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Abstract

Electron and nuclear magnetic resonance spectroscopies are indispensable and powerful methods for
investigating the molecular and electronic structures of open-shell systems. We demonstrate that the
NMR and EPR parameters are extremely sensitive quantitative probes for the electronic spin density
around heavy-metal atoms and the metal-ligand bonding. Using relativistic density-functional theory,
we have analyzed the relation between the spin density and the EPR and NMR parameters in
paramagnetic iridium(IVIV) complexes with a PNP pincer ligand. As the magnetic-response
parameters for compounds containing 5d transition metal(s) are heavily affected by spin-orbit
coupling, relativistic effects must be included in the calculations. We have used a recent
implementation of the fully-relativistic Dirac-Kohn-Sham (DKS) method employing the hybrid PBEO
functional and an implicit solvent model to calculate EPR parameters and hyperfine NMR shifts. The
modulation of the metal-ligand bond by the frans substituent (—Cl or =N) and the electronic spin
structure around the central metal atom and ligands are shown to be reflected in the “long-range”
through-bond Fermi-contact (FC) contributions to the ligand '*C and 'H hyperfine couplings.
Interestingly, the hyperfine coupling constant of the ligand atom L (A4;) bonded directly to the iridium
center changes its sign because of the dominating role of the paramagnetic spin-orbit (PSO) term.
Furthermore, the electronic g-shift and the PSO contribution to the ligand A; are shown to invert their
signs when nitrogen is substituted for chlorine, reflecting the different formal metal oxidation states
and the change in metal-ligand bond character. A full understanding of the substituent effects is
provided by using chemical bond concepts in combination with a molecular-orbital (MO) theory
analysis of the second-order perturbation theory expression for the EPR parameters. Our findings are
easily transferable to other systems containing d-block elements and beyond. Relativistic DFT
calculations of magnetic-resonance parameters are expected to frequently assist in future

experimental observations and the characterization of hitherto unknown unstable or exotic species.
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INTRODUCTION

Magnetic resonance spectroscopy is one of the most important and frequently used tools for exploring
the chemical structure of any new compound. Open-shell systems can be characterized
experimentally by both electron paramagnetic (EPR) and nuclear magnetic (NMR) resonance
spectroscopies. Details of the electronic structure can be extracted from the EPR electronic g-tensor
and hyperfine coupling tensor (A-tensor).> For a system with a single paramagnetic center, g
represents a global response property and is related to the magnetic susceptibility tensor, whereas
details about the chemical bonds and electron spin structure distributed over the entire molecule can
in most cases be extracted from the A-tensors of the ligand atoms. In parallel, the NMR signals of the
individual atomic nuclei are significantly shifted by the nucleus-electron(s) hyperfine interaction.
However, this coupling also induces a fast nuclear-spin relaxation that can result in significant
broadening of the NMR signals.>* The hyperfine contribution to the total NMR chemical shift is
temperature dependent as determined by the Boltzmann distribution over the Zeeman-split states and
can be calculated using knowledge of the electronic g and A tensors, see section Theoretical

Background.>

Transition-metal complexes are frequently employed as catalysts in chemical transformations.” The
importance of open-shell coordination compounds of the precious metals has been highlighted in one-
electron redox reactions such as C-H and C-C activation or catalytic oxidation.>'® Other
transformations involve complexes with chemisorbed nitrogen atoms'! as intermediate species in the
production of nitric oxide (NO) and in nitrogen-based fuel cells.'? Nitrido complexes'*!® have been
specifically designed for oxidative N-N coupling reactions. Open-shell square-planar iridium amido
complexes based on the PNP pincer and containing terminal —Cl, —N3, or =N ligands are particularly
promising candidates (Figure 1), and have been prepared and structurally characterized by diffraction
experiments, EPR, and "H NMR spectroscopy.’**! The electronic structures of these compounds were
analyzed in detail in the original papers, and the oxidation state +II was assigned to iridium in

compounds 1 and 2 with an Ir™™™-LED bond. In contrast, the formal oxidation state +IV was

(_

1
ascribed to iridium in compound 3 as shown in Figure 1, with the [r+'V) = N| ) fragment having

a significant amount of nitrido radical character as expressed by the resonance structure Ir(F''D =

NI,
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Figure 1. a) Structure and atom numbering scheme for iridium complexes 1-3 based on PNP pincer
and containing terminal ligand L (highlighted in blue). b) A detail of the atomic arrangement in the

square-planar core of molecule 3 — CH3 groups of the zerz-butyl (‘Bu) fragments are omitted for clarity.

However, no quantitative analysis of the magnetic response parameters was attempted for these
systems. This is partly due to the fact that such open-shell 5d transition-metal complexes represent a
challenge for computational chemistry because of the large effects of spin-orbit (SO) coupling. The

20,21

authors of the original papers even noted that ”with large SO coupling spin is not a good quantum

number to quantitatively describe electronic structure®>”.

In this contribution, we perform a detailed analysis of the EPR and NMR properties of paramagnetic
square-planar Ir complexes differing in the terminal ligand L, as shown in Figure 1. Because of the
size and nature of the systems investigated, our relativistic calculations are restricted to the level of
Density-Functional Theory (DFT). Large and polarizable basis sets are required to achieve the
accuracy necessary to allow for a quantitative comparison with experimental data. Variational
inclusion of spin-orbit coupling is essential to quantitatively reproduce experimental data, but we will
also show that a semi-quantitative analysis can nevertheless be undertaken using second-order
perturbation theory. The goal of this study is to unravel how the different types of metal-ligand
bonding and electronic spin structure around the central metal atom are reflected in the magnetic

resonance parameters, and to rationalize this relation in terms of bonding concepts and MO theory.



THEORETICAL BACKGROUND

The fundamental parameters of electron paramagnetic resonance, the electronic g-tensor and
hyperfine A-tensor, are derived from the molecular topology and the distribution of electron spin in
the system. The electronic g-shift is the isotropic characteristic that represents the departure of the
molecular electron-resonance frequency from the free-electron value (~2.0023). In complex
molecular systems, the electronic shielding/deshielding is typically highly anisotropic in different
molecular directions relative to the applied magnetic field and is described by Ag — the second-rank
g-shift tensor. In the case of metal-centered radicals, g is derived from the electronic structure around

the central metal atom.
Electronic g-tensor

We recall that the g-shift tensor (Ag) is a purely relativistic property, arising primarily from the spin-
orbit coupling. The total g in four-component relativistic theory, used for the quantitative calculations
in this work, can be expressed as an inner product of the orbital-Zeeman (OZ), spin-Zeeman (SZ),

and relativistic (REL) operators with the four-component wave function

8 = ge + A8 = ge + Ag%% + AgP” + AgREt €]

REL g a relativistic

where g, is the value of g for the Zeeman effect of a free electron (~2.0023). Ag
contribution without direct analog in standard theories for the electronic g-tensor. Note that every
contribution to the g-shift in Eq. (1) contains both scalar-relativistic and spin-orbit effects. The orbital-
Zeeman contribution, Ag9Z, frequently dominates, or at least determines the trends of, the total Ag
value in a series of compounds, as shown in the Table S1 in Supporting Information also in the case

of 1 and 3.

The leading-order correction to the orbital-Zeeman term (Ag®%) originates from the interaction of the
external magnetic field and the spin-orbit coupling, termed AgS®/0% 2325 The second-order

perturbation expression for the g59/9% term?* can for the purpose of a semi-quantitative MO analysis

be approximated by
- Bl,.-3j B\ [ Blj B
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where @ (pX) denotes occupied (vacant) molecular orbitals, £ (¢X) stands for occupied (vacant)
one-electron energies, and X = «, 8 indicates the orientation of the spin variable. This Ramsey-type
formula describes the coupling between individual occupied-vacant MO-pairs' through the

approximate one-electron spin-orbit operator, 5,21 (for details, see section Methods), and the
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angular momentum operator, I, both centered on the metal atom. 7y, represents the position of the
electron relative to the metal atom M. The SO operator is of a highly local nature and therefore couples
MO—MO* pairs only where both MOs have a significant admixture of AOs centered on M. We also
note that only transitions with a small energy gap, &; — &,, can contribute efficiently to AgS®/0Z_ 1t
will be shown (section Methods) that the coupling in the o and £ electron spin space in practice leads
to negative (—Ag®) and positive (+AgP) contributions to the diagonal elements of the AgS°/%Z tensor,
respectively. Its isotropic part then reads
g/ %% ~ (Agxx + Agly +Ag%,) + = (Agfix +Agly, + Agl,) 3)

where the quantities in parenthesis are positive. Therefore, any coupling involving the SOMO
(occupied a spinor) results in shielding (negative g-shift, g < 2.0023), whereas couplings involving
the SUMO (vacant £ spinor) produce deshielding contributions (positive g-shift, g > 2.0023). This is

demonstrated for an open-shell square-plane model complex with a central metal atom M in Figure

2. For more details on Eq. (2) and Eq. (3), see section Methods.
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Figure 2. Electronic structure of a square-planar model complex with highlighted metal-ligand (M—

L) bond and the selected MO*-MO** and MOP«<>MOP* transitions relevant for the investigated Ir
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compounds, and the corresponding spin-orbit (ry;°I™) and magnetic field (I™) operators. For

description and detailed discussion, see text.

Although the AOs of the ligand atom L are not important for explaining the SO/OZ mechanism for
the g-tensor of the metal-centered radical, they are included in Figure 2 to demonstrate the
antibonding character of the g-active orbitals relative to the M—L bond and for consistency with the
hyperfine coupling tensor described in the next section. The SOMO is of ©*(dy, — p,) nature and

can be coupled to the vacant a spinor m*(dyy — py) by the spin-orbit operator (r7°IM) when a

magnetic field is applied in the x direction (IM), and leads to shielding of the x component (negative
contribution to Ag,). The SUMO also has m*(dy, — p,) character, but is coupled to the occupied S
spinor n(d,2) by the SO operator (r;;> ig‘," ) when a magnetic field is applied in the y direction (i;‘,” ) and
induces deshielding of the y component (positive contribution to Ag,,). This simple analysis will be

used to understand the specific MO«->MO* transitions in complexes 1 and 3.

Hyperfine Coupling Tensor — Nuclear-Spin—Electron-Orbit Operator

In the framework of relativistic four-component theory used for the quantitative calculations in this
work, the hyperfine coupling tensor of the ligand atom L (A})) is obtained as the sum of the individual
contributions of the Fermi-contact (FC), the spin-dipole (SD), the paramagnetic nuclear-spin—

electron-orbit (PSO), and the pure relativistic (REL) terms?®?’
AL = A[C + A +ATO + AFPF 4)

As in the case of Eq. (1), the terms in Eq. (4) are calculated as inner products of the respective
operators with the four-component wave function and thus contain both scalar-relativistic and spin-
orbit effects. The “through-bond” Fermi-contact contribution (Af®) is generally very isotropic as it
originates in the Fermi-contact interaction between the nuclear spin of atom L and the difference in
a/p electron spin density in the core s-type orbitals at the nucleus. The FC contribution can thus be

28-30

linked to the distribution of spin density in the system and analyzed in terms of spin delocalization

30-32 see section Results and Discussion for more details.

and various spin-polarization mechanisms,
The spin-dipole term (A3P) stems from the direct “through-space” interaction between the nuclear
and electron magnetic moments and has traditionally been used as a source of information about the
distance between a paramagnetic center and the NMR spectator atom in paramagnetic NMR
spectroscopy.*** The leading-order correction to the paramagnetic nuclear-spin—electron-orbit term

(APS9) originates in the interaction of the nuclear magnetic moment with the spin-orbit coupling,?®?’
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Aio/ P50 This SO/PSO contribution is purely relativistic, analogous to the SO/OZ contribution to g

discussed above. In second-order perturbation theory, it can be described in a similar way as AgS%/0%:

Bl..-3j% B -3 B
SO/PSO NA N ‘Pl |7'M31M|<Pa )((Pa |7'L 31L|‘Pl ) <('0" "M lMl(p“>< | lL|(pi > c
2.2, = - o ©)
i=1 a= & a & €q

In contrast to AgS®/0%

, Where only the metal-centered AOs govern the SO/OZ mechanism via SO
coupling, the AOs centered at the ligand atom L play an important role in the hyperfine SO/PSO
mechanism. This is easily understandable because of the involvement of the nuclear magnetic
moment of atom L via the TL_32L operator in Eq. (5). Thus, the SO/PSO-active molecular orbitals must
contain contributions from both the metal- and ligand-centered AOs. To keep our model simple, we
demonstrate the SO/PSO mechanism (Figure 3) on the same set of molecular spinors as shown in

Figure 2 for AgS9/0Z,
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Figure 3. Schematic representation of the frontier molecular spinors for a model square-planar metal

complex with the pertinent metal-ligand (M—L) bond, the selected MO*~MO** and MOP«—MOP*



transitions, and the corresponding spin-orbit (75,21 ) and nuclear-spin—electron-orbit (7 31%)

operators. For description and detailed discussion, see text.

In analogy with the AgS%/°Z term, the SOMO of 7*(dy, — p,) character is coupled to a vacant a

S0/0Z

spinor 7" (dyy — py). However, in contrast to Ag where only the metal-centered AOs play an

important role, contributions of the ligand-centered AOs in both the occupied and vacant spinors are

now indispensable because of the role of the paramagnetic spin-orbit operator, ;- >I*. Coupling in

/PSO

both the « and S8 spaces can result in either positive or negative contributions to AS° , in contrast

S0/0Z

to Ag . The example given in the analysis of the AS%/PSO mechanism for the /5 space in Figure 3,

represented by n(d,2) < m*(dy, — p,), does not contribute to AS%/PSO because there are no ligand

ASO/PSO g instead

AOs in the non-bonding spinor n(d,z). For the systems studied in this work,
governed by a different mechanism in f space, as will be described in the section Results and

Discussion.

Hyperfine NMR Shift

In the case of systems with doublet degeneracy of the ground state (a single unpaired electron), the
total NMR chemical shift of ligand atom L is given by the sum of the orbital and hyperfine

contributions:
8ot = 50" + 61 (6)

The calculation of the hyperfine NMR shift (§{1F) can be directly related to the parameters of EPR
spin Hamiltonian as shown for doublet systems by Moon and Patchkovskii® and later extended to
systems with an arbitrary spin degeneracy by Van den Heuvel and Soncini.>*>® The hyperfine shift
can be constructed as the sum of the contributions derived from the isotropic and anisotropic parts of

the g and A-tensors according to Eq. (7)>’:

, 2 p
SLIZ{F = 511:{1:1 + SEFa = 4k;VL gisoAiso (L) + 12k"erL

Tr[ganiAani(L)] (7)

where 8! (derived from the isotropic g and A) and 6{1F2 (derived from the g and A anisotropy)

contain the traditional contact and pseudocontact contributions, 2740

respectively. Note that according
to the splitting of the hyperfine coupling tensor A}, into FC, SD, and PSO terms, their individual
contributions to the hyperfine NMR shift can be calculated and analyzed separately (for example, see

ref. 7).



RESULTS AND DISCUSSION

Geometry Optimization and Experimental EPR and NMR Data

To establish a quantitative link between the electronic spin structure and the relativistic magnetic
resonance parameters, we performed a detailed analysis of the three square-planar iridium com-

plexes?*2!

shown in Figure 1. The X-ray crystallographic structure available for compound 1 (CCDC-
822068)%° was used as a starting point for the optimizing geometry. Molecular geometries for 2 and
3 were then constructed based on that of compound 1 by substituting —N3 or =N for chlorine followed
by full optimization of geometry (for additional geometry benchmarking calculations, see Tables S2-
S4 in Supporting Information). The most important metal-ligand interatomic distances obtained ex-

perimentally and calculated using the UPBEO functional are summarized in Table 1.

Table 1. Metal-ligand (M—L) bond distances in compound 1 obtained from X-ray (CCDC No. 822068)
and neutron (CCDC No. 822069) diffraction analyses®® and calculated by using DFT (UPBEO/def2-
ECP/def2-TZVPP and the COSMO model of toluene) in this work. Distances are given in pm. For

Cartesian coordinates, see Supporting Information.

Method Ir—Cl Ir-N Ir—P
Neutron diffraction® 234.0 197.5 232.0
X-ray diffraction® 233.9 198.5 231.9
DFT 2325 196.7 233.2

The performance of the individual density functionals was compared by calculating RMSDwm- for all
of the metal-ligand bonds in compound 1 relative to the experimental values, see Tables S2-S4 in
Supporting Information. The selected UPBEO functional*' gives an RMSD value of approximately
1.3 pm relative to the neutron-diffraction data (1.5 pm relative to the X-ray data), and very similar to
those for UTPSSh**#} and UMN12SX.** However, as the PBEO functional is used to calculate the
response properties, we employed the PBEO-optimized geometries*>* in the following analysis. The

available experimental EPR and NMR data for compounds 1-3 are summarized in Table 2.

Table 2. Experimental values of the g-factor and principal components of g, the A-constant and prin-
cipal components of A (in MHz), and the *H NMR chemical shifts (in ppm) for compounds 1-3.
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Compound 1%

Compound 2!

Compound 32!

g 2412 2.286° 1.612°
g1 - 3.091 1.885
022 - 2.066 1.632
a3 - 1.700 1.320
AL £ € -8.3
Al -C -C +63.5¢
Az -C -C -26.5¢
Ass -C -C -62.0¢

5(H2) -6.8%f -5.6%f -49.2%9
S(H3) -138.28f -135.9¢8f -9.589

3 Measured in Et;O-toluene glass at 86 K. ® Measured in toluene glass at 20 K. ¢ Not reported. ¢
Obtained from X-band ENDOR measurement. ¢ Not assigned in the original work - current assign-
ment based on DFT calculations. " Measured in CsDs (d1 = 7.16 ppm for residual C¢DsH) at 293K. 9
Measured in THF-dg (61 = 3.58 ppm for residual THF-d7) at 293 K.

Calculation of EPR and NMR Parameters
Effects of Solvent and Relativity on EPR Parameters.

We performed a systematic study of the effects of the choice of exchange-correlation (XC) functional
(particularly the user-defined amount of exact exchange in PBEO) and basis set on the calculated EPR
data, see Figures S1 and S2 in Supporting Information. Following our recent benchmark studies,>**
we employed the standard PBEO functional with a basis set of double-£ (2-) quality for the production
calculations. We compare our DFT results with available experimental data for selected magnetic-

resonance parameters of compounds 1 and 3 in Table 3.

Table 3. Selected experimental and DFT (DKS/PBEO/vdz/upcJ-1/PCM) values of g, A(L4), and total
o0 for H2 and H3 in compounds 1 and 3 (geometries optimized in solvent). For 1: EPR in Et,O-toluene

(1:1) and NMR in benzene; for 3: EPR in toluene and NMR in tetrahydrofuran, see Table 2.

1 3
Exp Calc Exp Calc
g 241 2.237 1.612 1.729
gu 4 3.482 1.885 1.976
g22 - 1.860 1.632 1.740

11



033 - 1.369 1.320 1.471

AL 2 +12.2 -8.3 8.5
A1 -2 +18.6 +63.5 +66.1
Az -2 +11.5 -26.5 -28.1
As3 -2 +6.5 -62.0 -63.4
5(H2) -6.8° +9.5¢ -49.2° -57.8°
S(H3) -138.2° -131.8° -9.5P -9.6°

2 Not reported. ® Not assigned. ¢ Calculated as the sum of the orbital (5°®) and hyperfine (/) shifts,
see Eq. (6) and Table S5 in Supporting Information.

It has been demonstrated that EPR and NMR parameters are very sensitive to environmental

Y47 and relativistic effects.’ Because only limited experimental EPR and NMR

(including solvent
data for compounds 1-2 were available, we selected compound 3 for the methodological testing as it
has the most complete set of data (Table 3) and the most challenging bonding situation. Solvent (Agy;)
and spin-orbit (Agq) corrections to the g-factor and ligand HF coupling constants (4), and their effects
on the hyperfine 'H and 1*C NMR shifts were analyzed using the DKS approach, and the results are

summarized in Table 4.

Table 4. Values of giso and Aiso constants (in MHz) for selected atoms in compound 3 (geometry
optimized in toluene) obtained using DFT.? The values were calculated at the scalar-relativistic DKS
(sc-DKYS) or four-component DKS (DKS) level in vacuum or using the polarizable-continuum model

for the solvent (PCM, toluene) with spin-orbit (Agg) and solvent (Agq;) corrections shown separately.

sc-DKSP Aso DKSP Agol DKS®

g 2.002¢ 0323  1.679  +0.050 1.729
A(N1) -5.53 +0.56 497  +0.29 -4.68
A(N4) +8.92 -19.08  -10.16  +1.69 -8.47
A(C2) +2.07 +0.04  +2.11 -0.42 +1.69
A(C3) -0.45 +0.01 044  +0.22 -0.22
A(H2) -3.06 +0.17 289  +0.11 -2.78
A(H3) -0.32 -0.06 -0.38 -0.16 -0.54

4 PBEO/vdz/upcl-1.° Calculated in vacuum. ¢ Calculated by using the PCM model of solvent (toluene)
used in the experimental measurement (see Table 2). ¢ This corresponds to the free-electron value, ge.

For more data, see Table S6 in Supporting Information.
12



As expected, the solvent effects are as important, or even more important, than the SO effects for the
ligand carbon and hydrogen atoms most distant from the iridium center. This is because these atoms
are located more on the periphery and are therefore more exposed to the solvent, in contrast to the
central iridium core which is somewhat screened from the solvent environment by bulky zert-butyl
groups. The SO coupling induces a g-shift of about -323 ppt and dramatically affects the 4-coupling
for atom N4 which is bonded directly to iridium. Here the SO effect is -19.1 MHz, reversing the sign
of A(N4) from +8.9 MHz to -10.2 MHz. The solvent slightly counter-balances the A-value by +1.7
MHz, resulting in a final value of -8.5 MHz, in excellent agreement with the experimental value of -

8.3 MHz. The SO effects are discussed in more detail in the following sections.

Analysis of Spin-Orbit Effects on g and A

As demonstrated in the previous section, the fully-relativistic DKS method with the hybrid PBEO
functional and the 2- quality basis set (vdz/upcJ-1/PCM) reproduces the experimental EPR
parameters very well, and suggests that a detailed analysis of g and A using this methodology may
help unravel the electronic structure of these molecules. As solvent effects do not change the
qualitative trends, the following calculations have been performed in vacuum.

To assess the role of greater-than-linear spin-orbit effects on the calculated g and A values, we
performed several calculations with a scaled weight of the SO operator (see section Methods). The

resulting profiles of the g and A(L) parameters for compounds 1 and 3 are shown in Figure 4.

13
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Figure 4. Scaling the SO contribution in the DKS calculation of g (top) and 4 (bottom, in MHz) for

compounds 1 and 3. Scaling factor 4 = 0 corresponds to the scalar-relativistic limit, whereas 4 = 1
stands for the fully-relativistic treatment. For analysis of the principal components of g and A, and

the “speed of light scaling”, see Figures S3 and S4 in Supporting Information.

These profiles demonstrate that the dependence for 4 is approximately linear and is only marginally
affected by higher-order spin-orbit effects. The situation is slightly more complicated for g, where the
profiles deviate notably from linearity, particularly for compound 1. However, the sign differences in
both EPR parameters (Ag and 4) between compounds 1 (positive) and 3 (negative) can be explained
sufficiently by the linear spin-orbit effects and, therefore, should be transparent from the
corresponding analysis based on second-order perturbation theory (PT2). It would be interesting to
analyze and understand the quadratic spin-orbit effects, but this requires the implementation of third-
order perturbation theory (PT3), which is beyond the scope of this work.

In the next step, the hyperfine coupling constants calculated using PBE0/2-( in vacuum were analyzed
in terms of the Fermi-contact (FC), paramagnetic spin-orbit (PSO), and spin-dipole (SD)
contributions.?”** The results are summarized in Table 5. Significant differences in the individual
terms between compounds 1 and 3, including the opposite signs of A”SO for ligand atom L4, opposite

signs of AFC for C2 and C3, and large hyperfine NMR shifts for H2 in 3 vs H3 in 1 are highlighted in

14



bold. These differences are tightly connected to the electronic spin structure around the central iridium

atom and the character of the metal-ligand bond.

Table 5. The hyperfine coupling constants (4;s, in MHz) — with their separate Fermi-contact (FC),
paramagnetic spin-orbit (PSO), and spin-dipole (SD) contributions — and hyperfine NMR shifts (§1F
in ppm)? calculated for compounds 1 and 3 (geometries optimized in vacuum) using the DKS

approach with the PBEO functional and the 2-( basis set in vacuum.

Compound  Atom Aiso AEEE PRI ASP SHF
1 Cl4 +13.27 +2.76 +11.31 -0.73 +3414
P -13.48 -15.68 +1.97 -0.18 -1012

N1 -0.66 -1.16 +0.52 -0.03 -682

C2 -6.10 -5.82 -0.30 0.001 -686

C3 +4.47 +4.54 -0.12 +0.05 +311

H2 -0.23 -0.08 -0.08 -0.06 -10.4
H3 -4.32 -4.44 +0.04 +0.08 -120.0

3 N4 -10.39 +7.95 -16.84 -1.47 -2496
P -36.50 -34.94 -3.40 +0.91 -2114

N1 -4.94 -5.27 +0.37 -0.07 -1460

C2 +2.09 +1.84 +0.23 +0.02 +178

C3 -0.44 -0.31 -0.15 +0.01 -39

H2 -2.90 -2.78 -0.15 +0.03 -69.1

H3 -0.36 -0.34 -0.06 +0.05 -7.9

 Calculated for a temperature of 293 K.

Comparison of the Electronic Structures of Compounds 1 and 3 and Interpretation of the

Differences in EPR and NMR Data

Compounds 1 and 3 differ in the ligand atom L (chlorine or nitrogen) and display major differences
in their EPR and NMR parameters. What are the origins of these differences? The energy-level
diagram of the significant Kohn-Sham molecular spin-orbitals (MSOs) with contributions from the
iridium 5d AOs in compounds 1 and 3 is shown in Figure 5. Both the a and f MSOs with contributions
of Ir dy, and d,2 are only marginally affected by the substitution of N for Cl, as they are oriented in
the plane perpendicular to the Ir—L bond. However, the formation of a strong iridium-nitrogen triple

bond (not shown in Figure 5) destabilizes the antibonding orbitals (both o and f spinors) that involve
15



Ir dy, (& SOMO and  SUMO) and in particular dyy. This energy change shifts the dy-based MSOs
from the occupied (1) to the vacant (3) spinor space (the importance of which for g and A will be
shown). The energy destabilization of the above-mentioned Ir—L antibonding MSOs can intuitively
be related to the change in the formal oxidation state of the Ir atom from +II in 1 to +IV in 3, by

removing two electrons from the iridium center.

1: (L=Cl) 3:(L=N)
« e B

o s : _— . "
o] - - — d. 4 d ey Oey
& B dxz_yz xy? o L’ [ o {

Energy [eV]

-9

Figure 5. Schematic energy-level diagram (eV) of the frontier metal-centered molecular spinors
(MSOs) for compounds 1 (left) and 3 (right). Frontier ligand-centered MSOs are omitted for clarity.
Note the significant destabilization (delineated by the blue arrow) of the dx.- and particularly the dxy-
type MSOs in compound 3 compared to those in 1.

The SOMO (Ir dy,-based) has different admixtures of atomic orbitals from the two trans ligands in 1
and 3 as shown in Figure 6a. This is related to the structural trans effect where the two ligand atoms
share a single orbital of the central metal atom.**>! Therefore, the chlorine atom Cl4 that is weakly
bonded to the central iridium allows for a relatively strong #rans Ir—N1 bond in compound 1. In
contrast, the triple-bonded nitrogen ligand atom (N4) in compound 3 prevents the formation of a
strong Ir—N1 bond. These differences in the magnitudes of the Ir<>L electron sharing (bond
covalence)* are clearly reflected in the delocalization indices (DI)>*>* of QTAIM, see Figure 6b. The
16



DI(N1«Ir) values are 1.00 and 0.58 au for compound 1 and 3, respectively. Therefore, the SOMO
(Figure 6a) is notably more delocalized towards the N-C=C fragment in 1, whereas the presence of
the Ir=N triple bond in 3 allows for an efficient spin sharing between Ir and N4. We will now

investigate how these different bonding situations are reflected in the magnetic resonance parameters.

a)

Figure 6. a) Visualization of SOMOs (« spinor, calculated by sc-DKH2/PBEO/upcJ-1/vacuum) with
different spin delocalization (Mulliken analysis)> by contributing ligand atomic orbitals (AOs) in 1
and 3. b) Central fragment N1-Ir-L4 in compounds 1 and 3 with QTAIM electron-delocalization
indices (DIs) for N1-Ir and Ir-L bonds.

“Long-Range” Fermi-Contact (FC) Contributions to Hyperfine 'H and '>C NMR Shifts

The more covalent [r-N1 bond in compound 1 compared to that in 3 enables significant involvement
of the N1 and C2-C3 AOs in the SOMO (Figure 6a) and consequently a higher degree of spin
delocalization on the N—C=C fragment via the 7-space (cf. the magnitudes of A5, (C2) and A;s,(C3)
in Table 5). The opposite signs of A;s,(C2) and A;s,(C3) in compounds 1 and 3 originate from the
opposite signs of the Fermi-contact contributions (Table 5) and are directly linked to the distribution
of spin density in the systems, see Figure 7. This can be rationalized as follows. Compound 1 has a
covalent Ir-N1 bond where the a-spin density from the Ir atom is directly delocalized to the z-space
of N1 (blue lobe). In contrast, the weak Ir-N1 bond in compound 3 quenches the spin delocalization
to N1 and the spin density is propagated through spin polarization, inducing an overabundance of f

spin in the z-space of N1 (red lobe), see Figure 7. This opposite spin polarization in the z(N1)-space

17



is further propagated to the C=C fragment in subsequent polarization steps.?’%*%3637 Thus, the
predominance of f-density (red) and a-density (blue) is clearly identified in the z-space of C2 in 1
and 3, respectively. This inverse n(C2) spin polarization (Table 6) is further propagated in an
alternating way to carbon atom C3 in 1 and becomes rather marginal for C3 in 3 because of the much
less effective polarization pathway originating in the z-space of N1 and a possible additional
counterbalancing pathway involving the phosphorus atom (cf. A5, values in Table 6). In accordance
with the /8 spin density on the hydrogen atoms in Figure 7, a significantly negative ALC is observed
for H3 in 1 and H2 in 3. Clearly, this analysis substantiates our current assignment of the originally

unassigned '"H NMR resonances of H2 and H3 as summarized in Tables 2 and 3.

1 3

0.001 a.u.

0.0002 a.u.
Figure 7. Visualization of the z-component of the z-magnetized spin density at 0.01 a.u. (top), 0.001
a.u. (middle), and 0.0002 a.u. (bottom) for compounds 1 (left) and 3 (right) calculated at the four-
component DKS level (PBEO/vdz/upcJ-1) in vacuum. The predominance of a and f spin density is

shown in blue and red, respectively. For C2 and C3 atomic spin populations, see Table 6.

Table 6. Fermi-contact contribution (AF¢) to the hyperfine coupling constant of atoms C2 and C3

calculated at the DKS and sc-DKS level in vacuum in ReSpect, and spin population on the 2p, atomic
18



orbital of carbon atoms C2 and C3 in compounds 1 and 3 calculated at the PBEO/ECP/def2-

TZVPP/vacuum level in Gaussian 16.%%

Compound Atom AFC¢ (DKS) AFC (sc-DKS) 2px
1 C2 -5.82 -8.15 -0.028

C3 +4.54 +6.34 +0.074

3 C2 +1.84 +2.06 +0.020

C3 -0.31 -0.47 -0.001

Electronic g-tensor: Origin of the Sign of Ag in Compounds 1 and 3

The isotropic g-factor (giso in vacuum, 2.244 for 1, 1.673 for 3) and the different components of g,
Figure 8, reflect the different bonding to ligands L4 and N1 and the accompanying difference in spin
delocalization in compounds 1 (total Ir spin population 0.79 at sc-DKH2/PBEO/vdz/upc]-1 level in
vacuum) and 3 (0.41). Note in particular the large values for gy (green, +1472 ppt) and gx (red, -599
ppt) in compounds 1 and 3, respectively. In order to understand these differences in Ag between
compounds 1 and 3, we again turn to second-order perturbation theory (PT2), which is justified based
on the good agreement between the results we obtained at the full DKS level (PBEO and PBE
functionals) and using sensible approximations in the PT2 theory, see Tables S7 and S8 in Supporting

Information.

a) Ag,= -621 ppt b) Ag,= -314 ppt

Ag.= -124 ppt Ag,= -599 ppt

Agiso= +242 ppt Agis,= -329 ppt

Figure 8. Visualization of components of the electronic g-shift tensor (Ag) in the molecular
coordinate system for a) compound 1 and b) compound 3 calculated by using the DKS approach
(PBEO/vdz/upcl-1/vacuum). Note particularly the large positive Agy (green) in 1 and the large
negative Agx (red) in 3. Because of the somewhat more localized spin density at iridium atom in 1
(total Ir spin population 0.79 calculated by sc-DKH2/PBE0/vdz/upcJ-1/vacuum) comparing to 3 (total
Ir spin population 0.41), its g span (gy-gz = 2093 ppt) is notably larger.
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From the MSO diagram in Figure 5, it is clear that the magnetic couplings between the occupied and
vacant a spinors would not be very efficient in compound 1 due to the large MO«+>MO* energy gap
(> 5 eV), and particularly the absence of a vacant & MSO of the appropriate composition and

symmetry, as this would require the coupling of the SOMO (a dy,-based) to the Ir dyy- or dy,-based

MSOs, which are hardly available in the vacant a space as the LUMO is mostly centered on the ligand.

Therefore, coupling of the SUMO to the occupied d,2 in the S space (AE = 3.1 e¢V), dominates the

S0/0Z

contribution to the y component (Agy

(d,2 & dy,) = +2086 ppt), the total y value being

S0/0Z
Agy /

S0/0Z
iso

= +2188 ppt and the isotropic value Ag =+1021 ppt for 1, see Figure 9 and Table S7,

in accordance with our analysis in the section Theoretical Background.

The situation is completely different for compound 3. The formation of two strong 7 bonds results in
a notable destabilization of the corresponding Tr*(IrdXZ - sz) and * (Irdxy - pr) MOs (note in

particular the latter in a space), so that the latter MO becomes vacant in compound 3 in contrast to

that in 1, see Figure 5. The SOMO can then couple very efficiently with the vacant 5dy,-based a

spinor (AE = 2.8 eV) along the x direction of the magnetic field (Ag)s(o/ oz (dXZ © d;‘;y) = —597 ppt),

as shown in Figure 9, dominating the deshielding of the Ag)s(o/ oz component (-532 ppt) and the

corresponding isotropic Agiss(z)/ 0% = 93 ppt for 3, see Table S7.

1: (L=Cl)
0 a p 0
147
147
Py L - SUMO »
-2 -2
CiXZ v
B 146
23 -3
8
2 > "
-4 =4 [)) 5
“ | Ag, =+2086 ppt -
™
-5 -5
146 —1& a2
Oy, el 145
6| 145 :f&x -6
e g, Gy 1M
-7 -7

Figure 9. A portion of the molecular spin-orbital energy diagram and highlights from the PT2
excitation analysis of the contributions to the individual components of Ag5®°Z (PBE/vdz/upcl-

1/vacuum) for compounds 1 (left) and 3 (right).
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S0/0zZ ASO/PSO

As demonstrated in the section Theoretical Background, the g and mechanisms have
similarities in terms of the spin-orbit and magnetic-field operators, as summarized in Egs. (2) and (5).
We can therefore expect that the MSO couplings identified above for g also govern the trends in the

PSO term of A.

Ligand Hyperfine Coupling Tensor: Sign of A in Compounds 1 and 3.

The total values of A;g, for the atom L directly bonded to the metal (Cl in 1, N in 3) are governed by
the PSO terms, see Table 5. Similar observations have been reported previously for actinide-
containing systems with a large electronic orbital angular momentum.*%>%% We highlight in particular
the opposite signs of AFSSOO (L) in compound 1 (+11.3 MHz for **Cl) and 3 (-16.8 MHz for '*N), despite
both nuclei having positive gyromagnetic ratios. The opposite signs for 4 thus parallel the Ag values

analyzed in the previous section. For the components of A, see Figure 10.

a) A,= +20 MHz b) A,= +69 MHz

A= +14 MHz A= -69 MHz

A= +13 MHz A_=-10 MHz

Figure 10. Visualization of components of the ligand L4 hyperfine A-tensor in molecular coordinate
system for a) compound 1 and b) compound 3 calculated using the DKS approach (PBE0O/vdz/upcl-
1/vacuum). Note particularly the component 4x, which shows the greatest changes (shown in red, +14

MHz for 1, -69 MHz for 3), oriented parallel to the Ir—L.4 bond.

In compound 1, the AYSC-active coupling of the formal electron lone pair n(d,2) with the SUMO
(Irg,,-based) in ff space (see Figure 11) is clearly analogous to the mechanism of Ag, vide supra. Note,
however, that here it results in a negative contribution to Ay (-38 MHz), in contrast to that for Agy.
This is due to the different centers of the SO (r,\}3i§‘,” ) and PSO (rL_3i3L,) operators leading to the
arbitrariness in the sign of the individual SO/PSO contributions. Also, the contribution of this
MO«—MO* coupling to the overall AYS? is limited due to the minor admixture of atom L in the
occupied f MSO, as already noted. Instead, the coupling between the occupied dxy-based MSO and
the SUMO in f§ space dominates A”>°. This occupied-vacant 7*(Irg,,, — Cl, ) © m*(Irg,, — Cl,,)

mixing due to the PSO operator is less important for Ag, but is enhanced here due to the significant
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AO contributions of the chlorine atom (L4). This coupling, with a positive contribution to 4x (+66
MHz), is so efficient in the AYS? mechanism that is governs the sign not only of Ax (+59 MHz) but
also of the total Aiso(Cl4) value (+15 MHz PT2, +14 MHz DKS/PBE), see Table S7 in Supporting

Information.

Energy destabilization of occupied o SOMO, m*(Irq  — Cl, ), and in particular the notable
destabilization of the dy, -based Ir-N4 antibonding MO with its shift to the vacant space, change
completely the picture for compound 3, see Figure 11. In clear parallel to Ag for compound 3,
" (Irg,, — Clp,) n*(lrdxy — Clpy) mixing upon the action of [% (-52 MHz) dominates here the
negative parallel component 4x (-54 MHz) as well as the total 4iso(N4) value (-17 MHz PT2, -10 MHz
DKS/PBE), see Table S7 in Supporting Information.
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Figure 11. A portion of the molecular spin-orbital energy diagram and highlights from the PT2
excitation analysis of the contributions to the individual components of ASCSC (PBE/vdz/upcl-

1/vacuum) for compounds 1 (left) and 3 (right).

In summary, our analyses demonstrate that the different M—L bonding situations in compound 1 vs 3
switches the energy of the de- and dy,-based m[._y molecular spinors (MSOs) and thus also the
dominant roles of the f vs a« MSOs in governing the electronic g and A, EPR parameters centered
predominantly on the metal-ligand bond. The conclusions formulated about the relation between
magnetic-resonance parameters and bonding characteristics are straightforwardly transferable to
other systems, such as the very recently reported and structurally related compound Ir'Y(PNP)L4
(terminal L4: =N-'Bu, g = 1.555)°! or the analogous Os"(PNP)Cl, complex (g = 1.812).%% This is

easily further generalized for compounds of the d-block elements where early transition-metal
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complexes with low d-electron counts (e.g., d') exhibit negative Ag (B space), whereas very late
transition-metal complexes (e.g., d°) typically have positive g-shifts (a space).! In the center of the d-
block, one expects both spin spaces to contribute in the SO/OZ (SO/PSO) mechanisms
(SOMO%*->MSO**, MSOP«>SUMOP) and the properties are fine-tuned by the ligands surrounding
the central atoms. Because of the resemblance between the perturbation expressions for the Ag5®'0?
and ASOPSY mechanisms, similar trends in future experimental determinations of the EPR ligand
hyperfine couplings can be expected.

In a broad general-chemistry and reactivity context, our findings demonstrate that the EPR and NMR
parameters reflect the positions of the SOMO and SUMO relative to the occupied and vacant metal-
based MSOs, knowledge of which can be used to tune the electronic structure of a complex through

chemical alterations, and in this way modify the reactivity of systems in catalytic reactions and the

properties of molecular magnetic materials.

CONCLUSIONS AND PROSPECTS

We have performed a systematic study of the EPR parameters and paramagnetic NMR shifts for
recently reported square-planar iridium complexes with the PNP pincer ligand. We have demonstrated
how the opposite signs of the g-shift and ligand hyperfine A-coupling constant for the two complexes
originate in the different electronic spin structure around the central iridium metal atom and
differences in the metal-ligand bonding. This has significant consequences for the predictions of the
paramagnetic NMR shifts which have no simple analogy in standard NMR spectroscopy of
diamagnetic compounds. We have shown how the experimental NMR data can be assigned and
interpreted using relativistic DFT calculations.

Based on second-order perturbation theory, we have provided a transparent interpretation of the
shielding/deshielding contributions of a vs  molecular spinors to the diagonal components of the
SO/OZ term of the electronic g-tensor. Furthermore, the close analogy between the metal-centered
SO/OZ mechanism of g and both the metal- and ligand- centered SO/PSO mechanism of A has been
demonstrated.

The effects of solvent and relativity on magnetic resonance parameters were evaluated by using a
fully relativistic DKS approach in combination with the PCM. We have shown how the electronic
spin structure in terms of the metal oxidation state and the character of the metal-ligand bond can be
mapped by relativistic EPR and NMR spectroscopy. The “through-bond” Fermi-contact contributions
to the ligand hyperfine EPR coupling constants and ligand hyperfine NMR shifts are related to the
calculated and visualized spin densities and spin populations. Whereas the Fermi-contact term is

shown to dominate the hyperfine NMR shifts of most of the atoms in the systems investigated here,
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the hyperfine coupling of the ligand atom bonded directly to the iridium center (chlorine or nitrogen)
is governed by the PSO term.

We have provided a clear and quantitative interpretation of all previously reported magnetic
resonance observables using MO theory, in contrast to the statement in the original work regarding
the challenges of performing a quantitative analysis of the EPR parameters in terms of the electronic
structure when the system exhibits strong spin-orbit coupling. Our findings are straightforwardly
transferable to other systems containing d-block elements and beyond. In a broader context, we have
shown how EPR and NMR parameters can be rationalized using transparent chemical concepts that
reflect the positions of the SOMO and SUMO energy levels (and symmetry) relative to the vacant
and occupied metal-based MSOs. These orbitals can be efficiently tuned by coordinating ligands
when developing catalytic and molecular magnetic materials.

The calculations and analysis of the hyperfine NMR shifts have enabled the assignment of previously
reported NMR resonances in unusual shift ranges. As such, we have shown that relativistic DFT
calculations can assist in the investigation and characterization of hitherto unknown exotic species.
Further investigations of the relations between the electronic spin structure of open-shell systems and
relativistic spin-orbit effects on the EPR and hyperfine NMR parameters are underway in our

laboratories.
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METHODS
Geometry Optimization.

The starting geometry of compound 1 was taken from the X-ray crystal structure (CCDC number: X-
ray diffraction 822068, neutron diffraction 822069)%° and re-optimized using Density-Functional
Theory (DFT) with various unrestricted density functionals (UBP86,%-% UBLYP,** UB3LYP,%¢
CAM-UB3LYP,*® UPBE,® UPBEO,* UTPSSh,*>* and UMN12SX* with many of these additionally
augmented by the D3 dispersion correction of Grimme’® with Becke-Johnson damping’!, see Tables
S2-S4 in Supporting Information) and the def2-TZVPP’? basis set for all atoms (if not stated
otherwise), with corresponding relativistic effective core potentials (def2-ECPs)”® for the iridium
atom (ECP substituting 60 core electrons), as implemented in the Turbomole 7.0 program.”* All
calculations were performed using an m5 integration grid with the convergence criteria of 1076 for
the energy change and 107> for the geometry gradient. The structures were optimized either in vacuum
or by using the COSMO (Conductor-like Screening Model) model of the solvent used in the EPR and

NMR experiments (permittivity, £, and probe radius, 11, — toluene: & = 2.38, rsol = 3.48 A; benzene: ¢

=2.30, rso1 = 3.28 A; tetrahydrofuran: & = 7.58, rso1 = 3.18 A; diethyl ether: & = 4.34, 1501 = 3.46 A).7
Four-Component DFT Calculation of EPR and NMR Parameters.

The magnetic resonance parameters (EPR and NMR) were calculated by using a developer version

of the ReSpect program (version 4.0.0).7°

The production calculations were performed at the four-
component Dirac—Kohn—Sham (DKS) level of theory.>*"7780 We tested the effects of solvent
(vacuum vs PCM model), relativity (full DKS vs scalar-relativistic DKS approach employing down-
scaled (1 = 0) spin-orbit contribution, sc-DKS, — see below), and exact-exchange admixture in the
hybrid PBEO functional on the calculated EPR parameters. A detailed evaluation of the basis-set
convergence and the effect of the density functional was performed in our recent work on
paramagnetic Ru(IIl) compounds.® We used basis sets of double-{ quality: uncontracted Dyall’s
valence vdz for the metal®'*?> and Jensen’s uncontracted pcJ-1 (denoted as upcl-1) for the light
atoms.33* For the functional and basis-set dependencies tested in this work, see Figures S1-S2 in

Supporting Information. The Mulliken spin populations and molecular spin-orbitals (MSOs) used in

the figures were obtained by the scalar second-order Douglas-Kroll-Hess (sc-DKH2) calculations.®®

To scale the SO contribution in the DKS framework, we multiply the 1-4 complex-quaternion
constituents of the Fock matrix by a scaling factor A. For the mapping of the Fock matrix to the
complex quaternion algebra, see Eq. 23 in reference *. 2 = 0 corresponds to the scalar four-

component picture and 1 = 1 represents the full four-component DKS calculation.
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Second-Order Perturbation Theory (PT2) - Analysis of the Spin-Orbit/Orbital-Zeeman Contribution
to the g-tensor, AgS°/°Z and the Spin-Orbit/Paramagnetic-Spin-Orbit (PSO) Contribution to the A-

tensor, ASO/PSO,

The calculation and analysis of the linear SO contributions to the g- and A-tensors were implemented
into the ReSpect program package. For this purpose, the standard formulation of PT2 theory was used
as described, for example, in references >*>>%". In this work, we made a few adjustments to the theory
to render the expressions meaningful for an MO analysis. First, only the dominating one-electron SO
operator is considered, neglecting the two-electron interactions. For systems containing one heavy-
metal center, the one-electron SO operator can be further restricted to Y34 ZVry 31V ~ ZMry, %M, as
the nuclear charge of the heavy atom M is much larger than that of the light atoms. Second, we have
performed the analysis using only pure DFT functionals, which allow us to avoid consideration of the
DFT kernel otherwise present in calculations utilizing hybrid DFT functionals. Finally, the gauge of
the angular momentum operator is placed on the atom M to decrease the basis set requirements, which

results in fewer dominating MOs in Eq. (2).

The rationale behind Eqg. (3) goes as follows: If we neglect the usually small interatomic contributions
to the integrals in Eqg. (2), the contribution from atomic orbitals (AOs) centered on the heavy atom M

have the same sign for the SO, (¢ |ry 31

@X), and angular momentum, (p|1|¢X), integrals. Note
that this holds only for the diagonal elements of the g-tensor, since the same component of the I
operator is then used in both integrals. Furthermore, the contributions of other AOs (e.g., the ligand
atom in Figure 2) to the integral containing the angular momentum operator are not large enough to
change the total sign. As a result, the sign in Eq. (2), the imaginary unit in the I operator, the always

negative denominator, and the antisymmetric relations of the integrals ({p [I™|pX) = —(0X|1|¢¥))

determine the final sign of the a and g electron contributions in Eq. (3).
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