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Abstract:

Recent advances in computational methodology allowed for first-principles calculations of the
nuclear shielding tensor for a series of paramagnetic nickel(II) acetylacetonate complexes,
[Ni(acac),L,] with L = H,O, D,O, NH3, ND3, and PMe,Ph have provided detailed insight into the
origin of the paramagnetic contributions to the total shift tensor. This was employed for the
assignment of the solid-state ”H and °C MAS NMR spectra of these compounds. The two major
contributions to the isotropic shifts are by orbital (diamagnetic-like) and contact mechanism. The
orbital shielding, contact, as well as dipolar terms all contribute to the anisotropic component. The
calculations suggest reassignment of the '>C methyl and carbonyl resonances in the acac ligand
[Inorg. Chem. 53, 2014, 399] leading to isotropic paramagnetic shifts of 8(**C) ~ 800-1100 ppm
and ~ 180-300 ppm for °C for the methyl and carbonyl carbons located three and two bonds away
from the paramagnetic Ni(Il) ion, respectively. Assignment using three different empirical
correlations, i.e., paramagnetic shifts, shift anisotropy, and relaxation (77) were ambiguous,
however the latter two support the computational results. Thus, solid-state NMR spectroscopy in
combination with modern quantum-chemical calculations of paramagnetic shifts constitutes a

promising tool for structural investigations of metal complexes and materials.

Keywords:  Ni(Il), acetyl acetonate, solid state NMR, paramagnetic shift, first-principles

calculation, paramagnetic NMR



1. Introduction

Transition metal-organic compounds find widespread application in catalysis, energy storage and
conversion, as well as selective capture of molecules or ions. It is the flexible oxidation states of the
transition metal(s) that are essential for many of these functions in a vast number of chemical
processes ranging from the selectivity of metallo-enzymes in biological processes and industrial
catalysis, to the binding and degradation of pollutants in the environment. These materials are often
part of complex systems without long-range order, thus single crystals suitable for structure
determination by X-ray diffraction may be difficult to obtain. Other experimental techniques with
atomic-level resolution for solid state materials are needed to link the function to the chemical
structure. Solid-state NMR spectroscopy (SSNMR) combined with first-principles calculations have
proven invaluable for the interpretation and prediction of experimental data in studies of complex
metal-organic and inorganic materials. Especially the density functional theory-based methods
(DFT) pioneered by Pickard, Mauri and co-workers[1-3], are widely used, DFT methods however

are mainly successful for diamagnetic systems[4, 5].

Recent advances in NMR methodology have facilitated the acquisition of high-resolution SSNMR
spectra by fast magic-angle spinning (MAS)[6-9] and NMR pulse sequences for paramagnetic
systems[10-15]. However, the analysis of paramagnetic NMR (pNMR) spectra is much more
complicated than for their diamagnetic analogues due to the large magnetic moments of the
unpaired electrons. Furthermore, efficient and accurate quantum-chemical models for paramagnetic
systems have only recently become available[16-25]. Thus, the analysis of SSNMR spectra of
paramagnetic samples has mainly relied on simple empirical and/or classical models (Figure 1). In
particular, the paramagnetic hyperfine contribution (“Fermi contact shift”) to the isotropic shifts
(“paramagnetic shifts”) has been popular due to its simplicity, with applications to, e.g., battery

materials[26, 27], iron soil minerals[26-29], and recently to metal-organic complexes [30-37].



Recent studies show that such simple rules fail for metal-organic frameworks (MOFs), as
demonstrated by Dawson et al.[38] in the analysis of °C MAS NMR spectra of two Cu(II)-
containing MOFs[38]. Kong et al. recently investigated a series of metal-organic complexes
including [V(III)(acac)s;] and [Mn(III)(acac);] using 'O SSNMR in combination with conventional
DFT methods, but were unable to unambiguously assign the '’O resonances in the spectra of these

two complexes[37].

In addition to the Fermi contact interaction, the paramagnetic dipolar interaction may
be used for the determination of distances to the paramagnetic center in metal-organic systems[10,
39-41]. This requires a precise determination of the anisotropies by analysis of the spinning
sideband pattern, which can be difficult due to the overlap of spinning side bands, ssbs from
different sites, and the large spinning speeds needed, which partially average the dipolar interaction.
From an experimental point of view, the isotropic shifts, which can be measured directly, are
preferred for assignment. Finally, {'H,"’C}-correlation SSNMR experiments and relaxation
measurements in combination with fast MAS, probe the bonding connectivities and distances to the
paramagnetic center, respectively[6-8]. However, the combination of fast MAS, short relaxation
times and large chemical shift range, i.e., inefficient polarization transfer render this approach

experimentally quite demanding[8, 13, 14, 38].

Computation of pNMR parameters requires that the theoretical framework of standard
NMR is expanded to include the strong interaction between the magnetic moments of the unpaired
electron(s) with the magnetic field. The zero-field splitting (ZFS) represents a challenge for the
NMR parameters in paramagnetic systems with two or more unpaired electrons, i.e., as total
electron spin (S) of one or more (S > 1). For § > 1, ZFS lifts the degeneracy of the ground-state
multiplet resulting in (25+1) states separated often by only a small energy difference, which is

accompanied by a more complex pattern of hyperfine shielding interactions[16], than assumed in



classical models. In particular, the leading-order dipolar hyperfine coupling now contributes to the
isotropic shifts due to the ZFS[16], whereas the contact coupling influences the shielding
anisotropy. Furthermore, a thermal average over both the ground multiplet and thermally occupied
states above the ground multiplet must be included in the calculation. The formal derivation for the
pNMR nuclear shielding expression as a quantum-statistical expectation value was introduced in the
classic paper by Kurland and McGarvey[42]. Subsequently, Soncini and Van den Heuvel[18]
presented the correct formulation for the ZFS within the (25+1)—dimensional ground multiplet
using the standard electron paramagnetic resonance (EPR) parameters. References. [16, 17, 21]
include a detailed analysis of the shielding contributions in terms of the physical mechanisms
underlying the hyperfine coupling tensor as well as the g-tensor, which parameterizes the Zeeman
interaction between the unpaired electrons and the external magnetic field. The terms include Gor
for orbital shielding (often called chemical shielding in the SSNMR literature) and a total of nine

“hyperfine” contributions (Table 1 and Figure 1).

Open-shell systems are inherently multiconfigurational, which often results in failure of DFT
methods for calculations of EPR parameters, particularly the ZFS-tensors[43]. Therefore reliable
computations may only be obtained at higher, ab initio levels that can take into account for the
multiconfigurational nature of the electronic structure of metal-organic systems. A useful level of
agreement with the experimental pNMR shifts can be reached by a combination of the complete-
active space self-consistent field (CASSCF)[44] and N-electron valence-state perturbation theory
(NEVPT?2, see ref. [45] and references therein) calculation of the critical interactions (ZFS and the
g-tensor)[17], as also demonstrated in the current work. In contrast, much of the computational
work on pNMR shifts is still based on the phenomenological contact and dipolar shifts[46], which
disregards the ZFS and thereby provides an incomplete description. However, a number of studies

using modern methods have recently been reported, which give a more complete description[17, 19,



20, 47, 48].

The situation in the molecular pPNMR shift theory has been reviewed in References [47, 49, 50]. It is
noteworthy that, in contrast to the situation in the SSNMR of diamagnetic systems for which
periodic DFT methods[4] are routinely used[51], so far no periodic implementation of the modern
first-principles pNMR theory with ZFS exist. Currently, modeling is therefore restricted to

molecular quantum-chemistry codes.

Our study reports a combined, '*H and °C MAS NMR and modern quantum-chemical study of
[Ni(IT)(acac),L,] for L = H,O, D,0, NHs, NDs, and PMe,Ph (Figure 2), for which the °C NMR
chemical shift tensors were reported earlier (except for L = ND3) and assigned using empirical
paramagnetic shift rules[31]. Quantum-chemical calculations provide a valuable asset in verifying
the identity of the pNMR signals. Thus, additional SSNMR experiments were performed on these
complexes to resolve this ambiguity for [Ni(II)(acac),L,] for L = H,O, D,O, NHs, and NDs. These
[Ni(IT)(acac),L,] complexes constitute excellent model systems to compare the different
computational approaches. Moreover, [Ni(Il)(acac),(PMe,Ph),], which contains a more complex,

organic ligand, allows us to test computationally the assignment based on isotropic shifts only.
2. Methods and Materials

2.1 Synthesis: Polycrystalline [Ni(IT)(acac),], [Ni(Il)(acac)»(H20),]H,O, [Ni(IT)(acac)(D,0),]D,O
and [Ni(II)(acac),(NHs),] were synthesized following the procedures in Ref [31]. Deuterated

ammonia (25% solution in D,O) was obtained from Cambridge Isotope Laboratories.

Two methods were used for preparation of [Ni(Il)(acac)>(NDs),]. Method A: Solid [Ni(II)(acac);]
was exposed to gaseous deuterated ammonia generated by adding drops of D,O to solid lithium

nitride in a closed vessel. The color of the solid changed from pale green to pale blue over 30 mins.



Method B: [Ni(IT)(acac),] (0.65 g, 2.5 mmol) was dissolved in ethylacetate (30mL) with heating.
The mixture, in an open vial, was placed inside a larger container containing 4 mL of 25 % NDs in
D,0O and sealed to allow NDj; vapor diffusion into the vial. Within minutes microcrystalline pale

blue [Ni(IT)(acac),(NDs),] was deposited. This was collected by suction filtration (0.71g, 94%).

PXRD confirms that both samples of [Ni(acac),(NDs)] are isostructural to [Ni(acac),(NH3),] and
all reflections could be assigned to this phase (Figure S1). Anal. Calcd. for the sample prepared by
method A shows that uptake ammonia is not complete: C;oH,DgNiN,O4 (MW = 298.8 with fully
deuterated acac methine and ammonia ligands): C, 40.17; H/D, 9.43; N, 9.37. Found: C, 38.94(7);
H/D, 6.44(1); N, 6.72(1). The sample prepared by Method B was pure according to “H MAS NMR
and °C MAS NMR (3("°C) = 118(2) and 199(1) ppm) matching our earlier reported data for the
[Ni(IT)(acac)2(NH3),] complex[31]. CioH2DgNiN,O4 (MW = 298.8 with fully deuterated acac
methine and ammonia ligands): C, 40.17; H/D, 9.43; N, 9.37. Found: C, 40.66(3); H/D, 6.70(15); N,
9.46(6). The C/N ratios, which are independent of the level of deuteration, are 4.28 and 4.29(4) for

the calculated and experimental values, respectively for sample B.

2.2 Solid-state NMR spectroscopy: 'H, *H, and °C single-pulse and inversion recovery experiments
were performed at 11.7 T (500 MHz (‘H), 76.7 MHz (*H) and 125.7 (**C)) on an INOVA 500 MHz
NMR spectrometer using a 3.2 mm HX MAS NMR probe and 18-22 kHz MAS. Two sets of
inversion recovery experiments with the carrier at about 900 and 200 ppm were recorded to ensure
complete inversion of the magnetization. Additional 'H, *H, and C, MAS NMR spectra were
recorded at 14.1 T using a 3.2 mm HXY probe on an Agilent 600 MHz spectrometer with 599.8

92.05, and 150.8 MHz Larmor frequencies for 'H, *H and "°C, respectively. °C and *H MAS NMR

spectra were recorded using a rotor-synchronized Hahn echo sequence (90-t-180-t, T = 1 rotor



period). Spectra were recorded at ambient temperature and only minor changes (= 1 ppm) in the

isotropic shifts were observed by changing the spinning speed (frictional heating).

3. Calculations

3.1 Computational Details

We used the theory of Kurland & McGarvey[42] and Soncini & van den Heuvel[18, 42] combined
with our computational methodology and analyses reported elsewhere[17, 21]. The necessary
quantities were calculated by two different quantum-chemical packages. oo (the chemical
shielding (CSA) tensor) was obtained with GAUSSIAN 09 (G09)[52] and the g-tensor (g), the ZFS
tensor (D), and the hyperfine coupling (HFC) tensor (4) were calculated with ORCA[53]. The
computations for G, and A were performed at the density functional theory (DFT) level with the
generalized gradient approximation-type functional PBE[54, 55] and the hybrid functional (with
25% exact-exchange admixture) PBEO[56], while the computations of g and D were done with ab
initio wave function theory at the CASSCF and NEVPT2 levels. The notation used throughout the
article for these calculations is CASSCF/DFT(PBE) or NEVPT2/DFT(PBE) denoting combined
methods where either CASSCF or NEVPT2 was used for g and D and PBE was used for A.
Similarly, in CASSCF/DFT(PBEOQ) or NEVPT2/DFT(PBEOQ) calculations, PBEO was employed for
A. The active space in our state-average CASSCF wave functions, which also were underlying the
NEVPT?2 calculations, consisted of the eight metal d-electrons in the five Ni(3d) orbitals. All 10

triplet and 15 singlet states allowed by the CAS(8,5) calculation were included.

Three different kinds of geometries were used in the computations: besides the experimental X-ray
structures[31], for [Ni(II)(acac),(H,0),] and [Ni(Il)(acac),(NH3),] depicted in Figure 2, we

additionally used both fully optimized (meaning that the positions of all the atoms were optimized)



structure and ‘hydrogen-optimized’ structure. In the latter, the positions of only the hydrogen atoms
were optimized, while the heavier atoms retained their X-ray positions. The optimizations were
performed using the Turbomole program[57] at the B3LYP[58-60]/def2-TZVP[61, 62] level of
theory. For [Ni(Il)(acac),(NH3):], the geometry optimization was also carried with a dispersion-
corrected PBEO[56] level of theory (PBEO-D3[63]) for the purpose of comparison with data

calculated with B3LYP.

The all-electron def2-SVP, def2-TZVP and def2-QZVPP[61, 62] basis sets were applied for all the
atoms in the A4 tensor calculations. In contrast, locally dense basis sets (LDBS)[64-66] were used for
g and D, meaning that, for the metal ion and the atoms directly bonded to it, we used better basis
sets such as TZVP or QZVPP, while for the more distant atoms we used the smaller SVP basis. The
purpose of adopting LDBS was to reduce the computational cost; the spin density distribution that
gives rise to g and D is localized in the immediate neighborhood of the metal ion. Therefore, LDBS
(denoted as TZVP* or QZVPP*) performs equally well as, and is less expensive than calculation
with fully balanced (FB) TZVP or QZVPP basis set. However, the HFC calculations were
performed with the FB basis, because of the high sensitivity of 4 of the NMR centers to the
flexibility of the basis set. The corresponding representations for the basis sets are SVP/SVP,
TZVP*/TZVP, and QZVPP*/QZVPP, where the first basis sets specified was used for g and D, and

the second set was used for 4.

The chemical shifts are reported with respect to tetramethylsilane (TMS), a diamagnetic reference
molecule. The 'H and "°C shielding constants for TMS were calculated with G09 using DFT with
the same exchange-correlation functionals and FB basis sets, as used for the present Ni(II)
complexes. All the calculated paramagnetic shifts are reported at the temperature of 298 K. The
calculated shieldings are averaged within the experimentally equivalent group of nuclei except for

[Ni(IT)(acac),(H,0),]H,0, for which crystallographically inequivalent °C can be identified. Here



the individual "H and "°C data are reported from our best calculations using the X-ray positions
except for hydrogen, for which geometry optimization was performed. All calculations were carried
out in vacuo; no solid-state effects such as intermolecular hydrogen bonds and solvent molecules

were included. This means that also crystallographic water molecules were omitted.
3.2 Definitions and conventions for NMR parameters

The analysis of experimental SSNMR spectra for / = '2 nuclei in paramagnetic systems allows for a
direct determination of the principal components of the total shielding (shift) tensor. However,
comparison of the experimental and computational approaches is complicated by the different
terminology used by the NMR and computational communities. Thus, we establish the link between

these below.
Three factors contribute to the isotropic shift, o:
o= 60rb+ 600n+ 8pc (2)

dory reflects the shielding of the nucleus by the electrons and it is the only observable isotropic
component in diamagnetic systems. From an experimental NMR point of view, two factors may
contribute to the paramagnetic shift: the contact shift (3con) and the pseudocontact shifts (8yc). Ocon 1S
caused by unpaired electron spin density at the NMR nucleus mediated through the chemical bonds
similar to the scalar J-coupling, and is often referred to as the Fermi contact shift (8¢). &y arises

due to the dipolar HFC interaction and depends on the distance between the paramagnetic center(s)

and NMR nucleus[39].

The anisotropic components, i.e., the total anisotropy (d = .. - 8) and the asymmetry parameter ng
= (8w — O)y) / d, generally contain contributions from both the CSA (“orbital” term) and the

paramagnetic dipolar interaction. For which the following convention is used: [5.: =0 | = |0 — 8|2
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|0,y — 8]. The CSA may experimentally be estimated based on the chemical shift parameters for an
isostructural, diamagnetic compound, and the relative size of the two contributions obtained.
Alternatively, extensive variable temperature experiments of the paramagnetic compound are
required[40] in contrast to quadrupole and paramagnetic dipole interactions, which can be separated
by 2D NMR[10-12]. The experimentally determined paramagnetic dipole tensor has successfully
been analyzed using a classical dipole approximation combined with experimentally determined
properties including spin, susceptibility, g-tensor, crystal structure, and temperature[8, 10, 40, 67].
However, delocalization of the electron density, as is often observed, requires modification of the
classical dipolar model[10, 39]. The Fermi contact (hyperfine) interaction directly reflects the spin
delocalization and cannot be modelled by a classical approach. The Kurland-McGarvey[42] and
Soncini —van der Heuvel [18] theories, analyzed as in Reference [21] indicates that a total of ten
terms may contribute to the total shift tensor (Table 1), three of which contain the dipolar hyperfine
interaction (terms 2, 7, and 9 in Table 1) and which may be used in a classical point-dipole
approximation for long-range pseudocontact shifts, see References [17, 49] for a detailed discussion

of the various mechanisms.
4. Results and discussion

First we discuss the experimental BC NMR data obtained for [Ni(acac),(ND;),], a representative
example of the [Ni(acac),L,] complexes, and then compare the different experimental and
computational approaches for the assignment of >C SSNMR spectra of paramagnetic complexes.
Following the assignment of the simple complexes (L = H,O, D,O, NH3, and NDj3), our approach is
employed for the assignment of the ">C resonances in [Ni(acac),(PMe,Ph),], which contains a total
of ten crystallographically inequivalent carbon atoms. Finally, assignment of '*H NMR data based

on the computational results is presented.
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4.1 Assignment of >C MAS NMR spectra of simple [Ni(acac):L;] complexes using empirical

correlations

The experimental BC MAS NMR spectrum of trans-[Ni(acac),(NDs),] (Sample B) in Figure 3 is
expected to contain three different >C resonances: a methyl (CH3), a methine (CH), and a carbonyl
(C=0), based on the crystal structure of trans-[Ni(acac),(NDs3),] [31]. Three sets of resonances from
trans-[Ni(acac),(ND3),] are indeed observed at §('°C) = 118(2), 198(2), and 885(10) ppm, c.f,
Table 2 in excellent agreement with earlier reported data for the non-deuterated analogue[31].
Furthermore, weaker resonances are observed at 8('°C) = 126(2) and 178(5) ppm as well as two or
more resonances in the regions =165-185, 285-300, and ~ 940(20) ppm, which we propose to be
trans-[Ni(IT)(acac),(H2O)(NDs3)], vide infra. Analysis of the spinning sideband manifold allowed for
precise determination of the total anisotropy (d) for the two sites with 8('°C) = 118(1) and 198(2)
ppm, whereas the site with 8('°C) = 885(10) ppm a larger linewidth and only a single spinning
sideband is observed, implying a small anisotropy. Table 2 summarizes these results along with the
Ty’s for trans-[Ni(II)(acac),L,] with L = H,O, D,O, and NHj. These data illustrate the three
different methods of spectral assignment: paramagnetic shifts, shift anisotropy, and relaxation

measurements (7).

Using the large paramagnetic shift (> 700 ppm), the site with 8(*>C) = 885(10) is assigned to the
carbonyl group (C=0), which is directly coordinated to Ni(II). The resonances at 8('°C) = 118(2)
and 198(2) ppm are assigned to the methine and methyl groups by inspection of the single crystal

X-ray structure and comparison with other simple trans-[Ni(acac),L,]-complexes, as described in

detail in Ref. [31].

Based on the distance to Ni(Il), the paramagnetic center, the magnitude of the total anisotropy (d) is

expected to be d(CH3) < d(CH) < d(CO). Hence, the resonances in the regions 8('°C) = 118(2),

12



198(2) and 988(10) ppm should be assigned to CH, C=0, and CH3, respectively, c.f., Table 2. Thus,
the assignment of the CH; and C=O resonances are interchanged with respect to the assignment

based on the isotropic paramagnetic shifts (vide supra).

The third assignment approach uses the longitudinal relaxation times (77, Table 2) under the
assumption of no delocalization of the unpaired electron, as T} is proportional to #°[8]. The C=0,
CH, and CH; groups are 2.95, 3.307, and 4.33 A from the paramagnetic Ni(Il) center,
respectively[31]. The site with the shortest 7} should be the C=0 group, i.e., 8(*°C) = 199 ppm,
whereas 119 and 883 ppm are assigned to CH and CHj, respectively, in agreement with the
anisotropy (vide supra). However, the use of 7’s is not possible for [Ni(acac),(H20),]-H,O, as the
experimentally determined 7 values are identical within the experimental uncertainty for the four
signals with 8 = 180 — 300 ppm and the two broad resonances with & ~ 800 and 900 ppm.
Furthermore, the computational results show significant delocalization of the unpaired electron spin
density (Sec. 4.2). Thus, the three different empirical approaches give contradicting results for the

assignment of the "°C resonances. To resolve this ambiguity we turn to the computational results.
4.2 Computationally assisted assignment of the [Ni(Il)(acac);L,] complexes using 'H and > C shifts

Trans-[Ni(acac),(NHs),] was used for the calibration of the computational model, as the structure
does not contain any co-crystallized solvent molecules[31]. A complete discussion of the basis-set
and electron correlation effects, as well as the influence of the choices of the DFT functional and
structure is given in the Supporting Information. Three different structural models were investigated
encompassing 1) The reported crystal structure[31] and two structures with geometry optimization:
i) hydrogen atoms only and ii) all atomic positions. The isotropic 'H and ?C NMR shifts obtained
from these three models are reported in Table 3 for calculations at the NEVPT2/PBEO (NEVPT2 ab

initio method for the g- and ZFS tensors, PBE0 DFT method for hyperfine coupling) level with a
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QZVPP*/QZVPP basis set, which will be used in the following discussion. A semi-quantitative
agreement with all the experimentally distinct 'H as well as °C shifts is reached, enabling an
unambiguous assignment of the experimental resonances. Indeed, the computations strongly suggest
that the experimental assignments of the equally abundant C=0 and CH; "°C signals should be
interchanged as compared to the previous assignment[31]. In general, the overall agreement with
experiment appears to be slightly better for the entirely optimized than for the hydrogen-optimized
geometry. Thus, we will focus on this model in the following. As a side note, there is as a very large
difference between some of the isotropic chemical shifts calculated with B3LYP and PBEO-D3 -
optimized structures (Table S9). The proton shift of particularly in the ammonia ligand exhibit large
variations due to the concomitant change in the Ni-N bond length (2.145 A with B3LYP to 2.108 A
in PBEO-D3), whereas only a small increase in the shift is seen for the methyl group, which slightly
improves the agreement with experiment. In the case of carbon shifts, a large difference is found for
the C=0 group, whereby the agreement with experiment improves. However, none of these changes

due to the structure optimization method affect the signal assignment.

Besides approximations in the electronic structure calculations (such as basis set, limited electron
correlation treatment, and omission of any scalar relativistic effects presently), both intramolecular
dynamics and intermolecular interaction effects are omitted from the present modeling. Therefore,

quantitative agreement with experiment cannot be expected.

The total °C chemical shift tensor (Table 4) and the contribution of each of the ten physical
contributions to the isotropic 'H and "C shifts are presented for trans-[Ni(acac),(NHs),], Figure 4,
illustrates this assignment approach. Figure 4 clearly shows that the two major contributions
originate from the orbital (Sop) and first term (contact shifts). The only other non-negligible
contribution to the isotropic shift is from the sixth term, a contact-type term arising from the

isotropic g-shift, but this is an order of magnitude smaller than the contact shift, c.f., Figure 4 and

14



Table 4. Further insight is obtained by looking at the singly occupied orbitals (SOMO), which
contribute to the hyperfine interaction and reflect the direct contribution of unpaired electron spin
density (in the classical term). The ">C nuclei in the carbonyl group are located in the nodal plane of
this direct contribution. The total spin-density (including the indirect spin-polarization contribution)
is largest (and positive) for the CHs, as illustrated in Figure 5. This explains the much larger °C

shifts observed for the CH; group than for C=0.

Further information is obtained by comparison of the experimentally determined and calculated
principal components of the total °C chemical shift tensor in Table 4. Again a good, unambiguous
agreement between the experimental and calculated ">C anisotropies is obtained, where the C=0
has a significantly larger anisotropy than CH, c.f., Table 4. For the CH3 group a d = -244 ppm (= 35
kHz at current field) is predicted, which is comparable to the spinning speeds (18-22 kHz)

employed.

Similarly, calculations performed for [Ni(acac),(H,0):] in vacuo and compared to the experimental

C NMR data again suggest reassignment of the C=0 and CH; resonances (Tables S2, S3, and S4).

4.3 Computationally assisted assignment of '>C MAS NMR spectra of [Ni(acac)(PMe>Ph),].

We previously reported >C shifts for three phosphine complexes trans-[Ni(acac),(L),] with L =
PMe,Ph, PMePh,, and ethylene bis-diphenylphosphine (dppe)[31], and will in the following
consider trans-[Ni(acac),(PMe,Ph),]. *C shifts were obtained for NEVPT2/PBEO calculations with
the TZVP*/TZVP basis and geometry optimization of all atomic positions (“All-OPT”), as this
provides the best agreement with experimental data, as discussed above (Further details in the
Supporting Information). The calculated 8('’C) values are presented in Table 2 and in the
Supporting Information (Tables S5 and S7). We report the average for each group of chemically

equivalent nuclei. E.g., C; and Cs (Figure 2b), since the experimental °C MAS NMR spectra

15



cannot distinguish between them. The "°C resonances due to the acac-ligand were assigned based on
similarity with the other Ni(II) complexes investigated as discussed above. The remaining
resonances with 8("°C) = 68(1), 84(1), 141(1), 168(1), 239(1), 271(1), and 431(1) ppm belong to the
phosphine ligands. P-C; and C,¢ are computed at 596 and 353 ppm, which allows for the
assignment of these resonances. In contrast, fairly large variations are seen for C; s and C4 between
the two geometry-optimized structures (Table S5). Moreover, these shift are similar to P-Me, which
prevents further assignment of the BC resonances except that 8(°C) = 68(1), 84(1), 141(1) and
168(1) must belong to P-Me, Css. and C4. Comparison of the >C SSNMR data for the closely
related [Ni(acac),(PMePhy),] and [Ni(acac)(dppe)][31] suggests that the sites at 8(*C) = 68(1) and
84(1) may be assigned to Css. Thus, it is clear that >C resonances, which experience substantial
paramagnetic shifts, e.g., CHs, P-C, and C,¢ can be computationally assigned and further insight

can be obtained from comparison of the C MAS NMR spectra of structurally related complexes.

4.4 Assignment of the 'H and °H MAS NMR spectra of [Ni(acac)(ND3),]

The experimental ’H MAS NMR spectrum of pure frans-[Ni(acac),(NDs),] (Sample B) is illustrated
in Figure 6a, where the resonances from a deuterated methine (CD)[31, 41] and Ni-NDj at 3(°*H) = -
11(1) and -113(2) ppm, respectively [31]. Assignment and identification of the 'H shifts of the
methyl groups was possible by comparison of '"H MAS NMR spectra of trans-[Ni(Il)(acac),(NH;),]
with the deuterated analogue, c.f., Figure S8 and Table 5. The methine (CH) signal was also
observed in the '"H MAS NMR spectra whereas the signal of the protons in NH; ligands is
broadened beyond detection, reflecting a large spin density on these hydrogens, c.f.,, Figure 5.
Computational results provide the following values: 8('H) = -189 to -167, -13 to -14, and -7 to 5
ppm for the NHi;, CH, and CHj; groups, respectively, where the ranges result from the three

geometries employed (Table 3) allowing for an unambiguous assignment of the '*H resonances in
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good agreement with the experimentally observed values. The largest deviation is observed for the
ammonia groups involved in hydrogen bonding where the intermolecular and closest intramolecular
N-H--N distances are 2.7 and 3.7 A, respectively. They are therefore the least precisely predicted
by our in vacuo modelling. Similarly, it was possible to assign the 'H resonances from the methyl
and methine protons in trans-[Ni(II)(acac),(H,0),]H,O. However, very large deviations between
the experimental and calculated values are observed for the directly coordinated water protons (Ni-
OH,). This very likely reflects the extensive hydrogen network formed between the Ni-OH, groups
and the disordered crystallographic water molecules, which cannot be reproduced by our in vacuo

calculations.

Our first trans-[Ni(acac)>(ND3),] (sample A) was pure according to PXRD, but is nitrogen deficient
(elemental analysis) and ca 20 % of a second phase according to °C MAS NMR spectrum (Figure
1). The ’H MAS NMR spectrum contains three sites with §(*H) = -11(1), -113(2), and -143(2) ppm,
of which the two first match trans-[Ni(acac),(NDs),], c.f-, Figure 6. Two possible candidate
structures are trans-[Ni(Il)(acac),(NDs)], an intermediate in the solid-gas [Ni(II)(acac),] + NDs
reaction, and a trans-[Ni(Il)(acac),(H,O)(NHs3)], which may be present because the starting material
had not been completely dehydrated First principles calculations suggest that the latter is formed

(See supplementary material for a detailed discussion).

5. Conclusions

Solid-state 'H and °C MAS NMR spectra for a series of paramagnetic [Ni(II)(acac),L,] complexes
with L = NHs, NDs;, H,O, D,0O, and PMe,Ph were reliably assigned aided by paramagnetic
shielding calculations, where ab initio methodology for the g- and zero-field splitting tensors were
combined with hybrid DFT methods applied for orbital shielding and hyperfine coupling tensors.

The computational approach provided detailed insight into the ten different terms, that may
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contribute to the total shielding tensor. Our results demonstrate that both the directly measurable
isotropic shifts, as well as the total anisotropy can be used for reliable assignment of '*H and "°C

MAS NMR spectra of paramagnetic transition metal compounds.

SSNMR in combination with first principles computations is a promising method for studies of
paramagnetic systems although further developments is needed to study the extended network of

paramagnetic ions commonly found in inorganic materials.
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Figures and Tables
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Figure 1. The paramagnetic interactions from the empirical point-of-view (left) and quantum
chemistry (right) illustrated for [Ni(II)(acac),(NHs),]. The contact shift (yellow) and dipolar (blue)
interactions, which are mediated through the chemical bonds and through-space dipolar interaction,
respectively, are illustrated for °C in the methine group (CH). The right-hand-side shows the
unpaired electron spin density on all carbons (see discussion in the text), which gives rise to the

nine genuinely paramagnetic shielding contributions.
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Figure 2. a) The molecular structure of the [Ni(Il)(acac),L,] complexes investigated with L = NHj,
NDs, H,O, D,0O, and PMe,Ph. b) The labelling of the carbon atoms in the dimethyl phenyl
phosphine ligand (PMe,Ph).
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Figure 3: °C MAS NMR spectrum of [Ni(acac),(NDs),] (Method B) with the isotropic resonances
indicated in the inset (top left): 1 and 2 correspond to the isotropic *C resonances from

[Ni(acac)2(NDs)2][31] and impurity, respectively (see discussion in text).
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Figure 4. Calculated isotropic shielding for a) >C and b) 'H illustrating the contribution from the
orbital (Gom, orbital shielding) and each of the nine components of the paramagnetic shielding
tensor (Table 1). The two significant contributions to the paramagnetic shielding are the terms 1

(Fermi contact shift, 6.0n) and 6 (contact with isotropic g-shift).
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Total spin density

Figure 5. The two singly-occupied orbitals (SOMO-1 and SOMO-2), where the unpaired electrons
are located as well as the total spin density, which includes spin polarization contributions, with

positive and negative spin densities shown in red and blue, respectively.

32



CD

ND,

IIII|IIII|IIII|IIII|IIII|
0 -40 -80 -120
(ppm)

150 100 50 O -50 -100-150(kHz)

%
CD

IIIIIIIIIIIIIIIIIII|II|I|

150 100 50 O -50 -100-150(kHz)

2

Figure 6. The "H MAS NMR spectrum of the samples of trans-[Ni(II)(acac)»,(NDj3),] prepared by a)
method A and b) B respectively. The isotropic resonances for the different sites are indicated in the
inset: Methine of the D;-acac ligand (CD), the ammonia ligand directly coordinated to Ni- (ND3), of
which the larger (1) resonance originates from [Ni(II)(acac),(NDs3),] and the smaller (2) most likely

from [Ni(IT)(acac),(ND3)(D20)] .% indicates surface water and/or ammonia.
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Table 1. The relationship between the quantum-chemical terms (Ref.[16, 17, 21]) and the

experimentally determined NMR parameters for paramagnetic systems.”

Term Theory/equation Originb (SS)NMR Observable‘ Rank
orb Corb orbital interactions chemical shift tensor 0,1,2
st . .
1 g0 Aoon <Sg S> NR contact HFC term in contact shift 0,2
nd . . . . .
2 20 5y Ap P <8, S> NR dipolar HFC term in dipolar shift 0,1,2
rd . . . . .
3 g. Apc <Sg Sp> isotropic SO correction to term in contact shift 0,2
HFC
th , . o .
4 2.5 Adelp,Z <S, Sp> rank-2 SO correction to term in dipolar shift 0,1,2
HFC
th . :
5 20 Ty Apc™ <S, Sp> rank-1 SO correction to correction to tensor 1,2
HFC anisotropy
6 Agiso Auon <8, S> isotropic SO correction to term in contact shift 0,2
g
th Agiso Zp Ap P <8, ;> isotropic SO correction to term in dipolar shift 0,1,2
g
gth Aeon S Adga <Su S anisotropic SO correction anisotropic contact shift 0,1,2
tog
gth S Adise Abrdip <S, S,> anisotropic SO correction pseudocontact shift 0,1,2
tog
Total’ Oorb — total shift 0,1,2
HUB
($S5)-A
hkr 9 (5S)

“The chemical shift (8csa = Grer - Gorv). The hyperfine shift contributions are obtained from terms 1-

9 as Scon = -Geon etc. "The Cartesian coordinate indices €.T =X, Y, z are used to indicate the tensorial
component 6¢; to which the terms contribute to. The indices a, b = x, y, z are summed over. ‘NR =

nonrelativistic, HFC = hyperfine coupling, SO = spin-orbit, g = isotropic g-factor, g = g-tensor. d
Note that the terms orb, 1-4, and 6-9 contribute to the isotropic shielding constant and shift in the

presence of ZFS. Similarly, all the terms contribute to the rank-2 anisotropy of the shielding tensor
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and, hence, the tensor eigenvalues. “Total shielding expression with the dyadic involving the
g g eXp y g

Ynm Qum(n|S|m)(m|S|n)
Yn exp(—Ep/kT)

effective spin operators S defined as (S,S,) = , where |n> and E, are the

eigenfunctions and -values of the ZFS Hamiltonian, and the symmetric matrix Q,, is expressible

using E, and E,,
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Table 2. °C NMR data for trans-[Ni(acac),L,] with L = H,O, D,0O, NH3, NDs, and PMe,Ph with
previous (empirical)[31] and computationally assisted assignment (New assign).

Compound Previo Exp.” Calc. Ti(ms)  New
us [31] Assign.
8(°C) 8(°C)" (ppm)  Exp
(ppm)
Trans-[Ni(acac),(NDs3),]| NA 198(2) C=0
118(2) CH
885(10) CH;
Trans-[Ni(acac),(NH3),] CH; 199(1) 216, 207, 0.54(3) C=0
216, 206
CH 119(1) 189, 191 1.24(4) CH
C=0 883(20) 1094,1097, 1.32(6) CH;
1094,1097
Trans-|Ni(acac),(H,0):](H,0) CH3; 188(1) 188 1.08(12) C=0O
201(1) 209 1.35(11)
245(1) 317 1.08(1)
311(2) 405 1.28(13)
CH 123(1) 208 3.1(2) CH
134(1) 234 2.9(2)
C=0 796(20)* 1055,1062 1.14(6) CH;
891(20)* 1220,1247 0.91(8)
Trans-|Ni(acac);(D.0),](D.0O) CH3; 188(1) 1.08(9) C=0
200(2) 1.3(2)
243(2) 1.1(2)
305(2) 1.0(1)
CH 123(1) 3.1(2) CH
134(1) 2.9(2)
C=0 796(20)* 1.14(6) CH;
891(20)" 0.91(8)
Trans-[Ni(acac),(PMe,Ph),] Cap 63(1), 58 (P-Me) Cs5?
Crs 84(1) 118 (Cs5) Cs,5?
Cs 141(2) 199 (Cy)
Cs.s 168(1)
CH 131(2) 124 CH
CH; 207(1) 277 C=0
CH; 220(1) 277 C=0
Css 239(1) 353 Cas
C 271(1) 353 Cas
P-CH; 431(1) 597 Ci
C=0 950(30) 1142 CH;

36



* Reassigned from the previous work® ° Results from calculations at the NEVPT2/PBEO level,
QZVPP*/QZVPP basis, structure with hydrogen positions optimized, except for L = PPh,Me;
ligands, for which a completely optimized structure (A-OPT) was used. % indicates that the

parameter could not be determined experimentally (see discussion on text).
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Table 3. Calculated isotropic 'H and "°C chemical shifts for trans-[Ni(acac),(NHs),] at 298 K.*

lH 13C

Structure’ |[NH; C-H CH; |C=0 C-H CH;
EXP -189.0 -133  -7.5 | 1450 179.1 922.9
H-OPT  |-1749 -146 12 |211.1 189.5 1095.5
AIl-OPT | -166.6 -13.8 2.8 |266.5 852 1026.7

Exp.* 113(2) -12(2) 5(3) | 198 118 883

“NEVPT2/PBEO level of theory with QZVPP*/QZVPP basis set, in the notation (method for D and
g/method for A).

 EXP, H-OPT, All-OPT denote the experimental X-ray geometry, the structure obtained from it via
optimizing the hydrogen positions, and the entirely optimized structure, respectively.

“ Experimental results. The assignments of the signals for nuclei have been interchanged in the

present work, as compared to Ref. [31].
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Table 4. Physical contributions to the calculated principal values (in ppm) of the total *C nuclear

shielding tensor in trans-[Ni(acac),(NH3),]. Calculations are at the NEVPT2/PBEO level using a

QZVPP*/QZVPP basis and the hydrogen-optimized structure. The total principal values have been

ordered according to 611 < 022 < 633 (total shielding eigenvalues). A comparison of the experimental

(Exp) and computational (Comp) values of the chemical shift tensor components [isotropic shift

(3is0), asymmetry parameter (1) and anisotropy (d)] are given for a comparison with the

experimentally determined data.

NH; C=0 CH CH;
Terms’ C11 G22 033 C11 G22 033 O11 022 033
orb 98 -51 110 | -27 149 128 | 187 135 149
1% -8 -8 -8 -79 -79 80 | -960 963 | -960
2 -519 134 387 | -275 65 212 | -245 125 120
3™ -4 -4 -4 0 0 0 2 2 2
4™ -16 -1 17 24 13 11 -5 4 1
5t 0 0 0 0 0 0 0 0 0
6™ -1 -1 -1 -8 -8 -8 | -102 -103 -103
7™ -55 14 41 29 7 23 26 13 13
g™ 0 0 0 0 0 0 2 3 1
9 2 1 1 1 0 0 0
Total =700 83 544 | -442 146 286 | -1152 =792 | -781
Comp Exp Comp Exp Comp Exp
100 211 199(1) 190 119(1) 1095 | 883(20)
n 0.68 0.67(5) 0.3 0.00(5) 0.04 %
d 675 -505(5) -439 -353(7) 244 %

a The numbering of the mechanisms refers to Table 1.

% indicates that the parameter could not be determined experimentally.

39




Table 5: A summary of the 'H and “H NMR data determined for #rans-[Ni(acac),L,] with L = H,O,
D,0, NHs3, and NDs. All values are experimentally determined except the calculated 8(1H) and not

determined experimentally (NA).

Compound Group Exp. Exp. Cale.” Cq no
S('H) 8CH) &('H) (kHz)
(ppm) (ppm) (ppm)
Trans-|Ni(acac),(NH3),] CH; 5(3) NA 1.2 NA NA
CH -12(2)  -11(1)  -15 NA NA
Ni-NH; NA -113(2) -175 NA NA
Trans-|Ni(acac),(ND3),] CH; 6(3) NA NA NA
CH -112)  -11(1) 160(20) NA
Ni-NH; NA -113(2) 99(20) NA
-1412) 109(20) NA
Unknown 60(10)°
Trans-|Ni(acac),(H,0),](H,0) CH; 6(3) NA® -6 NA NA
CH -102) -1 -6 NA NA
Ni-H,O NA -152 NA NA
Trans-|Ni(acac),(D,0);] (DZO)d CH; 8(2) NA NA NA
CH -9(2) -11(1) 185(2)  0.85(5)
Ni-D,O NA 25(1), 115(10) 0.8(1)
17(1),
6(1)

* Results from calculations at the NEVPT2/PBEO level, QZVPP*/QZVPP basis, structure with
hydrogen positions optimized. ° Two or more overlapping resonances from an unknown impurity.

NA not applicable. © This resonance is too weak for a reliable determination. ‘Ref[31] and this work
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