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Abstract. The pentanuclear nickel(I) complex [Nis(saltagB),(tptz),]
(Ni5) with the tritopic triaminoguanidine-derived Schiff-base ligand
Hssaltag®" (1,2,3-tris[(5-bromosalicylidene)amino]guanidine) and tptz
(2,4,6-tris(2-pyridyl)-1,3,5-triazine) as capping ligands is reported. Ni5
crystallizes in the triclinic space group P1 with the central nickel(II)
ion linking two triangular arrangements of nickel(I) ions supported by
two tritopic triaminoguanidine ligands. The octahedral coordination of
the four peripheral nickel(Il) ions is complemented by capping triden-
tate tptz ligands. By variation of the synthesis also the corresponding

trinuclear nickel(I) complex [Ni(saltag®)(tptz);]NO5 (Ni3) is access-
ible. Magnetic measurements for Ni3 and Ni5 reveal a singlet ground
state with antiferromagnetic coupling between the nickel(Il) ions,
which in the case of Ni5 can only be simulated assuming a two-J
exchange coupled spin topology. For both complexes significant zero-
field splitting for the nickel(II) ions is evident from the measured mag-
netic data, which can be verified by theoretical studies revealing a
magnetic anisotropy with strong rhombic distortion due to the presence
of the tptz co-ligands in both compounds. /

Introduction

The design and synthesis of polynuclear transition metal
complexes has received special attention over the last decades
due to their relevance for topics ranging from metal active sites
in biology!'! and catalysis?! all the way to magnetism.”! In
particular, molecular magnets with a focus on single-molecule
magnets (SMMs) are of interest.[*! Here, particular emphasis
has been placed on ligands supporting the assembly of metal
ions, especially polytopic ligands that provide multiple com-
partments have been used to create high-nuclear complexes
with large structural variety.”®! Ligands based on triaminoguan-
idine are a particular class of tritopic supports for multinuclear
complex arrangements.® Although ligands with triaminoguan-
idine core (see Scheme 1) have been successfully used to gen-
erate high-nuclear supramolecular assemblies with diamag-
netic metal ions,!”! systems with open-shell metal ions are still
rather scarce.'®! Besides two copper(Il)-based coordination
polymers,® we have reported a series of trinuclear
nickel(IT),['%! cobalt(II),!''! and copper(Il) complexes,'?! with
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the latter possessing potential toward applications in molecular
spintronics.['3! The most common way to connect complex
fragments of different triaminoguanidine cores is either based
on bridging phenolates of the tritopic ligand itself or an ad-
ditional bridging ligand. However, also two cases are reported,
for which a single metal ion functions as a bridging center
for two triangular moieties leading to an overall pentanuclear
complex fragment.'®! The latter can be viewed as competition
between the coordination of a second triaminoguanidine ligand
and a potential capping ligand, which can be utilized to prevent
higher aggregation. For zinc(Il) ions, it has been shown that
this competition depends on the solvent used for reaction and
crystallization.®!
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Scheme 1. Tritopic Schiff-base ligand with a triaminoguanidine core
(Hssaltag®).

In this context, we synthesized two polynuclear nickel(II)
complexes based on the tritopic Schiff-base ligand Hssaltag®
{1,2,3-tris[(5-bromosalicylidene)amino]guanidine, see
Scheme 1}. Depending on the reaction conditions, which in-
clude the variation of the solvent, either a trinuclear or a cor-
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ner-shared pentanuclear complex is formed. Although such
pentanuclear complexes with similar structural topology are
known for several decades,'*! examples with well charac-
terized magnetic properties are still rare and exclusively com-
prise complexes with high-spin ground states.['3! We particu-
larly present and discuss the magnetic properties of the two
new nickel(Il) complexes, which is supported by computa-
tional studies. The challenging and so far unprecedented mag-
netochemistry of the pentanuclear nickel(IT) system will be in-
terpreted on the basis of the magnetic properties of the trinu-
clear complex in combination with high-level quantum me-
chanical calculations.

Results and Discussion

Syntheses

The ligand 1,2,3-tris[(5-bromosalicylidene)amino]guanidine
(HssaltagB") was synthesized as described in the literature via
Schiff-base condensation of triaminoguanidine hydrochloride
with 5-bromosalicylaldehyde and isolated as the monohydro-
chloride salt HssaltagB-HCIL.'%%16] Subsequent addition of an
aqueous solution of nickel(Il) nitrate hexahydrate, a stoichio-
metric amount of 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz), and
aqueous tetra-N-butylammonium hydroxide to a solution of the
ligand hydrochloride salt in methanol led to the formation of
a precipitate which could be redissolved by adding
N,N-dimethylformamide (dmf). The complex salt [Nis(sal-
tagB")(tptz);]INO5 (Ni3) could be isolated as dark brown crys-
talline material and characterized by elemental analysis and IR
spectroscopy, which is consistent with the presence of ad-
ditional co-crystallized water and methanol molecules. The
isolated crystals were suitable for single-crystal X-ray dif-
fractometry.

Variation of the reaction conditions toward a less protic me-
dium by utilizing a higher dmf portion and changing the base
to triethylamine, it was possible to isolate the neutral pentanu-
clear nickel(Il) complex [Nis(saltagB"),(tptz),] (Ni5). Charac-
terization of the crystalline material, which was also suitable
for single-crystal X-ray diffractometry, revealed the presence
of additional water and methanol molecules.

The IR spectra of both compounds show the presence of a
sharp band at 1653 and 1666 cm™ for Ni3 and NiS, respec-
tively, which is characteristic for the coordinated triaminogu-
anidine-based ligand. In addition, an intensive band attributed
to the tptz co-ligand, i.e., an aromatic CN stretching vibration,
is observed in both compounds (Ni3: 1441 cm™'; Ni5:
1433 cm™!). The presence of the nitrate counterion in Ni3 is
confirmed by the appearance of the typical band at
1384 cm~!.H71

Structure Description

The structural data obtained for Ni3 revealed that the com-
plex is crystallizing in the centrosymmetric trigonal space
group R3c. The molecular structure obtained for the cationic
complex [Nis(saltagB")(tptz);]* of Ni3 is depicted Figure 1.

Due to its molecular C5 symmetry only one crystallographi-
cally independent nickel(Il) ion is present. The crystal struc-
ture contains large voids that are filled with disordered water
and methanol solvent molecules. Their contribution to the
structure factors was secured by back-Fourier transformation
using the SQUEEZE routine of the program PLATON!8! (see
Experimental Section for details).

structure  of  the cation

Molecular
[Nis(saltag®)(tptz)s]* of Ni3 with labels for selected atoms. Hydrogen
atoms are omitted for clarity. Suffix A denotes symmetry equivalent
atoms.

Figure 1. complex

The central carbon atom C1 of the tritopic triaminoguanid-
ine moiety is located on a C; rotational axis. The nickel(II) ion
exhibits a pseudo-octahedral coordination sphere with a [N5O]
donor set (for depiction of the coordination polyhedra, see Fig-
ure S1, Supporting Information), which is formed by a [N,O]
coordination pocket (N1A, N2, and O1) of the tridentate de-
protonated Schiff-base ligand (Hssaltag®") in combination with
a tridentate [N3] donor set (N3, N4, and N7) provided by the
tptz co-ligand. Selected bond lengths and angles for the coordi-
nation sphere of the nickel(Il) ion are listed in Table S1 (Sup-
porting Information). Continuous shape measures show a
rather large deviation from an ideal octahedral coordination
arrangement [S(O;) = 2.7; S(O;,) = 0 refers to an ideal octahe-
dron; see Table S2, Supporting Information] that is signifi-
cantly stronger as compared to structurally similar
complexes  ([Nis(saltag®)(bpy);(H,O)s]*:  S(0,) = 1.26;
[Ni;(saltag®¥)(bpy);(H,0)5]*: S(0,) = 1.56).1'°1 The direct
comparison of the pseudo-octahedral nickel(Il) coordination
spheres observed in Ni3 and [Nis(saltagB")(bpy);(H,0)5]* is
visualized in Figure S2 (Supporting Information). It is evident
that the distortion enforced by the rigid tptz co-ligand leads to
a rather small associated frans angle (N3-Ni—N7 151°) as well
as significantly elongated axial bond lengths [Ni-N3 218.6(4)
and Ni-N7 217.9(3) pm]. As a result, the bond lengths related
to the binding pocket of the tritopic bridging ligand are de-
creased in Ni3 [Ni-O1: 201.3(4); Ni-N1A: 206.5(4); Ni-N2:
200.5(2) pm] compared to its 2,2'-bipyridine (bpy) analog
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[Ni-O1 203.7(3), Ni-N1A 208.4(3), and Ni-N2 201.9(3) pm].
Moreover, the additional two trans angles associated with do-
nor atoms of the triaminoguanidine ligand are rather close to
the ideal angle of 180° [O1-Ni—-N1A 166.7(1) and N2-Ni—-N4
178.1(1)°].

The neutral pentanuclear complex Ni5 crystallizes in the tri-
clinic space group P1 with two symmetry-equivalent complex
molecules in the unit cell, which are related by a center of
inversion. The crystal structure contains large voids that are
filled with disordered water and methanol solvent molecules.
Their contribution to the structure factors was secured by back-
Fourier transformation using the SQUEEZE routine of the pro-
gram PLATON!'®! (see Experimental Section for details).

The structure of the neutral pentanuclear complex molecule
Ni5 is depicted in Figure 2 together with the illustration of the
distorted pseudo-octahedral coordination polyhedra of the five
nickel(I) centers (NiO, NilA, Ni2A, Ni3B, and Ni4B). The
suffixes A and B in the molecular structure of NiS are referring
to the two different tritopic Schiff-base ligands (see Figure S3,
Supporting Information). Selected bond parameters for the in-
dividual nickel(I) coordination sites are given in Table S3 and
the related polyhedra are visualized in Figure S4 (Supporting
Information) including the corresponding donor atom labeling.

Figure 2. Structure of the neutral pentanuclear complex Ni5 with the
pseudo-octahedral coordination polyhedra of the nickel(II) ions and
their labeling. Suffixes A and B denote the two different tritopic triami-
noguanidine ligand moieties. Hydrogen atoms are omitted for clarity.

The central nickel(IT) ion Ni0, located on a corner-shared
position, is coordinated by a tridentate binding pocket of each
of the two linked triaminoguanidine ligands. This leads to a
distorted octahedral coordination geometry at Ni0 [S(O,) =
2.08]. On the other hand, the coordination of the tptz co-li-
gands at the four peripheral nickel(II) ions (Nil A, Ni2A, Ni3B,
and Ni4B) results in slightly larger distortions from the octahe-
dral geometry [S(O,) for Nil A/Ni2A/Ni3B/Ni4B: 2.58/2.41/
2.88/2.70]. However, these distortions are still significantly
smaller than those observed for the tptz-coordinated nickel(II)
ions in Ni3 (vide supra). This is due to the somewhat larger N—
Ni-N trans angles of about 152° in the case of the peripheral
nickel(II) ions of Ni5, as compared to 145° in Ni3. In addition,
the axial Ni-N bond lengths of the 2-pyridyl nitrogen donors

of the tptz co-ligands observed NiS are significantly shorter
(215-223 pm) than those found for the corresponding trinu-
clear complex Ni3.

Overall, the aforementioned structural changes between Ni3
and Ni5 are reflected in the slight variation of the bond lengths
of the nickel(Il) centers associated with the tridentate binding
pockets of the tritopic saltag-based bridging ligand and the tptz
co-ligand. Moreover, the virtually planar tptz co-ligands are
sterically demanding and, thus, lead to an out-of-plane distor-
tion of the m-planes of the phenolate moieties with respect to
the central core of the triaminoguanidine ligands in complex
Ni3 with a dihedral angle of 22° (see Figure S5, Supporting
Information). A similar distortion is found for Ni5 with dihe-
dral angles in the range 19° to 26° for the peripheral nickel(II)
centers (NilA 22.1°, Ni2A 22.1°, Ni3B 25.9°, and Ni4B
19.4°), whereas for the phenolate moieties at the bridging
nickel(Il) center NiO dihedral angles of 12.5° (ligand A) and
40.7° (ligand B) are observed.

Magnetic Measurements

The magnetochemistry of Ni3 and NiS was studied by tem-
perature dependent dc magnetic susceptibility measurements
in the temperature range between 2 and 300 K. For structural
reasons, a one-J and a two-J spin topology can be assigned for
Ni3 and Ni5, respectively, as depicted in Scheme 2. This is
strictly given by symmetry for Ni3, while for Ni5 it is based
on structural characteristics of the relevant nickel(Il) centers in
the molecular structure, which can be divided in two groups,
the peripheral nickel(Il) ions (NilA, Ni2A, Ni3B, and Ni4B)
and the central bridging nickel(IT) ion (Ni0).

J @ J1
e
@ -

Scheme 2. Spin topologies of the exchange coupling schemes of Ni3
(left) and Ni5 (right).

Trinuclear Complex Ni3

The temperature dependent magnetic susceptibility data yy T
and magnetization data M for Ni3 are depicted in Figure 3.
The room temperature yy7 value is 2.80 cm*K-mol™!, which
is slightly lower than the related spin-only value
(3.0 cm*K'mol™!, g = 2), indicating antiferromagnetic ex-
change interactions. This is consistent with the decrease of
ymI upon lowering the temperature to a value of
0.06 cm*K-mol™' at 2 K, which confirms the presence of a
diamagnetic ground state (S = 0). It should be noted that such
a diamagnetic ground state is well documented for triangular
nickel(IT) complexes with C3 symmetry and antiferromagnetic
exchange interaction.!'”) The reduced magnetization data

Z. Anorg. Allg. Chem. 2020, 999-1009 www.zaac.wiley-vch.de

1001  © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fur anorganische und allgemeine Chemie

ARTICLE

3
-
1
© 2
£
¥
o)
£
3]
~ 1 -
=
e Ni3 (Hyc = 2000 Oe)
fit
0 - T T T T T \ ‘ T T T
0 50 100 150 200 250 300
TIK
0.2
D
)
3
= o
s 0.1 7 o T=45K
o T=40K
o T=35K
o T=3.0K
o T=25K
o T=20K
0.0 T T T T 1 T T T

0.0 0.5 1.0 15 2.0 25
HTl/TK?

Figure 3. Top: Temperature dependence of y\7 for the trinuclear nick-
el(Il) complex Ni3 depicted as black dots (@). Bottom: Variable-field
magnetization data M(H/T) for Ni3 at different temperatures depicted
as circles (O). The solid colored lines represent the best simultaneous
fit of magnetic susceptibility and magnetization data including a zero-
field splitting contribution (see text).

M(HIT) for Ni3 presented in Figure 3 indicates the presence
of magnetic anisotropy. To extract magnetic parameters from
experimental data, the temperature dependent yy,7T values as
well as the magnetization data of Ni3 were fitted simulta-
neously with the Hamiltonian given in Equation (1) (see
Scheme 2) using the program PHIL.!!
A =—J(5:8: +5:5 +8:83) + DXL, (S — 5SS + D] + gueHEL, S

(1

Besides the exchange coupling constant J, the Hamiltonian
includes an axial zero-field splitting (ZFS) parameter D, which
is identical for all nickel(IT) ions due to the C3 symmetry of
the complex cation in Ni3. The data were corrected for a small
paramagnetic impurity indicated by the non-zero y\T value at
2K (p = 39%). The best fit for the magnetic data
of Ni3 results in an antiferromagnetic coupling constant J =
—29.1 cm™' with an isotropic g value of 2.138, which is in
good agreement with the values reported for similar trinuclear
nickel(IT) complexes.''%1 The axial ZFS parameter was found
to be essential for the fitting of the data and converged to a
value of D = 20.4 cm™!. The positive sign of D indicates a

magnetic anisotropy of easy-plane type. The presence of mag-
netic anisotropy was also confirmed by solely fitting the mag-
netic susceptibility data (denoted as Fit II in Table S4; see also
Figure S6, Supporting Information). Although this leads to an
underestimation of the axial ZFS parameter, the exchange
coupling constant obtained by both fits is only slightly changed
(cf. Table S4).

In this context, it is interesting to note that for the similar
compound [Nis(saltag’®")(bpy);(H,0);5]Cl an axial ZFS pa-
rameter D could not be obtained directly by fitting the mag-
netic susceptibility data.[!%! Therefore, we conclude that based
on the presence of the tptz co-ligand in Ni3 the stronger distor-
tion of the nickel(II) pseudo-octahedral coordination spheres
leads to a significantly larger ZFS than in the previous case
with bpy co-ligand (vide supra).

Pentanuclear Complex Ni5

In Figure 4 the temperature dependent yy7 data for the
pentanuclear complex Ni5 is depicted. As in the case of Ni3
the room temperature yy7 value of 4.67 cm3K-mol~' is some-
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Figure 4. Top: Temperature dependence of y\T for the pentanuclear
nickel(IT) complex Ni5 depicted as black dots (@). Bottom: Variable-
field magnetization data M(H/T) for Ni5 at different temperatures de-
picted as circles (O). The solid colored lines represent the best simulta-
neous fit of magnetic susceptibility and magnetization data including
a zero-field splitting contribution (see text).
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what smaller than the expected spin-only value for an uncou-
pled pentanuclear system (5.0 cm*K'mol~!, g = 2.0). Together
with the observed decrease in the yT values with decreasing
temperature, this clearly indicates the presence of antiferro-
magnetic exchange interactions within the pentanuclear spin
system. At 2 K a yyT value of 0.18 cm?*K-mol™ is reached.
Consistent with magnetization measurements this leads to the
assignment of a diamagnetic ground state (S = 0), which to the
best of our knowledge is in contrast to all other pentanuclear
nickel(II) complexes with a comparable spin topology showing
high-spin ground states (S = 3).l15!

The spin topology in NiS is graphically represented in
Scheme 2 and can be described as a “butterfly” motif formed
by two corner-shared triangular units, which are linked by the
central nickel(Il) ion Ni0. This spin topology assumes two dif-
ferent types of magnetic interactions (Scheme 2): (i) Exchange
coupling constant J; between the central ion (Ni0O) and the
peripheral ions (NilA, Ni2A, Ni3B, and Ni4B). (ii) Exchange
coupling constant for the interaction between the two pairs of
peripheral ions (NilA/Ni2A and Ni3B/Ni4B) denoted as J,.
This is a justified simplification of the spin topology, although
the structure of Ni5 contains five crystallographically indepen-
dent nickel(II) ions, since the main exchange path is expected
to be through the core of the bridging triaminoguanidine li-
gands. Moreover, the overall number of parameters has to be
kept at a minimum to avoid overparameterization with possible
correlations between parameters during the fit procedure. The
corresponding spin Hamiltonian for Ni5 is given in Equation
(2):

A= —/;(505; + 5052 + 5653 + 5054) — J2(5:5; +855,) ?)
+ B0 DilSE — 5SS + D] + gusH E, S,

As in the case of Ni3, the Hamiltonian in addition to the
exchange interactions includes axial ZFS parameters D for the
individual nickel(II) ions. Although a slight difference between
the central and the peripheral nickel(II) ions can be expected
from structural data, which is confirmed by ab initio multi-
reference calculations (vide infra), for numerical simulations
of the experimental data all D parameters need to be assumed
as identical to essentially avoid overparameterization.

Before starting with the analysis of the magnetic data, it is
worth to first shed some light on the situation resulting from
the competing exchange interactions?”! in Ni5 (Scheme 2),
which is due to the presence of antiferromagnetic coupling be-
tween the nickel(Il) ions. The given spin topology leads to a
rather complicated energy spectrum of spin states, which de-
pends on the ratio J,/J; of the two exchange coupling con-
stants. The corresponding energy level scheme neglecting ZFS
contributions for the individual nickel(Il) ions is depicted in
Figure 5. It is apparent that for the case of J; = J, this leads
to a situation for the ground state in which a diamagnetic
singlet (S = 0; J, < J; < 0) and a triplet state (S = 1;
J1 < J, < 0) are degenerate. Moreover, for cases slightly devi-
ating from this situation the energy splitting between these two
states AE directly correlates with the difference in the coupling
constants J; and J, (AE = |J; — J,l). In addition, for ratios
Jo/Jy < 0.5 and J,/J; > 2.0 the magnetic spin ground state is

expected to be S = 3 and S = 1, respectively. Unfortunately,
the situation gets more complicated if magnetic anisotropy is
taken into account, which results in a further splitting of the
degenerate (25+1)-fold spin multiplets with § > 0 and for-
mally can affect the spin ground state. Based on these consid-
erations, various approaches were taken into account to simu-
late the experimental magnetic susceptibility data of Ni5.

12

"
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LU L T | [

[GRGRGRG N RG]
o=MNwho
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Figure 5. Variation of the spin state energies for the spin topology of
two corner-shared isosceles triangles as observed in NiS with all local
spins of § = 1 (neglecting ZFS contributions) vs. the ratio J,/J; (see
Scheme 2 and text) with the energy of the ground state taken as energy
origin; J; and J, are assumed to be negative; for the lines marked with
an asterisk three spin states (S = 1, 2, and 3) are lying on top of each
other.

To obtain initial parameters for further magnetic fits, at first
only the magnetic susceptibility data of Ni5 measured in the
temperature range between 2 to 300 K was fitted utilizing the
Hamiltonian given in Equation (2), however, employing an
identical axial ZFS parameter D for all five paramagnetic
nickel(I) centers (denoted Fit I in Figure S7 and Table S5,
Supporting Information) to avoid overparameterization. This
results in two rather similar magnetic coupling constants of
Jy=-31.4cm™" and J, = -38.1 cm™! consistent with the over-
all antiferromagnetic exchange in Ni5. The obtained ratio
Jo/Jy of 1.21 determines a S = 0 magnetic ground state in NiS
(see Figure 5). The magnetic exchange between the terminal
ions NilA-+Ni2A as well as Ni3B+:Ni4B (see Scheme 2) as
represented by J,, despite the structural similarity, seems to be
stronger than the corresponding one obtained for Ni3
(=29.1 cm™). The isotropic g value of 2.193 is only slightly
larger than the value observed for Ni3, whereas the absolute
value of the average ZFS parameter for the five nickel(Il) cen-
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ters from this fit (IDI = 40.0 cm™) is considerably larger than
the ZFS observed for Ni3 (D = 20.4 cm™).

In order to investigate the effect of enforcing an identical
axial ZFS parameter for all five nickel(Il) ions, a second ap-
proach denoted as Fit II was employed for the simulation of
the experimental magnetic susceptibility data. In this approach,
the ZFS parameters were still fixed, but to the individual val-
ues obtained from ab initio multi-reference calculations (vide
infra; Ni0/NilA/Ni2A/Ni3B/Ni4B: -10.7/-13.9/-13.5/-14.9/
14.4 cm™). Although rather similar magnetic parameters were
obtained, this simulation results in somewhat more differen-
tiated magnetic coupling constants J; = -20.8 cm™! and J, =
-33.3 cm™! (g = 2.121, cf. Table S5, Supporting Information)
than found for Fit I. The ratio J,/J; of 1.60 is consistent with
a § = 0 magnetic ground state. Moreover, this simulation ap-
proach resulted in a J, parameter of —33.3 cm™! which is more
consistent with the one obtained for Ni3 (-29.1 cm™') as com-
pared to the J, value obtained for Ni5 in Fit I (-38.1 cm™").

In a third approach the magnetic susceptibility data and
magnetization data of Ni5 were used for simultaneous fit based
on Equation (2) (see Figure 4; denoted as Fit III in Table S5,
Supporting Information). For this approach, the magnetic pa-
rameters obtained by Fit II in combination with the axial ZFS
parameter D obtained for Ni3 were used as initial
starting parameters. The obtained best-fit parameters are J; =
-20.8cm™, J, = -37.3cm™, D = 16.6cm™, and g = 2.123.
The J,/J; ratio of 1.79 confirms a diamagnetic S = 0 ground
state in Ni5. At the same time, it becomes evident that the
inclusion of the low-temperature magnetization data (7' = 2—
5 K) in Fit III is important to adequately determine an average
axial ZFS parameter D for the nickel(Il) ions present in Ni§,
since the ZFS contribution seems to be apparently overesti-
mated, if solely the magnetic susceptibility data is taken into
account (Fit I). The average g factor of 2.123 is consistent with
the one obtained in Fit II.

To exemplify the importance of the presence of two different
exchange coupling constants for the simulation of the magnetic
data, the approach in Fit IIl was modified by constraining the
two coupling constants to be equal (J; = J,, denoted as Fit
IV, see Table S5 and Figure S8, Supporting Information). The
obtained g factor of 2.318 is significantly larger than in all
other fits performed for Ni5 which also holds for the coupling
constant (J; = J, = —47.9 cm™'). Moreover, also the obtained
average axial ZFS parameter D of 29.6 cm™ is significantly
larger than the one obtained in Fit III. Most importantly, this
simulation approach (Fit IV) leads to large deviations in the
low temperature magnetization and susceptibility data (see
Figure S8).

In summary, it can be concluded that for the simulation of
the experimental magnetic data of Ni$, it is essential to include
both a ZFS as well as two different exchange coupling con-
stants according to the spin topology given in Scheme 2. How-
ever, the determination of the exact contribution from the mag-
netic anisotropy of the individual magnetic nickel(Il) centers
(i.e., absolute value and sign) is far beyond any feasible simu-
lation approach of the experimental data. Nevertheless, this can

be supported by high-level ab initio multi-reference calcula-
tions, as outlined in the following section.

Computational Studies

For the complex cation of Ni3 and the neutral complex mol-
ecule of Ni5 quantum mechanical studies were performed to
address both the exchange interaction between the nickel(I)
ions as well as their individual magnetic anisotropy. For details
of the computational approach and the model structures em-
ployed see Experimental Section.

Magnetic Exchange Interactions

The individual magnetic exchange interactions present
within the trinuclear complex cation of Ni3 as well as the
pentanuclear complex molecule in Ni5 were studied by
broken-symmetry DFT (BS-DFT) calculations.

For Ni3, two different approaches have been used.!!?®-2!]
The first approach (denoted as Ni,Zn) is based on a dinuclear
nickel(II) model structure derived from the trinuclear cationic
complex Ni3 for which one paramagnetic nickel(I) ion was
replaced by a diamagnetic zinc(Il) ion (see Figure S9, Support-
ing Information). The second approach (denoted as Niz) is
based on the mapping of the energy difference between the
high-spin (HS) and broken-symmetry (BS) state onto pairwise
interactions of the nickel(Il) ions within the triangular struc-
ture. From both approaches Ni,Zn and Nis, fairly similar val-
ues of —22.0 cm™! and -23.6 cm™!, respectively, for the cou-
pling constant J were obtained (see Table S6, Supporting Infor-
mation). The corresponding spin density plots for both the HS
and BS states resulting from both approaches are depicted Fig-
ures S10 and S11 (Supporting Information). Although these
values confirm the antiferromagnetic exchange interactions
through the N-N diazine bridges of the tritopic triaminoguani-
dine-based ligand, they somewhat underestimate the experi-
mental value.

To investigate the magnetic exchange interactions in the
pentanuclear nickel(I) complex NiS, six different dinuclear
nickel(IT) model structures were used representing all pairwise
spin interactions (Ni0-NilA, Ni0-Ni2A, Ni0-Ni3B, Ni0-
NidB, NilA-Ni2A, and Ni3B-Ni4B). For each model struc-
ture, the nickel(Il) ions not involved in the relevant exchange
interaction were replaced by diamagnetic zinc(Il) ions (for
structures see Figure S12, Supporting Information). The ob-
tained results are summarized in Table S7 (Supporting Infor-
mation) and clearly verify the presence of antiferromagnetic
exchange for all six individual magnetic pair interactions pres-
ent in the complex molecule of NiS. The corresponding spin-
density plots for the HS and BS states of all six dinuclear
nickel(II) structural models are depicted in Figures S13 to S18
(Supporting Information).

The weakest antiferromagnetic exchange of J = —11.8 cm™
is found between the nickel(Il) centers Ni0O and Ni3B (Ni0—
Ni3B). It is interesting to note that for this pair the observed
Ni—N-N-Ni dihedral angle of 144.8° shows the largest devia-
tion from the ideal 180° arrangement. At the same time, for

1
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this pair of interacting nickel(IT) ions, the greatest deviation
from the coplanarity between the m-planes of the central
C(NN); core of the triaminoguanidine ligand and the phenolate
moiety attached to the relevant diazine bridge is observed
(40.7°, vide supra). On the other hand, the strongest antiferro-
magnetic interaction (/ = =31.4 cm™') calculated for the Ni0
and Ni4B pair (Ni0-Ni4B) is associated with a dihedral angle
for the Ni-N-N-Ni diazine bridge of 170.7° and a deviation
from the coplanarity of relevant mt-planes of 19.4°. The remain-
ing four pairwise interactions in NiS are found to be in the
range from —26.1 to —30.8 cm™'. Overall, there appears to be a
trend that increases the antiferromagnetic coupling for these
pairwise interactions as the Ni—-N-N-Ni dihedral angle in-
creases and the deviation from coplanarity between the rel-
evant m-planes (triaminoguanidine core and phenolate moiety)
decreases (cf. Table S7, Supporting Information).

To compare these results with the values obtained from the
simulation of the experimental data, the average of the relevant
calculated coupling constants must be determined (/7: NiQ—
NilA, Ni0-Ni2A, Ni0-Ni3B, Ni0-Ni4B; 7,: NilA-Ni2A,
Ni3B-Ni4B). In fact, the average calculated exchange cou-
pling constants I'; = 25.0cm™! and I, = —28.6 cm™! are in
agreement with the experimental trend (1 < J,/J; < 2; J; =
-20.8cm™, J, = -37.3cm™!) and confirm a diamagnetic
ground state (S = 0).

Single-lon Magnetic Anisotropy

To gain insight into the magnetic anisotropy of the paramag-
netic centers and to supplement the experimental data of Ni3
and Ni5, ab initio multi-reference calculations have been per-
formed for all crystallographically independent nickel(II) ions
of both structures. These studies are based on structurally sim-
plified models in which, with the exception of the nickel(II)
ion of interest, all others were replaced by diamagnetic zinc(II)
ions. To keep computational cost at an affordable level, further
reduction of the system complexity was achieved by replacing
the tptz co-ligands attached to the diamagnetic zinc(Il) ions
with ammonia (NH3) ligands. The resulting structural models
for Ni3 (denoted as Ni) and Ni5 (denoted as Ni0, NilA, Ni2A,
Ni3B, and Ni4B) are depicted in Figures S19 and S20, respec-
tively (Supporting Information). The calculations have been
performed in a two-step process, starting with the CASSCF
calculations, followed by the inclusion of spin-orbit coupling
interactions by CASSCF/RASSI-SO calculations, which allow
for the mixing of states of different multiplicities.

CASSCF calculations confirm a high-spin *A,[*F] elec-
tronic ground state for all nickel(II) ions in Ni3 and Ni5 (see
Table S8, Supporting Information). This ground state repre-
sents the individual single-ion case, since the employed model
structures cannot in principle address additional magnetic ex-
change. For all nickel(Il) centers, the strong distortion of the
pseudo-octahedral coordination spheres leads to a significant
splitting of the excited high-spin multiplets “To,[*F], *T1,[*F],
and T ,[P]. The lowest excited single-ion low-spin state is
found for the model structure Ni (16664 cm™'), which is con-
sistent with the largest distortion from an ideal octahedral coor-

dination geometry observed in Ni3 [S(0;) = 2.7]. This is
caused by the notable elongation of the Ni-N bonds (Ni—N3:
218.6 pm, Ni-N7: 217.9 pm) of the two axial 2-pyridyl donors
of the tptz co-ligand. On the other hand, the highest first ex-
cited low-spin state is found for Ni0 (18301 cm™'), which cor-
responds to the central nickel(Il) center in Ni5 that shows the
least octahedral distortion of all centers due to the absence of
a tptz co-ligand. This observed trend is consistent with the
hypothetical experiment to continuously elongate the axial Ni—
N bonds related to the tptz co-ligand, which would ultimately
lead to a low-spin single-ion ground state, as it is known for
nickel(Il) ions in a square-planar coordination environment.

CASSCF/RASSI-SO calculations were performed to ade-
quately describe the magnetic anisotropy in the *A,[*F] elec-
tronic ground state of the investigated metal centers (see Table
S9, Supporting Information). This ground multiplet consists of
three low-lying spin-orbit coupled states ((2S+1) X (2 L+1) =
3) which are energetically split by the ZFS interaction. The
latter can be parameterized by the axial and rhombic ZFS pa-
rameters D and E, respectively.

In case of Ni3, the calculations for the model structure Ni
reveal an easy-plane type of magnetic anisotropy with D =
14.4 cm™ for the nickel(II) center (Table S10, Supporting In-
formation). In addition, a significant rhombic distortion of the
magnetic anisotropy is apparent (E = 4.4 cm™) that leads to a
pronounced E/D ratio (0.30). The resulting overall energy
range for the three relevant states (D + E = 18.8 cm™!) nicely
agrees with the experimentally determined ZFS of 20.4 cm™
for Ni3. Despite the good agreement, it has to be noted that
such ZFS parameters obtained from calculations can depend to
a large extend on even subtle differences in the coordination
sphere of the metal center.??! In any case, this is fundamen-
tally different compared to other trinuclear nickel(Il) com-
plexes with a triaminoguanidine core, but bpy as co-ligand, for
which an easy-axis type of magnetic anisotropy (D < 0) is
found for the nickel(Il) centers.['°®! The orientation of the main
anisotropy axes obtained for a single ion leading to the easy-
plane anisotropy in Ni3 is depicted in Figure 6. This shows
that the easy-plane axes lie within the plane of the central tri-
topic triaminoguanidine ligand. The single-ion magnetic an-
isotropy in Ni3 can also be described by the Cartesian compo-
nents of the g tensor (see Table S11 and Figure S21, Support-
ing Information). This again indicates the presence of a rather
large rhombic distortion (g, # g, # g,).

These observations can be rationalized on the basis of donor
charges for the relevant ligands (see Figure S22, Supporting
Information) obtained by a DFT-based natural population
analysis (NPA).[?3! In this respect, the nitrogen donor atom
(N4) of the triazine moiety of the tptz co-ligand plays a key
role, since it shows the second largest negative charge (—0.400)
of all relevant donor atoms, with only the phenolate oxygen
donor being more negative (—0.700). As a consequence, in Ni3
the donor atoms of the [N3O] plane, which is defined by the
tridentate pocket of the triaminoguanidine ligand (O1, N1A,
N2) and the nitrogen donor of the triazine moiety (N4), possess
the largest negative charges. In combination with the elongated
Ni-N bonds observed for the two remaining nitrogen donors,
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this explains the easy-plane anisotropy. However, the situation
is fundamentally different when the tptz co-ligand
is replaced by bpy, as it is the case in the complex cation
[Nis(saltagB")(bpy)s(H,0)3]*, which shows an easy-axis an-
isotropy due to (i) a weaker additional nitrogen donor of the
bpy co-ligand (donor charge: —0.376, see Figure S22, Support-
ing Information) in the plane defined by the triaminoguanidine
ligand, and (ii) considerably shorter axial bonds (Ni-N:
209.4 pm; Ni-O1W: 208.3 pm).!!o!

Five different model structures had to be considered for NiS5,
all of which lead to a similar splitting of the 3A2g[3F] ground
multiplet in the range of 11.6 to 19.8 cm™! for the five different
ions (see Figure S9, Supporting Information). The energetic
splitting of the A,,[*F] ground multiplet can also be expressed
in terms of the axial and rhombic ZFS parameters D and E,
respectively (see Table S10, Supporting Information). In this
regard, a clear distinction can be drawn between the central
nickel(II) ion Ni0 and the terminal ones (NilA, Ni2A, Ni3B,
and Ni4B) based on the obtained E/D ratios (Ni0: 0.08, NilA:
0.30, Ni2A: 0.27, Ni3B: 0.33, Ni4B: 0.31), which originates
from the different coordination environment, namely the pres-
ence of a tptz co-ligand in case of the terminal ions. As a
consequence, only the central ion Ni0 exhibits a distinct easy-
axis anisotropy (D < 0, E = 0), whereas the four terminal ions
show a large rhombic distortion being close to the maximum
ratio of E/D = 1/3. This strong rhombic distortion, however,
leads to a situation, in which the magnetic anisotropy cannot
solely be interpreted by the sign of the axial ZFS parameter D
to be either easy-axis (D < 0) or easy-plane (D > 0) type. In
fact, three of the terminal nickel(Il) ions in Ni5 show a nega-
tive D (NilA: —13.9, Ni2A: —13.5, Ni3B: —14.9 cm™!), whereas
one center is found to exhibit a positive D (Ni4B: 14.4 cm™).

However, the absolute values IDI and |El are very similar
(IDI: 13.5-14.9 cm™; |El 3.6-4.9 cm™!), which is based on the
structural similarity of their coordination environments (see

Figure 6. Anisotropy axes (teal dashed lines: easy-plane; orange
dashed line: hard-axis) obtained from single-ion ab initio calculations
for the A,,[*F] ground state projected on the cationic complex mol-
ecule of Ni3. Hydrogen atoms are omitted for clarity.

Tables S2 and S3, Supporting Information). In the fit of the
experimental data of NiS, an average axial ZFS parameter D of
16.6 cm™! was determined. This D value describes the average
energetic splitting of the 3A,,[*F] ground multiplet for all five
nickel(Il) ions. Interestingly, by calculating an average
?As,[’F] ground state splitting based on the theoretical values
given in Table S9 (Supporting Information), a very similar
value of 17.1 cm™ can be obtained. The orientation of the an-
isotropy axes for all five nickel(Il) centers is visualized in Fig-
ure S23 (Supporting Information). This again can be associated
with the donor atom charges of the ligands and the relevant
bond lengths. For example, in the case of the nickel(II) centers
NilA, Ni2A, and Ni3B the orientation of the easy axis is deter-
mined by the Ni-N bond of the triazine nitrogen donor (N1,
i=1,2,3), which are the overall shortest bonds for these centers
(Table S3). In addition, the single-ion magnetic anisotropy of
the five nickel(Il) ions in Ni5 can be described by the Car-
tesian components of the g tensor (see Table S11 and Figure
S24, Supporting Information). This also reflects the large
rhombic anisotropy for NilA, Ni2A, Ni3B, and Ni4B (g, # gy
# g,) as well as the smaller one for Ni0 (g, = g, < g,).

Conclusions

Based on the variation in synthesis it was possible to gener-
ate two new nickel(Il) complexes of different nuclearity (Ni3
and Ni5) with a tritopic triaminoguanidine derivative as bridg-
ing ligand utilizing 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz) as
additional symmetric co-ligand. The symmetric tridentate
binding pocket of the tptz co-ligand together with its planar
rigidity leads to a pronounced distortion of the pseudo-octahe-
dral coordination geometry at the individual nickel(IT) centers
of the trinuclear and pentanuclear complexes Ni3 and Ni5,
respectively. Compared to similar complexes with 2,2"-bipyr-
idine (bpy) as co-ligand,''! this results in distinct differences
of their magnetic properties which is mainly due to changes in
their magnetic anisotropy. In fact, the exchange coupling con-
stant of Ni3 is only slightly affected with respect to its bpy
analogs due the exchange pathway via the N-N diazine bridges
of the triaminoguanidine core which is unaltered and known
to be insensitive to variation of its substitution pattern. From
the experimental susceptibility and magnetization data it is ob-
vious that an axial ZFS parameter is essential to simulate the
magnetic properties, however, with a significantly larger an-
isotropy observed in the case of the trinuclear (Ni3 D =
20.4 cm™') compared to the pentanuclear complex (Ni5: D =
16.6 cm™). For Ni5, the ZFS paired with the spin topology
given by the “butterfly” motif generated by the two corner-
shared triangular units leads to a challenging and fascinating
magnetochemistry, since this combination can result in dif-
ferent spin ground states, depending on the actual magnetic
exchange between and anisotropy of individual nickel(II) ions.
With the help of BS-DFT and ab initio multi-reference
CASSCEF calculations it was possible to assist the evaluation
and assignment of individual magnetic exchange and ZFS pa-
rameters, respectively. This has led to the observation of struc-
tural correlations with respect to some salient features associ-
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ated with the triaminoguanidine bridging core and the co-li-
gand present. It was found that the sensitive balance between
donor strength of the additional donor atom of the co-ligand
in the plane defined by the tridentate binding pocket of the
triaminoguanidine ligand together with the overall bond length
determines the actual character of the magnetic anisotropy at
the nickel(IT) ions, i.e., easy-axis or easy-plane type. In the
case of the magnetic exchange interactions between the
nickel(II) centers a twofold dependence on structural features
was observed, which is associated with the dihedral angel of
the relevant N-N diazine bridge of the triaminoguanidine core
and the coplanarity between the relevant m-planes (triaminogu-
anidine core and phenolate moiety). Besides the tuning of mag-
netic properties by co-ligand exchange as presented in this
work, the design and characterization of corresponding hetero-
metallic complexes is of great interest for future investigations.

Experimental Section

Materials and Physical Measurements: 1,2,3-Tris[(5-bromosalicyl-
idene)amino]guanidine (Hssaltag®") was prepared and subsequently
isolated as monohydrochloride salt HssaltagBHCI according to litera-
ture. 100161 Al other chemicals and solvents are commercially avail-
able and were used as received without further purification. IR spectra
of the pure samples were measured on a Bruker IFS55/Equinox spec-
trometer with a Specac Golden Gate ATR unit. For the measurements
of the elemental analyses (C, H, N) a Leco CHNS-932 elemental ana-
lyzer was used.

Synthesis of [Nis(saltag®")(tptz);INO34H,0-6.7SCH;0H (Ni3): To
a methanol solution (15 mL) of HssaltagB~HCI (62 mg, 0.089 mmol)
was added a mixture of an aqueous solution of Ni(NO5),°6H,0 (73 mg,
0.25 mmol) and a methanol solution (5 mL) of 2.4,6-tris(2-pyridyl)-
1,3,5-triazine (78 mg, 0.25 mmol), followed by addition of tetra-n-but-
ylammonium hydroxide (0.30 mL, 40% aqueous solution). The re-
sulting solution was stirred for around 5 min, while a precipitate was
formed, which was redissolved by the addition of dmf (5 mL) and the
reaction was continued for another 15 min. The resulting solution was
filtered and allowed to stand at room temperature. Crystals suitable for
X-ray measurement grew within 2 d. Yield: 58 mg (55 %). IR (ATR):
vV = 3420 (br., solvent), 1653 (s, —-CH=N), 1468, 1441 (triazine
—CH=N), 1384 (s, NOs) cm™'. [Nis(saltagb")(tptz);]NO5-4H,0-
6.75CH;0H (Cg,Hg75N»s 50y575BrsNis, M = 2077.9 g'mol™'): calcd:
C: 47.40, H: 3.27, N: 17.19 %; found: C: 47.41, H: 3.46, N: 17.53 %.

Synthesis of [Nis(saltagP),(tptz),]-7H,0-3CH;0H (Ni5): To a di-
methylformamide (dmf) solution (15 mL) of HssaltagB“HCl (62 mg,
0.089 mmol) was added an aqueous (1.5mL) solution of
Ni(NO3),6H,0 (73 mg, 0.25 mmol), followed by addition of triethyl-
amine (102 mg) dissolved in methanol (3 mL) and the resulting solu-
tion was stirred for 15 min, while a precipitate was formed. A meth-
anol (5mL) solution of 2.4,6-tris(2-pyridyl)-1,3,5-triazine (78 mg,
0.25 mmol) was added stepwise. This caused the dissolution of the
mixture and the reaction was continued for 15 min at room tempera-
ture. The resulting solution was filtered and allowed to stand at room
temperature in a sealed flask. Crystals suitable for X-ray measurement
grew after 2 d. Yield: 88 mg (0.04 mmol, 52 %). IR (ATR): v = 3434
(br., solvent), 1666 (s, —CH=N), 1468, 1433 (triazine —CH=N)
cm!. [Nis(saltagB"),(tptz),]-7H,0-3CH;0H  (C;,9HogN3¢BrsO,¢Nis,
M =3061.2 grmol™"): caled: C: 46.69, H: 3.23, N: 16.47 %; found: C:
46.53, H: 3.09, N: 16.60 %.

X-ray Crystallography: Crystals of the complex Ni3 and Ni5 suitable
for X-ray crystallography were obtained directly from the mother
liquor. The intensity data were collected at 183 K on a Nonius Kappa
CCD diffractometer, using graphite-monochromated Mo-K,, radiation.
Data were corrected for Lorentz and polarization effects; absorption
was taken into account on a semi-empirical basis using multiple-
scans.>*! The structures were solved by direct methods (SHELXS!?)
and refined by full-matrix least-squares techniques against Fo?
(SHELXL-2018!231). All hydrogen atoms were included at calculated
positions with fixed thermal parameters. The crystals of Ni3 and Ni5
contain large voids, filled with disordered solvent molecules. The sizes
of the voids are 6215 and 1918 A% per unit cell, respectively. Their
contribution to the structure factors was secured by back-Fourier trans-
formation using the SQUEEZE routine of the program PLATON!'8!
resulting in 1934 and 609 electrons per unit cell, respectively. All non-
hydrogen atoms were anisotropically refined.>!

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited (cf. Tables S12 and S13, Supporting
Information) with the Cambridge Crystallographic Data Centre,
CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of
the data can be obtained free of charge on quoting the depository num-
bers CCDC-2001568 for Ni3 and CCDC-1969490 for Ni5
(Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http:/
www.ccde.cam.ac.uk)

Magnetic Measurements: Magnetic susceptibility data for Ni3 and
NiS were obtained from powdered samples in gelatin capsules in the
temperature range from 2 to 300 K under a dc magnetic field of
2000 Oe using a Quantum-Design MPMS-5 SQUID magnetometer
equipped with a 5 T magnet. The measured data were corrected for
diamagnetism of the capsule and the intrinsic diamagnetism of the
sample, estimated by measurements on a similar ligand system. The
molar magnetic susceptibility data of the complexes is based on the
molecular weights calculated from the elemental analyses data. Mag-
netization measurements were performed in the temperature range of
2-5 K in steps of 0.5 K and at magnetic fields from O to 5 T. Fitting
of the dc SQUID data was performed using the PHI program!'°! in
version 3.1.5 and the spin Hamiltonians as given in the Equations (1)
and (2) for Ni3 and NiS5, respectively.

Computational Details: Structural models for the computational stud-
ies are based on the atomic positions of the single-crystal data of Ni3
and Ni5. The position of the hydrogen atoms in these models were
optimized at RI-DFT-D3[2°//BP86!27)/def2-S VP28l level of theory with
the program package Turbomole!®! in version 7.2. Within these opti-
mizations all the nickel(II) ions have been replaced by diamagnetic
zinc(II) ions to lower the computational effort. Broken-symmetry den-
sity functional theory (BS-DFT) calculations were performed utilizing
the triple-{ def2-TZVPP basis sets in combination with the B3-LYP
hybrid functional.

For the evaluation of the magnetic coupling constants it was assumed
that the energy of the BS state without a spin-projection represents the
correct low-spin energy.[*"! In the case of Ni3, BS-DFT were based on
two structural models (see Figure S9, Supporting Information):
(i) a cationic trinuclear nickel(Il) complex [Nis(saltagB")(tptz);]* de-
noted as Niz (AE = Egs — Eys = 6J), and (ii) a cationic complex
[Ni,Zn(saltagB")(tptz);]* denoted as Ni,Zn, in which one nickel(Il)
center was replaced by diamagnetic zinc(Il) ion (AE = Egg — Eyg =
3J). For the pentanuclear nickel(II) complex NiS5, six model structures
of the composition [Ni,Zns(saltag®),(tptz),] were used (see Figure
S12, Supporting Information), namely Ni0-NilA, Ni0-Ni2A,
Ni0-Ni3B, Ni0-Ni4B, NilA-Ni2A, and Ni3B-Ni4B, for which the
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nickel(II) ions not of interest were replaced by diamagnetic zinc(II)
ions (AE = EBS - EHS = 3.])

Single-ion CASSCF/RASSI-SO ab initio calculations for model struc-
tures of all crystallographically independent nickel(I) ions in Ni3 and
Ni5S were performed with the OpenMOLCAS package of programs in
version 18.09.53" For all model structures all nickel(II) ions, except
the one of interest, were replaced by diamagnetic zinc(II) ions to keep
the computational effort feasible. To further reduce the computational
cost all tptz co-ligands not attached to the relevant nickel(II) centers
were replaced by ammonia (NH3) ligands. For the cationic trinuclear
nickel(II) complex for Ni3 this leads to the model structure depicted
in Figure S19 (Supporting Information) (denoted as Ni), whereas the
five model structures obtained for Ni5 are depicted in Figure S20 (Sup-
porting Information) (denoted as Ni0, NilA, Ni2A, Ni3B, Ni4B).
State-averaged CASSCF calculations with 8 electrons in 10 orbitals
(3d and 4d shell) were performed for 10 high-spin (S = 1) and 15 low-
spin (S = 0) states for all model structures. A scalar-relativistic
Douglas—Kroll-Hess Hamiltonian of the second order in combination
with ANO-RCC basis sets for all atoms was employed to adequately
take relativistic effects into account (see Table S14, Supporting
Information, for basis set details).l*?! Subsequently, spin—orbit cou-
pling interactions, which allow a mixing of states of different multi-
plicities, were included by the RASSI-SO program. The
SINGLE_ANISO module was used to obtain magnetic properties such
as g factors and zero-field splitting (ZFS) parameters for the nickel(I)
centers.

Supporting Information (see footnote on the first page of this article):
Structural details including bond lengths and representations of coordi-
nation polyhedra, details on the magnetic characterization, DFT ligand
studies, BS-DFT computational models and results, ab initio computa-
tional models and results.
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