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ABSTRACT: This study examines the use of density functional theory (DFT) calculations
with a relativistic Hamiltonian for the prediction of '*Pt NMR shielding tensors in
coordination compounds, as well as the development and application of a method for
obtaining quantitative relationships between '**Pt chemical shift tensors and Pt—ligand
bonding. We examine the importance of relativistic effects on '*°Pt magnetic shielding
tensors, along with a representative GGA (PBE) and corresponding hybrid (PBE0) DFT
functional approximation to determine what is necessary to achieve the best agreement with
experiment without reliance upon fortuitous error cancellation. Two methodologies that
address the issues of long-range effects on '**Pt magnetic shielding tensors in solids are
compared and contrasted: (i) calculations that treat the extended lattice of Pt-coordination
compounds under periodic boundary conditions and (ii) all-electron calculations employing
finite clusters as structural models. Natural bond orbital and natural localized molecular
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orbital analyses examining the contributions of individual orbitals to the Pt magnetic shielding tensors are used to understand
their relationship to the electronic structure and Pt—ligand bonding. Finally, the potential of these theoretical methods for
investigating a wide range of materials containing platinum group elements is discussed.

1. INTRODUCTION

Owing to their distinctive physicochemical properties, the
platinum group elements (PGEs; Ru, Rh, Pd, Os, Ir, and Pt) play
essential roles in critical technologies, including catalysis,
electronic devices, and medical applications.' > Some of the
unique properties of PGE coordination compounds result from
their distinctive dative bonding, i.e., covalent bonding by ligand-
to-metal donation and metal-to-ligand back-donation of
electrons.”” Unfortunately, PGEs are scarce and costly;
therefore, there is a pressing need to identify abundant and
cheap alternatives to replace PGEs in technologically relevant
materials. A possible pathway to finding replacement metals is
through the discovery of unique ligands that compensate for
bonding contributions particular to specific PGE—ligand
bonds.*” With this goal in mind, it is necessary to gain a deeper
understanding of the nature of PGE—ligand bonding, as this may
inform rational strategies for replacing PGEs and designing
materials with tunable properties. The present work focuses on
the namesake of the PGEs, i.e., platinum, and its coordination
compounds.

The combination of solid-state NMR (SSNMR) spectroscopy
and quantum chemical computations using density functional
theory (DFT) with a relativistic Hamiltonian provides one
important avenue for investigating PGE—ligand bonding, since
NMR parameters are very sensitive to the composition of
bonding, antibonding, and nonbonding molecular orbitals.'*™"”
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Among the platinum group elements, '**Pt is the most
extensively characterized by SSNMR due to its moderate
receptivity, with numerous reports detailing its application to a
wide range of materials.'®*>* However, the large chemical shift
anisotropies observed for many Pt complexes present significant
challenges for spectral acquisition and interpretation.”” Wideline
and ultrawideline (i.e., patterns with breadths >250 kHz) '*>Pt
SSNMR powder patterns can be acquired using a variety of
methods, including those utilizing direct excitation,>°*°
polarization transfer from more abundant spins,“_43 and
indirect detection through abundant spins.”*~** In contrast,
for the other PGEs, there are very few ('®Rh, */!”'Ru, and
105pd)* =% or no (*/1%0s and Y'%Ir) reports of their
SSNMR spectra, largely due to their comparatively low
receptivity to the NMR experiment. However, recent
publications from our laboratories have reported optimized
experimental conditions for acquiring 'Rh and *’Ru SSNMR
spectra to elucidate the nature of PGE—ligand bonding.”*~>*
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Quantum chemical computations increasingly permit accu-
rate prediction of the electronic and magnetic properties of
materials. Relativistic DFT methods can predict the magnetic
shielding tensors for fifth- and sixth-period elements and relate
them to experimental chemical shift tensors with a high degree
of accuracy, affording opportunities to determine which
individual orbitals most strongly influence '**Pt magnetic
shielding tensors and by extension, their relationship to
molecular-level structure and Pt-ligand bonding.****°~%
The factors underlying these relationships have been explored
in terms of contributions from different localized molecular
orbitals,"* revealing four key influences: (i) differences between
(pseudo-) square planar and (pseudo-)octahedral coordination
geometries (ie., Pt" and Pt" species, respectively); (ii) the
extent of delocalization of nonbonding Pt Sd lone pair orbitals;
(ili) the delocalization of Pt—ligand bonds; and (iv) the
occupancy of antibonding Pt—ligand ¢* orbitals.

Computations of '"’Pt magnetic shielding tensors have
garnered significant interest because of the large '**Pt chemical
shift range (>15 000 ppm in diamagnetic compounds) and the
importance of relativistic effects.””*>~>>%*~"% Much prior work
has focused on the comparison of calculated Pt NMR
parameters with experimental data obtained from solution
NMR. However, these calculations are complicated by a range of
factors that influence their outcomes. '**Pt chemical shifts are
very challenging to compute due to their high sensitivity to
relativistic effects, basis set quality, the chosen (or required)
density functional, molecular geometry (especially the Pt—
ligand distances), and potential solvent effects (including
solvent—solute dynamics). These interdependent factors
complicate the assessment of computational accuracy, as it is
often unclear which of these influences dominate discrepancies
with experimental data.

Among the available approaches to treat relativistic effects, the
quasi-relativistic zeroth-order regular approximation (ZORA)
Hamiltonian, which treats scalar relativistic (SR) as well as
spin—orbit (SO) relativistic effects, has emerged as a practical
and widely adopted approach for the calculation of NMR
interaction tensors.”® Several studies have demonstrated that
ZORA yields accurate NMR chemical shifts and J-couplings for
195Pt and other heavy elements in benchmark comparisons to
fully relativistic methods.””~* As for DFT approximations,
hybrid functionals are expected to perform significantly better
than nonhybrid functionals for the calculation of NMR
parameters of transition metal complexes.”’

Accurately calculating '*°Pt chemical shifts remains a
challenge due to the complex interplay of environmental effects
in both solution and solid phases. In solution-phase NMR
calculations, solvation and dynamical averaging can introduce
substantial sources of error that obscure the true performance of
an otherwise well-constructed computational ap-
proach.”*”>”77% In the present work, these complications are
avoided by focusing on the '**Pt chemical shift data obtained
from SSNMR spectra, where solvent effects are absent.
However, this brings its own challenges, requiring a thorough
assessment of the treatment of solid-state crystal packing and
long-range electrostatic effects.”’*>*%*’

Recently, implementations for NMR shielding tensors using
DFT with the ZORA Hamiltonian and periodic boundary
conditions (PBCs, such as in the GIPAW approach), including
SO effects, have been reported.*>*” These methods are certainly
suitable for assessing the long-range effects from periodic
environments and the principal magnitudes of SO effects.
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However, the cited implementations do not yet support hybrid
functionals such as PBEO, which are known to improve NMR
shielding calculations substantially.”® Furthermore, we have not
been able to verify whether the crucial response of the XC
potential to one of the perturbations (nuclear spin magnetic
moment or the external field),** which has to be solved self-
consistently in the presence of the SO interaction irrespective of
whether the XC approximation includes exact exchange or not,
is implemented fully in the available PBC codes. It is also worth
noting that a “finite field” style implementation, using the
nuclear magnetic moment as the perturbation according to the
“converse approach” used for most NMR codes with PBCs, is
unlikely to be variationally stable for heavy nuclei such as Pt
when sufficiently flexible basis sets are used.”’ Finally, the
available PBC NMR codes do not feature the kind of analysis
tools in terms of localized MOs as used in the present work.
Given these caveats, we found it more suitable to approximate
the crystal environments in molecular calculations via finite
cluster models while treating the magnetic field response fully
analytically and having the possibility of employing hybrid
functionals and localized MO analyses, instead of employing one
of the available PBC codes along with the approximations
accompanying these implementations.

This study is motivated by the desire to establish chemically
intuitive methods for correlating '**Pt chemical shift tensors to
bonding and structure by using relativistic DFT calculations in
comparison with experimental SSNMR data. The growing
literature on Pt NMR calculations suggests that relativistic
effects, hybrid functionals, and solid-state effects are all essential
for accurate modeling. Thus, a computational strategy that
balances accuracy, interpretability, and structural fidelity is
needed. The present work adopts such a “best of both worlds”
approach, which leverages molecular-level calculations with
interpretive power, while using cluster models that approximate
the local lattice environment. Critical considerations for
conducting such calculations on Pt" and Pt' coordination
compounds that lead to the best agreement with experiment are
explored, including: (i) the importance of treating SO effects,
which substantially complicate the development of methods and
render the calculations more expensive; (i) the choice of
exchange-correlation functional; and (iii) the computational
protocol for accounting for intermolecular effects in molecular
solids. The relationships between '**Pt chemical shift tensors,
structure, and bonding are investigated using both natural
localized molecular orbital (NLMO) and natural bond orbital
(NBO) analyses, which provide chemically intuitive insight into
the individual orbital contributions to the NMR interaction
tensors.”' ~'>? Finally, we discuss the general applicability of
these computational methods for the study of the NMR
interaction tensors of other PGEs and their ligands and their use
for determining structure—property—function relationships.

2. COMPUTATIONAL METHODS

2.1. Geometry Optimizations

Structural refinements were performed using plane-wave DFT as
implemented in the CASTEP module of Materials Studio 2020.”
These calculations were performed on model structures obtained from
neutron or X-ray diffraction studies (Table S1, Supporting
Information), for which the positions of all atoms were relaxed using
the quasi-Newton LBFGS energy-minimization scheme,”® whereas
lattice parameters remained fixed at their experimental values.
Calculations employed the PBE functional”® with a plane-wave cutoff
energy of 800 eV and core—valence interactions modeled with ultrasoft
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pseudopotentials” generated on the fly. Relativistic effects were
incorporated using the ZORA pseudopotential formalism.”” Integrals
over the Brillouin zone were sampled using a Monkhorst—Pack grid
with a k-point spacing of 0.05 A™.® Semiempirical dispersion was
included through the many-body dispersion force field approximation
of Tkatchenko et al.”” Thresholds for assessinog structural convergence
were a maximum change in energy of S X 107° eV atom ™, a maximum
displacement of 5 X 107* A atom ™', and a maximum Cartesian force of
1072 eVA™,

2.2. Overview of Magnetic Shielding Calculations

All '*Pt magnetic shielding tensors were calculated from the energy-
minimized structural models obtained from the CASTEP geometry
optimizations. Magnetic shielding tensors were calculated using either
CASTEP” or the Amsterdam Density Functional (ADF) program
included in the AMS suite (AMS 2021),"°%'°! with different
computational protocols depending on the software package and the
nature of the crystal structure. Plane-wave DFT calculations in
CASTEP employed the PBE functional, the gauge-invariant projec-
tor-augmented wave (GIPAW) approach of Pickard and Mauri,"*'**
and otherwise identical parameters and approximations as those used in
the geometry optimizations. Convergence of '**Pt magnetic shielding
tensors with respect to the plane-wave cutoft energy and k-point spacing
is demonstrated by the data in Table S2. Calculations of magnetic
shielding tensors with free boundary conditions (finite systems)
employed the gauge-including atomic orbital (GIAO) method,'**'* as
implemented in AMS.*”'%'% These calculations used either the
PBE”® or hybrid PBE0’>"'° functional, and the ZORA Hamiltonian in
its scalar relativistic (SR) approximation or in its full form including
both scalar relativistic effects and the spin—orbit (SO) interac-
tion.”%M V112714 1y the SO calculations, the NMR steF included the
response of the DFT exchange-correlation potential.*>' ™ Calculations
of magnetic shielding in AMS used both isolated molecules and clusters
of molecules as structural models, as outlined below.

2.3. Methods for Calculating Shielding for Molecular Solids

For calculations of 1*°Pt magnetic shielding tensors in molecular solids,
clusters of molecules were constructed to represent the local
environment of the complexes in the crystals, as described
: 61,116-118 . .
previously. Each cluster consists of a central complex ion for
which the '**Pt magnetic shielding tensors are computed, as well as a
coordination shell consisting of between eight and 14 complete
peripheral molecules, depending on the material (Scheme 1). A layered

Scheme 1. Molecular Clusters for Cisplatin and Transplatin
Representing the Complete Coordination Shell Around a
Central Molecule”

Cisplatin

Transplatin

“Atomic coloring scheme: silver = Pt; green = Cl; blue = N; white =

H.

scheme was used for the basis set and numerical quality of the
integration grid“9’120 as follows: (i) for nonhydrogen atoms in the
molecule of interest, a triple-{’ Slater-type orbital basis set with two
polarization functions optimized for ZORA calculations (TZ2P) was
employed, along with a numerical grid set to “good”; (ii) for all other
atoms, a “basic” grid was used; (iii) Pt atoms in the peripheral molecules
of the clusters were treated with a double-{ polarized basis (DZP),
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while a minimal basis (SZ) was used for the other atoms in the cluster as
well as for hydrogens in the ligands of the central molecule. In some
cases, it was necessary to change the integration grid for the DZP and
SZ regions to “normal” to achieve SCF convergence.

2.4. Methods for Calculating Shielding in Network Solids

Calculations of Pt magnetic shielding tensors for network solids
employed the valence modification of terminal atoms using bond
valence theory (VMTA/BV) approximation, which was first introduced
for the study of lead-containing materials® and has been employed
successfully for the calculation of the magnetic shielding tensors of a
variety of nuclides.”*”6*¢"121122 1 this approximation, clusters of
atoms are expanded around a central atom, leading to large net charges
due to missing counterions coordinating the terminal atoms (Scheme
2). To compensate for this, the standard nuclear charges on the

Scheme 2. Third Coordination Shell Clusters for K,[PtCl,]
and K,[PtCI]“

K,[PtCl,]

K,[PtClg]

“Atomic coloring scheme: silver = Pt; green = Cl; purple = K.

terminal atoms of the clusters (Z,,) are modified (Z,.4) by the
additional term (AS) that accounts for the missing bonds resulting from
the termination of the cluster:

Zod = Zoye + AS (1)

‘mod —

The values of Z, 4 are summarized in Table S3. Unless stated
otherwise, clusters of network solids were constructed to consist of up
to three coordination shells around the central Pt site, as clusters of this
size present a satisfactory trade-off between accuracy and computa-
tional cost.””'** These calculations used a basis set-partitioning scheme
in which the central Pt atom and all directly bonded atoms were
assigned the TZ2P basis set, with the numerical grid set to “good”, and
all atoms up to the third coordination shell were assigned the SZ basis
set (or DZP and DZ for heavy Pt and Cs atoms, respectively), with the
numerical quality set to “basic”.

2.5. NBO and NLMO Analysis

Localized molecular orbital (MO) analyses of the platinum shielding
tensors were performed on top of the finite-cluster calculations with the
ADF program. In each case, an initial calculation at the ZORA/SR level
was performed to obtain a set of SR canonical MOs. Orbital localization
was then performed via the NBO 6.0 program interfaced with
ADFE.'*'** The NBO step was followed by a DFT calculation at the
SO (including SR effects) level. The shielding tensor at the Pt nucleus
was then calculated using the NMR module of ADF and analyzed in
terms of contributions from the SR NBOs, as well as the corresponding
NLMOs, as detailed elsewhere."' ™'* Note that the full set of NBOs and
NLMOs is used in the calculations, such that the change of basis does
not constitute an approximation.

2.6. Statistical Analysis
The relationship between calculated principal components of the
magnetic shielding tensors (6“) and experimental principal

components of chemical shift tensors (§;"F) is described by the
following expression:

https://doi.org/10.1021/acs.inorgchem.5c05169
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Table 1. Experimental and Calculated '**Pt Chemical Shift Tensors for Cisplatin and Transplatin as Modeled Using Molecular

Clusters of Increasing Size®b¢

61, (ppm) 5y, (ppm)

Cisplatin

Experimental 3816 —4574
Isolated molecule 1640 —4142
Small cluster (3 molecules) 2150 —4004
Medium cluster (9 molecules) 2425 —4052
Full cluster (15 molecules) 2430 —4156
Transplatin

Experimental 3279 —4001
Isolated molecule 247 —4204
Small cluster (3 molecules) 2413 —4475
Medium cluster (7 molecules) 2916 —3931
Full cluster (15 molecules) 2840 —3857

833 (ppm) 85 (ppm) Q (ppm) K d, (ppm)
—4745 —1834 8561 ~0.96 ;
—5125 2542 6765 071 988
—5006 —2287 7156 —-0.72 738
—4986 —-2205 7411 —-0.75 620
—5014 —2246 7444 —-0.77 625
—5821 —2181 9100 —0.60 ;
—5187 —3048 5434 —0.64 1317
—5056 —2373 7469 —0.84 480
—5740 2252 8656 —0.58 149
—5824 —2280 8664 185

“The chemical shift tensors are defined with the principal components ordered from highest to lowest frequency as §,, > &,, > 833. The Herzfeld—
Berger convention is also used herein, where the isotropic chemical shift, span, and skew are given by &, = (811 + 6, + 833)/3, Q = §;; — 833, and &
=3(8y, — 85,)/Q, respectively. bCalculations were performed using the hybrid PBEO functional, the ZORA spin—orbit relativistic treatment, and a
cluster of molecules representing the local lattice environment. See the main text for further details. Calculated values were converted to the
chemical shift scale following the discussion in Section 2.6. “Chemical shift distance (d,) between the experimental and calculated chemical shift

tensors is given by eq 4.

oy = A8)P + B @)

where the index v denotes the Pt site (v = 1,2, ..., N), the index i denotes
the principal component of the shielding tensor (i = 1, 2, 3), A
represents the slope of the correlation line, and B represents the
interpolated shielding of the reference state [1.0 M Na,PtCly(aq) at
81o(**°Pt) = 0.0 ppm]. Calculated chemical shifts (5i:-"calc) are derived
from the following expression:

5iy,calc — (B _ Giy,calc)/A (3)

i

The chemical shift distance for atom v, d,, provides a comparison
between a calculated and an experimental chemical shift tensor with a
single scalar value in ppm. Given two sets of principal components of
chemical shift tensors, d, is defined by the following expression:'**

1
du — (E[3(5lvl,calc _ 51v1,exp)2 + 3(52112,calc _ 62‘/2,exp 2

+ 3(6;3;&1(: _ 5;éexp)2 + 2(51v1,calc _ 61v1,exp

(52vz,calc _ 62vz,exp) + 2(51v1,calc _ 51v1,exp) (53113,calc _ 53v3,exp
1/2
+ 2(521)2,calc _ 52|/2,exp) (53vécalc _ 5;;{;))])

(4)
A root-mean-square chemical shift distance for the N chemical shift
tensors (Apyg) is determined by the following expression:

(1en o)
e = [ 2 4] ©

The values for the shielding of the reference system, B, and the slope,
A, are optimized numerically via a generalized reduced gradient
algorithm for each type of calculation to minimize the value of Ay

3. RESULTS AND DISCUSSION

3.1. Overview

195Pt magnetic shielding tensors were calculated for crystalline,
diamagnetic solids containing Pt atoms in the Pt" and Pt"
oxidation states. We first assess the quality of the results through
a comparison with experimental '**Pt chemical shift tensors.
Several technical aspects related to the construction of solid-
state clusters to model local crystal environments and their
impact on the calculations of '**Pt magnetic shielding tensors for
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representative cases are outlined in Section 3.2. This analysis is
expanded in Section 3.3 to the '**Pt magnetic shielding tensors
for 16 systems, along with an exploration of the importance of
relativistic approximations and the choice of density functional
for achieving agreement with experimental values. Finally,
NBO/NLMO analyses of contributions of individual orbitals to
the '*°Pt magnetic shielding tensors are discussed in Section 3.4
to understand their relationship to structure and bonding,
focusing on a representative subset of materials. Calculations
described in Sections 3.2 and 3.4 are performed at the PBE0/SO
level, whereas those in Section 3.3 are performed at various
levels of theory.

3.2. %Pt Magnetic Shielding Tensors for Select Systems

In this section, we discuss technical aspects related to the
construction of solid-state cluster models to represent local
crystal environments and their impact on calculations of '**Pt
magnetic shielding tensors, with the goal of finding the best
trade-off between accuracy and computational cost.

3.2.1. Molecular Solids. For square-planar Pt" complexes
with low-molecular-weight ligands residing in the L,Pt plane, it
is anticipated that intermolecular interactions will have a
significant influence on the '*°Pt magnetic shielding tensors
due to interactions between the Pt atom and nearby
molecules.”> The comparison of calculations on different
structural models of cisplatin [cis-PtCl,(NH;),] and transplatin
[trans-PtCl,(NH,),] provides a means of establishing the
importance of intermolecular effects because of differences in
the packing arrangements that these molecules adopt (Scheme
1). For instance, cisplatin molecules pack in a columnar fashion,
with Pt—Pt intermolecular interactions between Pt centers,
whereas transplatin lacks Pt—Pt interactions, instead featuring
intermolecular contacts between Pt and the amine and chlorine
ligands.'**

We have explored four methods of probing intermolecular
effects on '*°Pt magnetic shielding tensors via calculations on:
(i) isolated molecules for which all intermolecular interactions are
ignored; (ii) small molecular clusters that account for only the
shortest Pt—Pt and/or Pt—L (L = Cl, NH;) contacts; (iii)
medium molecular clusters that account for all Pt—L contacts up
to ca. 5 A; and (iv) large molecular clusters that account for all

https://doi.org/10.1021/acs.inorgchem.5c05169
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Table 2. Experimental and Calculated '*Pt Chemical Shift Tensors for K,[PtCl,] and PtS as Modeled Using Different Sizes of
Clusters and Modified (VTMA/BV) or Standard Nuclear Charges”

8,1 (ppm) 6y, (ppm) 833 (ppm) Jieo(ppm) Q (ppm) K d, (ppm)
K,[PtCl,]
Experimental 5420 —4990 —4990 —1520 10 410 —1.00 -
Third (VMTA/BV) 4714 —4681 —4681 —1549 9395 —1.00 304
First (VMTA/BV) 11 365 —3243 —3243 1626 14 608 —1.00 3386
First (Standard) 5746 —4258 —4259 —924 10 005 —-1.00 608
PtS
Experimental 4023 —3734 —5920 —1877 9943 -0.56 -
Third (VMTA/BV) 2829 —4137 —5774 —2361 8603 -0.62 596
First (VMTA/BV) 10 490 —3337 —3416 1245 13 906 —-0.99 3505
First (Standard) —2128 —7506 —8734 —6122 6606 -0.63 4337
“Calculations of *Pt magnetic shielding were performed at the PBE0/SO level.
9500 - 9000
‘\‘. PBE/GIPAW PBE/SR
£ A A=-0970 £ A\ A=-0.950
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Figure 1. Correlations between calculated principal components of '**Pt magnetic shielding tensors and experimental Pt chemical shift tensors, as
determined using different computational protocols. Computed shielding constants were obtained using PBE/GIPAW (blue), PBE/SR (red), PBE/
SO (green), and PBE0/SO (yellow) methods. Colored lines represent the best-fit line in which the parameters A and B are optimized to minimize the
value of Agys (see eqs 2—5). The black lines are fits constrained to an ideal slope of —1.

intermolecular interactions through the inclusion of the
complete first coordination shell of molecules. For cisplatin,
the small cluster consists of a central molecule as well as two
molecules for which the intermolecular Pt—Pt contact distances
are ca. 3.4 A, whereas the medium cluster also includes six
molecules featuring Pt—Cl and/or Pt—NH; contacts. For
transplatin, the small cluster consists of a central molecule as
well as two molecules featuring Pt—NH, contacts of ca. 3.6 A,
whereas the medium cluster also includes four molecules with
Pt—Cl and Pt—NH; contacts up to ca. 4.7 A. In contrast, the
large clusters of cisplatin and transplatin both consist of the 15
molecules that comprise the first complete molecular coordina-
tion shell (Scheme 1).

Intermolecular effects on '**Pt magnetic shielding tensors are
significant, with variation dependent on the nature of the
intermolecular interactions (Table 1). We note several
observations: (i) inclusion of additional molecules in the cluster
typically results in an increase in the span of the magnetic
shielding tensor, leading to better agreement with experiment;

4434

(ii) for cisplatin, intermolecular interactions have the greatest
effect on 9}, the least shielded principal component oriented
perpendicular to the L, Pt plane, which is deshielded by 806 ppm
in the full cluster model relative to the isolated molecule,
reflecting the sensitivity of out-of-plane orbitals to the
surrounding environment; (iii) for transplatin, intermolecular
effects influence all three principal components of the magnetic
shielding tensor, resulting in either shielding or deshielding
depending on the size of the cluster; and (iv) increasing the size
of the cluster beyond the first complete coordination shell of
molecules is very costly and has little effect on the computed
magnetic shielding tensor. The importance of intermolecular
effects on the '**Pt magnetic shielding tensors is evaluated for 10
molecular solids in Figure S1. These calculations have associated
errors (relative to experiment) of Apys = 391 and $80 ppm for
clusters and isolated molecules, respectively. From these results,
it is evident that calculations on clusters that include the
complete first coordination shell of molecules represent the best
trade-off between computational cost and accuracy. The origins
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of the intermolecular effects on magnetic shielding tensors differ
for cisplatin and transplatin, which are discussed in detail in
Section 3.3.

3.2.2. lonic and Network Solids. The utility of the
VMTA/BV model (Scheme 2) for calculations on ionic and/or
network solids is illustrated through a comparison of
calculations on clusters in which the pseudoatom model is
employed and clusters in which it is not (i.e., an “untreated”
cluster); for the latter case, large net charges result due to the
missing coordination counterions (Figure S2). For this
comparison, we use third-coordination shell clusters of all six
network solids. The untreated clusters have net charges that
range between —18 and —64 depending on the system. Use of
the VMTA/BV cluster model resulted in SCF convergence in
less than 20 cycles for all systems, whereas use of the untreated
clusters resulted in SCF convergence for only two systems after
300 cycles.

We next examined the effects of cluster size on the calculation
of Pt magnetic shielding tensors for clusters that are
constructed to include up to the first, third, or fifth coordination
shells of atoms. Additionally, we examined the use of first
coordination shell clusters with standard nuclear charges, since
SCF convergence is possible for these. Calculations using first
coordination shell clusters, whether using standard or VMTA/
BV nuclear charges, are insufficiently large to model the effects
of the local environment on magnetic shielding tensors, based
on the poor agreement with experiment (Table 2, Figure S3).
Calculations using fifth coordination shell clusters are very costly
due to the large number of Pt atoms and could not be completed
for any sgfstem. Consistent with previous work using this
approach,”"** calculations on third coordination shell clusters
with VMTA/BV charges result in good agreement with
experiment and are consequently used in the analyses in Section
3.3.

3.3. Survey of '°*Pt Magnetic Shielding Tensors

Here, we evaluate calculations of the **Pt magnetic shielding
tensors for 16 solids, including ten molecular solids and six
network solids. The relationships between the principal
components of the experimental chemical shift tensors and
calculated magnetic shielding tensors are shown in Figure 1.
Statistical analysis associated with these calculations is displayed
in Table 3, a summary of the best calculations is in Table 4 (vide
infra), and a listing of all calculated values is given in Table S4.

First, we compare two methods of calculating '**Pt magnetic
shielding tensors: (i) PBE/GIPAW calculations (plane wave
basis sets and SR pseudopotentials generated on-the-fly) and (ii)
PBE/SR calculations performed with cluster-based models
(GIAO formalism, all-electron Slater-type basis functions, and

Table 3. Statistical Analysis Related to the Correlation
between Calculated '* Pt Magnetic Shielding Tensors and
195pt Experimental Chemical Shift Tensors”

N A B (ppm) Agys (ppm)
GIPAW 16 —475 —0.970 525
PBE/SR 16 —903 —0.950 607
PBE/SO 16 2278 —0.858 508
PBE0/SO 16 1587 —1.022 374

“The parameters N, A, B, and Ay refer to the number of Pt sites
(N), the interpolated magnetic shielding of the reference state (B),
the slope of the correlation line (A), and the RMS chemical shift
difference (Agys). See eqs 2—5 for definitions.
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the ZORA/SR Hamiltonian). The key difference between these
two sets of calculations is that the former accounts for
intermolecular interactions through the use of periodic
boundary conditions, whereas the latter uses clusters of atoms
or molecules (depending on the nature of the system). Cluster
models for the molecular solids consist of 9—15 molecules,
whereas those of the network solids are composed of all atoms
up to the third coordination shell. Both methods accurately
model intermolecular effects on the magnetic shielding tensors,
resulting in correlation lines with slopes that deviate slightly
from the ideal of —1 (Table 3). For instance, PBE/GIPAW and
PBE/SR calculations yield A = —0.970 and —0.950, respectively,
with comparatively similar intercepts of B = —475 and —903
ppm, respectively. Furthermore, the RMS chemical shift
distances for the PBE/GIPAW and PBE/SR calculations are
Agys = 525 and 607 ppm, respectively.

Second, we explore the importance of SO interactions on the
computed magnetic shielding tensors (i.e., PBE/SR vs. PBE/
S0O). SO effects have a large impact on the calculated values of
195p¢ magnetic shielding tensors, which is most apparent in the
intercept of the correlation line (B = 2278 ppm) and the slope
(A =—0.858), the latter of which deviates substantially from the
ideal value of —1. The use of the ZORA/SO Hamiltonian results
in increased shielding of the reference by ca. 3200 ppm relative
to the value predicted at the PBE/SR level, which is consistent
with previous calculations on the shielding of sixth-period
elements®®*” (N.B.: these differences tend to be an order of
magnitude smaller for fifth-period elements such as Cd, Sn, Te,
and Rh).533657,59,121

Third, the use of the hybrid functional PBEO in combination
with the ZORA/SO Hamiltonian (i.e,, PBE0/SO), leads to the
best agreement with experimental '**Pt chemical shift tensors.
The use of the PBEO functional results in changes to the
individual principal components of the '**Pt magnetic shielding
tensors that differ in magnitude and direction relative to
calculations performed at the PBE/SO level; this results in a
correlation line with a slope much closer to —1 (A = —1.022), as
well as a decrease in the total shielding of the reference
compound (B = 1587 ppm). Most significantly, these
calculations result in excellent agreement with experiment, as
characterized by Agys = 374 ppm, which corresponds to ca.
2.5% of the '”*Pt chemical shift range of ca. 15 000 ppm. This
observation, that the combination of hybrid functionals and
relativistic effects at the SO level provides the best agreement
with experiment, is consistent with previous studies of the
magnetic shielding of fifth- and sixth-period nu-
clides.”»**373%12! The differences in the performance of the
PBE and PBEO functionals likely relates at least in part to the
electron delocalization error (DLE),"* a well-known phenom-
enon in Kohn—Sham DFT that results from spurious self-
repulsion of electrons, the effects of which vary with the
functional approximations used, as well as the system under
consideration. The reason why the DLE is important in the
context of NMR of transition metal complexes is that it impacts
the extent of dative bonding because the latter is a delocalization
phenomenon. The inclusion of an admixture of exact exchange
in hybrid functionals (e.g., 25% in the standard PBEO
approximation) often greatly alleviates the DLE, and as in the
present case, provides more accurate predictions of '*°Pt
magnetic shielding tensors. This is evidenced by the
consideration of the PBEO/SO calculations for all of the systems
herein, as compared in Table 4.

https://doi.org/10.1021/acs.inorgchem.5c05169
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Table 4. Experimental and Calculated (PBE0/SO) '*>Pt Chemical Shift Tensors*"*

Material 6y, (ppm) 65 (ppm) d3; (ppm) S0 (ppm) Q (ppm) K d, (ppm)
cis-PtClL,(NH,), Exp.”’ 4100 —4697 —4877 —1825 8977 —0.96 -
Calc. 2428 —4147 —5003 —2241 7431 -0.77 624
trans-PtCl,(NH;), Exp.” 3260 —4020 —5840 —2200 9100 —0.60 -
Calc. 2837 —3848 —5811 2274 8648 —0.55 185
Pt(cbdca) (NH;), Exp.”’ 4576 —4927 —4974 -1775 9550 —0.99 -
Calc. 3577 —4798 —4868 —2030 8445 —-0.98 419
PtCl,(en) Exp.”’ 3342 —4900 —4983 —-2180 8325 —0.98 -
Calc. 3203 —4326 —4568 -1897 7771 —-0.94 343
Pt[S,P(OEt),], Exp.*® —2530 —4608 —4953 —4030 2423 -0.72 -
Calc. -1323 —4652 -5317 3764 3994 —0.67 505
PtCl,(MeCN), Exp.”’ 3090 —4831 -5760 2500 8850 —0.79 -
Calc. 2515 —4843 —4996 —2441 7511 —-0.96 352
Pt(dmpe)Me, Exp."’ —4146 —4587 —4776 —4503 630 —0.40 -
Calc. —4199 —4542 —4875 —4539 676 —-0.01 52
PtCl,(NH,), Exp.” —134 —209 —367 —237 233 0.36 -
Calc. -370 -386 —623 —460 253 0.87 224
Pt(tfd), Exp.** —1427 —3357 -7277 —4020 5850 0.34 -
Calc. —546 -3193 —6983 -3574 6437 0.18 488
[Pt(tfd),][NEt,], Exp.”! —1468 —4389 —-5213 —3690 3745 —0.56 -
Calc. -1051 —4200 —5140 —3464 4089 —-0.54 244
K,[PtCl,] Exp.*’ 5429 —4990 —4990 -1517 10 419 -1.00 -
Calc. 4714 —4681 —4681 —1549 9395 -1.00 304
K,[PtCl] Exp.*’ 207 207 207 207 0 n/a -
Calc. —204 —209 —212 —-208 8 —-0.25 416
PtS Exp.*>% 4023 —3734 —5920 -1877 9943 —0.56 -
Calc. 2829 —4137 5774 -2361 8603 —-0.62 596
K,[PtFq) Exp.”! 7683 6673 6578 6978 1105 —-0.83 -
Calc. 7673 6795 6792 7087 881 —-0.99 123
Rb,[PtF] Exp.*! 7657 6871 6685 7071 972 —0.62 -
Calc. 7882 7081 7078 7347 804 —-0.99 281
Cs,[PtF] Exp.’! 7700 6998 6908 7202 792 —-0.77 -
Calc. 8016 7209 7205 7477 811 —-0.99 276

“The following abbreviations are used in compound names: cbdca = cyclobutanedicarboxylic acid; en = ethylenediamine; dmpe = 1,2-
bis(dimethylphosphino)ethane; tfd = S,C,(CF;),. bCalculations were performed at the PBEO/SO level with clusters used to model the crystal
lattice, as detailed in the text. “Calculated '**Pt magnetic shielding tensors were converted to the chemical shift scale using eqs 3—5 and the values
in Table 3.

Scheme 3. Illustration of the Orbital “Rotation” Model for [PtCL,]Z_“
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“In this example, an external field along the z-axis causes a 45° rotation of the occupied NB d,, lone pair orbital, which can then couple with the
unoccupied 6* orbitals of the correct symmetry.

3.4. Localized Orbital Analysis of ?5Pt Magnetic Shielding coupling of occupied orbitals with unoccupied orbitals of the
Tensors proper local symmetry.
. . « N 12 .
3.4.1. Overview. An orbital “rotation” model'?” for the Pt The d-atomic orbital (AO) “rotation” model setup'” is as

follows (Scheme 3): The first-order perturbation of a d-AO in
the standard set (d,,, d,., d,,, d,2_, d,2) by a static magnetic

Xy “xz) x"—y 2y

5d shell, combined with a localized orbital analysis from SO

relativistic DFT calculations, is a powerful tool for analyzing field along one of the Cartesian axes is proportional to the AO

rotated by either 45° or 90°, depending on the orbital and field
This method rationalizes the direction. A magnetic field aligned in the z direction causes no
origins of contributions to the shielding in terms of magnetic perturbation in d,> (to first order; minor contributions are

trends in the highly variable chemical shift tensors of Pt

I 12,13,25,53
coordination compounds. 7"
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Table 5. NLMO Analysis of Isotropic Pt Shielding for a Set of Isolated Molecules*”*

[PtE¢]*~ [PtCl,]*~ [PtCl >~ Cisplatin
Pt core 13 653 12 793 12299 12 288
LP(Pt), —5340 137 —2966 -622
LP(Pt), —5883 —1627 —2967 —-910
LP(Pt), —5882 —1626 —2967 —1243
LP(Pt), —4951 —3465
3Pt LP —-17 106 —8068 —8899 —6238
o(Pt—X) —2207 -1778 —-1329 —858
o(Pt=Y)? —724
Yo(Pt—L)“ —2207 -1778 —1329 —-1582
L core 0 0 1 1
LLP -323 —81 106 73
SO unocc’® —165 -336 —356 -371
Total —6148 2531 1821 4171

Transplatin PtCl,(NH;), Pt(cbdca)(NH;), Pt(dmpe)Me,
12 438 12314 12 328 12 156
—1157 —2826 —1730 —462

-1 —2834 —1548 —842
—1730 —2987 —-533 —-714
—3849 —3339 —1211
—6738 —8647 =7151 —3229
—1009 —995 —724 —1329

-599 -392 —651 —10SS
—1608 —1387 —137S§ —238S
1 1 2 S

31 236 -93
—346 —369 —-227 —-592
3783 2148 3484 6165

“Isolated molecular structures were extracted from the refined crystal structures. “In the NLMO analysis, the SO and paramagnetic contributions
are combined into a single term, whereas purely paramagnetic (non-SO) effects can be obtained separately by running the analysis with only SR
effects taken into account. “NLMOs listed as LP are nonbonding. “Includes contributions from NLMOs with bonding and LP parent NBOs, which
are fully o-bonding. L denotes ligands. Depending on the complex, X may be Cl, F, O, S, or P and Y may be N or C. “Shielding contributions arise
from SO-induced mixing of unoccupied SR MOs into the SO—DFT ground state.

obtained at the relativistic level)."”® However, if the field is
applied to a nonbonding occupied [lone pair (LP)] Sd AO, and
the magnetically induced “rotation” results in significant overlap
with a low-energy unoccupied molecular orbital (MO) (e.g., a
o* paired with a dative ¢ bonding orbital from a coordinating
ligand), the result is deshielding of the nucleus by the occupied
5d AO and its magnetic coupling with the ¢*. The well-known
perturbation theory formulas apply here,'” such that the
deshielding effect is large if (i) the Sd AO and the 6* MO are
close in energy and (ii) o™ has significant overlap with the
“rotated” 5d AO. All subsequent NLMO-based shielding
analyses are performed at the PBEQ/SO level because these
calculations lead to the best agreement with experiment
(Section 3.3).

3.4.2. Trends in Isotropic Magnetic Shielding. Table 5
summarizes the results of the NLMO analysis of the absolute
isotropic shielding for a representative set of isolated Pt
complexes. As expected, the largest contribution to the total
shielding is from the Pt core, albeit with relatively minor
variation between systems. The primary differences in isotropic
shielding arise from the deshielding caused by the Pt LP 5d AOs,
as well as valence ligand orbitals that donate electron density to
the formally unoccupied Pt 5d shell.

The trends for 4-coordinate vs 6-coordinate Pt are
exemplified by the comparison between [PtClg]*~ and
[PtCL,]*", which feature 5d° and 5d* formal configurations,
respectively (cf. Figures S4 and SS for pictures of key
nonbonding 5d and o bonding/antibonding NLMOs in
[PtCls]*~ and [PtCl,]*", respectively). For [PtCls]*", the Pt—
Cl bonds are oriented along the Cartesian axes and the three
occupied Pt 5d LPs are described as d,,, d,;, and d,,, which are
equivalent (i.e., LP(Pt)., LP(Pt),, and LP(Pt),, respectively). If
the magnetic field is perpendicular to the plane of any one of
these AOs, then the first-order magnetically induced perturba-
tion corresponds to a 45° in-plane “rotation” that causes their
lobes to align with four Pt—Cl bonds. The magnetically induced
coupling generated by the overlap of the “rotated” 5d AO with
the 0* MOs that are paired with the ¢ donation bonds from the
chlorine ligands (e.g, d,, — 0,* and d,, — 6,* mixing, see Figure
S4) causes large deshielding contributions parallel to the
magnetic field (ca. —3000 ppm per LP, Table S). For
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[PtCl,]*", the situation is different (Figure S5). First, there is
one additional occupied Sd LP, namely 5d,> (ie., LP(Pt),);
however, it has a negligible contribution to shielding in
comparison to that of the other 5d LPs. Second, for the ligands
in the xy plane, a magnetic field in the z direction creates a 45°
“rotation” of d,,, resulting in overlap of all lobes with 6* orbitals;
this magnetically induced LP(Pt); — ,* and LP(Pt)y — o,*
mixing results in isotropic deshielding of ca. —4951 ppm. Third,
d,, (LP(Pt),) and d, (LP(Pt).), which are not equivalent to d,
(LP(Pt)4), undergo mixing with ¢* MOs, though to a lesser
degree than those in the octahedral [PtCls]*". This is mostly
caused by the absence of 6* MOs in the z direction in [PtCl,]*",
which diminishes the induced magnetic coupling, since only two
of the lobes of the “rotated” AOs overlap with antibonding ¢*
MOs (instead of all four lobes in the case of dxy).

Similar trends are observed in the NLMO analyses for
PtCl,(NHj;),, cisplatin, transplatin, and Pt(cbdca)(NH;),, the
first of which has a 5d° formal configuration, and the latter three
have a 5d® configuration. Pt isotropic shielding for PtCl,(NH,),,
like [PtClg]*", largely arises from the occupied Pt 5d LPs (i.e.,
d,, d,, and d,, or LP(Pt), LP(Pt), and LP(Pt),), though in this
case, the contributions are not identical due to the presence of
both Pt—Cland Pt—N covalent bonds (Figure S6). For the three
planar compounds, a major deshielding contribution arises from
the d,, LP orbital (LP(Pt)4 (Figures S7—S9), albeit a smaller
contribution than in [PtCl,]*~, due to differences in degrees of
overlap and energies between the coupled bonding and
antibonding orbitals in each system.

We next examine the striking difference between the '**Pt
chemical shifts of K,[PtF,] (Figure S10) and K,[PtCly] (Figure
S4), which have the same octahedral Pt—halide bonding motif
and formal metal oxidation state. The difference in shielding
largely results from the three Sd LPs, i.e., the thg set of d orbitals.
The combined contribution is over —17 000 ppm in [PtF4]*",
whereas it is only ca. —8000 ppm in [PtCls]>". This large
disparity reflects differences in Pt—ligand bonding, as the more
ionic Pt—F bonds lead to greater localization of the 5d lone pairs
and hence stronger deshielding contributions than the more
covalent Pt—Cl bonds (vide infra).

This made us wonder what the shielding of a Pt"¥ ion in a
(tzg)6 configuration would be in a purely electrostatic crystal

https://doi.org/10.1021/acs.inorgchem.5c05169
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Table 6. Averaged Calculated Parameters for Relevant 3c4e NBO/NLMOs” of K,[PtF,] and K,[PtCl,]

NLMO NBO
orbital type % L” % Pt” % trans-L” E®/ev NBO pop*
K, [PtF,] LP(F),. 83.6 13.1 3.1 5.03 1.69
o(Pt=F)q.s 80.6 17.0 0 022 1.98
o*(Pt—F), . (NBO) 182 81.8 - - 034
K,[PtCl] LP(C), . 739 172 8.5 7.24 1.49
o(Pt—Cl) o 65.5 337 0.1 0.04 1.98
o*(Pt—Cl), . (NBO) 33.0 67.0 - - 0.52

“Optimized octahedral geometry has Pt—F distances of 1.991 A. ®The NLMOs corresponding to one of these “LP” NBOs are o-bonding and
labeled as G(Pt—F)LPa]b‘c in Figure S4. The density weights in columns 3—S are for the corresponding NLMOs. The E® data are for the primary
NBO delocalization into the trans 6* antibond. “Population of the parent NBO.

field, without any covalent bonding (Figure S11). To answer this
question, a model calculation was set up for a Pt" ion in an
octahedral field of point charges. Here, the t,, Sd AOs strongly
couple with the unoccupied e,* AOs. For point charges of —1 au
placed at the distance for an isolated [PtF¢]*~ complex (1.965
A), the isotropic shielding contribution from the Pt LPs is on the
order of —8 X 10° ppm, with a ty, — €™ orbital energy gap of
about 4.5 eV. Using point charges of —2 au, the energy gap
increases to 5.0 eV, while the isotropic shielding contribution
decreases in magnitude to —2 X 10° ppm (i.e., the deshielding is
reduced). Although these purely ionic electronic structures will
not be present in any real complex where there is always some
degree of covalency, the model calculations demonstrate that in
the limit of vanishing covalency, the paramagnetic deshielding
originating from a closed-shell (t,,)® Sd shell in an octahedral
crystal field is strongly amplified.

The underlying reason for this can be seen in the form of the
paramagnetic nuclear-spin electron-orbital (PSO) quantum
operator underlying the paramagnetic deshielding, which is
(nonrelativistically) proportional to (+*)r X V, with vector r of
length r being the position of an electron relative to the Pt
nucleus. The resulting shielding contributions are therefore very
sensitive to how strongly the magnetically coupled occupied and
unoccupied orbitals are localized on the Pt atom, as well as to the
ty, — e, energetic splitting. Evidently, the complexes and
network solids investigated herein are far departed from a
hypothetical purely ionic limit.

Table 6 provides a more detailed analysis of key bonding
orbitals in [PtF¢]*~ and [PtCl]?". These results were obtained
from optimized structures with idealized octahedral geometries
(rather than the optimized crystal structure geometries used
elsewhere). These systems feature 3-center 4-electron (3c4e)
ligand (L)—metal (M) bonds trans across the metal center as
follows:

L: M-LeL-M L

The NBO program typically produces one of the resonance
structures for such a bond, as exemplified by the selected orbitals
for [PtCl]*~ (Figure 2). For each trans L—-M—L set, the
localization analysis yields one ligand LP with o symmetry, and a
corresponding trans o-bonding orbital accompanied by a o*
antibond, where the LP designation only applies to the
corresponding “parent” NBO of the LP. The corresponding
NLMO has significant bonding and 3-center character and
appears similar to the trans bonding NLMO (N.B.: even though
the delocalized LPs and the bond orbitals are not identical, this
does not indicate a breaking of the octahedral symmetry).

The orbitals in Table 6 are classified as three M—L bonds
(second row) and three corresponding ligand LPs (first row).
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L: M— L

e
0

o(Pt-C)'? o(Pt-C1)BP

Figure 2. NBO vs NLMO representation of the orbital pair
representing one of the 3c4e bonds in [PtCls]*".

These data quantify the extents of covalency and delocalization
in several ways. Reported for each group of symmetry-equivalent
orbitals are the average percent density weights of the NLMOs
on each atomic center involved in the L—Pt—L interaction.
Clearly, the Pt weights are considerably larger for ClI than for F.
The ligand “LP” NBO also has a much larger delocalization
energy, E®, for Clas compared to F, and a stronger 3c character
as evidenced by the larger weight of the resulting NLMO on the
trans ligand. The magnitude of E® correlates with the
population of the LP NBO falling much below 2 as it delocalizes
to form a 3c bonding NLMO, which goes along with a
corresponding nonzero population of the trans ¢* antibond. In a
comparison of [PtCls]*~ and [PtF,]*~, the NBO populations of
the [PtCls]*~ LP are lower, and the trans 6* NBO populations
are higher. As a result of the higher covalency of Pt—Cl bonds,
the paramagnetic deshielding from the nonbonding 5d AOs has
a much smaller magnitude, as the relevant orbitals become
delocalized toward the ligands.

Another way of stating the results from the analysis of
K,[PtClg] and K,[PtF] is the following: In a hypothetical (£,,)°
ion in a crystal field, without bonding, there is a huge
paramagnetic coupling of the Sd nonbonding t,, AOs with the
unoccupied ¢,* AOs. Covalency via dative o bonding puts

electron densigty into the ¢,* AOs, which are therefore no longer
fully available for magnetic coupling. The empty e,* AOs are L—
M antibonding and, therefore, not fully localized on Pt. As a
consequence, the deshielding contributions from the 5d AOs are

strongly reduced with increasing Pt—X covalency.
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Pt(dmpe)Me,

Cisplatin

Transplatin

Figure 3. Polar plots of the total calculated shielding tensor and the corresponding principal components superimposed on the molecules
Pt(dmpe)Me,, cisplatin, and transplatin. The lengths of the vectors indicate the principal components, which are not drawn to scale but are scaled
relative to each other to convey the magnitude pattern for the principal components. Some hydrogen atoms have been removed for clarity.

For comparison, Table S5 summarizes the results of the
NLMO analysis of the isotropic shielding for a representative set
of Pt complexes, with cluster models used to represent their
respective lattice environments. A more detailed discussion of
the role of intermolecular effects on magnetic shielding tensors is
discussed below.

3.4.3. Trends in Magnetic Shielding Tensors. The
principal components of the shielding tensor can also be
decomposed into NLMO contributions. We discuss the
interesting case of Pt(dmpe)Me,, which features an unusually
small span for a Pt" complex (Q = 630 ppm),"” as well as the
importance of stereochemical and intermolecular effects on the
195Pt magnetic shielding tensors of cisplatin and transplatin. The
latter comparison was prompted by the markedly smaller span of
cisplatin (Q = 8561 gpm) in comparison to that of transplatin
(Q = 9100 ppm).”” Graphical representations of the total
shielding tensors in the form of polar plots'*” and their principal
axis systems are shown in Figure 3.

The very low chemical shift (indicating a shielded '**Pt
nucleus) and small chemical shift span of Pt(dmpe)Me, in
comparison to the other molecular Pt"" complexes is unexpected
(Table 7), given that it has a Pt d®* formal configuration and an

Table 7. Calculated NLMO Contributions to the Principal
Components of the '*’Pt Magnetic Shielding Tensor of
Pt(dpme)Me,

o1; (ppm) 03, (ppm) 033 (ppm)
Pt core 12 55§ 11 185 12 729
LP(PY), -971 -1 —416
LP(Pt), -816 —554 —1156
LP(Pt), -726 —2583 —324
LP(PY), —821 —680 —640
3Pt LP -3335 —3818 -2535
o(Pt—P) —1884 -330 —1774
&(Pt—C) —1089 —659 —1418
Y above 6247 6378 7002
Total calc. 5716 6289 6489

almost planar ligand field. Using labels as defined in Figure S12,
we expect higher deshielding in component 6,, (perpendicular
to the Pt—ligand plane), particularly from the in-plane LP(Pt)4
AOQ, because of the expected overlap with the 6* MO upon 45°
“rotation”. The comparatively small magnitude of this
contribution is attributed to a reduced electron population of
the corresponding LP(Pt)4 parent NBO due to back-bonding
from the Pt center to the 6*(C—P) MO, which is clearly visible
in the NLMO isosurfaces (¢(Pt—C)2P and o(Pt—C)®° in
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Figure S12). Similar back-bonding takes place via LP(Pt), and
LP(Pt),; the populations of the parent NBOs are calculated to
be 1.9 in the isolated complex, indicating back-donation of the
equivalent of 0.1 electrons each.

The major contributions to the shielding tensor are similar for
cisplatin and transplatin. The Pt LP NLMOs (Figures S7 and S8,
respectively) more closely resemble the canonical d set in the
case of transplatin; therefore, we use this complex as an example
for our analysis. LP(Pt), (ie, the d,,) generates a large
deshielding in 033 because a static magnetic field along the N—
Pt—N bond axis rotates two of the lobes of the d,, into an
orientation to overlap with the 6 (Pt—Cl) orbitals. LP(Pt). (i.e.,
dyz) is rotated to overlap with the 6* (Pt—N) orbitals by a field in
the o,, direction, creating a slightly larger deshielding effect.
Finally, the largest deshielding contribution from the d shell
originates from in-plane LP(Pt)4 (d,,), which is rotated by a field
in the oy, direction such that all four lobes overlap with ¢*
orbitals.

The primary reason for the narrower span for cisplatin is a
reduced magnitude of 0, in cisplatin by 1268 ppm as compared
to that in transplatin (Tables 8 and 9). This represents the
principal component perpendicular to the molecular plane, the
magnitude of which is determined by paramagnetic coupling of
the in-plane Pt d,, orbital with unoccupied ¢* orbitals. This
coupling, which can be affected by factors such as degree of
spatial overlap, donation vs back-donation, as well as relative
energies of the coupling orbitals, is stronger in transplatin than
cisplatin. Transplatin has a d,, — 6*(Pt—Cl) energy gap that is
smaller than that of cisplatin by 0.49—1.0 eV, depending on
which of the two calculated cisplatin ¢*(Pt—Cl) NBOs are
considered; this has an enhancing effect on the coupling in the
former within the usual interpretation of the shielding in terms
of orbital energy gaps and magnetic coupling matrix elements.

The '"Pt magnetic shielding tensors of cisplatin and
transplatin are also affected by intermolecular interactions
(Tables 8 and 9). In cisplatin, a weak interaction occurs between
stacked d2-like Pt orbitals (Figure S13), effectively acting as a
weak axial ligand, resulting in additional paramagnetic
deshielding arising from the Pt d-shell, as well as from the
o6(Pt—Cl) and 6*(Pt—N) orbitals; this is most evident in the
unique principal component, ¢;,, which lies perpendicular to the
plane of the molecule. For transplatin, intermolecular
interactions influence 0,, and o03;. The bulk of this effect
originates from relatively minor changes to contributions from
the Pt Sd shell, as well as the Pt—ligand bonding orbitals.
Therefore, the effect is not from the lattice directly, but rather
from the influence of the lattice on the orbitals of the central
molecule in the cluster. Unlike cisplatin, which affords Pt—Pt

https://doi.org/10.1021/acs.inorgchem.5c05169
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Table 8. NLMO Analysis of Isotropic Pt Shielding for Cisplatin as an Isolated Molecule and a Molecule in a Cluster””

Isolated Molecule Cluster
11 (ppm) 05, (ppm) o33 (ppm) o1, (ppm) 5, (ppm) 633 (ppm)
Pt core 11 908 12 425 12 530 11 907 12 223 12 314
LP(PY), 14 -306 -1577 84 —390 —69
LP(Pt), 920 —=51§ —2300 29 -97 —3825
LP(Pt), 78 —3682 -122 89 —3996 —70
LP(Pt), ~10 313 -2 —34 —11185 42 —54
ZPt Lp —10 131 —4544 —4033 —10 982 —4524 —4017
ZG(Pt—Cl) —823 —867 —884 —-570 —859 =799
Y o(Pt—N) —563 -917 —694 -762 —685 -517
SO unoce.? -507 —-385 —=220 —498 —356 —243
Direct lattice® n/a n/a n/a 14 -95 —154
Zabove 392 6098 6920 —961 5847 6722
Total calc. —-104 5811 6814 —961 5847 6722

“Cluster models representing the solids were constructed as explained in the text. ®In the NLMO analysis, the SO and paramagnetic contributions
are combined into a single term, whereas purely paramagnetic (non-SO) effects can be obtained separately by running the analysis with only SR
effects taken into account. “NLMOs listed as LP are nonbonding. NLMOs listed as LP are nonbonding. Shleldmg contributions from spin—orbit
induced mixing of unoccupied scalar relativistic MOs into the SO—DFT ground state. “Lattice effects” only include direct contributions from
NLMOs centered on atoms other than the central complex.

Table 9. NLMO Analysis of Isotropic Pt Shielding for Transplatin as an Isolated Molecule and a Molecule in a Cluster®”*

Isolated Molecule Cluster
0y (ppm) 0y (PPm) 033 (PPm) 0y (PPm) 0y (PPm) 033 (PPm)
Pt core 12 136 12 467 12 712 12 117 12 467 12 653
LP(Pt), 186 —97 —3560 155 -231 -3354
LP(Pt), -130 -89 214 -911 —837 369
LP(Pt), 120 —5214 —97 88 —3947 224
LP(Pt), —11 549 38 -37 ~10 626 -55 21
ZPt LP —11373 —5362 —3479 —11294 —-5070 —3188
Y o(Pt—Cl) -992 169 —2203 —1194 46 —2003
Y o(Pt—N) —557 —1435 196 —374 ~1715 285
SO unocc? -530 -90 —418 -533 -318 282
Direct lattice® n/a n/a n/a 18 -28 -10
Zabove —1317 5748 6808 —1261 5382 7455
Total calc. —1372 5850 6873 —1346 5515 7554

“Cluster models representing the solids were constructed as explained in the text. ®In the NLMO analysis, the SO and paramagnetic contributions
are combined into a single term, whereas purely paramagnetic (non-SO) effects can be obtained separately by running the analysis with only SR
effects taken into account. “NLMOs listed as LP are nonbonding. NLMOs listed as LP are nonbonding. “Shielding contributions from spin—orbit
induced mixing of unoccupied scalar relativistic MOs into the SO—DFT ground state. “Lattice effects” only include direct contributions from
NLMOs centered on atoms other than the central complex.

stacking in its crystal structure, the crystal structure of
transplatin does not have close contacts between neighboring
Pt centers; accordingly, no delocalization of orbitals is seen in
the analysis of transplatin.

experiment, as characterized by Agpyg = 374 ppm, which
corresponds to ca. 2.5% of the Pt chemical shift range of ca. 15
000 ppm. Once this was established, it was possible to use
NLMO and NBO analyses to interpret '**Pt shielding tensors in
terms of contributions from relevant bonding, antibonding, and
nonbonding orbitals, providing insight into Pt—ligand inter-
actions in terms of the metal- and ligand-centered bonds, lone
pairs, and core—shells.

Crucial to applying this analysis to solids is the accurate
modeling of the crystal lattice. To assess the accuracy of such
models, a comparison between GIPAW and ADF/SR
calculations is a good metric for both molecular and network
solids. In this regard, software packages/codes such as Abinit
may also prove useful. Further applications of periodic and/or
cluster-based calculations find use across the Periodic Table and
may be extended beyond bulk solids to systems such as
immobilized and single-atom catalysts.'*'*'397"3

The origins of chemical shift tensors can be analyzed in terms
of contributions from relevant NLMOs and/or NBOs (or other

4. CONCLUSIONS

Quantum chemical calculations are essential for interpreting the
relationships among 195pt chemical shift tensors, electronic
structure, and Pt—ligand bonding. To achieve the best
agreement between '*>Pt magnetic shielding tensors obtained
from DFT computations and those from '*Pt SSNMR
measurements, we find that calculations must (i) include
relativistic effects, including the SO interaction and the
accompanying electron spin-dependent terms in the shielding
tensor; (ii) be performed using a hybrid exchange-correlation
functional such as PBEO; and (iii) in some cases, account for
intermolecular interactions that impact '**Pt chemical shifts
using clusters of molecules to represent the crystal lattice. The
PBE0/SO calculations result in excellent agreement with
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sets of localized MOs), leading to an understanding of the
electronic structure and chemical bonding in materials.
Differences in shielding tensors among Pt coordination
compounds are highly dependent on the Pt oxidation state
and coordination environment, the magnitudes and orientations
of paramagnetic shielding contributions arising from the Pt 5d
shell, and the nature of orbitals originating from the ligand atoms
having significant overlap with the Pt valence shells, energy gaps
between key orbitals, and other factors such as intermolecular
interactions. For instance, these analyses afford the quantifica-
tion of the effects from ligand-to-metal donation and metal-to-
ligand back-donation via the extent of delocalization of ligand/
metal lone pairs onto the metal/ligand, which provides an
intuitive picture of the effects of bonding on the metal magnetic
shielding tensors.

Such analyses, when applied to the PGEs and ligands in
coordination compounds, have the potential to revolutionize
our understanding of structure—function-property relationships.
This could lead to strategies not only for the rational design of
novel catalysts and functional materials with tailored phys-
icochemical properties and reactivities but also for the
identification of new classes of analogous compounds using
abundant and inexpensive replacement metals (e.g., Mn, Fe, Co,
Ni, Cu) and novel classes of ligands. Furthermore, it is
anticipated that these relativistic DFT methods and NBO/
NLMO analyses will find applications (or have already found) in
the analysis of other PGE complexes, including those of Rh, Ru,
and Pd, as well as the atoms located in ligand atoms of
coordination compounds via the study of relevant NMR-active
nuclides.
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