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Two tetranuclear Ni" complexes, namely [Nig(L)4(CHzOH)3(H,O)-CHzOH (1) and (PrsNH),[Ni4(L)4
(CH3COO0),] (2, PrzN = tripropylamine), were synthesized from a tridentate Schiff base ligand H,L (2-[(E)-
(2-hydroxybenzylidene)aminolphenol) and Ni(CHzCOO),-4H,0, using different solvents and their ratios
(CH3OH and/or CH,Cl,). The prepared Niy complexes are of different structural types, involving an NizO4
cubane-like core (1) and Ni4Og defective dicubane-like core (2), with all the Ni atoms hexacoordinated.
The complexes were characterized by elemental analysis, FT-IR spectroscopy, variable temperature and
field magnetic measurements, and single crystal X-ray analysis. The DFT and CASSCF/NEVPT2 theoretical
calculations were utilized to reveal information about the isotropic exchange parameters (Jj;) and single-
ion zero-field splitting parameters (D;, E)). The variable temperature magnetic data suggested the compe-
tition of the antiferromagnetic and ferromagnetic intracluster interactions in compound 1, which is in
contrast to compound 2, where all intracluster interactions are ferromagnetic resulting in the ground spin
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state S = 4 with an easy-axis type of anisotropy quantified by the axial zero-field splitting parameter D =
—0.81 cm™. This resulted in the observation of a field-induced slow-relaxation of magnetization (U =
3.3-6.7 K), which means that the complex 2 represents the first Niy single-molecule magnet with the
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Introduction

Polynuclear coordination compounds with paramagnetic
metal centers have attracted much attention over the last few
decades due to their potential application as a new type of
magnetic material. Such molecular compounds may exhibit
slow-relaxation of magnetization of the molecular origin and
thus they can behave as single-molecule magnets (SMMs)."
Interesting quantum phenomena such as quantum tunneling
of magnetization (QTM),"” quantum coherence’® and
quantum interference’ have been found in such compounds.
SMMs have the potential to be utilized in ultra-high density
data storage devices,'"”’ quantum computing'® or molecular
spintronics.’” Despite the recent achievements in the research
of SMMs with one paramagnetic metal center (so called single-
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ion magnets),” in order to obtain SMMs, the synthesis of high-
spin polynuclear metal complexes is the most used approach
at all.> For obtaining such compounds it is essential to modu-
late molecular properties so that the coupling between neigh-
boring metal centers results in the non-zero ground spin state
with § > 1/2, and most importantly, the metal centers should
have non-negligible magnetic anisotropy.

In designing SMMs, coordination compounds involving Ni'
metal centers are particularly attractive because they can
possess large magnetic anisotropy on their central atoms.”
Furthermore, it is of interest that multiple polynuclear Ni"
compounds have often been shown to exhibit slow-relaxation
of magnetization.>® Among such polynuclear Ni" complexes,
compounds belonging to the class containing a tetranuclear
Ni-O-Ni bridged cubane-like core have been intensively
studied for the last few decades.®*”™"! For this type of com-
pound a correlation between the sign and value of the mag-
netic exchange constant (/) and structural properties has been
established.® According to these studies the Ni-O-Ni angle has
been recognized as the most important parameter.®® The mag-
netic exchange is expected to be ferromagnetic, when the bond
angle is close to 90°, while as the Ni-O-Ni angle increases, the
value of J decreases following a linear relationship. When the
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angle is close to 99° the magnetic coupling between the Ni'
atoms becomes antiferromagnetic. In some of the cases, the
absolute value of |J| can exceed 20 cm™'.” However, some
examples can be found which do not follow the above-men-
tioned relationship.'*'”” This can be explained by additional
structural factors influencing exchange interactions such as
the Ni-O bond distance, the dihedral angle within the Ni,O,
unit and the Ni-O-R angle (R = substituent covalently bound
to the bridging oxygen atom) or the presence of an additional
bridging group which may also affect the character and
strength of the exchange coupling.**'”?

While numerous studies have recently investigated cubane-
like Ni"" complexes,”®**® which in some cases showed slow-
relaxation of magnetization,® only a few studies have focused
on Ni" complexes with a defective dicubane-like Ni,Oq core
with one shared face and one vertex missing from each cube
(Fig. 1).%¢"* Interestingly, both mentioned types of Ni" com-
plexes can be advantageously obtained by the reaction of a Ni"
salt and polydentate ligands such as Schiff bases, in which
oxygen atoms of phenoxo, alkoxo or hydroxo groups can act as
p® or p® bridging atoms incorporated in the cubane/defective
dicubane core.*®%¢*'° Furthermore, minor ligand changes can
significantly affect the Ni-O-Ni bond angles and Ni---Ni dis-
tances across the faces of the distorted cube significantly and
thus, they can change the magnetic properties of the prepared
complexes considerably.®*'®* In this context, polydentate
Schiff base ligands derived from salicylaldehyde and its deriva-
tives are good candidates to be used for the synthesis of novel
cubane-like Ni"" complexes,'***»'7? and also, for the study of
not so well explored defective dicubane-like Ni" complexes.***?
The assembly process is also dependent upon the crystalliza-
tion conditions, such as temperature, solvent, pH and concen-
tration of reagents.’>**3“? All these factors can also signifi-
cantly influence both the structure and magnetic properties of
the resulting compounds. For example, Meyer and co-workers
showed how the incorporation of different solvent molecules
in the coordination sphere of Ni"' atoms within a distorted
cubane core resulted in the switching paramagnetic S =
4 ground state into the diamagnetic S = 0 ground state.®

Herein, we report the preparation, structural and magnetic
properties of two tetranuclear Ni" complexes with different

H,L + Ni(CH,COO0), + Pr;N (1:1:2)

CH,CI, /cmSy wzcg

Ni} cubane Ni; defective
complex 1 dicubane complex 2

; rg {NiNO.} ;jﬁr

Fig. 1 The scheme describing the preparation of compounds 1-2.
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topologies depending on different preparation conditions (sol-
vents’ ratio, Fig. 1): a cubane-like complex [Ni4(L),(CH;0H);3
(H,0)] (1, CH,Cl,: CH3;0H = 3:1) and a defective dicubane-
like complex (PrsNH),[Niy(L),(CH;COO),] (2, PrsNH' = tri-
propylammonium cation, CH,Cl, only). As a ligand the Schiff
base H,L (2-[(E)-(2-hydroxybenzylidene)amino]phenol) with
the {NO,} donor set was used.

Results and discussion
Synthesis

Two different tetranuclear Ni, complexes were successfully syn-
thesized by the reaction of a tridentate Schiff base ligand H,L
and Ni(CH3C00),-4H,0 in the molar ratio of 1:1 in the pres-
ence of Pr;N as a base using distinct reaction media (Fig. 1): a
cubane complex 1 (CH;0OH-CH,Cl, in the volume ratio 1:3)
and a defective dicubane complex 2 (CH,Cl, only). The fact
that the reactions in different solvents resulted in the for-
mation of different complexes can be reasonably explained on
the basis of their crystal structures. In particular, the way how
the solvent molecule is involved (or not involved) in the mole-
cular structure of each compound affects the resulting compo-
sition significantly (vide infra).

Description of structures

General features. The utilized ligand H,L (and its deriva-
tives) coordinates usually metal atoms in a tridentate manner
(the NO, atom donor set) by one imine nitrogen atom (Nyy,)
and two phenolate oxygen atoms which can act also as brid-
ging atoms (Fig. 2).5"°

The ligands are asymmetric and can be divided into the sali-
cylaldehydic and aminophenolic parts respective to the reac-
tants they originate from. The ligand asymmetry is apparent
when inspecting the bridging function of the oxygen atoms.
For example, previously reported Fe™ complexes involve both
types of the oxygen atoms in their structure (Os,; in the salicyl-
aldehydic part, O, in the aminophenolic part) as donor
atoms, but only the O, atoms serve as the bridging ones.’>*#
However, the further examples involving Nill,"** NillLn}!**"
and Fel'Ln"" (ref. 15i,m) complexes (where Ln = Gd, Tb, Dy)
with L*” or 3m-L>~ ligands (H,-3m-L = (2-[(E)-(2-hydroxy-3-
methoxy-benzylidene)amino]phenol)) possessed the Ogy
atoms also in a bridging function. In both compounds (1-2),

XN SN
2 \ o 2 \ 0
R 1 03 Ty R 1 /O\M/
R R
M

Fig. 2 Schematic representations of the binding abilities of the ligand
H,L and its derivatives.
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the complex moieties contain four Ni"" atoms and four doubly
deprotonated Schiff base ligands L*> . Basic differences
between the crystal structures of 1 and 2 can be summarized
into several points. Firstly, a cubane-like core can be found in
1, whereas compound 2 contains a defective dicubane core.
Secondly, despite the same reactants used in the preparation
of 1 and 2 their composition differs significantly. In 1, metha-
nol molecules are incorporated both into the complex mole-
cule as ligands and into the crystal structure as lattice solvent
molecules, with important consequences for crystal packing
(vide infra). In 2, two CH;COO™ anions are incorporated in the
molecular structure. Finally, it can be seen that the metal
centers in both 1 and 2 are hexacoordinated with the {NiNOs}
chromophores (Fig. 1 and 3).

[Niy(L),(CH;0H)3(H,0)]-CH;0H (1). Complex 1 crystallizes
in the triclinic space group P1 (Table S1}). The asymmetric
unit comprises one electroneutral tetranuclear
[Ni,(L)4(CH30H);(H,0)] molecule (Fig. 3a) and one lattice
CH;0H molecule. The [Niy(j1*>-0,)4] cubane core (Fig. 3b) con-
sists of the O, atoms of the Schiff base ligand and the Ni"
atoms occupying the alternating vertices of the distorted cube,
similarly to other Schiff base Ni" cubane-like core com-
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pounds.®®*'®'7 Each hexacoordinated Ni" atom in the
complex molecule of 1 involves the same coordination environ-
ment with similar bond lengths. The axial positions in the
coordination polyhedron are occupied by the oxygen atoms
from the coordinated solvent molecules (Os.y,) and by the p’-
0, atoms from the adjacent L>~ ligands.

In three cases, the Og,), atoms originate from the CH;OH
molecules (d(Ni-Os,y,) = from 2.10 to 2.11 A) and in one case
from H,0 molecules (d(Ni-Osqyy) = 2.085(3) A). The axial Ni-O4
bonds are the longest with bond distances ranging from 2.22
to 2.28 A. Each Ni atom in 1 has the equatorial positions occu-
pied by three donor atoms from chelating ligand L>~ (1*-Oa,
Ogar and Ny, atoms) and the fourth position is occupied by the
p*-0, atom from the adjacent L*~ ligand. The Ni-Ny,, bonds
adopt the shortest lengths: d(Ni-Nyy,) = 1.97-1.98 A. The Ni-O,
bonds within the chelate ring of the L*~ ligand are signifi-
cantly longer (from 2.04 to 2.07 A) than the Ni-Og, bonds
(from 1.95 to 1.97 A).

The coordinated solvent molecules are involved in the stabi-
lization of the cubane core as it was observed previously in
other cubane-based Ni" compounds.’*#%%¢1%18 The hydrogen
bonds between the solvent molecules (CH;0H, H,O as hydrogen

b)

Fig. 3 Molecular structure of the complex molecule in 1 (a) and view on a cubane-like core of 1 (b). Hydrogen atoms were omitted for clarity,
except for those which are involved in intramolecular hydrogen bonding (O—H---O black dashed lines). Bond distances (in A) within the coordination
polyhedra: (Ni1-O1) = 2.052(2), (Ni1-02) = 1.957(2), (Ni1-05) = 2.234(2), (Ni1-07) = 2.069(2), (Ni1-09) = 2.111(2), (Ni1-N1) = 1.978(3), (Ni2-01) =
2.037(2), (Ni2—03) = 2.067(2), (Ni2—04) = 1.955(2), (Ni2-0O7) = 2.283(2), (Ni2-010) = 2.085(3), (Ni2—N2) = 1.967(3), (Ni3—-0O1) = 2.248(2), (Ni3-03) =
2.055(2), (Ni3-05) = 2.049(2), (Ni3-06) = 1.953(2), (Ni3-012) = 2.111(2), (Ni3—-N3) = 1.968(3), (Ni4—-03) = 2.221(2), (Ni4-05) = 2.055(2), (Ni4-07) =
2.044(2), (Ni4-08) = 1.974(2), (Ni4—011) = 2.097(2), (Ni4—N4) = 1.975(3). Molecular structures of the complex anion in 2 (c) and view on a defective
dicubane core of 2 (b). Bond distances (in A) within the coordination polyhedra for 2: (Ni1-O1) = 2.0076(19), (Ni1-O2A) = 2.0474(17), (Ni1-03)
2.1810(16), (Ni1-0O4) = 2.0387(16), (Ni1-0O6) = 2.1050(16), (Nil-N1) = 2.030(5), (Ni2-02) = 2.1396(15), (Ni2—O2A) = 2.0549(16), (Ni2—-0O3)
2.0580(17), (Ni2—04) = 2.9994(17), (Ni2—O5) = 2.0534(16), (Ni2—N2) = 1.989(2).

18624 | Dalton Trans., 2016, 45, 18622-18634 This journal is © The Royal Society of Chemistry 2016
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bonding donors) and the adjacent Og, atoms are of significant
strength with donor---acceptor distances from a very narrow
range (from 2.63 to 2.69 A). This fact has a crucial influence on
the deformation of the cubane core; the Ni---Ni distances are sig-
nificantly shorter between the atoms lying within the hydrogen
bond bridged faces (3.06-3.10 A) than those without such intra-
molecular interaction (3.36 and 3.38 A). The shorter Ni---Ni sep-
arations resulted in smaller Ni-O,-Ni bond angles: 90.7-98.7° vs.
102.6-104.0 A. Such a structural relationship between the intra-
molecular hydrogen bonding and Ni---Ni distances was also
found in previously reported Ni, cubane compounds.*®

The intermolecular contacts in 1 are mediated mainly by
two hydrogen bonds between the coordinated H,O molecule
and non-coordinated CH;OH molecule (d(O---0) = 2.731(4) A)
and between the non-coordinated CH;OH molecule and the
Osa1 atom from the complex molecule (d(O---O) = 2.887(4) A).
These two hydrogen bonds form linear supramolecular 1D
chains along the crystallographic axis a (Fig. S17).

(Pr;NH),[Niy(L),(CH5;CO0),] (2). Single-crystal X-ray diffrac-
tion analysis revealed that 2 crystallizes in the monoclinic
space group P2;/c. The molecular structure comprises centro-
symmetric tetranuclear [Ni,(L)y(CH3CO0),]*>~ complex anions
(Fig. 3¢) and two PrzNH' cations. It should be noted that the
structural motif of the defective dicubane [Ni O] core was
found in several previously reported compounds,®**'* but to
the best of our knowledge, compound 2 represents the very
first example of a defective dicubane [Ni Og] compound with
only hexacoordinated Ni"" atoms of the {NiNOs} chromophores
in the complex molecule (Fig. 3d).

The complex anion in 2 can be also viewed as two parallel
and almost planar dinuclear {Ni,(L),} subunits symmetrically
related to an inversion center. Both subunits are slightly
shifted with respect to each other, so the metal atoms are in a
rhomb-like arrangement (Fig. 3c). The acetato ligand is brid-
ging the Nil and Ni2 atoms (by the oxygen atoms, O,.) in a
syn-syn manner (Fig. 3c). The O,. atoms occupy one of the
axial positions in the coordination polyhedra of the Ni1 and
Ni2 atoms (d(Ni-OnJ) = 2.1050(16) and 2.0534(16) A). The
remaining axial positions are occupied by the p-O, atoms (in
the case of Ni1, d(Ni1-0,) = 2.1810(16) A) or p*-O, atoms (Ni2,
d(Ni2—-0,) = 2.1396(10) A) from the symmetry related dinuclear
subunit. The equatorial planes within the coordination polyhe-
dra of the Ni1 and Ni2 atoms are formed by three donor atoms
from the chelating ligand L*>~ (O, Og, and Ny, atoms) and by
one bridging Og, (in the case of Ni1, d(Ni1-Og, ) = 2.0387(15)
A) or O, (Ni2, d(Ni1-0,) = 2.0549(16) A) atom from the adja-
cent 1>~ ligand within the dinuclear subunit.

The Ni---Ni separations in 2 are in all cases shorter than the
sum of van der Waals radii (r,qw(Ni) = 1.63 A). They are shorter
within the {Ni,(L),} subunit (d(Ni1---Ni2) = 3.0030(4) A) than
between the Ni” atoms which belong to different dimers
(d(Ni2---Ni2") = 3.1662(2) A and d(Ni1---Ni2") = 3.1971(6) A, sym-
metry code: (i) —x, 1 — y, 1 — 2). The Ni-O-Ni angles are
(94.12(7) and 96.10(7)°) within the {Ni,(L),} subunit smaller
than those between the symmetry related Ni atoms in the
complex molecule (97.87(7), 97.99(7) and 99.54(7)°).

This journal is © The Royal Society of Chemistry 2016
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In the crystal structure of 2, only one type of significant
intermolecular interaction is present: the N-H:--O hydrogen
bond between the Pr;NH' cation and the Og, atom from the
complex anion with the donor---acceptor distance 2.820(3) A

Theoretical calculations of magnetic parameters

The ab initio calculations have become an integral part of the
deep-aimed studies of various physical properties of transition
metal complexes. Recently, we demonstrated that ab initio
methods can be successfully used in the predictive role in
magnetochemistry, thus helping in postulating trustworthy
spin Hamiltonians and guide the theoretical analysis of the
experimental magnetic data.'® Herein, we used the freely avail-
able computational package ORCA®® to predict the dominant
terms defining the magnetism of compounds 1 and 2, that is
the magnetic exchange among nickel atoms and also their
single-ion contributions to magnetic anisotropy.

DFT calculations of the isotropic exchange. The well-estab-
lished B3LYP functional together with the polarized triple-{
quality basis set def2-TZVP(-f) for all atoms was used to evalu-
ate the isotropic exchange constants J by comparing the energy
differences between the high spin (HS) and broken-symmetry
(BS) spin states. In compound 1, there are four symmetrically
independent nickel atoms with various interatomic distances,
so in general, we may expect six different isotropic exchange
parameters defined by the following spin Hamiltonian:

= —]12(51 §2) —Jis (§1 §3) —]14(:5:1 '§4)
—J23 (Sz §3) —Jaa (§2 ‘§4) —Ja4 (§3 '§4)

(1)

by the following Ruiz’s approach®” for the calculation of the
J-parameters, the expressions for individual j-values were
derived as

Jio =(A1 +4, — A1) /6
]13 =(41+4;5—-443)/6
—Ay — Az + A, +443)/6

(
(
(
]23 =(4, +43 —A14)/6
(=
(-

A — A3+ A, +A14)/6
Ay — Ay + A3 +4A14)/6

where the energy differences 4;; are listed in Table S2.7 Then,
the calculated J; parameters have the following values: J;, =

+8.63 em™, Ji; = —6.71 em™, Ji4 = +8.62 cm™Y, J,; =
+9.90 em™, /o4 = —6.30 em™! and J3, = +9.67 cm™'. It was
already demonstrated by Halcrow et al.*® and later by Meyer

et al.* that the isotropic exchange in Ni,-cubanes correlates

with the Ni-O-Ni angle. This is also supported by the herein
performed DFT calculations where the linear magneto-struc-
tural dependence was found in the form

Jem™) =171(1) — 1.72(4) - a(Ni-O-Ni)

3)

as visualized in Fig. 4.

In compound 2, there are two symmetrically independent
nickel atoms and three different superexchange pathways.
Therefore, this spin Hamiltonian:

Dalton Trans., 2016, 45, 18622-18634 | 18625
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Fig. 4 The DFT derived J-parameters for compounds 1 and 2 (full
points). The full line corresponds to eqn (3).

H=—] (§1 -8 + Sy - §2’) - (§1 - Sy + Sy - §2) —Js (§2 : §2’)
(4)

can be used to describe the isotropic exchange within the tetra-
mer of 2, where J; corresponds to the Ni1---Ni2 and Ni1'---Ni2'
pairs with the interatomic distance equal to 3.003 A, J» corres-
ponds to the Nil---Ni2' and Nil.--Ni2' pairs with the inter-
atomic distance equal to 3.197 A and J; corresponds to the
Ni2---Ni2' pair with the interatomic distance equal to 3.166 A.
Again, Ruiz’s approach®” was applied for the calculation of the
J-parameters as

J1=(A1+4, —Ay,)/6
Jo=(A1— Ay +Ay,)/6 (5)
Js=(42—41)/3

where the energy differences A are listed in Table S3 and the
calculated J-parameters adopted the values J; = +1.97 cm™, J,
=+7.83 cm ™' and J; = +1.82 cm ™. All the J-values suggest ferro-
magnetic coupling between the nickel atoms in 2. However,
there is no evident correlation between the molecular structure
parameters like the Ni-O-Ni angle (Fig. 4) or Ni---Ni distance
and the isotropic exchange parameters (Fig. S2, ESIT).
Multi-reference calculations of the single-ion zero-field split-
ting tensors. The progress in theoretical methods enabled us
to analyze also single-ion zero-field splitting in compounds 1
and 2 by multireference state average complete active space
self-consistent field (SA-CASSCF) wavefunctions complemented
by the N-electron valence state perturbation theory (NEVPT)
with CAS(8,5) active space. We used this method successfully
to analyze the magnetic anisotropy in other 3d metal com-
plexes.>' However, the analysis of ZFS in polynuclear species is
not an easy task and usually is done either by substituting some
paramagnetic metal atoms by diamagnetic ones, or by extracting
molecular fragments with only one metal atom. Herein, we
tested these approaches for compound 2 and calculated the
D- and g-tensors on the Nil atom using the molecular fragments
(a) [NiZns(L)s(CH;C00),F, (b) [Ni(L)y(CH,CO0), (¢) [Ni(L)

18626 | Dalton Trans., 2016, 45, 18622-18634
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(PhO),(CH;CO0)P~ and (d) [Ni(L)(CH;0),(CH;COO)P™ (see
Fig. S3 for details, ESIT).

We used the fact that only one L>~ ligand binds in a tri-
dentate fashion to the Ni1 atom, so in the molecular fragments (c)
and (d) the monodentate ligands L were replaced either by
PhO™ or CH30™ moieties (Fig. S3, ESIt). Reducing the number
of atoms involved in the molecular fragments of 2 resulted in
speeding up the CASSCF/NEVPT2 calculations in the following
order (a) < (b) < (c) < (d). The effect of reducing the size of the
molecular fragment on the calculations of the D-tensor para-
meters D and E is documented as: D = +9.62 cm ™!, E/D = 0.18
for (a), D = +9.43 cm ™", E/D = 0.21 for (b), D = +9.58 cm™ ", E/D
=0.21 for (¢) and D = +8.02 cm ™", E/D = 0.19 for (d). Thus, the
calculations proved that the approaches (a—c) resulted in
almost the same ZFS parameters, only in the case of (d) the
D-parameter is slightly lower, which can be explained by the
difference in the electronic properties of phenyl/methyl groups
(=1/+I inductive effect), hence different electron densities on
the oxygen donor atom. Therefore, the justified approach (c)
based on using mononuclear fragments where monodentate
ligands L>~ are replaced by phenolato ligands was used to cal-
culate the ZFS parameters for all the nickel atoms in com-
pounds 1 and 2 and the results are summarized in Table 1.

The absolute value of the axial single-ion parameter |D|
varies between 8.5 and 13.5 cm ™" and also considerable rhom-
bicity (E/D) was found for all the nickel atoms in the studied
compounds 1 and 2 (Table 1). The calculated g-parameters are
in a narrow interval, g = 2.18-2.30. The individual g-tensor and
D-tensor axes are visualized in Fig. S4. In all the molecular
fragments, the g-tensor axes coincide with the D-tensor axes,
and under conditions that the ZFS-tensor defines the coordi-
nation axes X, Y and Z, the following relationships hold true
for the g-components: gy = g5, g, = g3, 8- = g1 for D> 0, and g, =
2, & = &1, & = g3 for D < 0. This is in agreement with the sim-
plified relationships (eqn (6)) derived from ligand field theory
using second-order perturbation theory and so called
A-tensor®?

D= —Agx+g —22)/4

E=—Ag —g)/4 (©)

where A is the spin-orbit splitting parameter, A(Ni*")

—-315cem™".
Next, we need to discuss thoroughly the D-tensor orien-

tations in each studied compound, because within the spin

Table 1 The CASSCF/NEVPT2/def2-TZVP(-f)
meters for the nickel atoms in compounds 1-2

calculated ZFS para-

Atom D(ecm™) E/D 21 I 2
1 Ni1 +12.4 0.194 2.185 2.265 2.297
Ni2 +12.3 0.315 2.177 2.245 2.298
Ni3 +13.5 0.189 2.176 2.263 2.298
Ni4 +12.5 0.197 2.181 2.260 2.294
2 Ni1 +9.58 0.209 2.206 2.264 2.292
Ni2 —-8.45 0.309 2.199 2.236 2.279

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Magnetic data for compounds 1 (c) and 2 (f) showing the temperature dependence of the effective magnetic moment calculated from molar
magnetization measured at B = 0.1 T and reduced isothermal magnetizations measured at T = 2 and 5 K in the insets; full lines correspond to the cal-
culated data with parameters in text. Representations of the structural cores and ab initio calculated single-ion zero-field splitting tensor axes for 1
(a) and 2 (d). Schemes of the magnetic exchange pathways in cubane-like compound 1 (b) and defective dicubane-like compound 2 (e).

Hamiltonian formalism, the co-linearity of the local D-tensors
is generally assumed. The inspection of the local D-tensor axes
labelled as DX, DY and DZ in 1 (Fig. S47) showed that for all
four nickel atoms (Nil---Ni4), the DX axis coincides with O;-
Ni-Oy, the DY axis coincides with Ny,,-Ni-Oyp;, and the DZ axis
coincides with Opp-Ni-Og,)y, Where Oy, is the oxygen donor
atom from the L*~ ligand bound in the terminal tridentate
fashion to the nickel atom, Opy, is the oxygen donor atom from
the L>” ligand bound in the bridging monodentate fashion to
the nickel atom and Og,yy is the oxygen donor atom from the
CH;0H/H,0 ligand. If we assume idealized S, symmetry of the
Ni, molecular fragment of 1, then we can schematically visual-
ize in Fig. 5a the orientation of the local axes of all the nickel
atoms. Under this assumption holds D; = D; and D, = D,. If
the molecular axes are made identical to D, (or D3), then the
local axes of D, are transformed into the molecular coordinate
system (D’,) using C,4(y) operation of the symmetry as

Cy
D, %Y p,
D 0 0 D 0 0
pod ) pod (7)
o D, o || 0 D, o0
0 0 Dy 0 0 Dy

and analogously for D,. Then, the axial (D) and rhombic (E)
ZFS parameters, which are defined as

This journal is © The Royal Society of Chemistry 2016

(3/2)Dz

D=
E= (Dxx — Dyy)/Z

(8)

are transformed for the Ni2 and Ni4 atoms into the molecular
coordination system as

D' = (-D+3E)/2

9
E'=(D+E)/2 ©)
where these general relationships
Dy = —D/3+E
Dy, =—-D/3—E (10)

D, =2D/3

were utilized. The tetranuclear molecular fragment of 2 pos-
sesses the C; point group symmetry and the examination of the
local D-tensor axes revealed that for the Nil atom (similarly to
Nili), the DX axis coincides with O;-Ni-O;, the DY axis
coincides with N;,,—Ni—-Op,, and the DZ axis coincides with
Opp—Ni-O,., where O,. is the oxygen donor atom from the
acetato ligand. In the case of the Ni2 atom (similarly to Ni2'),
DY and DZ axes are interchanged (Fig. S4, ESIf). The orien-
tation of these local axes of all nickel atoms is schematically
visualized in Fig. 5d. Again, if the molecular axes are made
identical to D4, then the local axes of D, are transformed into

Dalton Trans., 2016, 45, 18622-18634 | 18627
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the molecular coordinate system (D’,) using Cy4(x) operation of
the symmetry as

C.
D, ““ b,
D. 0 0 D 0 0
ex ) xx (11)
0o Db, o || o D, o
0 0 Dy 0 0 D

Now, the local D and E ZFS parameters for the Ni2 atom are
transformed into the molecular coordination system as

D'=(—D—3E)/2

E' =(-D+E)/2. (12)

As the operation of inversion has no effect on the D-tensor,
the local D-tensors of Ni1' and Ni2! atoms have the same pro-
perties as for Nil1 and Ni2 atoms.

Description of magnetic properties. The temperature and
field dependent magnetic properties of 1 and 2 are depicted in
Fig. 5. Variable temperature measurements of ucg/ug vs. T for
compounds 1 and 2 show a similar trend. The room tempera-
ture experimental values, 6.7ug for 1 and 2, are higher than the
theoretical value of the effective magnetic moment for four
non-interacting Ni'" atoms with S; = 1 is equal to 5.7up for g =
2.0 due to the contribution of the angular momentum to the
ground spin state (g > 2.0). On lowering the temperature, pqg/
up gradually increases reaching the value of 6.7 (compound 1)
and 9.8 (compound 2). Further cooling leads to a decrease of
the piese/up value to 4.8 (compound 1) and 9.3 (compound 2) at
1.9 K. The high temperature behavior for compounds 1 and 2
is typical of compounds with prevailing intracluster ferro-
magnetic coupling and low temperature data suggest the pres-
ence of magnetic anisotropy of the Ni"" atoms. The lower
effective magnetic moment at low temperature in 1 than in 2
can be explained by the presence of intracluster antiferro-
magnetic coupling as derived from DFT calculations.
Moreover, from the field-dependent magnetization data shown
in Fig. 5 we can deduce that the ferromagnetic coupling is
dominant in compound 2, where M,,,/Nyup almost reaches
the value of 8.0 while the high-field limit is lower in com-
pound 1 due to the presence of intracluster antiferromagnetic
coupling and zero-field splitting.

The analysis of the magnetic data for compound 1 is based
on the following spin Hamiltonian (Fig. 5b)

4 4 4 _ 4
A==>"5"Jyj(Si-S)+> Si-Di-Si+pgBa y_gSa (13)
i=1 j=i+1 i=1 i=1

where the isotropic, ZFS and Zeeman terms were included. In
order to reduce the number of free parameters, and inspired
by the results of the above-mentioned ab initio calculations, we

parametrized the J;-value analogously to eqn (3) using
J(em™) = a — b - a(Ni-O-Ni) (14)

Furthermore, the CASSCF/NEVPT2 calculations showed that
the local ZFS parameters are very similar for all four symmetri-
cally independent nickel atoms (Table 1), so the following

18628 | Dalton Trans., 2016, 45, 18622-18634
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restriction was applied: D; = D, = D3 = Dy = Dy, and E; = E, =
E3 = E; = Ejoc. Also, the local ZFS parameters of D, and D, were
transformed according to eqn (9) in the spin Hamiltonian
(eqn (13)). Moreover, only the isotropic g-value was assumed,
because the ab initio calculated g-parameters do not possess
large anisotropy. Thus, we are left with only five independent
parameters for the fitting procedure, in which simultaneously
both temperature and field dependent data were analyzed. As
a result, the best-fitted parameters were obtained: a = 171.0,
b =—1.721, g = 2.147, Dioe = +14.5 cm ™", Ejye/Dioe = 0.267 and
yre = 12.9 x 107° m® mol™" (Fig. 5¢), where yrip stands for
temperature-independent paramagnetism (note: the estimation
of the standard deviations resulted in: a = 171(9), b = —1.72(9),
g = 2.147(4), Dioe = +14.5(3) em ™, Ejoe = 3.9(2) em™).** Then,
the individual J-values were calculated as J;, = +8.05 cm™",
Jis = —6.48 cm™Y, Ji, = +8.91 em™!, J,3 = +9.93 ecm™, Joy =
—6.74 cm ™" and J34 = +9.32 cm™". All the fitted parameters are
in very good concordance with the theoretical ones showing
the power of ab initio theoretical calculations in the analyses of
such complicated systems.

The analysis of the magnetic data for compound 2 is based
on the slightly modified spin Hamiltonian (Fig. 5e)

H= -] (§1 Sy + 8y §2’) - (§1 Sy + Sy - §2) -3 (52 §2)
4 4

£35S a3 85
=1 =1

(15)

The situation in this complex is more complicated by the
fact that there is no magneto-structural correlation for the
J-parameters. From the DFT calculations of the jJ-values, we
can conclude that J; and J; are almost equal, so we can apply
the restriction that J; = J3, and that J, is four-times larger than
J1 or J3, so we also applied the restriction that J, = 4/;. In order
to further reduce the number of free parameters, the CASSCF/
NEVPT2 calculations were also utilized in such a way that
based on the opposite values of the local D, and D, para-
meters, these simplifications were used: Dy = Dy = Do, Dy =
D, = =Dy, and analogously E; = Ey» = Ejoc, Ey = Ey = —Ejoc.
Then, the transformation of D, and D,  tensors was applied
using eqn (12) similarly as in the case of 1. The fitting pro-
cedure resulted in J; = J; = +2.61 cm™, J, = +10.5 cm ™", Djoc =
+8.60 cm™', Ejoe/Dioe = 0.277 and g = 2.309 (Fig. 5f) (note: the
estimation of the standard deviations resulted in: J; = J; =
+2.61(4) em™", Dipe = +9(3) em™, Ejoe = 2(3) em™" and g
2.309(3)).>> These derived parameters are in good conformity
with the theoretically predicted values, however, the estimated
standard deviations of ZFS parameters D), and EJ,. are rather
large showing smaller sensitivity of the experimental magnetic
data to the variation of these parameters. Nevertheless, such
uncertainty of the fitted ZFS parameters underlines the impor-
tance of ab initio methods in the theoretical analysis of the
magnetic properties of polynuclear species.

It is evident from the magnetic analysis that the structural
variations found in compounds 1 and 2 led to enhanced differ-
ences in their magnetic behavior despite a very similar chemical

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The energy patterns for compounds 1 and 2 calculated within
the isotropic exchange limit with the J;-parameters listed in the text and
setting all D and E parameters to zero.

composition. In order to better understand the interplay
between the ferromagnetic and antiferromagnetic exchange
interactions within these compounds, the energy levels were
plotted as a function of the final spin S under the condition
that the spin Hamiltonian is isotropic (all ZFS parameters are
zero) - Fig. 6.

From this plot it is obvious that the ground state for com-
pound 1 is § = 0 and there are close-lying states (<5 cm™") with
S =4 and S = 2. In contrast, ferromagnetic interactions in com-
pound 2 led to the ground state with the maximum spin, S = 4,
and the first excited state with S = 3 is separated by energy
difference AE = 7.4 cm™' (10.7 K). Furthermore, we have
depicted a three-dimensional plot of the molar magnetization
for 2 (Fig. 7a) from which is evident that there is an axial type
of the magnetic anisotropy with a small rhombicity. Therefore,
it seems appropriate to utilize giant spin approximation and
fit the isothermal magnetization data for 2 with the spin
Hamiltonian for the ground spin state S = 4 in order to alterna-
tively determine the magnetic anisotropy of the ground spin
state with eqn (16)

A= D(S‘ZZ - 32/3) + pBagSa. (16)

The results of the analysis are shown in Fig. 7b and the
obtained parameters are D = —0.81 cm™" and g = 2.17 (note: the
estimation of the standard deviation resulted in: D = —0.81(3)
em™ and g = 2.17(1)).>> These values are comparable to the
previously reported Ni, SMMs as outlined in Table 2. However,
such large D-values result in ZFS of the S = 4 spin state into
|4,0), |4,+1), |4,+2), |4,£3) and |4,+4) states with the energy
separations equal to 0, D, 4D, 9D, and 16D, respectively. Thus,
the ground state |4,+4) is separated from the highest excited
state |4,0) by energy equal to 16D = 13.0 cm ™" and this value is
larger than calculated separation 7.4 cm™' between S = 4 and
S = 3 states in the isotropic limit (Fig. 6). Indeed, the detailed
inspection of the low-lying energy levels resulting from full
multi-spin Hamiltonian in eqn (15) and from giant spin

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) The 3D plot of the molar magnetization calculated for 2 with
multi-spin Hamiltonian in eqn (15) for B = 0.5 Tat T = 2 K. (b) The
reduced isothermal magnetization data for 2 measured at T = 2 and 5 K
fitted with the single-ion zero-field splitting spin Hamiltonian for S = 4
(eqn (16)). Empty circles — experimental data, full lines — calculated data
with D = —0.81 cm™ and g = 2.17. (c) The comparison of the lowest
energy levels of 2 calculated with multi-spin Hamiltonian in egn (15)
(black and grey lines) and with giant spin approximation Hamiltonian in
eqgn (16) (red lines). The B indicates the direction of the magnetic field
parallel to the easy axis, whereas B, indicates the direction of the mag-
netic field perpendicular to the easy axis of the system.

approximation Hamiltonian in eqn (16) shows that only the
lowest energy levels are well recovered by the latter model
(Fig. 7c). Moreover, it is evident that there is a strong mixing of
different spin levels due to ZFS terms, so called S-mixing,* and
therefore the giant spin approximation would require inclusion
of the higher order Steven’s operators for ZFS to achieve even
better description of low-lying states, which was also discussed
for another Ni, compound, [Niy(hmp),(dmb),Cl;].>> To con-
clude, both the analyses showed that there is the axial type of
the magnetic anisotropy in 2, however the utilization of the
giant spin approximation is on the edge due to large mixing of
the ground state S = 4 with the excited state S = 3 induced by
ZFS.

The above discussed analysis of the static magnetic pro-
perties of 1-2, encouraged us to measure also AC susceptibility
data for compound 2, but there was no out-of-phase signal in
zero static magnetic field. However, the field dependent
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Table 2 List of the published Nij} SMMs with their basic SMM characteristics®

Compound D (em™) Uegr (em™) 7o (5) Ref.
[N14(hmp)4(CH3OH)4Cl4]b —0.60 5a
Ni,(hmp),(CH;CH,0H),Cl,] —0.60 5.00 9.5x107° 5a and 6g
4(hmp)4(dmb)4Cl4] -0.61 1.39 6.3x107° 5a,d
Niy(hmp),(dmp),Cls)” -0.61 5f
Niy(hmp),(chp),Cly] —-0.59 5d
4(hmp) (dmb),Br,]” —-0.56 5d
Niy(‘Buhmp),(dmb),Cl,])” —-0.68 5d
Ni,(H,thme),(CH,CN),](NO;),-1.33NaNO; —0.43 5h
4(Hidm)4C14]b -0.75 5e
Ni,(Hpthtp),Clg —0.44 20.1 1.64 x107° 6k
Ni,(Hmpp)4Clg] —0.88 6f
[Ni,(Hmpp),OH,Cl,]” —-0.63 6f
[Niy(mpzph),(OH)(CH;0);(CH;0H),](CH,0H)” —0.26 1.50 x 107° 17a
(PrsNH),[Ni,(L),(CH;CO0),] (2) -0.81 2.3-4.7 79.7-0.261 x 107° This work
Hhmp mb dmp chp 'Buhmp
T e R O
N OH OH
H,thme H,idm Hpthtp Hmpp mpzph

HO HO—
NH—\
HO OH
HO

“SMM behavior confirmed by magnetic hysteresis measurement, AC susceptibility data not available. > Hhmp =

w\/

(pyridin-2-yl)methanol; dmb =

3,3-dimethylbutan-1-ol; dmp = 2,2-dimethylpropan-1-ol; dmp = 3-cyclohexylpropan-1-ol; H'Buhmp = (4-tert-butylpyridine-2-yl)methanol; Hsthme

= 2-(hydroxymethyl)-2-methylpropane-1,3-diol; H,idm = iminodimethanol; Hpthtp =

4-(pyridin-2-yl)tetrahydro-2H-thiopyran-4-ol; Hmpp =

2-methyl-1-(pyridin-2-yl)propan-2-ol; Hmpzph = 2-(5-methyl-1H-pyrazol-3-yl)phenol.

measurement performed at 7 = 1.9 K confirmed a slow-relax-
ation of magnetization only in 2 (Fig. S5, ESIf) and for that
reason, AC susceptibility was acquired in the non-zero static
field, B4. = 0.5 T at low temperatures as shown in Fig. 8. Note:
AC susceptibility data were also taken for compound 1 in zero
and non-zero static fields, but no out-of-phase signal was
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Fig. 8 In-phase yea and out-of-phase yimag molar susceptibilities for 2

at the applied external field By = 0.5 T shown as a function of tempera-
ture (left) and ac frequency v (right). Lines serve as guide to the eye.
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detected, which indirectly confirmed our outcomes from mag-
netic analysis.

Unfortunately, we did not observe clear maxima on out-of-
phase susceptibilities for 2 down to 1.9 K, so the standard pro-
cedure for constructing the Argand (Cole-Cole) diagram was
not applicable. However, at least the
relationship®®

approximate

In(y"/x')

for the extraction of the relaxation time and spin reversal
barrier (U) was applied to very low temperature data and
higher applied frequencies as visualized in Fig. S6.f As a
result, we obtained sets of the following parameters: 7, = 7.97
x107%s, U= 3.3 K for f=19.3 Hz, 7o = 2.44 x 10> 5, U = 3.6 K
for f=51.8 Hz, 7, = 7.83 x 10 ° s, U = 3.5 K for f= 138.9 Hz, 7,
=1.85x10™°s, U= 4.2 K for f= 373.5 Hz 7o = 2.61 x 107" s,
and U = 6.7 K for f= 997.3 Hz. The variation of the fitted para-
meters can be explained by the distribution of relaxation pro-
cesses, which is usually treated by the parameter « in one-com-
ponent Debye’s model' and which is absent in this simplified
model. The spin reversal barrier U spans the interval of
3.3-6.7 K (2.3-4.7 cm™"), which is close to those reported for
the cubane-like Ni, SMMs listed in Table 2, except for the com-
pound [Ni,(Hpthtp),Clg] in the literature,** where reported U =
20.1 cm™ is much larger than the theoretically predicted
value, U = |D|-S*> = |-0.44|-4*> = 7.04 cm™". In the case of com-
pound 2, the determined barrier is lower than theoretically

= In(2nfz) + U/kT (17)

This journal is © The Royal Society of Chemistry 2016
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predicted, U = |D|-S* = |-0.81]-4> = 13.0 cm™", which may be
explained by simplicity of the giant spin approximation model
in deriving the D-parameter as discussed above and also due
to more complex relaxation phenomena taking place (combi-
nation of Orbach, Raman and direct processes), as was already
observed in the other previously reported Ni, SMMs (Table 2).

Conclusions

To conclude, the utilization of the tridentate Schiff base ligand
H,L (2-hydroxy-phenylsalicylaldimine) and Ni(CH;COO),-4H,0,
in different reaction solvent ratios, led to the synthesis of two
structurally different tetranuclear complexes 1 and 2. Single-
crystal X-ray structural analysis revealed that compound 1 con-
tains a cubane-like [Ni,O,4] core (a mixture of CH;OH : CH,Cl, in
vol. ratio 1:3 was used), while compound 2 involves a defective
dicubane-like [NisOg] core (CH,Cl, only). Consequently,
the solvent molecules were incorporated in the structure of
compound 1 and they are involved in mediation of intra and
intermolecular hydrogen bonds. Compound 2 represents
the very first example of tetranuclear Ni” complex with a
defective dicubane core and with all the Ni"" atoms being
hexacoordinate.

The variable temperature magnetic data suggested the pres-
ence of prevailing intracluster ferromagnetic coupling (1 and
2). However, more thorough analysis revealed the competition
between the antiferromagnetic and ferromagnetic intracluster
interactions in compound 1 which resulted in the S = 0 ground
spin state. This is in stark contrast to 2 with its § = 4 ground
spin state due to solely ferromagnetic coupling. Furthermore,
the energy states in both compounds are affected by signifi-
cant magnetic anisotropy of the metal atoms, which reflects
the structural variations in 1 and 2. The ab initio CASSCF/
NEVPT?2 calculations of the isotropic exchange parameters (J;)
using the DFT and single-ion zero-field splitting parameters
(D;, E;) played the key role in the advanced magnetic analysis
of these compounds, which resulted in the trustworthy para-
meter set. This was also achieved by simultaneous fitting of
temperature and field dependent magnetic data.

This work clearly shows the difficulty in the rational design
of highly anisotropic polynuclear complexes as candidates for
SMMs. Nevertheless, the field induced SMM behavior found in
compound 2 opens a new perspective for the preparation of
tetranuclear compounds with a defective dicubane-like topo-
logy and ferromagnetic exchange interactions acting as
nanomagnets.

Experimental section
Synthesis

All used chemicals and solvents were purchased from commer-

cial sources and used without any further purification.
[Nis(L)4(CH;0H);(H,0)]-CH;0H (1). A green solution of

Ni(CH;C00),-4H,0 (0.06 g, 0.23 mmol) in CH;0H (10 cm?)

This journal is © The Royal Society of Chemistry 2016
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was added to an orange solution of the H,L ligand (0.05 g,
0.23 mmol) in CH,Cl, (30 cm?). The dark red reaction mixture
was stirred for 15 minutes after which a solution of tripropyl-
amine (0.07 g, 0.48 mmol) in CH;OH (2 cm?®) was slowly
added. The resultant mixture was stirred and refluxed for
additional 15 minutes and then it was filtered. The mother
liquor was then allowed to evaporate slowly at room tempera-
ture. After a few days, brownish green prism shaped crystals
were collected by filtration, washed with diethyl ether and
dried in a vacuum desiccator. Yield: 50% (36 mg). Elemental
analysis (crystalline phase): Anal. Caled for Cs¢Hs4N,O;3Ni,
(1225.84): C, 54.9; H, 4.4; N, 4.6. Found: C, 55.2; H, 4.0; N, 4.7.
FTIR, (ATR, cm™'): 3606(w), 3500(w), 3338(w), 3055(m),

3007(m), 2927(m), 1613(s), 1598(s), 1586(s), 1533(m), 1477(m),
1462(s), 1437(m), 1382(m), 1340(m), 1289(m), 1238(s),
1218(m), 1170(m), 1148(s), 1124(m), 1107(m), 1035(m),

918(m), 824(m), 739(s), 649(w), 617(m), 567(w), 518(m).
(Pr3NH),[Niy(L),(CH3CO0),] (2). An orange solution of H,L
(0.10 g, 0.47 mmol) in 10 cm® CH,Cl, was added to a green
suspension of Ni(CH;C00),-4H,0 (0.18 g, 0.70 mmol) in
30 cm® CH,Cl,. The resulting green suspension was stirred
and refluxed. The addition of tripropylamine (0.14 g,
0.94 mmol) in a small amount of CH,Cl, (2 em?®) after
15 minutes resulted in a change of color to dark red. The
mixture was refluxed for 15 minutes and then filtered. The
mother liquor was left undisturbed to evaporate slowly at room
temperature. After a few days, green prism shaped crystals
were filtered and dried in a vacuum desiccator. Yield: 44%
(40 mg). Elemental analysis (crystalline phase): Anal. Calcd for
C,4HgeNO,Ni, (1486.31): C, 59.8; H, 5.8; N, 5.7. Found: C,
59.6; H, 5.8; N, 5.5. FT-IR (ATR; cm™'): 3048(m), 2972(m),

2876(m), 2666(w), 1612(m), 1596(m), 1568(s), 1532(m), 1466(s),
1441(m), 1403(m), 1381(m), 1346(m), 1297(s), 1282(s),
1254(m), 1322(m), 1166(m), 1147(s), 1121(m), 1104(w),

1032(m), 957(w), 916(m), 826(m), 740(s), 655(w), 614(w),
511(m).

Equipment, measurements and software

Elemental analysis was performed on a Thermo Scientific
FLASH 2000 CHNS-O Analyser. Infrared spectra of the com-
pounds were recorded with a ThermoNicolet Nexus 670 FT-IR
spectrometer using the ATR technique on the diamond plate
in the region 4000-400 cm™'. Temperature dependent (T =
1.9-300 K, B = 0.1 T) and field dependent (B =0-7 T, T =2 and
5 K) magnetic measurements were carried out on an SQUID
magnetometer (MPMS, Quantum Design) on polycrystalline
samples. The data were corrected for the diamagnetism of the
constituents.

X-ray diffraction analysis

Single crystal X-ray diffraction data are listed in Table S1.1 The
data were recorded on an Oxford diffraction Xcalibur 2 CCD
diffractometer with a Sapphire CCD detector, sealed tube (Mo
Ko radiation, Ka = 0.71073 A) and equipped with an Oxford
Cryosystems nitrogen gas-flow apparatus. The CrysAlis
program package (version 1.171.33.52, Oxford Diffraction) was
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used for data collection and reduction.”” The molecular struc-
tures were solved by direct methods SHELX-2014 and all non-
hydrogen atoms were refined anisotropically on F> using the
full-matrix least-squares procedure SHELXL-97.>% All the hydro-
gen atoms were found in differential Fourier maps and their
parameters were refined using a riding model with Ujso(H) =
1.2 (CH, CH,, OH) or 1.5U.q (CHj).

Theoretical methods

ADb initio theoretical calculations were performed with the
ORCA 3.0.3 computational package.?® Single point DFT energy
calculations based on X-ray geometries were done using the
B3LYP functional.®® The isotropic exchange constants J were
calculated by comparing the energies of high-spin (HS) and
broken-symmetry (BS) spin states using Ruiz’'s approach.’’
Calculations of the ZFS parameters were performed using the
state average complete active space self-consistent field
(SA-CASSCF)** wave functions complemented by the N-electron
valence second order perturbation theory (NEVPT2).>* The
active spaces of the CASSCF calculations comprises five metal-
based d-orbitals and eight electrons, CAS(8,5). In the state aver-
aged approach all multiplets for the given electron configur-
ation were equally weighted, which means 10 triplet and 15
singlet states. The ZFS parameters, based on dominant spin-
orbit coupling contributions from excited states, were calcu-
lated through the quasi-degenerate perturbation theory
(QDPT),** in which approximations to the Breit-Pauli form of
the spin-orbit coupling operator (SOMF approximation)** and
the effective Hamiltonian theory®® were utilized. In all calcu-
lations, the polarized triple-{ quality basis set (def2-TZVP(-f))
proposed by Ahlrichs and co-workers was used for all atoms.*”
We also used the RI approximation with the decontracted
auxiliary def2-TZV/J or def2-TZV/C Coulomb fitting basis sets
and the chain-of-spheres approximation to exact exchange.*®
Increased integration grids (Grid5 in ORCA convention) and
tight SCF convergence criteria were used in all calculations.
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