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Fully relativistic calculations in the zero-order regular approximation (ZORA) for relativistic effects were
performed for the inorganic complexes bis(maleonitriledithiolato)nickelate(Ill) (Nighrahd nickeltricar-
bonylhydride (Ni(CO}H). They have some similarities with the active center of the [NiFe] hydrogenase. The
influence of scalar-relativistic (SR) effects on the structural parameters are discussed. For both complexes,
magnetic resonance parametegs hyperfine, and quadrupole tensors) are obtained. The deviation of the
calculatedg-tensor values from the experimental data is proportional to the deviation from the free electron
value. The agreement between calculated and experimental hyperfine tensors for transition metals is very
good when scalar-relativistic (SR) effects and synbit (SO) coupling are considered. The isotropic hyperfine
interaction is taken from SR unrestricted calculations and the anisotropic part from SR and SO spin-restricted
calculations. The relativistic effects are not so large for the lighter ligand atoms.

1. Introduction NC. S y CN ¥
Transition metals are required for many biochemical pro- 1 ‘ \Ni ‘ zl—y
cesses, as catalysis, electron transfer or gene regulation. NC / \ CN
Consequently, the investigation of biologically essential transi- s
tion metals is a field of intense research. In recent years, six I|i
nickel-containing enzymes were discovered (for a review, see 1 _Ni-co y
oc” ‘co X

refs 2-5). A prominent example are the [NiFe] hydrogendses.
Hydrogenases are enzymes that catalyze the reversible oxidatiofigyre 1. Schematic representation of the investigated nickel com-
of molecular hydrogen into protons and electrons. Some of the pjexes bis(maleonitriledithiolato)nickelate(lll) Ni(mitl) and nick-

redox states of the enzyme (called-Mi, Ni—B, and Ni~C) eltricarbonylhydride Ni(CQH (I1') with their local coordinate axes
are paramagnetic and can thus be investigated by electronsystems.

paramagnetic resonance (EPR) spectroscopy. Although the

heterobimetallic active center is made up of Ni and Fe, the Fe the active center is coordinated in a distorted tetrahedron sphere
is EPR-silent § = 0) and the spectrum originates from the Ni by four cysteine amino acid residu¥s:2 In Ni(mnt),, nickel

atom aloné:?® There is considerable interest in understanding is also bound to four sulfur atoms in a square planar coordination
the electronic structure of [NiFe] hydrogenases which is gsphere. The Ni(lll) oxidation state present in Ni(mni$ also
available from a combined approach of EPR techniques and discussed for the oxidized formsNA and Ni—B of the [NiFe]
theoretical (DFT) calculations. However, before DFT methods hydrogenase_ In the neutral Comp|ex N|(QEX|| ) the nickel

can be applied to calculate magnetic resonance parameters ofs formally in its+1 oxidation state and a hydride ion is axially
[NiFe] hydrogenase, their accuracy must be evaluated on simplepound to the Ni. This bonding situation resembles the one

model complexes, which is the aim of this paper. discussed for the catalytic intermediate-M of the hydroge-
The biomimetic chemistry of inorganic nickel compounds has paseb

been extensively reviewed by Halcrow and Christdu.

The choice of the model compounds (Figure 1) contain-
ing Ni as the central metal atom was made on the follow-
ing grounds: in bis(maleonitriledithiolato)nickelate(lll)
(Ni(mnt),) (1) the nickel atom possesses a similar coordination
sphere as in [NiFe] hydrogenases. In the hydrogenases, Ni in

Ni(mnt), has been very well characterized and the calcula-
tions performed on this complex may therefore serve as a
benchmark for evaluating the methodology. Theensor
orientation was obtained from single-crystal measureménts.
From®INi enriched single crystals Maki and Edelstein obtained
the Ni hyperfine tensof® Furthermore, a#*S hyperfine tensors
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X, calculation$® and recent BLYP calculatiofsonly gave elements? All electrons were included in the calculations, there
atomic spin populations. Very recently, a publication on the were no frozen core electrons. The ZORA HamiltoRf&Awas
DFT calculation of hyperfine tensors of Ni(mptpppeared? used for the inclusion of relativistic effects which will be referred
Discouraging results were obtained from various functionals. to as scalar-relativistic (SR) effects and sporbit (SO)
The calculated hyperfine tensors were of first-order only and coupling. Both are treated variationally. Geometry optimizations
no route of improvement was suggested. There are a numbeiwere performed at the ZORA SR level for which gradients are
of quantum chemical investigations for the Ni complex with available3® The A-tensors andj-tensor are obtained from the
hydrogens replacing the CN groups. They range fromke® ZORA Hamiltonian in the presence of a homogeneous time-
and PariserParr—Poplé?® to Hartree-Fock82021MP2 22 and independent magnetic field which is then introduced via first-
DFT calculationg3 For Ni(CO)H, there is only one DFT study ~ order perturbation theod#:* The g-tensor is obtained from a
to our knowledge that aimed to calculate the hyperfine interac- spin-nonpolarized wave function since spin-polarization effects
tion.24 in spin—orbit coupled equations are difficult to calculate, see,

Very often, the analysis of experimental hyperfine splittings €.9., ref 39. The effect of spin-polarization is assumed to be
is limited to the discussion of atomic spin populations. The similar to that observed when going from a SR spin-restricted
measured hyperfine couplings are related to theoretical valuesopen shell KohrSham (ROKS) calculation to a SR spin-
of singly occupied atomic orbitésand the orbital occupation ~ unrestricted open shell KohiSham (UKS) calculation. The
is obtained as the ratio of experimental to theoretical values. A g-tensor deviates from that of a free electrqydue to spin-
more direct route to the comparison of experimental and orbit coupling. It is convenient to give the principal values of
calculated magnetic resonance parameters is given bijrshe  the g-tensor @y, gy, g,) as the deviation fronge multiplied by
principlescalculations of the EPR parameters, e.g., as done in & factor 1000 (in ppt), e.9\gi = (gi — ge) x 1000,i = X, Y, Z
this paper from a density functional theory (DFT) wave function. ~ The Becke exchange functiof&f'was used in conjunction
Although the merit of DFT methods in the calculation of with the Perdew correlation functiodaf® (BP). The BP86
hyperfine parameters of organic radicals is unquestionable, itsfunctional has been shown to yield best magnetic resonance
value for the description of paramagnetic resonance parameterparameters of the pure GGA functionalsThe basis sets used
of heavier elements, i.e., transition metal complexes, is still were relativistic ZORA basis sets from the ADF1999 distribu-
largely unexplored? Belanzoni et al. demonstrated the impor- tion. Basis set Il refers to a doublebasis set for light atoms
tance of un-freezing core electrons in the calculatiog-cdnd and triple¢ for first row transition metals. Basis set IV denotes
A-tensorg%27 Swann and Westmorelatfdnvestigated molyb-  atriple< basis set with one added polarization function for light
denum(V) oxyhalide anions using a spin-polarized wave func- atoms (C, N, S), basis V has a further polarization function on
tion without un-freezing the core. Schreckenbach and Zig&gier atoms C, N, S. Basis set-W¥ls (for Ni and S only) possesses
used a Pauli-type relativistic Hamiltonian with the inclusion of an added tight 1s function in order to improve the description
spin—orbit coupling based on second order perturbation theory of the wave function near the atomic core. The basis set “Big”
which was later also applied to study transition metal com- denotes a large basis set. This basis set is tfplethe core
plexes3! Recently, Munzarova and Kaupp critically evaluated and quadruplé-in the valence with at least three polarization
the use of various DFT functionals in the calculation of or diffuse functions added.
hyperfine parameters of a number of transition metal com- Calculations for theg-tensor were also performed using a
plexes?* They used a nonrelativistic calculation of hyperfine traditional second-order perturbation theory (SPT) approach. The
parameters based on geometries that were optimized using apin—orbit coupling constants were calculated from fully
relativistic effective core potential (RECP). However, in this relativistic numerical (basis-free) atomic calculatioggNi) =
work no g-tensors were calculated. 855.4 cn1! and &(S) = 460.4 cnTl. For comparison Gaussi-

With the zero-order regular approximation (ZORA) for an94“ calculations were also performed using the B3LYP
relativistic effectd233one has a fast and powerful tool at hand hybrid functional with an admixed exact Hartreleock (HF)
to calculate the hyperfine tensér, the quadrupole tensdp exchangé®46The hyperfine coupling constants in this case are
and theg-tensor of systems containing heavy eleméh#Here nonrelativistic and of first-order only, following refs 4749.
we apply the ZORA formalism in order to validate its applica-
tion for the calculation of magnetic resonance parameters for 3. Results and Discussion
transition metal complexes, in particular [NiFe] hydrogenases.

The ZORA formalism seems to overcome the shortcomings of 3.1. Ni(mnt)". In the bis(malenonitriledithiolato)-nickelate-
the other approaches used so far. In addition, the influence of (I!) complex (i, Figure 1) the central nickel atom is coordinated

scalar-relativistic and variationally spirorbit coupled DFT N @square-planar arrangement by four sulfur atoms (point group
wave functions on thg- and A-tensors for light and heavy Dap). Erom Fhe magnetlg resonance studies on S|_ngle crystals,
elements can be separately studied so that the influence ofthe orientation of the prmc_lpal axes of the hyperflne ten@?or
second-order contributions to the hyperfine coupling can be nd theg-tensor were obtained in a molecule-fixed coordinate
rationalized. The computational efficiency of the ZORA method SYStem. Maki et al. determined the orientation of greand

: . ; P ; 6INi A-tensors in magnetically diluted single crystals of the
makes it an ideal tool for investigating the active centers of | ; .
metalloenzymes. gating diamagnetic hostntBu,N),[Ni(mnt),].13 They found thag- and

6INi A-tensors are collinear (within experimental error ef®)
and that the magnetic axes systems in the crystal are coincident
with the symmetry axes of the complex in the crystal. A/fBd

The calculations reported here are based on the Amsterdamelectronic configuration was inferred with ttzeaxis perpen-
Density Functional program pack&§eharacterized by Slater-  dicular to the molecular plane and tlyeaxis bisecting each
type orbital (STO) basis sets, the use of a density fitting ligand (see Figure 1 top). This assignment was later confirmed
procedure to obtain accurate Coulomb and exchange potentialdy EPR experiments of th&S enriched complex in single
in each SCF cycle and an accurate and efficient numerical crystals'4 The 33S hyperfine tensor has axial symmetry within
integration of the effective one-electron Hamiltonian matrix experimental error and the unique axis was found to lie along

2. Computational Details
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TABLE 1: Comparison of Experimental and Calculated Structural Parameters of Ni(mnt), 2

Stein et al.

X-ray structuré® ZORA SR BP/II ZORA SR BP/IV ZORA SR BP/V NR BP/V NR B3LYP/VTZP

r(Ni—S) 2.15 2.216 2.163 2.156 2.165 2.190
r(S-C) 1.72 1.805 1.737 1.733 1.733 1.747
r(C=C) 1.37 1.381 1.390 1.388 1.389 1.372
r(C-C) 1.44 1.415 1.419 1.417 1.418 1.421
r(C=N) 1.13 1.181 1.169 1.167 1.168 1.156
O(S—Ni—S) 92.5 92.58 92.04 91.91 91.70 91.80

O(Ni—S—C) 103.0 103.39 104.23 104.45 104.43 103.61
0(s—C=C) 120.0 120.32 119.74 119.59 119.73 120.49
0(c=Cc-C) 121.0 122.59 122.75 122.89 122.84 122.44
0(C—C=N) 179.0 179.02 178.71 178.77 178.70 178.57

aBond lengths () in angstroms, bond anglegl) in degrees.

the moleculaz-axis. The measured hyperfine tensor is consistent TABLE 2: Compari§gn of Calculated and Experimental
with the g-tensor analysis and a pcunpaired electron with ~ 9-T€nsor of Ni(mnt),

significant delocalization into sulfur ligand, prbitals* Ex- g-value
perimentalg- and hyperfine tensors are given in Tables 2 and O o 0 AgP AgP Agp
3. B —
3.1.1. Geometrical Parameterfable 1 compares calculated gig{ﬁs 2;}2 2;83 igg 122 22_52
structural parameters with averaged experimental data from thezorA so BP/II 2.102 2.032 1.978 100 30-24
X-ray structure analysi®. With a small basis set (Basis Il) the ZORA SO BP/IV 2.092 2.031 1976 90 29-26
deviation in bond lengths is 0.07 A for Ni5 bonds and 0.08  ZORA SO BP/V 2094 2031 1976 92 29-26
A for S—C bonds, while bond angles are satisfactorily described. ZORA SO BP/V1s 2094 2.031 1976 92 29-26
: ZORA SO BP/Big 2101 2.033 1974 99 3128
Carbon-carbon single and double bonds as well &Nbonds SPT ROKS BP/II 2123 2020 1988 121 1814
are well described (deviation 0.01 to 0.05 A). A systematic spT UkS BP/II 2.105 2.020 1.984 103 1818
improvement in bond lengths is obtained when the basis set iSSPT UKS BP/Il €(S)=0) 2.104 2.020 1.984 102 18-18
enlarged from doublé-to triple< (basis set Il to IV) and when ~ SPT UKS BP/II €(Ni) = 0) 2.0024 2.0023 2.0023 01 0 O

a further set of polarization functions is added (basis set V).  aa| calculations were performed at the ZORA SR BP/V optimized
The average deviation at the ZORA SR BP/V geometry is 0.02 geometry. The orientation of thgetensor axes is along the symmetry
A'in bond lengths and 0°dn bond angles and therefore agrees axes of the complex. See Figure1Ag; in ppt.
with the X-ray structure analysis within error.

The effect of (scalar)-relativistic effects on the structural
parameters of Ni(mnf)is shown by comparing scalar-relativ-

used but the overall picture remains unchanged. The SOMO
has a node on the=EN carbon atom which contributes to less
istic (SR) ZORA and nonrelativistic (NR) geometries. Both than 1%. The highest fully occupied molecular orbital (HOMO-
calculations used the same functional and basis set. TR6Ni 1) is made up of 62% Ni 3d 19% S 3p, 11% C 2p and 5%
bond lengths are reduced by 0.01 A when SR effects areN 2p. The lowest unoccupied molecular orbital (LUMO)
included in the ZORA Hamiltonian. The decrease ir-Sibond consists of 33% Ni 3¢, 32% S 3p and 22% S 3p Upon
lengths causes an increase in theN8—S bond angle from electrochemical two electron reduction, the SOMO would be
91.70 to 91.9F when SR effects are considered. All other bond doubly and the LUMO singly occupied to yield the paramagnetic
lengths and bond angles remain nearly unaffected upon inclusioncomplex Ni(mnt§~.52
of such effects. The g values determined by Maki et &.and by Huyett et
For comparison we also include calculations with the B3LYP al.*® differ in the g« andg, values (See Table 2). The deviation
hybrid-functional. A large Gaussian basis set (GTO) valence- alonggy (0.02) and alongy, (0.01) is probably due to crystal
triple-¢ basis set with added polarization functions (VTZP) was packing effects or interaction with the host lattice in the single-
used?! Hayed” very recently reported a UKS B3LYP/6- crystal experimentdor solvent effects in the case of the frozen
311+G* geometry optimization of the Ni(mnf)complex. His solution measurementdWe tend to favor the principal values
findings for the structural parameters are essentially identical from the most recent frozen solution experiméhitecause they
to our B3LYP/VTZP results and are therefore not given here. provided the basis for the complex analysis and simulation of
The B3LYP functional proves to be better in the description of ENDOR and ESEEM spectra.
bonding parameters of light elements, i.e., thee@ double Table 2 gives a comparison of experimental and calculated
bond, the C-CN single bond and the =N triple bond are g-tensor components for Ni(mpt) The calculations using the
slightly more accurately reproduced (by0.01 A) compared ZORA approach for relativistic effects with inclusion of spin
to the ZORA SR/V case. NiS and S-C bond lengths are,  orbit coupling and a small basis set (basis Il) yigigealues of
however, too long with the B3LYP functional with respect to 2.102, 2.032, 1.978 fay, gy, andg,, respectively. The deviation
the data from X-ray analysis. The hybrid functional also gives of the calculation is largest for thg-component (38 ppt),
slightly better results for bond angles as compared with the smallest forg, (8 ppt), and intermediate fog, (12 ppt) as
X-ray data but the differences between the pure GGA and the compared with the experimental values. The extension of the
hybrid functional are very small (less than 9.8 basis set from a doublg+to a triple< basis (basis 1V) and to
3.1.2. Electronic Structure and g-Tensor Calculatidnsthe one with added polarization functions (basis V) does not
calculations the unpaired electron resides in thg blbital. A improve results but slightly increases the deviation of the
Mulliken population analysis of this singly occupied molecular calculatedg-tensor components from the experimental ones.
orbital (SOMO) yields only a 21% contribution of the Ni,3d Patchkovskii and Ziegler also observed such an independence
orbital, 60% S 3porbitals, 12% EGC 2p, orbitals and 6% N of the DFT calculatedy-tensors from the basis sétincrease
2p, orbitals. The exact numbers will depend on the basis set of the core region, obtained by adding a further tight 1s function
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Figure 2. Views of the unpaired spin density distribution of Ni(mngt 0.003 e/§ The left view is along thgzplane of the complex with the
x-axis coming out of the paper plane. In the right view the complex is rotated in the plané bp@Gs tilted by approximately 2@ut of the plane.

to basis V, does also not improve tggensor results. Thisis  metal complexed! This gives an indication of the accuracy of
due to the fact that thg-tensor is a property of the valence g-tensor calculations one could expect in related work on the
electrong?® All calculatedg-tensor principal values are system- active center of [NiFe] hydrogenases. For the oxidized Ni(lll)
atically smaller than the experimental ones. This is due to the Ni—B EPR spectrum with 2.33, 2.16, 2.01 fgy, gy, andg,,
fact that the paramagnetic contribution to tpensor is too respectively, one might get the largest deviationdgfif the
small which is also observed mrtensor calculations of other  error is strictly proportional to the deviation froga one would
transition-metal complexes (M. Kaupp, personal communica- expect a deviation of up to 0.1) and better agreement fogthe
tion). and g, components. Furthermore, for the comparison of “gas
To validate whether the deviations of the calculajednsors phase”g-tensor calculations and experiments in single crystals
were due to the ZORA approach, a traditional second-order an agreement of 2015% would already be considered satisfy-
perturbation approach was also used (SPT). A restricted opening.2*
shell Kohn-Sham calculation in the SPT treatment gives a  3.1.3. Spin Density Distribution and Hyperfine Interactions.
g-tensor with smaller deviation alorgg (17 ppt) andy; (2 ppt) Figure 2 shows contour plots of the unpaired spin density at
but larger deviation along, (20 ppt). The consideration of spin- 0.0033/38’. The spin density is not fully localized at the central
polarization effects in the perturbation treatment leadgyto  nickel atom, but the four surrounding sulfur atoms carry
values of 2.105, 2.020, and 1.984 and, again, comes very closesignificant spin density in jplobes oriented perpendicular to
to the ZORA BP/Il results. The effect of spitorbit coupling the horizontal mirror plane. The carbon atoms of the carbon
is incorporated in the second-order perturbation approach andcarbon double bond also bear unpaired spin density in their
the ZORA formalism. Both give a very similar value for the z-bonds. In contrast, the carbon atoms of the cyanide group
influence of spir-orbit coupling®® carry no unpaired spin density while the terminal nitrogen atoms
It is known that the deviation of thg-value from that of the exhibit a small lobe of unpaired spin in a p-orbital perpendicular
free electronge is determined by spinorbit coupling which to the plane of the molecule.
gives the unpaired electron some small angular momentum and Unrestricted ZORA SR BP/V calculations yield total atomic
thus alters its effective magnetic moment. The SPT methodology spin populations of 0.26 at the nickel atom, 0.16 at each sulfur
offers the opportunity to selectively switch the spurbit atom, 0.02 at each carbon in the double bon@,003 at each
coupling of different nuclei on or off. The contribution of spin carbon of the cyanide group and 0.01 at each N. The3yi
orbit coupling by the nickel nucleus alone to the¢ensor can core thus bears 90% of the unpaired spin. This value is slightly
be obtained by setting the spinrbit coupling constant of the  larger than the one from BLYP/LANLDZ results by Huyett et
sulfur nucleus to zero. In the SPT UKS BP&(Ni) = 0) al.’> who found 75%, and is close 4,6 calculations where
calculation only spir-orbit coupling due to the sulfur nucleiis  82% were found. In the non- and scalar-relativistic calculations
considered. As expected, fgg and gy isotropic values of the ~ one may discuss atomic spin densities as the difference between
free electrorg-factor are obtained. The sptorbit coupling of o and 3 atomic electron densities. In relativistic calculations,
the sulfur nuclei only contribute tgy for which a marginal where spir-orbit coupling requires spin mixing, the resulting
deviation from g (2.0024 vs 2.0023) is obtained. From the SO-coupled states will no longer be pure spin states. This will
comparison of the SPT UKS BP/#(S) = 0) calculation to the complicate the interpretation in terms of atomic spin densffies.
SPT UKS BP/II calculations it is immediately clear that 100%  The high covalency of NiS bonds and the significant
of the g~ andg,-values originate from spirorbit coupling of delocalization of spin density into ligand orbitals might have a
the nickel atom. The only slight reduction is obtained ¢pr significant influence on the interpretation of EPR and ENDOR
(2.105 vs 2.104). spectra of biological NS centers, for instance in the case of
For Ni(mnt),, ZORA calculations with a small basis set [NiFe] hydrogenase for which large isotropti hyperfine
already giveg-tensor magnitude and orientation in satisfying coupling constants were measured fCH, protons of a
agreement with the experimental values. The agreement cannotysteine amino acid adjacent to a nickel atom.
be significantly improved by enlarging the basis set. The  The single-crystal experiments by Maki et'alyielded the
absolute deviation between calculation and experiment increase$Ni hyperfine tensor. It was found to be collinear with the
with the deviation from the free electron value while the relative g-tensor principal axes within experimental error. Unfortunately.
error remains about constant. Patchkovskii and Ziegler also the signs of the principal hyperfine tensor componeAis €
observed that the deviation between calculated and experimentall5 + 6 MHz, Ayy = 9 & 3 MHz, A;;= <6 MHz) are not known.
g-tensors increased when going from 3d to 4d and 5d transition The measured hyperfine interaction in liquid solutioraig =
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TABLE 3: Experimental and Calculated Hyperfine and Quadrupole Parameters of Ni(mnt), in MHz

hf SR ROKS SR UKS SO+ SR ROKS UKS B3LYP
nucleus componerft exptl BP/V+1s BP/V+1s BP/V+1s VTZP
BIN{P iso +18 —0.12 +18.60 —15.03 +30.82
Al +27 +47.15 +51.93 +25.87 +66.92
Ay -9 —23.53 —24.03 —7.88 —28.52
A, —18 —23.85 —27.35 —17.99 —38.40
B iso +5.2 +0.12 +3.11 +0.19 +7.20
Axx —18.8 —13.49 —15.79 —13.81 —18.46
Ay —18.8 —13.15 —14.38 —12.65 —15.32
Az +37.6 +26.65 +30.16 +26.45 +33.77
1¥3C=c iso -2.1 +0.003 —-1.63 +0.11 —2.32
Axx -2.5 —3.49 —2.95 —3.09 —2.09
Ay -2.5 —3.15 —2.63 —3.26 —1.49
Az +5.0 +6.65 +5.59 +6.37 +3.58
13CNd so -2.9 —0.001 —2.47 +0.01 —1.95
Alyx +0.33 —-0.31 —0.25 —0.51 —0.50
Ay +0.13 +0.81 +0.80 +0.83 +0.62
Ay —0.47 —0.50 —0.54 —-0.31 —-0.12
14N o +0.39 +0.001 +0.15 +0.007 +0.15
Al —0.26 —0.72 —0.59 —0.73 —0.40
Ay —-0.29 —0.60 —0.47 —0.59 —-0.22
Az +0.55 +1.33 +1.05 +1.31 +0.62
Qxx +0.85 +0.86 +0.85 +0.86 +0.41
Qyy +1.10 +1.23 +1.23 +1.23 +1.80
Qz —1.95 —2.09 —2.09 —2.09 -2.21
2 aiso is the isotropic (Fermi contact) hyperfine interactiéty;, i = X, y, z, are the anisotropic hyperfine tensor components. (b) Only Choice |

of the signs of the experimental hyperfine tensor components is given (see text for details) exptl values from ref 13. (c) Only Choice Il of the
experimental hyperfine tensor components is given (see text for details) exptl from ref 14. (d) The absolute signs of the experimental tensors were
fixed by assuming spin density in the 2prbital (see ref 15), exptl from ref 15.

12.6+ 2.8 MHz. If one assumes that tl¢,component is zero, SR ROKS calculations yield reliable anisotropic hyperfine
one only arrives at two possibilities: Choice I, where all tensor tensors while the isotropic hyperfine interaction is not trust-
components are positiveAwyy.z = (+45, +9, 0) MHz yields worthy since the effect of spin-polarization is not considered.
aiso = +18 MHz and for the purely anisotropic components For 6INi, the calculated anisotropic hyperfine tensor deviates
Asxyyzz = (+27, =9, —18) MHz. (Choice 1)Axyyzz = (+45, by a factor of 2 for the anisotropic hyperfine tensor components
—9, 0) yieldsaso = +12 MHz, A'yxyyzz = (+33, —21, —12) Ay, Ayy. The agreement fok',,is better. Spin-polarized ZORA
MHz. Estimates wher#,is small but not zero, do not basically SR calculations (SR UKS) yield an isotropic hyperfine interac-
change the discussion of the resdfté discrimination between  tjon of +18.60 MHz for6INi which nicely corresponds to an
the two combinations can be done on the basis of calculationsexperimental value of18 MHz (Choice I). The effect of spin-

of the (anisotropicf'Ni hyperfine interaction (see Table 3).  polarization on the anisotropic hyperfine tensor components is
'.I'h(393analy3|s. of naturally abundafts satellites yielded an  |ggg pronounced,, and A',, are increased by approximately
axial >°S hyperfine tensorAz, = A = 42.8 MHz, A= Ay = 4 MHz in absolute numbers upon consideration of polarization

Ag = 13.6 MHz). Two choices of the signs of the hyperfine effects, whereas the effect of,y is very small. Still, the
tensor were discussed in ref 14. (I) All signs are positive, the g4reement with experimental data is far from satisfying. Non-
isotropic value is 23.3 MHz, and the anisotropic valigsyy.. relativistic UKS B3LYP calculations with a VTZP basis set give

= (=9.7,-9.7, 19.5) MHz. (Il) WhemA; = A = Ay values similar numbers but the agreement with experimental data is
are negative, then the isotropic coupling is 5.2 MHz and the ¢ /en \yorse. This obvious discrepancy which was also observed

anisotropic hyperfine tensok xyyz; = (—18.8, ~18.8, 37.6) by Hayed’ led the author to the pessimistic conclusion that
MHz. The atomic spin population at the sulfur was estimated . : - L
density functional calculations on Ni(mgt)are unable to

from the uniaxial hyperfine tensor and using the theoretical . : . . .
atomic values of Morton and Pres#ito be between 0.13 :;T'l'ably assign t.hﬁ signs of th?’:' hy;?]erflne ter)sor. T(;]e

nd A same sian) and 0.2 ndA ite siansy Thi |s§greement W!t experlmenta ata, owever, is not due to
andA same sign) and 0.26Y( andA; opposite signs) S deficiencies of either the basis set or the functional but due to

agrees with the picture in which a 3grbital occupation induces i I f spiorbi i h bel
a polarization of the Ni'S o orbitals. From this, one expects a & Systematic neglect of spiorbit coupling as shown below.

small isotropic hyperfine interaction. The larger value of 23.3  The spin-orbit coupling manifests itself as a pseudocontact

MHz, however, appears unrealistic. contribution to as, and a second-order contribution to the
Table 3 shows a comparison of experimental and calculated @nisotropic hyperfine tensé.?:SHS The effect of spir-orbit
hyperfine tensors of Ni(mnj) For the experimentaiNi and coupling is very large for nickel. The inclusion of spinrbit

333 hyperfine interactions a plausible choice of signs of the coupling even inverts the sign of tia, (Table 3). It must be
hyperfine tensor components was made (see above). In the cas&ept in mind that a considerable part of this difference is due
of 13C and“N nuclei the choice of hyperfine tensor signs from to the neglect of spin-polarization in the spiarbit coupled

ref 15 is given (which proved to be in agreement with the equations. A better estimate of the effect of spimbit coupling
calculations). All calculations were done at the unrestricted SR can be made if the spin-restricted SR results and those including
ZORA BP/V geometry (see Table 1). For means of comparison spin—orbit coupling are compared. This gives an effect of spin
we also performed a spin-unrestricted B3LYP calculation with orbit coupling of approximately 15 MHz. When isotropic

a valence-triplez basis set with polarization functions given hyperfine interactions are to be calculated one still has to resort
by Schder et all® to spin-polarized (UKS) SR ZORA values until spin-polarized
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spin—orbit coupling can be treated in the ZORA Hamiltonian. The case of thé3C nucleus of the cyanide group is more
This work is in progress. difficult. The negative isotropic hyperfine interaction is well

The influence of SO coupling on the anisotropic hyperfine reproduced by unrestricted calculatior2(47 MHz calculated
tensor (second order contribution) can, however, very accuratelyvs —2.9 MHz experimental). All theoretical calculations,
be calculated in the ZORA approach. The absolute signs of thehowever, agree that's is negative and Ay positive while the
anisotropic hyperfine interaction are retained upon inclusion of simulation of the experimental spectra yieldeghand A,y both
spin—orbit coupling but their magnitude is decreased by 22, of positive sign. Theory and experiment agree that the compo-
16, and 6 MHz forA'y, Ay, and A, respectively when nent perpendicular to the molecular plang;As negative. One
comparing SR ROKS and SRSO ROKS calculations. The  must bear in mind that the experimental values give the
lower hyperfine values agree to within one megahertz with the hyperfine tensor in thg-tensor’s principal axes system, i.g-,
experimental ones of Choice I. andA are assumed to be collinear. The calculations yield the

The other choice (Choice 1) of the signs of the experimental diagonalized hyperfine tensor in its own principal axes system
6INi hyperfine tensor can therefore be ruled out on the basis of Which is not necessarily collinear with tigetensor. In factA'x
our ZORA calculations. Neither isotropic (from the spin- andA'yare rotated by 30from the respective-tensor principal
polarized SR ZORA calculation) nor SO-coupled anisotropic axes andA’z; is along g, (similar values were obtained by
hyperfine tensors support this possibility. Hayes").

Our findings indicate that the inclusion of spinrbit coupling For the N hyperfine interactions of the CN group spin-
is an absolute necessity when trying to calculate the hyperfine polarized (UKS) ZORA SR calculations give excellent results.
interaction of a transition metal ion. The influence of SO The deviation from the experimental values is less than 0.5 MHz
coupling on the anisotropi&Ni hyperfine interaction reduces  for both isotropic and anisotropic contributions. B3LYP calcula-
it by a factor of 2 and brings it to within excellent agreement tions give slightly better values for the anisotropic hyperfine
with experimental values. interaction of thé“N nucleus. The deviation from experimental

For the33S hyperfine interaction in Ni(mnf) the effect of values might be due to environmental effects in frozen solution.
spin-—orbit coupling is less pronounced than for fi nucleus ~ 'he numbers given in ref 17 for the experiment from ref 15
but still noticeable. ZORA SR UKS calculations give an Correspond to the experimental values for té nucleus and
isotropic hyperfine interaction of3.11 MHz which corresponds ~ N@ve to be corrected by the ratio of ¥ and *“N Larmor
to the choice of experimental signs #is = +5.2 MHz). Choice frequencies (1.403). For a cyanide group one expects a nearly

| would lead to an unrealistic high value $23.3 MHz which axial qyadrupole tensor with its largest component along the
can also not be reproduced by the calculations. Furthermore, C=N triple bond. The calculat_eHN (I=1) quadrupole tensor
the calculated hyperfine interaction 6f{5.79-14.38;+30.16) ~ adrees well with the experimental values. The calculated

MHz supports choice Il whereas the anisotropic hyperfine tensor duadrupole tensor has its smallest component perpendicular to
components of choice | appear too low. The effect of spin- the molecular plane (0.85 MHz) and its largest component
polarization becomes obvious when comparing restricted (ROKS) (~2-09 MHz) along the &N triple bond. The third component
and unrestricted (UKS) open shell SR ZORA calculations. Spin- (1.23 MHz) lies in the molecular plane and is perpendicular to
polarization leads to an increaseAtf,, Ay, andA',,in absolute the G=N bond. This orientation was glso found experimentally
magnitude by 2.3, 1.2, and 3.5 MHz, respectively. The agree- by Huyett et alt> The thorough analysis of pulsed-ENDOR and
ment with the experimental values is improved. ZORA calcula- ESEEM data by simulation of the experimental spectra and the
tions with spin-orbit coupling yield args, value of only 0.19  assignment of absolute sigfsof the hyperfine tensors is
MHz. The anisotropic hyperfine tensor does not change much confirmed by our calculations.

upon inclusion of spirrorbit coupling (changes lie within 0.5 For means of comparison, we also performed a calculation
MHz). If the effect of spin-polarization is taken from the SR using the popular B3LYP functional and a valence-tripleasis
calculations, values to within 0.5 MHz of the SR UKS can be set with polarization functions (VTZP) of Stfem et al>! The
estimated. The isotropic hyperfine interaction®&$ is due to geometry of the ZORA SR UKS BP/V (Table 1) calculation
spin polarization and yields a small but detectable isotropic was used. The hyperfine interactions were calculated using a
hyperfine interaction. nonrelativistic, first-order approach (see for exarfipl®).

For the®C hyperfine interaction in the<€C double bond,  Strictly speaking, the comparison can only be made with spin-
ZORA SR UKS calculations yield isotropic and anisotropic polarized scalar-relativistic ZORA calculations where srbit
hyperfine interactions to within 0.5 MHz of the experimental coupling is not considered. The isotrofiti hyperfine interac-
ones. The importance of spin polarization again is illustrated tion is of positive sign and significantly larger than the ZORA
by comparing restricted and unrestricted SR calculations. Spin SR value. This may be due to the different density functionals
polarization reduces the anisotropic hyperfine tensor componentsand basis sets used in the calculations. Gaussian basis func-
by 0.5-1 MHz and brings them closer to the experimental tions do not correctly describe the cusp region near the core in
values. When the effect of spin-polarization is taken from SR contrast to the use of Slater basis functions in ADF, which
calculations the results with SO coupling represent an improve- means that one needs to use more GTOs than STOs in the basis
ment of 0.4 MHz. B3LYP calculations give good results for set to obtain the same accurdyThe signs of the anisotropic
the 13C isotropic hyperfine interaction but the anisotropic part hyperfine tensor components are reproduced in the B3LYP
is less well reproduced (see also 17). The experiméi@l calculations but the values are larger than the corresponding
hyperfine tensor was assumed to be collinear withgthensor ZORA values. This deficiency is due to the neglect of spin
principal axes system. Only in this coordinate system the tensororbit coupling as we have shown above. For all other nuclei,
is of uniaxial symmetry. The deviation of the calculated the absolute signs of the tensor components agree with the
anisotropic hyperfine tensor from uniaxiality is indeed small. ZORA results. The agreement is of the order of a few MHz or
The orientation, however, is not collinear with tigetensor less but the B3LYP functional does not represent a systematic
principal axes system but rotated byf6om thex- andy-axes. improvement over the pure GGA functional. This observation
A',;is along the gaxis. This was also noticed by Hay¥s. was also made by Munzarova and Kaupp who compared all
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TABLE 4: Comparison of Calculated Structural Parameters TABLE 5: Comparison of ZORA Calculated and
of Ni(CO)zH? Experimental g-Tensor of Ni(CO);H?2
ZORA ZORA g-value
SR ROKS SRUKS NRUKS B3LYP/ b b
BPIV BPIV BPV  RECP(Nif _ % 9 Agd Agi
r(Ni—H) 1.485 1.495 1.502 1512 exptl 2.0674 2.0042 65 2
. BP/II 2.0468 2.0003 45 2
r(Ni—C) 1.807 1.807 1.824 1.851 _
BP/IV 2.0478 2.0003 46 2
r(C=0) 1.150 1.149 1.150 1.135 B
. BP/V 2.0480 2.0003 46 2
O(H—=Ni—C) 90.87 90.93 89.90 90.87 BP/N-+1s 2 0486 20003 46 —2
O(Ni—C=0) 173.19 173.79 172.38 171.29 ' '

aBond lengths in angstroms, bond angles in degree.

usual GGA and hybrid functionals in the calculation of transition
metal hyperfine interactiors.

To summarize, ZORA calculations yield hyperfine parameters
for all (light and heavy) atoms in Ni(mnt)in good agreement
with experimental values. The ambiguity of the signs of the
33S and®INi hyperfine tensors could be resolved resulting in
one specific choice of signs of the hyperfine tensor components.
Spin—orbit coupling plays an important role in the calculation
of heavy element anisotropic hyperfine interaction. The isotropic
hyperfine interaction must still be taken from a spin-polarized
SR ZORA calculation.

In the oxidized states of the [NiFe] hydrogenase, the EPR
signal also originates from the Ni metal alone as was shown by
6INi enrichmen€ The Fe metal in the active center does not
contribute to the EPR spectrum. The hyperfine interaction of
the 6INi enriched hydrogenase froBesulfaibrio gigasin the
oxidized Ni—B state shows a hyperfine splitting of 6 to 17, 6
to 17, and 76 MHz along thg-tensor componenty, gyy, and
022 respectively’® The hyperfine interaction is therefore of the
same order of magnitude as in Ni(mptnd we may expect
the spin population at the Ni nucleus in [NiFe] hydrogenase to
be similar to that in this model complex Ni(mat)

3.2. Ni(COxH. In Ni(CO)sH (ll, see Figure 1) the
central nickel atom is coordinated by three CO ligands in the
equatorial plane and axially by a hydrogen atorg, &ymmetry).
Formally, the complex may be described either as a Ni(l) wit
a H™ bound ((CO)—Ni(l)-H ) or as a Ni(0) with a hydrogen
atom bound ((CQ)—Ni(0)—H). In the thorough analysis of
the krypton matrix EPR spectrum, Morton and Preston con-
cluded that the structure of the complex is best described as
(COX%—Ni(l) —H~.89 While the oxidized states of the hydroge-
nase are usually referred to as Ni(lll), the two electron more
reduced form N+C might be a Ni(l) species. Since NC is
an intermediate in the catalytic process, eitherandlecule,
or a H" or H™ are supposed to be bound to the Ni. Ni(Gi®)
therefore represents a good model for the calculation of the
magnetic resonance parameters for such a bonding situation

h

aAll calculations were performed at the ZORA SR UKS BP/V
optimized geometry. The orientation of tgeensor axes is along the
symmetry axes of the complex. See Figureé Ag; in ppt.

Figure 3. View of the Unpaired Spin Density Distribution of Ni(C)
at 0.003e/a.

A and of the Ni-C bond length by 0.017 A. The effect on the
C=0 bond length is almost negligible. Because of the shorter
Ni—H and Ni—C bonds, the HNi—C and Ni~C=0O bond
angles widen by 04 The importance of spin-polarization for
structural parameters is highlighted by comparing restricted open
shell Kohn-Sham and unrestricted KohiSham scalar-
relativistic ZORA calculations (Table 4). Spin-polarization leads
to an increase in NiH bond length by 0.01 A while all other
structural parameters remain nearly unchanged. In general, SR
UKS ZORA calculations agree well with those using the B3LYP
functional and a relativistic core potential. Spin-polarization is
important for the description of the NH bond.

3.2.1. g-Tensor and Hyperfine Interactiorhe EPR spectrum
of Ni(CO)3H was measured in a krypton matrix by Morton and
Prestorf? They found an axiad-tensor withg, = g,,= 2.0674
andgn = gxx = gyy = 2.0042. The orientation of thgtensor is

For Ni(COXH there is no X-ray structure available. The 9ialong thez-axis andgp in the xy plane of the complex (see
comparison of calculated structural parameters is therefore made-19ure 1).

with DFT calculations by Munzarova and Kadppvho used
the B3LYP functional with a relativistic pseudopotential for Ni.
Table 4 compares the calculated structural parameters of Ni-
(CO)H in the ZORA approach at the scalar-relativistic (SR)
level using a large basis set (basis V) with those using a
relativistic effective core potential (RECPand non-relativistic
all electron calculations. NR calculations agree well with the
B3LYP/RECP(Ni) calculations in the NiH bond length (1.502
vs 1.512 A). The Ni-C bond length is shorter by 0.027 A in
the NR calculation and so is the=® bond length by 0.015 A.
The difference in bond angles is ordyl®. The influence of
scalar-relativistic effects can be observed by comparing non-
relativistic ADF calculations with SR ZORA calculations. They
are manifested in a reduction of the-Nil bond length by 0.007

Table 5 gives the results of ZORA calculations of theensor
of Ni(CO);H. All calculated values are smaller than the
corresponding experimental values. For the small doglbasis
(basis set Il), the deviation of thgy component is 4 ppt from
the experimental value and fays it is 20 ppt. A better
description of the valence electrons does not significantly
improve the results. The increase is only 1 pptgin The
addition of an extra tight 1s function also only marginally
improves the results.

Figure 3 shows a contour plot of the unpaired spin density at
a value of 0.00Be/ag’. The contour plot shows that the spin
density distribution is of centroid symmetry. The form of the
spin density at the Ni resembles that ofaatbital. A Mulliken
analysis yields atomic spin populationsegNi) 0.48, p(H) 0.22,
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TABLE 6: Comparison of Experimental and Calculated
Hyperfine and Quadrupole Interactions in Ni(CO)3H in
MHz?2

SR+ SO B3LYP/

hf SR ROKS SRUKS ROKS DZPD(Ni)
nucleuscomponent expi? BP/V+1s BP/V+1s BP/V+1s IGLO-1124
6INj Qiso +9.0 —-9.94 +10.10 -18.70 +33.3
An +44.0 +50.88 +48.56 +45.76 +56.9
A —-88.0 —101.75 —-97.11 -—91.52 —113.8

Qo —4.1 —4.4 —-4.1 —4.4

Qi +8.2 +8.8 +8.2 +8.8
H Qiso +292.8 +276.54 +335.58 +275.25 +208.0
A'g —5.50 —4.05 —2.68 —4.21 -3.15
A +11.10 +8.11 +5.36 +8.44 +6.30
13c Qiso +20.75 +7.61 +20.74 +5.10
Alxx —5.46 —5.71 —5.59 —5.50
Ay -134 -260 -1.19  —3.20
Az, +6.80 +8.31 +6.79 +8.70
10 Qiso —-1.31 —3.72 —1.35 —-3.70
Al'xx +7.92 +8.60 +8.00 —8.70
Ay +6.98 +6.99 +6.83  —5.30
Az, —14.90 -—15.59 -—14.83 +14.0

a Calculations were performed at the ZORA SR UKS BP/V geometry
(see Table 4).

p(C) 0.06, ang(O) 0.04. The contribution of the atomic orbitals
to the 13A SOMO are as follows (arranged by decreasing
percentage): 24% 3d(Ni), 21% 4p (Ni), 19% 2p (C), 17%
1s(H), 14% 2p (O), and 4% 2s (C). This indicates that the 4p
of the Ni contributes significantly.

Because of the axial bonding of the hydride ion to the Ni
atom, the H atom may acquire a significant amount of spin
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estimated value of spinorbit coupling by Munzarova and
Kaupp* who used an empirical formula by Abragam and Pryce
(see ref 58) and obtainee26.8 MHz. We agree with these
authors that this effect is overestimated, since in our calculation
the effect of spin-polarization is also neglected. A comparison
of the SR ROKS results with the SR UKS results shows that
spin-polarization effects already explain for a large part the
calculated difference.

Because of the cylindrical spin density distribution (see Figure
3) one expects the largest quadrupole interaction offtNe
nucleus [ = %/,) to be along the Ni-H bond and smaller values
perpendicular to it. This is found experimentall@; = 8.2 MHz
andQp = —4.1 MHz. These numbers are exactly obtained from
a spin-polarized SR calculation while non-polarized calculations
slightly overestimate the parallel value and underestimate the
perpendicular value.

The H isotropic hyperfine interaction is overestimated by
SR UKS calculations by 43 MHz and also the anisotropic part
is not very well described (deviation 3 and 6 MHz). It is in
particular the isotropic component that is most sensitive to spin
polarization. The calculated B3LYM value by Munzarova
and Kaupp* deviates from the experimental value by 85 MHz
but into the other direction (208 MHz calculated vs 293 MHz
measured). A comparison of the spin-restricted (ROKS) SR
results and those including sptorbit (SR+SO ROKS) coupling
shows that the effect of spirorbit coupling is small for théH
nucleus.

For the3C and'’O nuclei there are no experimental values
available. Here, a comparison is made with the B3LYP

density which leads to a very large hyperfine coupling caused calculated values by Munzarova and Katfpwhich are also
by the large magnetic moment of the nucleus. Consequently,included in Table 6. For th€C nucleus the agreement between

the H hyperfine structure could be resolved in the Kr matrix
EPR spectr& The hyperfine interaction is dominated by a very
large isotropic hyperfine interactiaags, of 293 MHz while the
uniaxial anisotropic interaction is only 5.5 MHz.

Table 6 compares th&Ni and 'H experimental hyperfine
interactions with ZORA calculations at various levels of theory
and non-relativistic B3LYP calculations by Munzarova and
Kaupp?* The comparison is only made with the results using

SR UKS ZORA and non-relativistic B3LYP calculations is very
good. The difference in the isotropic hyperfine interaction is
2.5 MHz at most. In the case &fO, in contrast, the SR UKS
calculated signs of the anisotropic hyperfine interaction are
inverted with respect to the values by Munzarova and Kaupp
(see Table 6). We therefore repeated the calculation using the
SR ZORA BP/V geometry, a VTZP basis set by Sehat al>!

and the B3LYP hybrid functional in the Gaussian94 program.

the B3LYP functional because it is the one most frequently used The obtained values are, in general, very similar to those of

in DFT investigations of transition metals. The ZORA SR UKS
BP/V optimized geometry of Table 4 was used.

The 6INi isotropic hyperfine interaction is well reproduced

Munzarova and Kaupp and are therefore not given here. The
only noteworthy difference is in thEO hyperfine interaction.
The isotropic part in our calculation &, = —4.35 MHz and

by unrestricted (UKS) SR ZORA calculations whereas the the anisotropic pamixyyz= (+9.64,+6.11, —15.75) MHz.
B3LYP functional overestimates the isotropic coupling constant OUr findings of the absolute signs of the anisotropic hyperfine

by a factor of 3. The inclusion of spin-polarization reduéés
and A, by 2 and 4 MHz indicating only a moderate effect of

interaction are in agreement with our ZORA results and
contradict the signs given by Munzarova and Kaupp. We believe

polarization. SO coupling reduces the anisotropic coupling by this to be a typing error in their manuscript. The effect of spin

5 and 10 MHz forA'; and A}, respectively, when comparing
SR ROKS and S®SR ROKS calculations. The effect is weaker
than in the case of Ni(mnf)because the SOMO consists here
of p, and g orbitals at the Ni. If the assumption of similar

spin-polarization for SR and SO-coupled calculations holds, the

agreement with the experimental values is perfagt.would
be brought down to 44 MHz and'Ato 88 MHz by spin-

orbit coupling is very small for ligands in the molecubay-
plane. The anisotropic part of the hyperfine tensor of 'fi@
and'’0 nuclei remains nearly unchanged upon inclusion of SO
coupling.

It should be mentioned as an aside that the popular B3LYP
functional does not necessarily lead to an improvement in the
calculation of hyperfine parameters compared to pure GGA

polarization. The resulting anisotropic tensor is in excellent functionals as was already stated by Munzarova and Ké&upp
agreement with the experimental value and superior to the and by Hayed’

B3LYP results by Munzarova and Kaugh(The BP86 values
by Munzarova and Kaupp are in close agreement with our

The Ni—C state of the [NiFe] hydrogenase is two electrons
more reduced than the oxidized states, and might formally

values. Still, the isotropic coupling constant is overestimated correspond to a Ni(l) species. The observation of the-Gli

by a factor of 2.) The ZORA calculated isotropic hyperfine
interaction of the Ni changes fror10.10 to—18.70 MHz upon
inclusion of spir-orbit coupling and neglecting spin-polariza-
tion. This large effect of-28.8 MHz agrees very well with the

EPR spectrum correlates with the catalytic activity of the
enzymé&® and is thus assigned to be an intermediate in the
heterolytic cleavage of molecular hydrogen. For the Ni(l) in
Ni—C a 32 ground state is sometimes discus3éH¢2As we
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available??%4 In future work, we plan to extend the ZORA
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orbit coupled DFT calculation.
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