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Abstract. The trinuclear nickel(IT) complex [Nis(saltag®")(bpy)3(H,0)3]Cl
(Hssaltag™®" = 1,2,3-tris[(5-tert-butylsalicylidene)amino]guanidine) was
synthesized and characterized by experimental as well as theoretical meth-
ods. The complex salt crystallizes with three molecules of dimethylform-
amide (dmf) and water as [Nis(saltag’®")(bpy);(H,0)5]Cl:3dmf-3H,0 (1)
in the trigonal space group P3, with the complex located on a threefold
rotation axis, which is consistent with the molecular C3 symmetry of the
complex cation. Magnetic measurements reveal an antiferromagnetic cou-
pling (J=-35.9 cm™!) between the nickel(II) ions leading to a diamagnetic
ground state for the trinuclear complex cation. Theoretical investigations

2

~

based on broken-symmetry DFT confirm the antiferromagnetic exchange
within the complex cation of 1. Additional single-ion CASSCF ab initio
studies reveal that magnetic anisotropy is present in the system. The exper-
imental and theoretical results for 1 are compared with those of a structur-
ally similar nickel(II) complex that is based on the bromo-substituted de-
rivative of the triaminoguanidine ligand. The differences in their magnetic
properties can be attributed to the stronger elongation of the pseudo-octa-
hedral coordination sphere at the nickel(II) centers in case of 1. The analy-
sis of the magnetic properties of 1 clearly shows that for such exchange
coupled systems reliable parameters for the magnetic anisotropy cannot be
extracted from experimental data alone. /

Introduction

Polynuclear transition-metal complexes continue to receive
considerable attention because of their relevance to magnetically
coupled active sites in metalloproteins and their potential appli-
cations as magnetic materials.['! Polytopic ligands are part of the
basic concept in supramolecular chemistry and crystal engineer-
ing.”?! In this context, threefold symmetric organic ligands con-
stitute an interesting subgroup, due to their chemical versatility
and the structural diversity of the resulting systems."?! Symmetry
is of particular interest to molecular magnetism, as the overlap of
orbitals and thus the exchange interactions between the magnetic
centers is crucially depended on symmetry.!*! Also in this case
threefold symmetric systems are associated with favorable prop-
erties relevant to phenomena such as single-molecule magnets
(SMMs)P! and spin frustration.[®! The latter has been used to
generate molecular electronic spin qubits based on trinuclear
copper complexes.!”! Such triangular antiferromagnetic molecu-
lar systems are of particular interest due to possible spin-electric
coupling effects, proposed as a promising mechanism for the
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control of molecular quantum systems,®! for which recently ex-
perimental prove has been reported.!”!

However, tritopic ligands that induce strict C3 symmetry in
the resulting complex molecules are still rather scarce and to the
best of our knowledge limited to ligands constituted from back-
bones based on triaminoguanidine!”-'! and phloroglucinol.l'!!
Interestingly, the triaminoguanidine core unit generally leads to
antiferromagnetic exchange, whereas for copper(Il) complexes
with phloroglucinol-based ligands ferromagnetic exchange in-
teractions via a spin-polarization mechanism are observed. Nev-
ertheless, the meta-phenylene bridge in transition-metal com-
plexes is not a general recipe for the construction of high-spin
molecules, since in such systems opposing spin-delocalization
and spin-polarization effects are operative.['?! On the other hand,
the interplay of exchange coupling and magnetic anisotropy is of
current interest for such triangular systems.!3!

In this work, we present the synthesis and characterization of
the trinuclear nickel(I) complex based on the tritopic Schiff-
base ligand 1,2,3-tris[(5-tert-butylsalicylidene)amino]guanid-
ine (Hssaltag™®") depicted in Scheme 1. Its magnetic properties
will be presented and analyzed on the basis of experimental re-
sults and theoretical methods, as the latter can provide a substan-
tial benefit for understanding the magnetochemistry of complex
magnetic systems.['*! A particular emphasis will be placed on
the comparison with an earlier reported complex, !5 containing
aligand with electronically different substituents at the triamino-
guanidine backbone.

Results and Discussion

Preparation

The tritopic ligand Hssaltag®" (see Scheme 1) was synthe-
sized via Schiff-base condensation of triaminoguanidine hy-
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Hssaltag®!

Scheme 1. Tritopic Schiff-base ligand 1,2,3-tris[(5-tert-butylsalicylid-
ene)amino]guanidine (Hssaltag™®").

drochloride with 5-fert-butylsalicylaldehyde and subsequently
isolated as monohydrochloride salt Hssaltag®%-HCI (for details
see Experimental Section). The reaction of nickel(II) chloride
hexahydrate with the hydrochloride salt of the ligand Hssal-
tag" in dimethylformamide (dmf) solution in the presence of
2,2’-bipyridine (bpy) as co-ligand and trimethylamine as base
leads to the formation of the trinuclear nickel(II) complex that
could be isolated as dark brown crystalline material. Charac-
terization by elemental analysis, ESI mass spectrometry, IR
spectroscopy, and X-ray crystallography revealed the presence
of additional solvent molecules leading to the formula [Ni;(sal-
tag®")(bpy)s(H,0);]Cl-:3dmf-3H,0 (1).

The IR spectrum of the uncoordinated ligand shows a strong
characteristic band at 1641 cm™', which can be attributed to
v(C=N) and v(C=C) stretching vibrations of the conjugated
system. Due to coordination of the nickel(II) cations in 1, this
band is shifted to 1598 cm™'. Furthermore, the IR spectrum of
1 exhibits a broad band at 3249 cm™, indicating the presence
of OH groups, and an additional sharp band at 1654 cm™, in-
dicative for the presence of dmf molecules.

Structure Description

The trinuclear complex [Nis(saltag’®¥)(bpy);(H,0)5]Cl crys-
tallizes in the trigonal space group P3 (see Experimental Sec-
tion for crystallographic details). The unit cell contains two
symmetry-equivalent trinuclear nickel(II) complex cations,
which are related by a center of inversion. In addition, three
dmf as well as three water molecules co-crystallize together
with each complex cation, resulting in the formation of a
hydrogen network (see Figure S1, Supporting Information) in-
cluding the chloride counterion, which is located on a special
position (Wyckoff position 2d)!'®! about 350 pm above the
central carbon atom of the triaminoguanidine ligand. This net-
work contains the threefold intramolecular CI-+HO hydrogen
bonding between the chloride counterion and the apical water
molecules at the central nickel(Il) atoms (O1W--ClIl
315.5 pm), which is comparable in length to relevant cases
with hydrogen bonds including nickel-bound chloride li-
gands.''”! The coordinated water molecules gives rise to ad-
ditional hydrogen bonds to the oxygen atom of the neighboring

co-crystallized dmf molecule (O1W-O1DA 275.6 pm). The
hydrogen bonding network is completed by hydrogen bonds of
the co-crystallized water molecule, which are connected to the
nearby dmf molecule and the phenolate oxygen donor of the
triaminoguanidine ligand (OW2-+-O1DA 306.4 pm, OW2--0O1
280.8 pm). The different types of hydrogen bonds in the crystal
structure of 1 are visualized in Figure S2 (Supporting Infor-
mation).

The molecular structure of the complex cation [Nis(sal-
tag®")(bpy)s(H,0)5]* is depicted in Figure 1 together with the
atom labeling of the first coordination sphere. The central car-
bon atom of the triaminoguanidine ligand is located on a spe-
cial position (2d) leading to a molecular C; symmetry, with
the three nickel(I) ions (Nil) being crystallographically equiv-
alent. The nickel(IT) ion exhibits a pseudo-octahedral [N,O,]
coordination sphere, given by one of the tridentate pockets of
the fully deprotonated tritopic Schiff-base ligand (Hssaltag™®"),
a 2,2'-bipyridine (bpy) co-ligand, and an additional water mol-
ecule. The latter being coordinated in one of the apical posi-
tions with respect to the tritopic Schiff-base ligand, whereas
the bpy co-ligand provides an additional N donor atom (N3)
in the equatorial plane formed together with the [N,O] donor
set of the tritopic Schiff-base ligand (N1A, N2, and O1). The
second N donor atom of the bpy co-ligand (N4) coordinates at
the other apical position trans to the water ligand (O1W) at
the Nil center.

Figure 1. Molecular structure of the complex cation [Nis(saltag™")
(bpy)3(H,0)5]* together with the atom labeling of the first coordination
sphere. Thermal ellipsoids are drawn at 50% probability level.
Hydrogen atoms are omitted for clarity. Suffix A denotes symmetry
equivalent atoms.

Continuous shape measures clearly show a deviation from
an octahedral coordination sphere [S(O;) = 1.557; S(O;) = 0
refers to an ideal octahedron].l'8! This is due, on the one hand,
to a significant deviation of the bite angles related to the che-
lates given by the bpy co-ligand (N3-Ni-N4: 78.0°) and, on
the other hand, on the triaminoguanidine ligand (N1A-Ni-N2:
77.9°, O1-Ni—-N2: 90.7°). The distorted octahedral coordina-
tion polyhedra for the complex cation of 1 are visualized in
Figure S3 (Supporting Information). Selected bond lengths and
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angles for the first coordination sphere of the nickel(I) ion
(Nil) are listed in Table 1. In fact, a rather large range from
201.4 pm (Nil-N2) to 214.6 pm (Nil-O1W) is observed for
the bond lengths at the Nil center, which again confirms the
deviation from an ideal octahedral coordination sphere. Inter-
estingly, a significant smaller variation of bond lengths, in the
range from 201.9 pm (Nil-N2) to 209.7 pm (Nil-N3) is ob-
served for the structurally related nickel(IT) complex [Nis(sal-
tagB")(bpy);(H,0);]NO5:9H,0-1.5dmf (2) based on the bromo
derivative of the triaminoguanidine ligand [HssaltagB" = 1,2,3-
tris[(5-bromosalicylidene)amino]guanidine].">! Compound 2
crystallizes in the hexagonal space group P6;/m and likewise
shows a molecular C3 symmetry and extensive hydrogen bond-
ing. Selected bond length and angles for the first coordination
sphere of the nickel(Il) center of 2 corresponding to those of
1 are included in Table 1.

Table 1. Selected bond lengths /pm) and angles /° for 1 (suffix A repre-
sents symmetry equivalent atoms created by the symmetry operation —
y+1, x—y, z) together with corresponding bond parameters for 2.1%!

1 2

Nil-O1 202.9(2) 203.7(3)
Nil-O1W 214.6(2) 208.3(3)
Nil-N1A 206.7(2) 208.4(3)
Nil-N2 201.4(2) 201.9(3)
Nil-N3 208.4(2) 209.7(3)
Nil-N4 210.2(2) 209.4(4)
OI-Nil-NI1A 166.3(1) 167.13(13)
OIW-Nil-N4 167.3(1) 168.71(13)
N2-Nil-N3 171.1(1) 173.62(13)

From these data it becomes apparent that the bonds within
the [N3O] equatorial coordination plane at the nickel(Il) center
(N1A, N2, N3, and O1) are generally somewhat shorter in the
case of 1 compared to complex 2 with the bromo substituent,
whereas the two axial bonds are elongated. Nevertheless, the
electronic effect of a para substituent on a metal-phenolate
bond length is typically rather small!’®! and the observed Nil—
O1 bond is within the usual range.?”! However, it is interesting
to note that the Nil-N2 bond for both compounds is at the
lower end of the usual range!! and even slightly shorter than
the corresponding Nil-O1 bond. Consequently, rather than be-
ing attributed to the electronic effects, the geometric distortion
and differences between the two compounds are most likely
due to differences in the crystal packing related to the steric
bulk of the fert-butyl group and the altered nature of the coun-
terion (chloride and nitrate), both giving rise to variations in
the hydrogen bonding network.

The most significant difference in the first coordination
sphere of the two nickel(II) ions when the compounds 1 and 2
are compared is found in the bond lengths of the apical water
ligand (1: 214.6 pm; 2: 208.3 pm). This is accommodated by
an overall axial elongation, which is somewhat compensated
by more contracted bond lengths in the equatorial plane (Nil—
Ol, Nil-N1A, Nil-N2, and Nil-N3). Consequently, the nick-
el(Il) center in compound 1 shows significantly larger distor-
tion from an ideal octahedral coordination arrangement [S(O;,)
= 1.557] than observed for the substituted derivative 2 [S(O},)
= 1.261].

Magnetic Measurements

The magnetochemistry of complex 1 was studied by dc
magnetic susceptibility measurements in the temperature range
between 2 and 300 K at a constant magnetic field of Hy. =
2000 Oe. The temperature dependence of the derived y\T data
for complex 1 is presented in Figure 2. A room temperature
value of about 2.84 cm*K-mol™! is observed for yy7, which is
close to the spin-only value expected for three independent
nickel(II) ions (3.0 cmK-mol~!, for g = 2). Upon lowering the
temperature, the y\7 value decreases to nearly zero at very
low temperatures indicative for a diamagnetic ground state (S
= 0) for the trinuclear complex. This is consistent with the
typically observed antiferromagnetic exchange interaction be-
tween paramagnetic centers mediated by N-N diazine bridges
provided by the triaminoguanidine backbone of the ligand sys-
tem.!7-13-15] In fact, antiferromagnetically exchange coupled tri-
nuclear systems with equilateral triangular spin topology and
individual centers of even spin such as nickel(Il) ions (S =
DI15221 are well-known to possess a diamagnetic ground
state.[?3!
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Figure 2. Temperature dependence of y\7 for 1 depicted as black dots
(@). The solid red line represents the best fit (see text).

The susceptibility data of 1 was fitted with the spin topology
of an equilateral triangular arrangement (Figure S4, Supporting
Information) based on the spin Hamiltonian given in equation
(1) using the software package PHIL."**! Since the low tempera-
ture y\7T value at 2 K still does not reach full zero (residual
contribution of 0.01 cm3K-mol™!), a correction for mononu-
clear impurities was included in the fit. Nevertheless, this para-
magnetic impurity was found to be very small (p = 1.22%).
Furthermore, a correction term for temperature independent
contributions y;. was included (xgc = 8.197 X 10~* cm3mol ')
[Equation (1)]:

H= *J’(gmgz+§1§3+§2§3)+9H3ﬁ2?=1§1 )

The best fit obtained for the magnetic susceptibility data de-
picted in Figure 2 (red solid line) results to an antiferromagnetic
exchange J = -35.9 cm™! and confirms the diamagnetic ground
state of 1. The antiferromagnetic exchange in 1 is somewhat
stronger than it was observed for 2 (J = =31.0 cm™!),[!3! which
can be related to the shorter Ni-N bond lengths of the N-N
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diazine moiety found in the complex cation of 1. The obtained
isotropic g value of 2.096 for 1 indicates a slight contribution
from a second-order spin-orbit coupling leading to so-called
magnetic anisotropy, since for the *A,,[*F] electronic ground
state of a single nickel(Il) ion the orbital momentum should be
quenched (L = 0).

Magnetic anisotropy observed for nickel(Il) ions can be in-
cluded in the Hamiltonian, e.g., by an additional zero-field
splitting (ZFS) term. A subsequent fit of the susceptibility data
of 1 including a ZFS term for each of the nickel(Il) centers led
to an axial ZFS parameter of D = 0 (S = 1). At this point,
we have simulated the temperature dependence of y\T for 1
using the previously obtained best-fit parameters, but with in-
clusion of additional ZFS for each nickel(Il) center. Figure 3
shows the simulated y\T curves for three different cases of
the ZFS parameter D = 0, =15 cm™! in the temperature range
2-40 K (see Figure S5, Supporting Information, for the full
temperature range 2-300 K). Interestingly, the effect of an ad-
ditional ZFS term on the temperature dependence of y\7T is
rather small (Figure 3) and, as expected, not sensitive in
sign.[?3! In fact, this shows a significant correlation between
the ZFS parameter D and the exchange coupling constant J, so
that both can compensate each other without any significant
influence on the fit of the y\7 data. Moreover, the diamagnetic
ground state of complex 1 (S = 0) is not affected by single-
ion magnetic anisotropy. As a matter of fact, for this class of
antiferromagnetically exchange coupled systems a ZFS term
cannot be obtained by fitting the susceptibility data.

1.0
®  experiment (Hy, = 2000 Oe)
- —-D=+ -1

0.8 - D 15cm
T ——— fit (no ZFS)
S ] e
E 06
X
L]
S
L 04 -
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0.0 - \ T \ y T

0 10 20 30 40
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Figure 3. Temperature dependence of yy7 for 1: experimental data
(@) and fit without ZFS (D = 0; solid red line) The blue lines represent
simulations utilizing the best-fit parameters (see text) together with an
arbitrary ZFS of either easy-axis (D < 0; blue dotted line) or easy-
plane type of magnetic anisotropy (D > 0; blue dashed line).

Computational Studies

For the complex cations of compounds 1 and 2 computa-
tional studies have been performed to gain further insight into
their magnetic properties with a particular emphasis on the in-
fluence of geometric distortion on properties such as magnetic
exchange and anisotropy. Of additional interest are possible
electronic effects introduced through the para substituents

(tert-butyl or bromo) at the salicylidene moiety of the triamin-
oguanidine ligand. In this context, we also investigated the
electronic properties of the two fully deprotonated anions of
the tritopic ligand systems Hssaltag®" and Hssaltag™®", which
might influence their coordination properties with respect to
the nickel(II) ions. The corresponding structures have been op-
timized at the DFT level of theory retaining the Cs;, symmetry
of the ligand system (see Figure S6, Supporting Information).
A comparison of the charges of the donor atoms derived from
natural population analysis!?*! (NPA) shows that the influence
of the para substituent is nearly negligible, with the largest
difference between corresponding charges of the donor atoms
of both ligands being 0.005. This, like the observed behavior
of the bond lengths (vide supra), suggests that only minor con-
tributions from electronic ligands effects influence the differ-
ences of the magnetic properties of compounds 1 and 2.

Magnetic Exchange Interactions

The magnetic exchange interactions present in the complex
cations of compounds 1 and 2 were studied by broken-sym-
metry DFT (BS-DFT) calculations utilizing the B3-LYP hybrid
functional, which was previously found to give reasonable re-
sults for magnetic exchange coupling constants in 3d transition
metal complexes?® and in particular for cases of triangular
systems.[713271 For these calculations, two different ap-
proaches have been used: (i) Evaluation of the exchange cou-
pling constant from a dinuclear model structure generated by
diamagnetic substitution of one paramagnetic nickel(Il) center
with a zink(II) ion, namely [Ni,Zn(saltag’®")(bpy);(H,O)3]",
further denoted as 1-Ni,Zn. (ii) Mapping the energy differ-
ence between the high-spin (HS) and broken-symmetry (BS)
state onto the pairwise interactions of the paramagnetic
nickel(Il) centers utilizing the full structure [Nis(saltag®")
(bpy)3(H,0)5]*, further referred to as 1-Ni; (see Figure S7,
Supporting Information). For both model structures, the coor-
dinates of all non-hydrogen atoms were taken from the crystal
structure of 1, whereas the positions of the hydrogen atoms
were energy optimized. Assuming that the non-spin-projected
energies derived for the corresponding HS and BS states can
be used for the evaluation of the exchange coupling constant
in both approaches (cf. Table S1, Supporting Information),!?®!
(i) 1-Ni,Zn leads to J = =329 cm™ (AE = Egg — Eys = 3J)
and (ii) 1-Niz leads to J = -35.1 cm™" (AE = Egg — Eys = 6J).
Both values are in good agreement with the exchange coupling
constant J = —35.9 cm™! derived from the experimental data.

The corresponding spin-density plots for the HS and BS
states show only a slight delocalization of the spin density onto
the bridging ligand backbone (see Figures S8 and S9, Support-
ing Information). In case of the all-nickel structural model 1-
Ni; NPA for the HS state reveals a slightly higher spin polar-
ization at donor atom N2 (0.067) as compared to the phenolate
donor atom O1 (0.060) which is in agreement with the shorter
Ni—N2 bond length as compared to the Ni-O1 bond. Moreover,
it is evident that the magnetic exchange is primarily mediated
by the N-N diazine bridges of the triaminoguanidine moiety,
since only a rather small spin density is found at the central
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carbon atom C1, which is located at the C; rotational axis [1-
Ni;: —0.008 (HS); —0.018 (BS)].

Analogous BS-DFT calculations were performed for model
structures of compound 2, i.e., [Nis(saltag®")(bpy);(H,O)5]*
(2-Niz) and [Ni,Zn(saltagB")(bpy)s;(H,0)3]* (2-Ni,Zn) (see
Figure S10, Supporting Information). In case of 2, a slightly
weaker antiferromagnetic exchange is obtained (2-Nis:
—-32.2 cm™'; 2-Ni,Zn: —30.7 cm™!; see also Table S2, Support-
ing Information), which is in excellent agreement with the re-
ported experimental value for the exchange coupling constant
J = -31.0cm™".I'3! In fact, this also reproduces the trend ob-
served for the experimental J values, which indicates a slight
decrease in the coupling strength when the fert-butyl derivative
1 is compared with the bromo derivative 2. Spin density plots
obtained for the structural models 2-Niz and 2-Ni,Zn show a
high similarity in terms of delocalization of the spin density
with those observed for the corresponding models of 1 (see
Figures S11 and S12, Supporting Information).

Single-lon Magnetic Anisotropy

High-level single-ion ab initio multi-reference calculations
have been performed to gain insight into the single-ion mag-
netic anisotropy of the nickel(II) centers of the complex cat-
ions of compounds 1 and 2, which have not been possible on
the basis of the experimental magnetic susceptibility data (see
also Computational Details). In order to keep the computa-
tional effort feasible in these theoretical studies, simplified
structural models were used in which two of the paramagnetic
nickel(Il) centers are replaced by diamagnetic zink(Il) ions,
further referred to as 1-Nil and 2-Nil for 1 and 2, respectively
(see Figure S13, Supporting Information). The relative
CASSCF energies reveal a high-spin *A,,[*F] ground state for
the nickel(IT) centers in 1 and 2 (see Table S3, Supporting
Information), as excepted for nickel(I) ions in a (pseudo-)oc-
tahedral coordination arrangement. It should be noted, how-
ever, that this high-spin state (S = 1) for a single nickel(II) ion
does not represent the diamagnetic molecular ground state (S
= 0), since the single-ion ab initio calculations neglect the
magnetic exchange between the paramagnetic centers. Never-
theless, the single-ion data provides valuable information
about the single-ion magnetic anisotropy, which can serve as
a basis for the simulation of the trinuclear molecular system
(vide infra). The calculations for the single ions further show
that the lowest singlet state, which is the anticipated ground
state multiplet for nickel(II) ions in a square-planar coordina-
tion environment, is well-separated from the ground state (1-
Nil: 17430 cm™'; 2-Nil: 17943 cm™!, cf. Table S3, Supporting
Information). The *A,,[*F] ground multiplet itself consists of
three low-lying spin-orbit coupled states [(2S + 1)X(2 L+ 1) =
3] that are non-degenerate, which is due to the fact that nicke-
I(IT) is a non-Kramers ion. The corresponding energies ob-
served for 1-Nil and 2-Nil (see Table S4, Supporting Infor-
mation) reveal a larger energy splitting range in case of 1-Nil
(1-Nil: 14.5 cm™'; 2-Nil: 10.8 cm™!), which is consistent with
its more pronounced axial elongation (vide supra).

The energetic splitting of the 3A,,[*F] ground multiplet in
1-Nil and 2-Nil can be described in terms of an effective ZFS

Hamiltonian (S.; = 1). A negative axial ZFS parameter D is
obtained in both cases (1-Nil: —11.5 cm™!, 2-Nil: -9.0 cm™),
indicating an easy-axis type of magnetic anisotropy (D < 0).
In addition, a strong rhombic distortion of the magnetic anisot-
ropy is evident from a non-zero rhombic ZFS parameter E (1-
Nil: -3.0 cm™!, 2-Nil: —1.8 cm™), leading to a significant |E/
DI ratio (1-Nil: 0.26; 2-Nil: 0.20) for the nickel(II) centers of
both compounds. These values are well within the range typi-
cal observed for octahedral nickel(Il) complexes.'*! Figure 4
shows the magnetic anisotropy axes obtained for a single-ion
of 1-Nil (for 2-Nil cf. Figure S14, Supporting Information).
The orientation of the single-ion easy axis is primarily deter-
mined by the binding vector of the shortest bond (Ni1-N2, cf.
Table 1) within the coordination polyhedron, with a tilting an-
gle of 11.3° and 13.0° for 1-Nil and 2-Nil, respectively. It
should be noted at this point that the presence of the short
Nil-N2 bond within the octahedral coordination sphere of the
nickel(Il) centers in 1 and 2 is directly related to the rather
weak axial coordination of a neutral water (Nil-O1W) and
bpy ligand (Ni1-N4). The latter leads to an axial elongation at
the nickel(II) centers, which is more pronounced in the case of
1 (vide supra).

e

otk

&
&

I
I
i A S
I
I

Figure 4. Anisotropy axes (teal dashed line: easy axis; orange dashed
lines: hard plane) obtained from single-ion ab initio multi-reference
calculations for the *A,[*F] ground state and projected on the cationic
complex molecule of 1. Hydrogen atoms are omitted for clarity.

The magnetic anisotropy for the individual nickel(IT) centers
in both compounds, i.e., 1-Nil and 2-Nil, can also be de-
scribed by the Cartesian components of the g factor of the
3As,[°F] ground multiplet (Table S5, Supporting Information),
which again show significant rhombic distortion (g, # g, #
g,). Their relative orientation within the molecular framework
is depicted in Figures S15 and S16 (Supporting Information).
From this data it is obvious that the easy axis of magnetization
g, coincides with the easy axis of the ZFS Hamiltonian. The
somewhat shorter Nil-N2 bond in 1 leads to a slightly larger
g, value in case of 1-Nil (1-Nil: 2.310; 2-Nil: 2.292). At the
same time, the elongation of the axial Nil-OIW bond in 1
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with respect to 2 results in a decrease of the corresponding g,
value for 1-Nil (1-Nil: 2.208; 2-Nil: 2.217). As a result, the
magnetic anisotropy in terms of Cartesian g factors expressed
by A = (g, — g,) is larger in 1-Nil (0.102) as compared to 2-
Nil (0.075).

Anisotropic Exchange-Coupled Trinuclear System

The magnetic behavior of the antiferromagnetically coupled
trinuclear nickel(Il) complex cation of 1 can be described on
the basis of the single-ion ab initio multi-reference calculations
presented above utilizing the POLY_ANISO program. Al-
though this allows to link theoretical and experimental mag-
netic data, from the side of theory the exchange coupling con-
stant is still a critical issue, since this parameter cannot be
determined on the basis of high-level ab initio methods. At
present, there are two ways to overcome this case, by either
using the values derived from BS-DFT calculations or by fit-
ting the exchange coupling constant based on the single-ion ab
initio results to the experimental susceptibility data (see Com-
putational Details).l!*d] The fitting approach leads to an ex-
change coupling constant of J = —43.1 cm™! for 1-Nil, which
is somewhat larger than the parameter derived from BS-DFT
calculations (1-Niz: —35.1 cm™!; 1-Ni,Zn: -32.9 cm™), but is
still in acceptably agreement with the experimental value of J
= -35.9 cm™!. The simulated magnetic susceptibility based on
the single-ion magnetic anisotropy data of the structural model
1-Nil is shown in Figure S17 (Supporting Information) for the
temperature range 2—100 K.

The energy spectrum of spin states for the trinuclear systems
with and without inclusion of magnetic anisotropy is depicted
in Figure 5 with a scaling based on the magnetic coupling con-
stant J. Here, the scale given for the isotropic Heisenberg sys-
tem corresponds to the Hamiltonian used to fit the experimen-
tal susceptibility data, while for 1 and 2 the magnetic anisot-
ropy data derived for the structural models 1-Nil and 2-Nil
were used for the simulations. For the case of an ideal isotropic
Heisenberg system, all microstates belonging to the same
(285 + 1)-fold spin multiplet are degenerate. Whereas addition-
ally taking into account the magnetic anisotropy leads to a
lifting of the degeneracy for the microstates. In fact, the ob-
served broadening of the spin multiplets in the case of 1 is
more pronounced than for complex 2, which is a result of the
higher magnetic anisotropy based on the geometrical distor-
tions observed in 1 (vide supra).

Conclusions

This work presents the synthesis and characterization of the
triangular nickel(Il) complex 1 derived from a fert-butyl-sub-
stituted tritopic triaminoguanidine ligand system. The trinu-
clear complex cation exhibits a crystallographically imposed
molecular C; symmetry with identical nickel(Il) ions, for
which the coordination is saturated by an additional 2,2'-bipyr-
idine and water co-ligand. The distorted octahedral coordina-
tion sphere of the nickel(Il) centers in 1 shows an axial elong-
ation along the axis given by the oxygen donor of the water

64 S=3 — = -
5 —
3J
4
3 §=2 —_— . =
] A
w 2 2J
14 s= . =
1 1J
0 - S$=0 — —
isotropic 1 2
Heisenberg

Figure 5. Energy spectrum of spin states for the isotropic Heisenberg
case of an antiferromagnetically coupled (J < 0) triangular nickel(II)
system (blue). The spectra given for 1 and 2 are obtained by simula-
tions with POLY_ANISO utilizing the magnetic anisotropy data from
single-ion ab initio calculations of the structural models 1-Nil and 2-
Nil.

ligand and one of the nitrogen donors of the 2,2’-bipyridine
co-ligand. The N-N diazine bridges of the triaminoguanidine
moiety give rise to antiferromagnetic exchange interactions be-
tween the nickel(I) centers of the trinuclear complex cation.
The experimental exchange coupling constant of —35.9 cm™'
is in good agreement with the values derived from BS-DFT
calculations. It is important to note, that it is not possible to
derive any reliable information on the magnetic anisotropy
from the experimental susceptibility data, as the fit of the low-
temperature data for such an exchange coupled system is in-
sensitive toward inclusion of a ZFS parameter in the Hamilto-
nian. However, high-level ab initio multi-reference calcula-
tions for single-ion fragments based on the trinuclear molecu-
lar structure show that the pseudo-octahedral nickel(II) coordi-
nation sphere leads to a significant magnetic anisotropy with
an easy axis (D = —11.5 cm™") paired with a strong rhombic
distortion (E = —3.0 cm™"). This magnetic anisotropy results in
the lifting of the degeneracy of the excited spin multiplets.
This effect is less pronounced for the analogous bromo deriva-
tive, which can be attributed to the smaller geometric distor-
tions in this case.

Experimental Section

Materials and Physical Measurements: Triaminoguanidine hydro-
chloride was prepared according to literature.?! All other chemicals
and solvents are commercially available and were used as received
without further purification. IR spectra for samples prepared as KBr
pellets were measured on a Bruker IFS55/Equinox spectrometer with
a Raman unit FRA 106/S. In addition, a Specac Golden Gate ATR unit
was used for measurements on pure samples. NMR experiments ('H,
13C) were carried out on a Bruker AVANCE 400 spectrometer. The
chemical shifts were referenced to tetramethylsilane. Elemental analy-
ses (C, H, N) were acquired by use of a Leco CHNS-932 elemental
analyzer. Mass spectra were measured on a MAT 95XL Finnigan in-
strument for electrospray ionization (ESI).
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Synthesis of Hssaltag®"-HCl: A solution of 5-fert-butylsalicylalde-
hyde (2.2 g, 12.3 mmol) in methanol (20 mL) was added dropwise to
a stirred solution of triaminoguanidine hydrochloride (0.579 g,
4.1 mmol) in water (3 mL). The resulting reaction mixture was re-
fluxed overnight followed by evaporation of the solvent. The resulting
yellow solid was dried in vacuo. Yield: 0.25 g (66%). '"H NMR
([Dg]DMSO, ppm): 0 = 12.13 (s, 3 H, NH), 10.18 (s, 3 H, OH), 9.02
(s, 3 H, HC=N), 8.00 (s, 3 H, H,,), 7.38 (d, °J = 8 Hz, 3 H, H,y), 6.96
(d, 3J =8 Hz, 3 H, H,y), 1.33 (s, 27 H, CH3). *C NMR ([Dg]DMSO,
ppm): 0 = 155.6, 149.2, 142.1, 130.1, 123.9, 119.0, 116.5, 34.4
(C(CHjs)3), 31.8 (CH3). IR (KBr): ¥ = 3391 (br, OH), 2961 (s, CHj
Vas)s 2869 (m, CH3 vy), 1641 (vs, br, C=N and C=C), 1462 (w), 1423
(W), 1394 (w), 1363 (m), 1335 (m), 1242 (m), 1185 (m), 962 (w), 829
(w), 740 (w) cm™'. MS (Micro-ESI positive mode in CHCI; + MeOH):
mlz (%) = 7453 (10), 585.4 (100) (Hgsaltag®')*. EA for
Hgsaltag™®'Cl-1/3CH;0H (Csy3Hu63CINgO53, M = 631.9 grmol™'):
caled: C 65.26, H 7.39, N 13.30 %; found: C 65.65, H 7.76, N 12.89 %.

Synthesis of [Niz(saltag®")(bpy)s(H,0);]Cl:3dmf-3H,0 (1): To a
stirred green solution of NiCl,*6 H,O (225.3 mg, 0.95 mmol) and
Hgsaltag™®UCl (0.32 mmol) in dimethylformamide (5 mL) was added a
solution of triethylamine (191 mg, 1.9 mmol) in methanol (5 mL). To
the brownish suspension a solution of 2,2’-bipyridine (148 mg,
0.95 mmol) in methanol (5 mL) was added. The resulting dark brown-
ish-red solution was stirred at ambient temperature for further 5 min
followed by filtration. Within several days dark brown crystals were
formed which were collected by filtration and dried in air. Yield:
0.360 g (74 %). IR (ATR): ¥ = 3249 (w, br (OH)), 2950 (m, CH; v,,),
2900 (vw, CH; vy), 2866 (vw, CH3 V), 1654 (s), 1598 (m), 1532 (w,
br), 1483 (s, C=N and C=C), 1441 (vs), 1388 (m), 1355 (s), 1316 (m),
1255 (m), 1207 (w, br), 1181 (s), 1125 (s), 1058 (w), 1043 (vw), 1023
(w), 923 (w), 818 (m), 768 (s), 737 (m), 696 (m), 664 (m), 651 (w),
630 (w), 615 (w), 571 (m), 523 (m), 479 (m), 456 (m) cm~'. MS
(Micro-ESI positive mode in CH;0H): m/z (%) = 1222.8 (100)
[Niz(saltag™")(bpy);]*, 1099.8 (20) [Nis(saltag™")(bpy),(CH;0H)]*,
1067.3 (60) [Nis(saltag®")(bpy),]*, 988.8 (20). EA for [Nis(saltag’®")
(bpy)3(H,0)3]Cl:3dmf-3H,0 (C;3HogsCINsNi3O,, M = 1587.22 g-
mol™'): caled. C: 55.22, H: 6.10, N: 13.24 %; found: C: 54.90, H: 5.82,
N: 13.09 %.

X-ray Crystallography: Crystals of complex 1 suitable for X-ray
crystallography were obtained directly from the mother liquor. The
crystallographic data were collected on a Nonius Kappa CCD dif-
fractometer at 133 K using graphite-monochromated Mo-K,, radiation
(71.073 pm). Data were corrected for Lorentz as well as polarization
effectst®!! and absorption was taken into account on a semi-empirical
basis using multiple-scans (SADABS 2016/2).%2! The structure was
solved by direct methods (SHELXS) and refined by full-matrix least-
squares techniques against F2 (SHELXL-2018).133! The hydrogen atom
bonded to water molecules O1W and O2W were located by difference
Fourier synthesis and refined isotropically. All other hydrogen atoms
were included at calculated positions with fixed thermal parameters.
All non-hydrogen atoms were refined anisotropically. A summary of
crystallographic and structure refinement data is given in Table 2.

Crystallographic data (excluding structure factors) for the structure in
this paper have been deposited 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
number CCDC-1962909 for structure 1 (Fax: +44-1223-336-033; E-
Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

Magnetic Measurements: Magnetic susceptibility data were obtained
from powdered samples in gelatin capsules using a Quantum-Design

Table 2. Crystallographic data for
[Nij(saltag’®")(bpy)3(H>0)5]Cl-3dmf-3H,0 (1).

1
Empirical formula C73Ho6CIN{5Ni304,
Formula weight /g'mol™ 1587.22
Crystal system trigonal
Space group P3 (no. 147)
a /pm 2056.02(3)
b /pm 2056.02(3)
¢ /pm 1079.39(2)
al° 90.0
pr 90.0
o/ 120.0
V /nm? 3.95151(14)
Temperature /°C —-140
V4 2
u(Mo-K,) /mm! 0.808
0 range of data collection /° 274 = 0 = 2748
Measured reflections 23868
Unique reflections 6025

Riy 0.0438
Goodness-of-fit on F? 1.069

Final R indices [all data] R, = 0.0605, wR, = 0.1046
Final R indices [ > 2c6(])] R, = 0.0464, wR, = 0.0972

MPMS-5 SQUID magnetometer equipped with a 5T magnet in the
range from 2 to 300 K. The measured data were corrected for diamag-
netism of the capsules and the intrinsic diamagnetism of the sample,
estimated by measurements on a similar ligand system. The molar
susceptibility data of the complexes is based on the molecular weights
calculated from the elemental analyses data. Fitting of the dc SQUID
data was done using least-squares full-matrix diagonalization approach
as implemented in the PHI program and the spin Hamiltonian as given
in Equation (1).

Computational Details: Structural models for the theoretical studies
are based on the atomic positions of the single-crystal structure of 1,
with the positions of all hydrogen atoms optimized with the Turbomole
7.2 package of programs!**! at RI-DFT-D3[33/BP86!3¢/def2-SVPI37!
level of theory. Within these optimizations all nickel(II) ions were re-
placed by diamagnetic zinc(II) ions to reduce the computational effort.
Broken-symmetry density functional theory (BS-DFT) calculations
were performed to investigate intramolecular magnetic coupling on the
basis of a cationic trinuclear nickel(Il) complex [Nis(saltag™")
(bpy)3(H,0)3]*. These calculations were performed utilizing the B3-
LYP hybrid functional8! in combination with the def2-TZVPP basis
sets®”l and tight self-consistent field (SCF) convergence criteria
(1 X 10-® Hartree). The magnetic coupling constant J was calculated
for an isotropic Heisenberg Hamiltonian H = -J §1 Sz).Analogous
BS-DFT calculations at the same level of theory have been performed
for the trinuclear complex cation of a literature-known compound,
namely [Nis(saltag®)(bpy)s(H,0)5]".

Single-ion properties were studied by multi-reference ab initio calcula-
tions performed with the OpenMolcas package of programs in version
18.09.1%%1 To reduce the computational effort these calculations are
based on a structurally simplified model of the complex cation of 1,
which is visualized in Figure S13 (Supporting Information). The com-
plete active space self-consistent field (CASSCF) approach was used
with 8 electrons in 10 orbitals (3d and 4d shell) to adequately take the
so-called ‘double d-shell’ effect into account.!*®! State-average
CASSCEF calculations for two multiplicities with a different number of
roots have been calculated: 10 roots for 2S+ 1 = 3 and 15 roots for
28 + 1 = 1. Scalar-relativistic effects were treated by a second-order
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Douglas—Kroll-Hess Hamiltonian combined with ANO-RCC basis
sets (for basis set details see Table S6, Supporting Information)./*!]
Subsequently, spin—orbit coupling interactions, which allow a mixing
of states of different multiplicities, were included by the RASSI-SO
program. Magnetic properties such as g factors and zero-field splitting
(ZES) parameters for a single nickel(II) ion have been obtained by the
SINGLE_ANISO module. The trinuclear cationic complex system was
simulated with the POLY_ANISO program on the basis of the data
from ab initio calculations.!*?! For this simulation a coupling constant
was employed which was determined by minimizing the residual be-
tween the experimental and theoretical y\,7 product in a temperature
range of 2-100 K.

Supporting Information (see footnote on the first page of this article):
Representation of hydrogen bonds and coordination polyhedra, spin
coupling scheme, DFT ligand studies, BS-DFT computational models
and results, ab initio computational models and results.
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