonate-and α-Pyridonate-Bridged, Homo-and Mixed-Va-
lence, Di-and Tetranuclear cis-Diammineplatinum Complexes: Eight
New Crystal Structures, Stoichiometric 1:1 Mixture of Pt (2.25+) 4
and Pt (2.5+) 4, New Quasi-One-Dimensional Halide-Bridged [Pt
(2.5+) 4-Cl···]∞ System, and Consideration of Solution Properties. J.
Am. Chem. Soc. 1998, 120, 8366−8379.

(11) Sakai, K.; Ishigami, E.; Konno, Y.; Kajiwara, T.; Ito, T. New
partially oxidized 1-D platinum chain complexes consisting of
carboxylate-bridged cis-diammineplatinum dimer cations. J. Am.
Chem. Soc. 2002, 124, 12088−12089.

(12) Yoshida, M.; Yashiro, N.; Shitama, H.; Kobayashi, A.; Kato, M.
A Redox-Active Dinuclear Platinum Complex Exhibiting Multicolored
Electrochromism and Luminescence. Chem. Eur J. 2016, 22, 491−
495.

(13) Wu, X.; et al. Highly emissive dinuclear platinum (III)
complexes. J. Am. Chem. Soc. 2020, 142, 7469−7479.

(14) Saito, D.; Ogawa, T.; Yoshida, M.; Takayama, J.; Hiura, S.;
Murayama, A.; Kobayashi, A.; Kato, M. Intense Red-Blue
Luminescence Based on Superfine Control of Metal−Metal
Interactions for Self-Assembled Platinum (II) Complexes. Angew.
Chem., Int. Ed. 2020, 59, 18723−18730.

(15) Kishi, M.; Terada, T.; Kuraishi, Y.; Sugaya, T.; Iwatsuki, S.;
Ishihara, K.; Matsumoto, K. Axial ligand effect on the reaction
mechanism of head-to-head pivalamidato-bridged Pt (III) binuclear
complex containing an equatorial bromide ligand with acetone. Inorg.
Chim. Acta 2015, 433, 45−51.

(16) Iwatsuki, S.; Ishihara, K.; Matsumoto, K. Kinetics and
mechanisms of inorganic and organometallic reactions of bis
(amidato)-bridged cis-diammineplatinum (III) binuclear complexes:
A review. Inorg. Chim. Acta 2020, 512, 119888.

(17) Glendening, E. D.; Landis, C. R.; Weinhold, F. NBO 6.0:
Natural bond orbital analysis program. J. Comput. Chem. 2013, 34,
1429−1437.

(18) Autschbach, J. Analyzing molecular properties calculated with
two-component relativistic methods using spin-free Natural Bond
Orbitals: NMR spin-spin coupling constants. J. Chem. Phys. 2007, 127,
124106.

(19) Fernández-Alarcón, A.; Autschbach, J. Relativistic density
functional NMR tensors analyzed with spin-free localized molecular
orbitals. ChemPhysChem 2023, 24, No. e202200667.

(20) Obeng, A.; Autschbach, J. How Much Electron Donation Is
There In Transition Metal Complexes? A Computational Study. J.
Chem. Theory Comput. 2024, 20, 4965−4976.

(21) Tuckerman, M. E.; Ungar, P. J.; Von Rosenvinge, T.; Klein, M.
L. Ab initio molecular dynamics simulations. J. Phys. Chem. 1996, 100,
12878−12887.

(22) Marx, D.; Hutter, J. Ab Initio Molecular Dynamics: Basic Theory
and Advanced Methods; Cambridge University Press: Cambridge,
2009.

(23) Iwatsuki, S.; Ishihara, K.; Matsumoto, K. Kinetics and
mechanisms of the axial ligand substitution reactions of platinum
(III) binuclear complexes with halide ions. Sci. Technol. Adv. Mater.
2006, 7, 411−424.

(24) Matsumoto, K.; Nagai, Y.; Matsunami, J.; Mizuno, K.; Abe, T.;
Somazawa, R.; Kinoshita, J.; Shimura, H. A Synthetic Route to Alkyl-
PtIII Dinuclear Complexes from Olefins and Its Implication on the
Olefin Oxidation Catalyzed by Amidate-Bridged PtIII Dinuclear
Complexes. J. Am. Chem. Soc. 1998, 120, 2900−2907.

(25) Matsumoto, K.; Matsunami, J.; Mizuno, K.; Uemura, H.
Organometallic Chemistry of an Amidate-Bridged Dinuclear Pt (III)
Complex: Axial Pt (III)- Alkyl σ-Bond Formation in the Reaction with
Acetone. J. Am. Chem. Soc. 1996, 118, 8959−8960.

(26) Batista, P. R.; Ducati, L. C.; Autschbach, J. Solvent Effect on the
195Pt NMR Properties in Pyridonate-Bridged PtIII Dinuclear Complex
Derivatives by ab initio Molecular Dynamics and Localized Orbital
Analysis. Phys. Chem. Chem. Phys. 2021, 23, 12864−12880.

(27) Batista, P. R.; Ducati, L. C.; Autschbach, J. Dynamic and
relativistic effects on Pt-Pt indirect spin-spin coupling in aqueous
solution studied by ab initio molecular dynamics and two- vs four-
component density functional NMR calculations. J. Chem. Phys. 2024,
160, 114307.

(28) Iannuzzi, M.; Laio, A.; Parrinello, M. Efficient Exploration of
Reactive Potential Energy Surfaces using Car-Parrinello Molecular
Dynamics. Phys. Rev. Lett. 2003, 90, 238302.

(29) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.

(30) Dal Corso, A. Pseudopotentials periodic table: From H to Pu.
Comput. Mater. Sci. 2014, 95, 337−350.

(31) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBE0 model. J. Chem.
Phys. 1999, 110, 6158−6170.

(32) Lenthe, E. v.; Baerends, E. J.; Snijders, J. G. Relativistic regular
two-component Hamiltonians. J. Chem. Phys. 1993, 99, 4597−4610.

(33) Baerends, E. J.; Ziegler, T.; Atkins, A. J.; Autschbach, J.;
Baseggio, O.; Bashford, D.; Bérces, A.; Bickelhaupt, F. M.; Bo, C.;
Boerrigter, P. M.; Cavallo, L.; Daul, C.; Chong, D. P.; Chulhai, D. V.;
Deng, L.; Dickson, R. M.; Dieterich, J. M.; Ellis, D. E.; van Faassen,
M.; Fan, L.; Fischer, T. H.; Förster, A.; Guerra, C. F.; Franchini, M.;
Ghysels, A.; Giammona, A.; van Gisbergen, S. J. A.; Goez, A.; Götz, A.
W.; Groeneveld, J. A.; Gritsenko, O. V.; Grüning, M.; Gusarov, S.;
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Schoot, H.; Schreckenbach, G.; Seldenthuis, J. S.; Seth, M.; Snijders, J.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c03401
Inorg. Chem. 2025, 64, 21501−21508

21507



G.; Sola,̀ M.; Stener, M.; Swart, M.; Swerhone, D.; Tognetti, V.; te
Velde, G.; Vernooijs, P.; Versluis, L.; Visscher, L.; Visser, O.; Wang,
F.; Wesolowski, T. A.; van Wezenbeek, E. M.; Wiesenekker, G.; Wolff,
S. K.; Woo, T. K.; Yakovlev, A. L. ADF 2018.107, SCM, Theoretical
Chemistry; Vrije Universiteit, Amsterdam, The Netherlands, URL
https://www.scm.com. accessed 07/21.

(34) Baerends, E. J.; Aguirre, N. F.; Austin, N. D.; Autschbach, J.;
Bickelhaupt, F. M.; Bulo, R.; Cappelli, C.; van Duin, A. C.; Egidi, F.;
Fonseca Guerra, C.; Förster, A.; Franchini, M.; Goumans, T. P. M.;
Heine, T.; Hellström, M.; Jacob, C. R.; Jensen, L.; Krykunov, M.; van
Lenthe, E.; Michalak, A.; Mitoraj, M. M.; Neugebauer, J.; Nicu, V. P.;
Philipsen, P.; Ramanantoanina, H.; Rüger, R.; Schreckenbach, G.;
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