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ABSTRACT: In this work, magnetometry and high-frequency
and -field electron paramagnetic resonance spectroscopy
(HFEPR) have been employed in order to determine the
spin Hamiltonian (SH) parameters of the non-Kramers, S = 1,
pseudooctahedral trans-[NiII{(OPPh2)(EPPh2)N}2(sol)2] (E
= S, Se; sol = DMF, THF) complexes. X-ray crystallographic
studies on these compounds revealed a highly anisotropic
NiO4E2 coordination environment, as well as subtle structural
differences, owing to the nature of the NiII-coordinated solvent
molecule or ligand E atoms. The effects of these structural
characteristics on the magnetic properties of the complexes
were investigated. The accurately HFEPR-determined SH
zero-field-splitting (zfs) D and E parameters, along with the
structural data, provided the basis for a systematic density
functional theory (DFT) and multiconfigurational ab initio
computational analysis, aimed at further elucidating the
electronic structure of the complexes. DFT methods yielded
only qualitatively useful data. However, already entry level ab
initio methods yielded good results for the investigated magnetic properties, provided that the property calculations are taken
beyond a second-order treatment of the spin−orbit coupling (SOC) interaction. This was achieved by quasi-degenerate
perturbation theory, in conjunction with state-averaged complete active space self-consistent-field calculations. The accuracy in
the calculated D parameters improves upon recovering dynamic correlation with multiconfigurational ab initio methods, such as
the second-order N-electron valence perturbation theory NEVPT2, the difference dedicated configuration interaction, and the
spectroscopy-oriented configuration interaction. The calculations showed that the magnitude of D (∼3−7 cm−1) in these
complexes is mainly dominated by multiple SOC contributions, the origin of which was analyzed in detail. In addition, the
observed largely rhombic regime (E/D = 0.16−0.33) is attributed to the highly distorted metal coordination sphere. Of special
importance is the insight by this work on the zfs effects of Se coordination to NiII. Overall, a combined experimental and
theoretical methodology is provided, as a means to probe the electronic structure of octahedral NiII complexes.

■ INTRODUCTION
In the course of the past few years, investigations on the
biological properties of nickel have been greatly advanced,
affording vital structural and biochemical information.1 The
well-established structural and redox versatility of nickel in
forming simple coordination compounds2 is also manifested in
its biochemical activity. In that respect, variable oxidation states
of nickel, as well as a multitude of coordination geometries,

have been identified in the active site of Ni-containing

enzymes.3 Extensive studies on biomimetic NiII complexes,4

as structural and functional analogues of metalloenzymes, such

as the Ni−Fe hydrogenase5−7 or the CO dehydrogenase/acetyl
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coenzyme A synthase,8,9 have been performed in the past and
are continuously being pursued.
The square-planar (SP) NiII complexes are diamagnetic,

although some rare and interesting exceptions have been
identified experimentally and probed theoretically.10,11 On the
other hand, octahedral NiII complexes are generally para-
magnetic.2 Toward the aim of fully describing the electronic
structure of a paramagnetic metal site in either a metalloprotein
or a simple transition-metal complex, the reliable determination
of the g tensor components, along with the zero-field-splitting
(zfs) parameters D (axial) and E (rhombic), is of paramount
importance.12 Specific physicochemical methods have been
employed for the determination of the g and D tensors in
paramagnetic systems,13 among which magnetometry has been
frequently employed as the only method for mononuclear NiII

complexes.14−16 However, in the absence of corroborative data
from other physicochemical methods, the reliability of the
results derived can be questioned, especially for highly rhombic
systems (vide infra). Moreover, S = 1 NiII systems, of either
tetrahedral (Td) or octahedral (Oh) geometry, are usually not
amenable to conventional X-band electron paramagnetic
resonance (EPR) studies because of their large D values.12

However, high-frequency and -field EPR spectroscopy
(HFEPR) has been successfully applied for the investigation
of NiII complexes of various coordination spheres and
geometries.17−29 It should be stressed that magnetic circular
dichroism (MCD) studies,30 as well as empirical ligand-field
theory (LFT) analysis based on data by Ni L-edge X-ray
absorption spectroscopy,31 have provided evidence of large D
values (44−76 cm−1) for both inorganic and bioinorganic NiII

sites of Td geometry, which would render them “EPR-silent”,
even at the highest frequencies and fields currently available.
More recently, frequency domain magnetic resonance spec-
troscopy (FDMRS) was also employed for the direct
determination of D in mononuclear NiII complexes.23,27,32,33

Various experimental investigations on the magnetic proper-
ties of Oh S = 1 NiII systems have been recently reviewed.12,34

Of particular importance are combined studies, by magneto-
metry, HFEPR, and FDMRS, on Oh Ni

II complexes exhibiting
NiN4O2,

23,29a NiN3O3,
26 and NiN2O4

24 coordination spheres,
which afforded accurate g and zfs parameters. However, these
studies have been carried out on systems of disparate
coordination spheres, and therefore it has not yet been possible
to systematically discern magnetostructural correlations in this
class of NiII systems.
Hence, in this work, a series of pseudooctahedral complexes,

namely, trans-[Ni{(OPPh2)(EPPh2)N}2(sol)2] [E = S, Se; sol =
N,N-dimethylformamide (DMF),35 tetrahydrofuran (THF);
Scheme 1], were studied by magnetometry, HFEPR, and
computational methods. These complexes contain a NiO4E2
coordination sphere, which has not yet been investigated by any

of the above methods.12 In addition, these systems exhibit
subtle and well-defined structural differences, owing to the
nature of the NiII-coordinated solvents (DMF or THF) and E
ligand atoms (S or Se), thus making it possible to investigate
structural effects on their magnetic behavior.
Furthermore, in this work, advanced quantum-chemical

calculations were performed, aiming at further elucidating the
electronic structure of these open-shell, S = 1, systems, in the
framework of the spin Hamiltonian (SH) formalism.36,37 Thus,
the experimentally determined zfs parameters were translated
into electronic structure elements, by applying density
functional theory (DFT) and multireference-correlated ab
initio methods. Collectively, the experimental and theoretical
investigations described herein helped to explain the observed
magnetic anisotropy in this class of NiII complexes, by probing
the effects on the g and zfs parameters of subtle structural
changes in their coordination sphere.

■ MATERIALS AND METHODS
Synthesis. The synthesis of trans-[Ni{(OPPh2)(EPPh2)-

N}2(DMF)2] [E = S (1), Se (2)] was accomplished by employing
the recently described literature method.35 The synthesis of trans-
[NiII{(OPPh2)(EPPh2)N}2(THF)2] [E = S (3), Se (4)] is described in
the Supporting Information (SI).

IR Spectroscopy. IR spectra were run in the range 4000−200
cm−1 on a Perkin-Elmer 883 IR spectrophotometer, as KBr disks.

X-ray Crystal Structure Determination. A colorless crystal of 3
(0.10 × 0.32 × 0.44 mm3) and a yellow crystal of 4 (0.18 × 0.39 ×
0.48 mm3) were taken from the mother liquor and immediately cooled
to −113 °C. Diffraction measurements were made on a Rigaku R-AXIS
SPIDER image plate diffractometer using graphite-monochromated
Cu Kα radiation. Further experimental details are presented in the SI.

Magnetometry. Magnetic susceptibility measurements were
performed on powder samples of 3 and 4 from 1.8 to 300 K using
a Quantum Design MPMS-XL SQUID magnetometer with MPMS
MultiVu Application software to process the data. The magnetic field
used was 0.1 T. Diamagnetic corrections were applied to the observed
paramagnetic susceptibilities by using Pascal’s constants.38

HFEPR Spectroscopy. HFEPR spectra of 1−4 were recorded
using a spectrometer based on a 15/17 T superconducting magnet,
differing from that already described39 only by the use of a Virginia
Diodes Inc. source operating at a base frequency of 12−14 GHz and
increased by a cascade of multipliers.

Analysis of Magnetometry and HFEPR Data. The variable-
temperature magnetic susceptibility and the multifrequency HFEPR
data were fitted using the same SH of an S = 1 system, comprised of
Zeeman (g tensor) and second-rank zfs D and E components (eq 1):

β̂ = ̂· · ̂ + − + + −H B S D S S S E S Sg [ ( 1)/3] ( )spin e z x y
2 2 2

(1)

in which βe is the electron Bohr magneton. A full analytical solution of
the SH eigenvalue problem for the S = 1 case can be found in
textbooks.40,41

The magnetometry data were fitted to the susceptibility expression
for an isolated Oh Ni

II complex, with an additional χTIP term in order
to account for any unaccounted diamagnetic contributions, as well as
the temperature-independent component from the metal ion.42

Field-swept HFEPR spectra on polycrystalline solids provided
turning points in powder-pattern spectra. Their frequency depend-
encies were recorded as two-dimensional maps of resonances, as a
function of the excitation frequency (or energy) along the principles of
tunable-frequency EPR.43 The SH parameters were then fitted to these
data by use of a nonlinear least-squares procedure, based on the well-
known formulas resulting from the exact solution of the equations for
the triplet states of arbitrary orientation.44

Theory. The zfs, expressed in terms of the D tensor, is the leading
SH parameter for systems with a spin ground state S > 1/2.

14 The zfs
describes the lifting of the degeneracy of the 2S + 1 magnetic sublevels

Scheme 1. Complexes Studied in This Work
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Ms = S, S − 1, ..., −S, which are exactly degenerate at the level of the
Born−Oppenheimer (BO) Hamiltonian, in the absence of an external
magnetic field. To first order in the perturbation theory (PT), the zfs
arises from the direct magnetic-dipole spin−spin interaction between
unpaired electrons (spin−spin coupling, SSC). To second order,
contributions arise from the spin−orbit coupling (SOC) of electroni-
cally excited states into the ground state. These effects can be
phenomenologically collected in the usual SH expression:

̂ = ·̂ · ̂H S SDzfs (2)

where S ̂ is the fictitious spin of the ground state. In a coordinate
system that diagonalizes the D tensor, eq 2 can be rewritten, as shown
in eq 3, in which D and E represent the axial and rhombic components
of the zfs, respectively.

̂ = − + + −H D S S S E S S[ ( 1)/3)] ( )z x yzfs
2 2 2

(3)

The choice of the axes is based on the 0 ≤ E/D ≤ 1/3 convention. In
the generalized S = 1 case, the zfs term in eq 3 gives rise to three
magnetic sublevels, expressed by eq 4:

θ θ

θ θ

|+⟩ = | + ⟩ + | − ⟩

| ⟩ = | ⟩

|−⟩ = | + ⟩ − | − ⟩

cos 1, 1 sin 1, 1

0 1, 0

sin 1, 1 cos 1, 1 (4)

where the angle θ, in terms of the zfs parameters, is given by

θ = E
D

tan(2 ) 3
(5)

Although the spin states are characterized by ms = 0, ± 1, only at
high magnetic fields, or when the field is parallel to the molecular axis,
is it usual to denote the magnetic |0⟩, |+⟩, and |−⟩ sublevels as |0⟩, |
+1⟩, and |−1⟩, respectively. In principle, because of the Δms = ±1
selection rule, two allowed EPR transitions are expected, namely, |0⟩
→ |+1⟩ and |0⟩ → |−1⟩, the energy of which is equal to |D| ± |E|,
respectively. The SSC contributes to the zfs in first order of the PT
and, therefore, can be calculated as an expectation value. The SOC
contribution, however, arises in second order and, hence, is related to a
complete sum over states that contain contributions from excited
states of spin multiplicities different from the ground state.
Quasi-Degenerate PT (QDPT). In QDPT, one starts by obtaining

an approximate solution of the BO Hamiltonian of a multireference
type, such as the complete-active-space self-consistent-field (CASSCF)
multireference configuration interaction (MRCI), which yields a many
particle wave function in the form of |ΨI

SS⟩ = ∑μCμI|Φμ
SS⟩. Here, the

upper indices SS stand for a many-particle wave function with spin
quantum number S and spin projection quantum number MS = S.
Because the BO Hamiltonian does not contain any complex-valued
operator, the |ΨI

SS⟩ solutions may be chosen to be real-valued. The
introduction of SOC requires the lift over of the 2S + 1 degeneracy of
the total spin S ĤBO eigenfunctions. Thus, the basis of the treatment is
the |ΨI

SM⟩ states, in which I covers all of the roots calculated in the first
step of the procedure and M = −S, ..., S enumerates all members of a
given multiplet. Matrix elements over the |ΨI

SM⟩ functions are readily
generated using the Wigner−Eckart theorem because all 2S + 1
members of the multiplet share the same spatial part of the wave
function.45

On the basis of the above functions, SOC and SSC effects, along
with the Zeeman interaction, can be taken into account by means of
QDPT, which amounts to diagonalization of the matrix representation
of ĤBO + ĤSOC + ĤSSC + ĤZ, on the basis of the |ΨI

SM⟩ states:

δ δ δ

⟨Ψ | ̂ + ̂ + ̂ + ̂ |Ψ ′ ′⟩

= ′ ′ + ⟨Ψ | ̂ + ̂ + ̂ |Ψ ′ ′⟩

H H H H

E H H H

I
SM

Z J
S M

IJ SS MM I
S

I
SM

Z J
S M

BO SOC SSC

( )
SOC SSC (6)

Diagonalization of this matrix yields the energy levels and eigenvectors
of the coupled states {ΨI

SM}. This procedure yields the g and D tensors
directly. Alternatively, the SOC components of D are calculated
through well-established second-order PT equations:46

∑ ∑

∑

= − Δ ⟨ | ̂ | ⟩⟨ |

̂ | ⟩

−

=

−D
S

SS z s bSS bSS

z s SS

1
0

0

kl
b S S

b
i
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i
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2
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1
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b

(7)

∑ ∑

∑

= −
−

Δ ⟨ | ̂ | − − ⟩

⟨ − − | ̂ | ⟩

− −

= −

−
+

−

D
S S

SS z s b S S

b S S z s SS

1
2 ( 1)

0 ( 1)( 1)

( 1)( 1) 0

kl

b S S
b

i
k i i

i
l i i

SOC ( 1)

( 1)

1
;

SOMF
; 1

;
SOMF

; 1

b

(8)
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(9)

The first term (eq 7) describes contributions from excited states of
the same spin as that of the ground state (S′ = S), whereas the second
and third terms (eqs 8 and 9) arise from states with S′ = S − 1 and S′ =
S + 1, respectively. Here, k and l denote Cartesian components x, y,
and z, and Δb is the energy difference between the ground state and
the bth excited state, in the absence of SOC interaction. Here and
throughout the paper, the SOC interaction has been quantified by the
spin−orbit mean-field (SOMF) method, in the implementation
already described.47 In this approach, the SOC appears as an effective
one-electron operator of the form ĤSOMF = ∑izi

SOMFsi.
Computational Details. All calculations were performed using the

ORCA computational package.48 For the DFT calculations, the
crystallographic structures of 1,35 2,35 3, and 4 were employed,
using the BP86 and B3LYP49−51 functionals for geometries/
frequencies and spectroscopic properties, respectively. Ahlrich's
polarized triple-ζ (TZVP)-quality52 basis set was employed for all
atoms, in combination with the TZV/J Coulomb fitting basis for the
resolution of identity (RI) approximation (in BP86 calculations). For
geometry optimizations, a one-center relativistic correction was
applied, by employing the implemented standard second-order
Douglas−Kroll−Hess procedure.53−55

To make the ab initio calculations feasible and to allow for direct
comparisons with DFT studies, a second set of calculations was
performed in which the bulky Ph groups of the studied complexes
were replaced by H atoms. This leads to the corresponding model
complexes, denoted as H1, H2, H3, and H4, the structural coordinates of
which correspond to fully optimized structures by the DFT methods
described above. Alternatively, these coordinates were taken from the
crystallographic structures, and only the H positions were optimized.
In addition, the [Ni{(OPH2)(OPH2)N}2(DMF)2] model H5 was
constructed from the crystallographic structure of [Ni{(OPPh2)-
(OPPh2)N}2(DMF)2] (5),

56 in which both the Ph peripheral groups
of the ligands and the Me groups of the DMF molecule were replaced
by H atoms. This structure preserves high symmetry (D2h) around the
NiII center, and, thus, it will serve as a reference structure for our
calculations. The zfs DFT calculations were performed by employing
the generalized gradient approximation (GGA) BP86, the hybrid-GGA
B3LYP, the meta-GGA TPSS,57 and the TPSSh58 density functionals,
together with the def2-TZVP(-f)59 basis set. Both the coupled-
perturbed method (CP-SOC)60 in its original form and in the variant
recently proposed by van Wüllen,61 and the Pederson−Khanna62
approach were used for calculation of the DSOC part of the zfs. In
addition, the DSS part that accounts for the SSC contribution to the zfs
is treated with the unrestricted natural orbital (UNO) option. This
allows for calculation of the SSC term, with a restricted spin density
obtained from the singly occupied UNOs. The objective of this
procedure is discussed elsewhere.63,64 In ab initio calculations, for all
atoms the higher-accuracy basis set def2-TZVP(-f)59 was used,
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together with the corresponding Coulomb fitting basis set. The
minimal active space for ab initio calculations should include the five
3d-based molecular orbitals (MOs), involved in nonbonding or σ*
Ni−O/S/Se antibonding interactions, as well as the corresponding σ
Ni−O/S/Se bonding MOs. This leads to an active space with 12
electrons in 7 orbitals [CAS(12,7)]. We have included all 10 roots for
the 2S + 1 = 3 (triplet) states arising from the 3F and 3P spectroscopic
terms of Ni2+ and 15 roots for the 2S + 1 = 1 (singlet) states arising
from the corresponding 1D, 1G, and 1S terms. Second-order N-electron
valence perturbation theory (NEVPT2),65−67 the MR-difference-
dedicated configuration interaction with 2 degrees of freedom
(DDCI2), and the spectroscopy-oriented configuration interaction
(SORCI)68 calculations were performed on top of the state-averaged
CASSCF reference wave functions, in order to recover the differential
dynamic correlation between the ground and excited states. As
explained previously,69 we have used individual selection in the SORCI
calculations, in order to decrease the computational burden. The
relevant thresholds are Tsel = 10−6 Eh and Tpre = 10−5.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis and characterization of complexes
1 and 2 has already been described.35 Complexes 3 and 4 were
isolated upon crystallization of [Ni{(OPPh2)(EPPh2)N}2] (E =
S or Se) by a THF/n-hexane solvent system. More information,
including elemental analysis and IR data, are presented in the
SI.
X-ray Crystallography. The X-ray crystallographic struc-

tures of 1 and 2 have been reported previously,35 whereas those
of 3 and 4 are presented herein. The crystal data and
refinement characteristics are shown in Table S1 in the SI. The
ORTEP representations of the crystal structures of 3 and 4 are
shown in Figure 1, and selected bond lengths and angles are
listed in Table S2 in the SI. Collectively, the structures of 1−4
correspond to the generic formula trans-[Ni{(OPPh2)(EPPh2)-
N}2(sol)2] (E = S, Se; sol = DMF, THF). All structures contain
a center of symmetry, with discrete monomeric molecules
exhibiting distorted octahedral NiO4E2 cores, in which NiII is
coordinated by two equatorial (O, E) chelates in a trans
arrangement as expected by symmetry, whereas the two axial

coordination sites are taken by the O atom of two solvent
molecules.
For 3, the equatorial Ni−O and N−S bond lengths are

2.014(2) and 2.5343(7) Å, whereas for 4, the corresponding
Ni−O and N−Se bond lengths are 2.001(2) and 2.5769(3) Å,
respectively. For both complexes, the large difference between
the two equatorial bond lengths reflects a significant deviation
from the ideal Oh geometry. The Ni−Se bond length in 4 is
0.043 Å larger compared with the Ni−S bond length in 3. The
corresponding difference between complexes 2 and 1 is
significantly larger (0.115 Å).35

On the other hand, the two axial Ni−O(THF) bond lengths,
for 3 and 4, are 2.151(2) and 2.140(2) Å, respectively, which
are slightly larger compared with the corresponding Ni−
O(DMF) bond length in 1 [2.068(1) Å] and 2 [2.074(2) Å],35

as well as with the analogous [Ni{(OPPh2)(OPPh2)-
N}2(DMF)2] complex [2.0922(18) Å].56 On the basis of that
above, the difference in the Ni−O(sol) bond length between
complexes 1 and 3 and complexes 2 and 4 amounts to 0.082
and 0.066 Å, respectively.
As was also observed for 1 and 2,35 the Ni−Oeq bond lengths

for 3 and 4 are larger by only 0.067 and 0.060 Å, respectively,
compared with those in the corresponding Td [Ni{(OPPh2)-
(EPPh2)N}2] complexes (E = S, average 1.947 Å;70 E = Se,
average 1.941 Å35). On the other hand, the corresponding Ni−
E bond lengths of 3 and 4 are larger by 0.239 and 0.162 Å,
respectively, compared with those in [Ni{(OPPh2)(EPPh2)-
N}2] (E = S, average 2.295 Å;70 E = Se, average 2.414 Å35).
The above differences reveal a remarkable weakening of the
Ni−E bonds in pseudooctahedral 3 and 4 compared with the
corresponding Td [Ni{(OPPh2)(EPPh2)N}2] complexes.

Magnetic Properties. The magnetic susceptibility data for
3 and 4 were analyzed by the procedure already described for 1
and 2.35 As was shown for the latter, 3 and 4 exhibit
qualitatively the same behavior at low temperature, showing a
sharp drop of χT (at T < 15 K from maximal values of μeff =
3.24−3.32). This range is within that expected for the spin-only
value for a spin triplet (μeff = 2.83; g = 2.00) with some
additional second-order orbital contribution. The low-temper-

Figure 1. X-ray crystal structures of trans-[Ni{(OPPh2)(EPPh2)N}2(THF2)] [E = S (3, left), Se (4, right)] with thermal elipsoids shown at 30%.
The H atoms are omitted for clarity. Atom color coding: Ni, cyan; O, red; S, yellow; Se, dark gray; P, magenta; N, blue; C, light gray.

Table 1. SH Parameters for the Investigated Complexes (#), Obtained from Magnetic Susceptibility Data (Susc), as Well as
from Best Fits to the Two-Dimensional Maps of HFEPRs

# |D| (cm−1) (Susc.) |D| (cm−1) (HFEPR) |E| (cm−1) (HFEPR) E/D (HFEPR) giso (Susc.) gx (HFEPR) gy (HFEPR) gz (HFEPR)

1 2.5a 4.37(1) 1.23(1) 0.28 2.34a 2.27(2) 2.27b 2.259(6)
2 3.41(1) 1.11(1) 0.33 2.37a 2.230(3) 2.235(3) 2.23b

3 4.11(6) 7.11(1) 1.17(2) 0.16 2.302(3) 2.300(6) 2.293(7) 2.306(3)
4 4.85(4) 6.38(2) 1.59(2) 0.25 2.288(2) 2.269(4) 2.289(13) 2.203(7)

aData from Ferentinos et al. Dalton Trans. 2011, 40, 169. bSet, not fitted.
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ature drop in χT is a direct consequence of zfs.14,71 The
magnitude of the axial D zfs component was estimated by
fitting the susceptibility data for each complex (Table 1).42

Both 3 and 4 showed Curie−Weiss behavior above around 15
K, with a negligible Weiss constant, as would be expected for
metal centers largely isolated by the bulky ligand shell. For
complex 3, the Curie constant C was determined to be 1.35 cm3

K mol−1 from the plot of χT against T (Figure 2), whereas for

complex 4, as was also the case with 2,35 the Curie constant
could only be approximated as 1.38 cm3 K mol−1 because of the
continuing gradual rise of the χT product observed at T > 15 K.
A similar behavior has been previously observed also for VIII Oh
complexes.72 In fact, the notable failure of χT to level off with T
has been attributed to a number of factors accounting for the
intermolecular interactions between the microcrystalline
particles, as well as the inaccuracy in the estimation of the

diamagnetic component from Pascal’s constants. Another
possible source is the contribution of the excited electronic
states, which give rise to some unaccounted temperature-
independent components (TIP).14,71 Also, the observed
behavior of 4 could be, in part, due to a temperature-
independent component arising from a highly paramagnetic or
ferromagnetic impurity.
In addition, the values of the Curie constant for complexes 3

and 4 lead to values of g = 2.302 (3) and 2.288 (4),
respectively, toward the higher end of Oh Ni

II complexes in the
literature, compared with typical values of around 2.25.73,74

Similar behavior was previously observed for complexes 1 and
2,35 with g = 2.34 and 2.37, respectively (Table 1). In fact, for
an ideal octahedron, the g value can be calculated using eq 10:

ζ= −
Δ

⎛
⎝⎜

⎞
⎠⎟g 2 1

2 SOC

oct (10)

where ζSOC is the one-electron SOC constant and Δoct is the
octahedral crystal-field-splitting parameter.75 This describes the
extent of mixing of the ground state with excited states through
SOC and, hence, is proportional to ζSOC and inversely
proportional to Δoct. By using the value of ζSOC = −668
cm−1 for Ni2+(g),76 we calculate an upper limit of Δoct ∼ 8850
cm−1 (g = 2.302) and 9280 cm−1 (g = 2.288) for complexes 3
and 4, respectively, which are only moderately larger compared
with the unusually small estimates of Δoct obtained for
complexes 1 and 2.35 On the other hand, by using the gx, gy,
and gz values obtained by EPR for complex 4 (Table 1), the
upper limit of Δoct is calculated to be between 9250 and 13160
cm−1 because gz is rather smaller in this case. The deviation
from ideal Oh behavior may be expected because of the lower
symmetry of 1−4; however, the estimated crystal-field splitting
is relatively small compared with more typical values exceeding
10000 cm−1.77 The consistency in the observed behavior for 1−

Figure 2. Plot of χT against T for 3 and 4 showing the constant value
of χT = Curie constant = 1.35 cm3 K mol−1 between 300 and 15 K for
3 and an estimated value of the Curie constant = 1.38 cm3 K mol−1 for
4, partly obscured by the continuing gradual rise with T. The abrupt
drop at low temperature is attributed to zfs, and the red continuous
line shows a simulation with g = 2.302(3) and |D| = 4.11 cm−1 (for 3)
and g = 2.288(2) and |D| = 4.85 cm−1 (for 4).

Figure 3. Two-dimensional field vs frequency (or quantum energy) maps of EPR turning points for complexes 1−4. The squares represent
experimental points, whereas the curves were simulated using best-fit SH parameters listed in Table 1. Red curves denote turning points with B0||x,
blue curves with B0||y, and black curves with B0||z. The data set was collected at T = 10 K.
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4 is noticeable and points toward a common origin in the
unusual characteristics of these complexes. In particular, we
note the unusually large Ni−E (E = S, Se) bond lengths
discussed above, which would lead to a much weakened crystal
field compared with a more typical Oh complex. On the basis of
that above, it could be stated that a simplistic LFT type of
approach provides only a qualitative insight into the nature of
the SH parameters, and care should be taken when it is
employed for quantitative predictions. Indeed, qualitatively, the
magnetometry data reveal significant magnetic anisotropy in
complexes 1−4. However, on the basis of these data, it is not
possible to unambiguously determine the magnitude or the sign
of D. This is mainly due to the fact that the implemented fitting
procedure excludes the rhombic E zfs parameter because, in this
case, the fit would be overparametrized and, consequently,
would not lead to meaningful results. The estimated D values
are listed in Table 1, for comparison with the more accurate
data extracted by HFEPR, as described in the next section.
HFEPR. All investigated complexes showed distinct prob-

lems in achieving a perfect random distribution of crystallites
with regard to the magnetic field and thus produced spectra
that were far from perfect powder patterns. Reducing the size of
crystallites by grinding was only moderately successful because
of a propensity of the complexes to lose the solvent molecule
and convert to “EPR-silent” Td Ni[(OPPh2)(EPPh2)N]2
complexes (Krzystek, J.; Kyritsis, P. Unpublished observations)
or decompose in some other way. In addition, grinding had a
rather counterintuitive effect of increasing the field-induced
torquing effects, which could not be completely overcome with
the usual methods of constraining the crystallites by pressing
them into pellets. In the end, only complex 4 was found to be
“well-behaved” enough to produce spectra that were of single-
crystal quality when the sample was allowed to torque, or of a
powder quality when pressed into a pellet. We will briefly
discuss each particular complex and their EPR characteristics
below.
Complex 1 produced a very strong EPR response but very

poor quality spectra (Figure S1 in the SI). It was possible,
however, by carrying out multifrequency EPR measurements to
collect enough turning points in the spectra, so as to be able to

perform a least-squares fit of the SH parameters, with the
results shown in Table 1. Particularly helpful were the values of
two zero-field resonances, corresponding to the |D| − |E| and
|D| + |E| transitions (Figure 3). The obtained |D| value of 4.37
cm−1 is in the range previously observed for Oh NiII

complexes12,24,29a and the zfs tensor is highly rhombic (E/D
= 0.28). The sign of D could not be determined, but with such
high rhombicity of the zfs tensor, this parameter loses its
relevance. The g values are close to isotropic at 2.26−2.27.
Complex 2 was very similar in its characteristics to 1. It

showed a strong propensity to torque in field when ground.
When constrained in a pellet, it did not produce a powder
spectrum of high quality (Figure S2 in the SI). Still, it was
possible to simulate that spectrum, to a certain degree, using a
powder pattern and by the multifrequency EPR approach
(Figure 3) to extract the relevant SH parameters listed in Table
1. The magnitude of |D| (3.4 cm −1) is similar to complex 1;
what is notable is the closeness to the maximum rhombicity of
the zfs tensor, with E/D approaching 1/3. The g-factor values
are practically isotropic at 2.23−2.24.
Complex 3, as an unrestrained sample, produced EPR spectra

that were uninterpretable. When ground and pressed into a
pellet, it showed spectra of excessive line width that were
similarly uninformative. We thus collected spectra from a
minimally ground and immobilized solid. Even if these spectra
were far from an ideal powder pattern, we could recognize
some turning points (Figure S3 in the SI) and collect enough
information to perform a least-square fit of the SH parameters
to the two-dimensional map, with the results shown in Table 1
and Figure 3. The zfs parameter |D| is of much larger magnitude
(7.11 cm−1) than those of complexes 1 and 2, and the zfs tensor
is much less rhombic (E/D = 0.16) than that in those
complexes.
Complex 4 initially produced spectra of similarly low quality

as the other complexes. However, when unrestrained, upon
repeated field sweeps, it underwent an almost complete
alignment of the crystallites in the magnetic field, with the
resulting spectra being reasonably well-simulated, assuming a
single-crystal behavior (Figure 4a). The parameters used in the
simulations suggested zfs on the same order of magnitude as

Figure 4. (a) EPR spectrum of complex 4 as an unrestrained powder at 302.4 GHz and 10 K (black trace), accompanied by simulations of a single-
crystal spectrum, under the same conditions (colored traces). Simulation parameters: |D| = 5.70 cm−1, |E| = 1.20 cm−1, and giso = 2.37, crystal
oriented with respect to the field by polar angles (θ, φ) = (21.5°, 28°). The blue trace represents a negative D and the red trace a positive value of
that parameter. (b) EPR spectrum of complex 4 as a pellet pressed with n-eicosane at 302.4 GHz and 10 K (black trace) accompanied by powder-
pattern simulations (colored traces). Simulation parameters: |D| = 6.38 cm−1, |E| = 1.69 cm−1, and g = [2.30, 2.25, 2.20]. Single-crystal line width
isotropic 120 mT. The blue trace represents a negative D and the red trace a positive value of that parameter. Particular turning points identified in
the spectrum are labeled according to the terminology of Wasserman et al.78 The group of resonances at about 10 T appears only after grinding of
the sample and is thus attributed to decomposition products.
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that in complex 3, with D about 5.7 cm−1 and negative. Upon
pressing into a pellet, the same sample generated a well-defined
powder pattern that could be very well-simulated using |D| =
6.38 cm−1, |E| = 1.69 cm−1, and somewhat anisotropic g values
from 2.2 to 2.3 (Figure 4b). Importantly, the pellet simulation
proved unequivocally that the sign of D is positive, and the
result obtained from the field-aligned sample was an artifact,
most probably due to a nonperfect alignment. The final set of
SH parameters was obtained for complex 4 in the same way as
that for the other complexes, i.e., by a least-squares fit to the
two-dimensional map of resonances (Figure 3), and found to
be very close to that used in the pellet simulation (D = +6.38;
E/D = 0.25; anisotropic g matrix from 2.20 to 2.29).
Quantum-Chemical Calculations. Geometric Consider-

ations. We have recently performed extensive quantum-
chemical calculations on the families of Td [Ni{(SPR2)(SPR′2)-
N}2]

79 and [Ni{(SPR2)(OPR′2)N}2],
35 which contain NiIIS4

and NiIIS2O2 coordination spheres, respectively. The former are
stabilized along either (i) the spin-conserving D2d → C2v(I) or
(ii) the spin-flipping D2d → D2 → Ci isomerization pathways.79

A number of crystallographically characterized compounds can
be respectively identified at various points of these
interconversion pathways, like (i) the D2d [Ni{(SP

iPr2)2N}2]
80

and [Ni{(SPPh2)2N}2]
81,82 complexes, as well as the C2v(I)

[Ni{(SPMe2)2N}2]
83 complex, or (ii) the Ci [Ni-

{(SPPh2)2N}2],
84 [Ni{(SPPh2)(SPMe2)N}2],

81 and [Ni-
{(SPPh2)(SP

iPr2)N}2]
79 complexes. On the other hand, for

the Td [Ni{(SPR2)(OPR′2)N}2] complexes containing an
asymmetric coordination sphere, relevant experimental struc-
tures along the corresponding interconversion pathway are
provided by the C2v(I) [Ni{(OPPh2)(SPR′2)N}2] (R′ = Me, Ph)
complexes.70 Furthermore, in the presence of a coordinating
solvent, an alternative spin-conserving C2v(I) → C2v(II) →

OhCi
pathway leads to the six-coordinate OhCi complexes,35

exemplified by the experimental structures of complexes 1−4.
In addition, the [Ni{(OPPh2)(OPPh2)N}2(DMF)2] complex
(5) reported by Cristurean et al.,56 which is the only existing Oh
NiII system bearing the symmetric [(OPPh2)(OPPh2)N]

−

ligand and NiII-coordinated solvent molecules, exhibits D2h
(i.e., elongated Oh) symmetry. In this case, the analogous Td
[Ni{(OPPh2)(OPPh2)N}2] complex does not seem to be
stable because only the binuclear [Ni2{(OPPh2)2N}4] complex
has been synthesized and characterized.56 A BP86/TZVP/
TZVPP geometry optimization on the [Ni{(OPH2)(OPH2)-
N}2(DMF)2] model (H5) leads to a C2v(I) geometry. Therefore,
in the presence of a coordinating solvent, this system is
expected to be stabilized along the C2v(I) → C2v(II)→

OhCi
interconversion pathway, in agreement with the experimental
observations.56 In the following, the highly symmetric D2h
structure of [Ni{(OPPh2)(OPPh2)N}2(DMF)2] will be used
as a reference for the lower-symmetry coordination environ-
ments of complexes 1−4. Initially, a complete geometry
optimization of the structures of 1−4 at the BP86/TZVP/
TZVPP level was performed. The optimized and crystallo-
graphic structures of 1−4 are in very good agreement. Thus, for
the Ni−O, Ni−S, and Ni−Se bond lengths, the variations
between theoretical and experimental bond lengths and angles
are smaller than 0.03 Å and 2°, respectively (Table S2 in the
SI).
Electronic Structure. The symmetry of complexes 1−4 is

lower than Oh, as a result of significantly differing Ni−Oeq and
Ni−E bond lengths (vide supra). As a consequence of this
lower than Oh symmetry, complexes 1−4 exhibit very rhombic

EPR spectra (Table 1). Complex 5, on the other hand, exhibits
D2h symmetry, that is, an axially elongated Oh geometry along
the O(DMF)−Ni−O(DMF) C2 symmetry axis, with the
chelating (O, O) ligands occupying the equatorial plane.56 As
can be seen in Figure 5, the D2h model H5 exhibits a 3A2g

ground state, with a dyz
2dxz

2dxy
2dz2

1dx2−y2
1 electronic config-

uration. In the D2h point group, the three components of the
angular momentum operator transform as Lx, B3g; Ly, B2g; and
Lz, B1g. Both T1g and T2g states (in Oh symmetry) map onto
1,3T1,2

z , 1,3B1g; T1,2
y , B2 g; and T1,2

x , B3g states under D2h symmetry
and, hence, they can both spin−orbit couple with the ground
state 3A2g. The important single-electron excitations are those
arising from the doubly occupied t2g orbitals to the singly
occupied eg orbitals, namely, 3T2

z(dxy→dx2‑y2),
3T1(dxy→dz2),

3T1,2
x (dyz→dx2−y2,dyz→dz2), and 3T1,2

y (dxz→dx2−y2,dxz→dz2), re-
spectively, which take place within the t2g

5eg
3 d shell, as well

as the intra−SOMO 1T1,2
z (dx2−y2↔dz2) transitions arising from

both the t2g
5eg

3 and t2g
6eg

4 d shells (Scheme S1 in the SI).
Calculation of the zfs. In an effort to justify and interpret

the trend in the experimental zfs values obtained for complexes
1−4 (Table 1), DFT and ab initio multiconfigurational studies
were carried out on the H1−H4 models, as described in the
Materials and Methods section.

DFT Calculations. The results of the DFT calculations
(presented in the SI) proved to be, at best, only in qualitative
agreement with the experimental data. In fact, DFT approaches
have been quite controversial in their ability to predict the
magnetic properties of transition-metal compounds. Although
they have been reasonably successful for MnII85−87 and
MnIII69,88 compounds, they have failed remarkably for Td
CoII 89 and Oh VIII 72 complexes. There are, also, cases, such
as the [Cr(H2O)6]

2+ complex,90 in which DFT approaches led
to correct results but for incorrect reasons. In fact, a certain
degree of error cancellation has been frequently encountered in

Figure 5. Metal d-based MOs and term symbols arising from single
excitations for H5. The indicated orbital occupation pattern refers to
the 3A2g ground state.
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the calculation of zfs, in which the SOC contributions to the zfs
are underestimated, whereas the SSC contributions are
overestimated. While the formalism to calculate the zfs in a
DFT framework is still under debate,61 no systematically
accurate DFT method has so far been found. The data in the SI
show that this situation is not changed by the latest proposals.61

In our experience, even relatively simple multiconfigurational
ab initio calculations are preferable to any of the existing DFT
methods. This is also the case for the present study, as will be
summarized below.
Ab Initio Calculations. In general, for systems featuring

near-orbital degeneracy, multiconfigurational ab initio calcu-
lations are more suitable than DFT methods because in these
approaches all magnetic sublevels can be explicitly represented
and treated on an equal footing.91 Such a treatment, in
combination with QDPT, provides a suitable method to deal
with problems of the kind met here. In the QDPT approach,

the SOC (and SSC) effects are treated through diagonalization
of the BO SOC (and SSC) operators, on the basis of triplet and
singlet roots of the BO Hamiltonian (extended to treat all M =
S, S − 1, ..., −S components of a given state ΨI

SM), which is
obtained from the SA-CASSCF(12,7), NEVPT2(12,7),
MRDDCI(12,7), or SORCI(12,7) calculations (Table 2).
Through diagonalization, the coupling of singlet and triplet
states is treated to infinite order in the SOC. In addition to the
zfs parameters D and E obtained from the PT eqs 6−8, real
eigenvalues and complex eigenvectors of the (SOC + SSC)-
extended Hamiltonian are obtained. The zfs parameters can be
directly estimated by a matching procedure of the QDPT-
calculated eigenvalues with those of the exact solution of the S
= 1 SH problem for the zfs.41 A more complete approach is
based on the effective Hamiltonian theory. This approach yields
the entire D tensor rather than only the D and E values and has

Table 2. Computed zfs (cm−1) Values and SOC Contributions to D, Derived by SA-CASSCF, NEVPT2, DDCI2, and SORCI
Methods

SA-CASSCF NEVPT2 DDCI2 SORCI

model state energy D energy D energy D energy D
H1 |3B1

z⟩ 5317 −61.7 7248 −53.111 6837 −5 7948 −47.5
|3B2

y⟩ 5691 37.8 7828 26.2 7493 23 8529 21.4
|3B3

x⟩ 6679 36.1 8388 20.5 7814 25 9305 19.4
|1B1

z⟩ 22936 14.1 22758 14.6 23596 14 24480 15.1
|1B2

y⟩ 23283 −7.5 23347 −7.3 24197 −7 25060 −6.3
Dexp = 4.37 |1B1

x⟩ 24183 −6.5 23883 −6.7 24447 −6 25325 −7.1
second-order PT D2nd PT

SOC −12.3 −5.8 −5.6 −5.0
QDPT |Dexact

SOC | 5.2 3.1 4.2 3.1
E/D2nd PT

SOC 0.32 0.29 0.25 0.26
Ni spin population 1.92 1.92 1.83 1.92
H2 |3B1

z⟩ 5042 −61.5 7093 −53.6 6498 −35.6 7564 −45.9
|3B2

y⟩ 5345 38.6 7568 27.4 7168 27.5 8183 17.6
|3B3

x⟩ 6769 38.6 8495 20.2 7588 17.0 9313 21.3
|1B1

z⟩ 22644 14.3 22598 14.2 23114 6.8 24076 14.3
|1B2

y⟩ 22916 −7.3 23081 −7.3 23704 −5.7 24713 −5.4
Dexp=3.41 |1B3

x⟩ 24220 −7.3 23994 −6.6 24329 −2.6 25092 −7.7
second-order PT D2nd PT

SOC 15.4 −5.7 7.4 −5.8
QDPT |Dexact

SOC | 5.5 2.6 4.5 2.5
E/D2nd PT

SOC 0.21 0.18 0.26 0.27
Ni spin population 1.89 1.89 1.87 1.82
H3 |3B3

x⟩ 5056 30.0 6752 32.4 6180 25.1 7315 21.3

|3B2
y⟩ 5825 32.0 7242 28.7 6937 24.8 8103 20.5

|3B1
z⟩ 6281 −82.0 8687 −46.8 7804 −62.1 9432 −52.1

|1B3
x⟩ 22507 −6.5 22015 −8.1 22626 −7.5 22867 −7.3

|1B2
y⟩ 23368 −6.9 22706 −7.5 23086 −7.2 23338 −6.8

Dexp=7.11 |1B1
z⟩ 23833 14.3 23930 13.8 24449 16.7 25577 15.8

second-order PT D2nd PT
SOC −19.1 12.5 −10.8 −8.6

QDPT |Dexact
SOC | 7.5 9.2 7.1 6.1

E/D2nd PT
SOC 0.14 0.16 0.18 0.19

Ni spin population 1.90 1.90 1.85 1.81
H4 |3B3

x⟩ 5050 32.8 6965 19.4 6392 23.8 7915 23.1

|3B2
y⟩ 5864 29.6 7751 23.5 7108 23.1 8901 20.7

|3B1
z⟩ 6243 −79.9 8277 −54.4 7472 −45.1 9575 −38.1

|1B3
x⟩ 22634 −6.9 22328 −6.9 22860 −6.6 24071 −7.2

|1B2
y⟩ 23402 −6.8 23260 −5.9 23168 −4.8 25142 −5.5

Dexp = 6.38 |1B1
z⟩ 23654 14.7 23747 14.0 24288 13.1 24272 11.7

second-order PT D2nd PT
SOC −16.5 −10.3 3.5 4.7

QDPT |Dexact
SOC | 6.6 6.4 5.5 4.5

E/D2nd PT
SOC 0.19 0.18 0.20 0.21

Ni spin population 1.91 1.91 1.86 1.81
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recently been successfully applied to mono- and bimetallic
complexes by Maurice et al.92,93

SA-CASSCF. The most straightforward approach that
complies with the ab initio strategy outlined above is the SA-
CASSCF method. While being computationally efficient and
conceptually satisfactory, it cannot be expected to be highly
accurate. A state averaging procedure necessarily involves a
compromise, and hence the description of each individual state
is suffering as the number of states increases. More importantly,
however, the nondynamic correlation recovered in these
calculations is only a small part of the total correlation energy.
The dynamic correlation has profound effects on the magnetic
properties of a transition-metal complex because it strongly
modifies the ionic character of the metal−ligand bonds by
providing stronger covalent contributions. Hence, it signifi-
cantly affects the transition energies between states of different
character.94,95 Nevertheless, a well-defined strategy is to
determine the number of relevant states from ligand-field
considerations. This approach usually delivers a good reference
wave function and, in our experience, has already led to
satisfactory predictions of the zfs parameters.85,88,90 The
underlying reason must be that the d−d multiplets are usually
well described in the SA-CASSCF approach.91 However, the
SA-CASSCF results can certainly be improved by including
dynamic correlation, as will be shown below.
Excited-State Contribution to the zfs. To account for the

importance of the excited-state contribution to the magnitude
of the zfs, we have initially calculated the D value via the SA-
CASSCF second-order PT, as well as the QDPT matching
approach for all possible combinations of the 10 triplet and 15
singlet states of H1−H4. As described above, the sign and
magnitude of D is estimated by the PT approach (eqs 6−8)
D2nd PT

SOC and by matching the energy differences between the
analytical eigenvalues of the S = 1 SH problem with those
obtained from the QDPT approach Dexact

SOC. QDPT evidently
performs better than PT, which is makes sense because PT is an
approximation to QDPT. Alternatively, D may be estimated by
utilizing the effective Hamiltonian approach (DĤQDPT

effSOC )92 in which
the zfs Hamiltonian (2) is directly compared with the effective
Hamiltonian Ĥeff = ∑I|Ψ̂I

SM⟩EI⟨Ψ̂I
SM|, where |Ψ̂I

SM⟩ are
orthonormalized projections of the |Ψ̂I

SM⟩ states into the
spanned space S0 and EI their ab initio energies. The calculated
zfs values by both approaches are presented in Tables 2 and 3.
Individual state contributions are readily identified and
discussed in terms of both second-order PT and QDPT in
the framework of the effective Hamiltonian matching
procedure. For approximately decomposing the QDPT D

tensor into contributions from individual excited states, a series
of diagonalizations is carried out that involve the ground-state
magnetic sublevels and the magnetic sublevels of only one
excited state at the time. This means that the SOCs of the
individual excited states with the ground state are treated
nonperturbatively, while interference contributions that arise at
third and higher order are neglected (DĤ2×2

effSOC). As is seen in Table
3, the derived zfs values from the individual 2 × 2
diagonalizations compare reasonably well with those obtained
utilizing the matching procedures with the full QDPT. In the
present case, the SA-CASSCF PT methods overestimate the
value of |D| by a factor of 2. Nevertheless, there are cases in
which PT performs equally well as QDPT.90 It should be noted
that the states are grouped according to their corresponding
symmetry in idealized Oh symmetry. Hence, at increasing
energies, the states are grouped as in Scheme S1 in the SI. The
SOC component of the zfs parameter is mainly determined by
the spin-conserving 3A2g → 3T2g transitions from the t2g

5eg
3

configurations: 3A2g →
3B1g

z (dxy→dx2−y2),
3A2g →

3B2g
x (dyz→dx2−

y
2,dyz→dz2), and 3A2g → 3B3g

y (dxz→dx2−y2,dxz→dz2) in D2h

symmetry. In addition, the corresponding 3A2g → 1T2g spin-
flipping transitions from both the t2g

5eg
3 and t2g

4eg
4

configurations also contribute to the zfs (Scheme S1 in the
SI). However, the contribution from the t2g

4eg
4 configuration is

small (<0.1 cm−1). As follows from group theory and confirmed
in the numerical calculations, the corresponding 3A2g →

3,1T1g
derived transitions do not contribute at all. Hence, for all
intents and purposes, the spectroscopic symmetry of the
systems behaves as D2h. Therefore, there are mainly two
chemically important excited-state sets for calculation of the
DSOC component, a first comprising a combination of 4 and 11
triplet and singlet roots, respectively, denoted as the (4, 11) set,
and a second with t2g

4eg
4 excluded, denoted as the (4, 5) set.

In the cases of 1 and 2, by treating only the lowest 3A1g →
1T2g spin-flipping transitions in the (4, 5) set, equally
satisfactory results are obtained, with a positive shift of only
∼0.2 cm−1 with respect to the corresponding (4, 11) set. By
contrast, for 3 and 4, better results are obtained with the (4, 5)
set compared with the (4, 11) set. It should be noted, however,
that in the case of 3, the best results are obtained with the (4,
8) set, which involves additional states that do not directly
spin−orbit couple to the ground state. Evidently, all effects
involving such states are higher than second order.
Furthermore, from preliminary CAS-CI (12,7) calculations,
the SSC contributions were found to be negligible (∼0.02
cm−1) and, therefore, the zfs in this class of NiII complexes is
largely dominated by SOC interactions.

Table 3. Individual SOC Contributions to D, as Derived from the NEVPT2/QDPT Method by Diagonalizing the Ground State
with Each of the Involved Individual Excited States and Utilizing the Effective Hamiltonian Procedure for Determining the
Value and Sign of D per State

model complexes

effective Hamiltonian Me1 Me2 Me3 Me4

full QDPT 2 × 2 diagonalization DĤQDPT
effSOC −3.2 −2.8 11.1 −7.8

|3B1
z⟩ −57.1 |3B1

z⟩ −57.4 |3B3
x⟩ 32.7 |3B3

x⟩ 41.9
|3B2

y⟩ 22.7 |3B2
y⟩ 34.1 |3B2

y⟩ 23.5 |3B2
y⟩ 33.8

|3B3
x⟩ 30.5 |3B3

x⟩ 15.9 |3B1
z⟩ −39.9 |3B1

z⟩ −83.3
|1B1

z⟩ 15.3 |1B1
z⟩ 15.7 |1B3

x⟩ −8.1 |1B3
x⟩ −7.7

|1B2
y⟩ −6.1 |1B2

y⟩ −8.4 |1B1
y⟩ 10.9 |1B2

y⟩ −4.3
|1B3

x⟩ −8.7 |1B3
x⟩ −2.3 |1B2

z⟩ −7.3 |1B1
z⟩ 12.1

sum DĤ2×2
effSOC −3.3 −2.9 11.9 −7.5
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NEVPT2 Calculations. The calculated zfs data obtained for
1−4 by employing the NEVPT2/QDPT scheme are presented
in Tables 2 and 3. The results are in satisfactory agreement with
the experimental data for 1, 2, and 4. In the case of 3, the
implemented NEVPT2 method appears to recover the major
part of the differential dynamic correlation, and a significant
improvement is achieved compared with the SA-CASSCF
calculations. As can be seen in Table 2, the inclusion of
dynamic correlation in the NEVPT2 scheme increases the
energies of the 3A2g → 3T2g transitions and, consequently,
decreases the absolute value of D, thus achieving zfs values that
are significantly closer to the experimental ones than those
delivered by SA-CASSCF. Similar observations have been
recently made for a binuclear Oh Ni

II−YIII complex.16

MRDDCI2 and SORCI Calculations. An alternative way to
recover the dynamic correlation that is missing from the SA-
CASSCF treatment is provided by the variational MRDDCI2
and SORCI methods. It has been shown that these methods are
successful in calculating the magnetic properties of numerous
metal complexes, namely, VIII,72 CrII/III,90 MnII,85 MnIII,69

FeIV,96,97 CoII,89,98 and NiII.79 However, these methods are
more restricted in their applicability because of the high
computational effort. In particular, the SORCI method is
expected to be the most accurate, but at the same time, it is also
the most time-consuming. The reason is the additional
variational step needed to build a more flexible wave function,
which would also be more accurate with respect to the ones
derived by pure perturbational treatments.68 In an effort to
compare the performance of the NEVPT2 method relative to
the variational approaches, MRDDCI2 and SORCI calculations
were performed on the same truncated models, H1−H4, and at
the same level of calculation as that discussed in the
Computational Details section. The results obtained by this
treatment are shown in Table 2. The dynamic correlation
treated by the variational methods increases the excitation
energies further relative to the NEVPT2 results. Both effects
work together to lower the calculated D values and thereby lead
to excellent agreement with the experiment. However, as was
already mentioned, a major drawback of these methodologies is
the computational cost, which is significantly larger than the
cost of NEVPT2, which typically takes less time than the
preceding SA-CASSCF calculation. We can, therefore, conclude
that, at a slight expense of accuracy, the NEVPT2 scheme
provides the most efficient means to calculate the zfs for 1−4,
even in the presence of soft ligands containing S and Se.
Magnetic Anisotropy and the Sign of D. Complexes 1−4

exhibit significant deviations from ideal Oh geometry, which are
imposed (i) along the z axis by the coordination of different
solvents and (ii) along the x/y equatorial axes by the different
NiII-coordinated E atoms (E = S, Se). Along the z axis, the Ni−
O(solvent) bond lengths range between 2.07 and 2.14 Å,
whereas along the x/y axes, the Ni−E distances range between
∼2.5 and 2.7 Å. A significant anisotropy is also observed in the
experimental and calculated rhombicity E/D parameter of 1−4
(Tables 1 and 2).
In an effort to correlate the above observations with the

anisotropic coordination environment around the NiII center,
we have constructed a two-dimensional zfs map, in the
NEVPT2 level, along the Ni−O(DMF) and Ni−E (E = S,
Se) bond distances, based on the model structures H1 and H2
(Figure 6). By scanning these two bond distances, the effects of
coordination by different solvents that exert different ligand-
field strengths are expected to be probed. The Ni−O bond

distances are varied between 2.00 and 2.20 Å along the z axis,
whereas the Ni−S and Ni−Se bond distances are varied
between 2.05 and 2.70 Å along the x/y axes. It should be
stressed that negligible effects on D were observed by Se over S
coordination (Table 1). This is in contrast to the significant
effects reported upon coordination of heavier halides to either
NiII12,21 or CrII/III 99 complexes. In Figure 6, the calculated D
values by the QDPT-matching procedure based on the energy
differences of the involved states are plotted along the δNi−O

z

and δNi−S/Se
x/y bond distances. In agreement with the experiment,

at the equilibrium distances on the xy plane (δNi−S
x/y = 2.50 Å and

δNi−S
x/y = 2.65 Å), the zfs values resemble those observed in H1,

H2, H3, and H4 for δNi−O(DMF)
z = 2.08 Å and δNi−O(THF)

z = 2.12 Å,
respectively (Figure 6a,b). Furthermore, the scan along the
interconversion pathway D2h →

OhCi by varying the δNi−O(DMF)
z

distance, while keeping the equatorial Ni−S distance constant
to the values for H1 and H2 (δNi−S/Se

x/y = 2.5/2.65 Å), reveals that
the major SOC contribution to the zfs is dominated by the 3A2g
→ 3B1g

z (dxy→dx2−y2) single-electron excitations (Figure 7a,b).
On the other hand, with the Ni−O(DMF) distance kept
constant to the values of the equilibrium geometry of H1 and
H2, the scan along the interconversion pathway D2h →

OhCi by
varying the Ni−S/Se distances at δNi−S/Se

x/y < 2.4/2.6 Å shows
that the SOC contribution to the zfs is also dominated by the
3A2g →

3B1g
z (dxy→dx2−y2) transition, whereas at δNi−S/Se

x/y > 2.4/
2.6 Å, the order of the xyT2g and

zT2g states reverses; thus, SOC
is dominated by the 3A2g →

3B2g
x (dyz→dx2−y2,dyz→dz2) and

3A2g
→ 3B3g

y (dxz→dx2−y2,dxz→dz2) transitions (Figure 7c,d). As seen
in Figure 7c, at the equilibrium distance δNi−S

x/y = 2.50 Å, 3B3g
y +

3B2g
x and 3B1g

z are approximately degenerate; thus, the SOC
contributions from these states to the zfs values cancel each
other (Tables 2 and 3), and so an almost linear increase of D

Figure 6. NEVPT2 (12,7) QDPT-calculated D values as a function of
the Ni−O(DMF) and Ni−E (E = S, Se) bond distances for (a) H1 and
(b) H2.
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along the Ni−O(sol) bond is observed (Figure 6a). On the
other hand, in the case of H2, at the equilibrium distance δNi−Se

x/y

> 2.65 Å, the zfs is mainly dominated by the 3A2g →
3B1g

z (dxy→
dx2−y2) single-electron excitation along the Ni−Se bond. It can,
therefore, be concluded that the magnitude of D is sensitive to
both the Ni−O(sol) and Ni−Se bond lengths (Figure 6b). In a
more general perspective, if the zfs tensor was axial (E ∼ 0), the
large anisotropy along the z axis and xy plane would impose
some competition for the sign of D at δNi−S/Se

x/y > 2.4/2.6 Å.
However, a significant rhombicity has been observed
experimentally and confirmed theoretically (E/D > 0.2),
which renders the determination of the sign of D to be
ambiguous. In any case, it is postulated that elongation along
the z axis, as imposed by coordination of THF in the place of
DMF, would result in less rhombic zfs tensors (E/D ∼ 0.2), as
indeed has been experimentally observed for H3 and H4 (Table
1). In systems with such large E/D values, second-order PT
cannot determine the sign of D correctly.86 However, in the
QDPT approach, the magnetic sublevels are not strongly
mixed; thus, for H3, the calculated ground magnetic sublevel is
dominated by 65% of the 3A2g|0⟩ and 35% of the 3A2g|±1⟩,
whereas for H4, the corresponding values are 55% 3A2g|0⟩ and
45% 3A2g|±1⟩. In the latter, the sign of D would be better
described as positive, in accordance with the experimental
findings (vide supra). This is readily observed in the case of 3 in
the QDPT-matching procedure based on the effective
Hamiltonian approach (Tables 2 and 3). In the case of 4,
although the state order indicates a positive sign (Table 3 and
Figure 7), the contribution from the 3A2g →

3B1g
z (dxy→dx2−y2)

state is still highly negative (Table 3), resulting in an overall
negative value. It should be stressed that, for an Oh d

8 system,
LF theory,100 as well as magnetometry arguments,14,15,101

concerning the sign of D postulates that respective elongation
along the z axis (x/y axes) leads to negative (positive) D values.

Moreover, on the basis of the established effects of heavier
metal-coordinated halides (vide supra), the magnitude of D for
the Se-containing complexes (2 and 4) would be expected to be
greater than the respective S-containing ones (1 and 3), which
was not confirmed by our experiments. This points to the
complex and, consequently, often counterintuitive nature of zfs
as an electronic structure parameter. Our analysis shows that
indeed expected postulates like those above are not linearly
applicable in the systems investigated herein. In fact, as revealed
by both experimental data and correlated ab initio multi-
reference calculations, the magnitude and sign of D for
complexes 1−4 are structure-dependent properties, strongly
correlated with the anisotropic coordination environment
around the NiII center.

■ CONCLUSIONS

In this work, a series of pseudooctahedral NiII complexes,
namely, trans-[Ni{(OPPh2)(EPPh2)N}2(sol)2] (E = S, Se; sol =
DMF, THF), have been synthesized and structurally charac-
terized. The zfs parameters of these S = 1 systems have been
estimated by magnetometry and accurately determined by
HFEPR. The latter method provides the only option for such
integer spin systems, which are often difficult to study by EPR
spectroscopy at conventional fields and frequencies.12 Follow-
ing our previously established methodology, we have applied a
multifrequency EPR approach,43 in order to unequivocally
assign the observed EPR signals for complexes 1−4, which
afforded accurate zfs parameters. All 1−4 complexes exhibit
rhombic zfs, with the magnitude of |D| being ca. 3.5−4.0 cm−1

for 1 and 2 and 6.0−7.0 cm−1 for 3 and 4. In addition,
significant magnetic anisotropy around the metal center is
revealed by the rhombic parameter |E/D|, which ranges
between 0.16 and 0.33 (Table 1), as well as by the g values

Figure 7. NEVPT2(12,7) scan along the D2h →
OhCi interconversion pathway for

H1 and H2. The ground, 3A1g, and lowest excited SOC states, 3,1T2g,
are plotted along the pathway as a function of (a and b) the axial Ni−O(DMF) bond distances for H1 and H2 and (c and d) the equatorial Ni−S and
Ni−Se bond distances, while keeping the axial Ni−O and Ni−O(DMF) bond distances constant to the values for H1 and H2, respectively.
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(mainly in the case of 4). The SH parameters (g and D) were
also extracted by magnetic susceptibility data, in rather good
agreement with those determined by HFEPR. It should be
stressed, however, that this analysis cannot probe the
rhombicity of the systems because it is not possible to include
the rhombic E zfs component in the employed fitting
procedures.
In addition to the experimental investigations, advanced

computational methods were applied, in an effort to elucidate
the origin of the zfs parameters and to translate them into
electronic structure elements. Several DFT methodologies,
including the most recently modified ones,61 have been applied,
but none of them performs satisfactorily. On the other hand,
good predictions of |D| are provided by the ab initio SA-
CASSCF method, upon treatment of the chemically important
to SOC excited states. Improved results are obtained when
dynamic correlation effects are included in the framework of
the perturbative NEVPT2 second-order many-body PT, as well
as the variational MRDDCI2 and SORCI methods. Dynamic
correlation in all three methods tends to decrease the
magnitude of zfs, thus leading to a better agreement with the
experiment. For the investigated systems, second-order PT for
the SOC is not adequate to accurately calculate the zfs. Thus,
the best choice is provided by the QDPT-matching procedure
based on the energy differences between the calculated
magnetic sublevels, as well as by the effective Hamiltonian
approach described by Maurice et al.92,93 Upon the inclusion of
dynamic correlation, the d−d excitation energies increase
relative to the SA-CASSCF results. This renders the second-
order PT results somewhat more accurate. However, the
QDPT-matching procedure still provides the most accurate
results. Overall, the NEVPT2/QDPT method provides the best
agreement between experiment and theory. The MRDDCI2/
QDPT and SORCI/QDPT methods perform similarly well but
at a high computational cost. Hence, NEVPT2/QDPT is the
method of choice for calculation of large zfs values in transition-
metal complexes.
The observed EPR silence of Td NiS4 and NiO2S2 complexes

even at the highest magnetic fields and frequencies currently
available (unpublished work) is attributed to large zfs values
(>30 cm−1) of such S = 1 systems, an interpretation supported
by computational studies,35,79 or experimental findings in other
Td NiS4 systems.30,31 On the other hand, in the Oh NiII

complexes 1−4 investigated herein, the solvent coordination
shifts the excited states in higher energies with respect to the
ground state, thus reducing the strength of SOC and
subsequently the magnitude of the zfs values (3−7 cm−1).
In both Td and Oh Ni

II complexes of the above type, the SSC
contributions were found to be negligible and, therefore, the zfs
is largely dominated by SOC interactions, as is also the case for
Td CoII complexes bearing either [(SPR2)(SPR′2)N]

− 89 or
other types of ligands.98 On the other hand, the SSC
contributions play a nonnegligible role, for instance, in
[Cr(H2O)6]

2+,90 Mn(acac)3]
3+,69 and other MnIII 88 or VIII 72

complexes. In fact, only for very large zfs values (>10 cm−1),
the SSC could be justifiably neglected. For the other cases, SSC
may or may not have a significant impact on the magnitude of
zfs.
Furthermore, the work presented herein probes, both

experimentally and computationally, zfs effects of Se coordina-
tion to NiII. Calculations on the S-containing 1H model show
an almost linear increase of D as the Ni−O(sol) bond length
increases (Figure 6a). On the other hand, for the Se-containing

2H model, the magnitude of D is shown to be sensitive to both
the Ni−O(sol) and Ni−Se bond lengths (Figure 6b).
Analogous experimental and computational studies should be
carried out on additional complexes containing NiII−Se bonds,
in order to draw more general conclusions. Such investigations
would provide extra insight into the biological properties of
nickel, owing to the existence of Ni−Se bonds in the oxygen-
tolerant Ni−Fe−Se hydrogenases.102,103
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