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ABSTRACT: Two tetranuclear compounds with a cubane-
like structure were synthesized from a one-pot reaction
between Ni' and 2,2,6,6-tetramethyl-3,5-heptanedione
(Hdpm) for 1 or 4,4,4-trifluoro-1-phenyl-1,3-butanedione
(Hbta) for 2 in the presence of sodium methoxide. The
crystal structures of both compounds have been determined
by single-crystal X-ray diffraction, and their magnetic proper-
ties have been studied by SQUID magnetometry as well as by
high-field electron paramagnetic resonance (HFEPR) spec-
troscopy. For 1, the temperature dependence of the magnetic
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susceptibility can be fitted by taking into account Ni---Ni ferromagnetic interactions, which leads to an S = 4 ground-state spin.
For 2, both antiferromagnetic and ferromagnetic interactions are present. However, the latter are dominant, which also leads to
an S = 4 ground-state spin, in good agreement with the HFEPR study.

B INTRODUCTION

The initial discovery of slow relaxation of magnetization in a
Mn,, cluster triggered intense research activity in the field of
molecular magnetism.l_3 Since then, there have been wide-
spread efforts to obtain magnetically bistable molecular
complexes, also known as single-molecule magnets (SMMs),
that can exhibit magnetization blocking at readily accessible
temperatures to be utilized in novel applications such as
information storage, spintronics, quantum computing, etc.”?

Among SMMs, compounds containing a tetranuclear Ni—
O-Ni bridged cubane-like core have been intensively
studied."® The magnetic properties of these Ni' cubane
complexes depend on various factors, such as the nature of the
ligands, the coordination numbers and geometries of the metal
centers, and other structural parameters such as the Ni—O—Ni
bond angles and distances. Changes to the local coordination
of the Ni ions can significantly affect the magnetic behavior,
both through zero-field splitting (ZFS) anisotropy associated
with the individual Ni'' sites and the exchange coupling
between them.'® For these types of compounds, a correlation
between the sign and magnitude of the magnetic exchange
constant (J) and key structural parameters has been
established.”

One of the strategies for the creation of new cubane
complexes is the use of -diketonates, a widely exiploited ligand
in molecular magnetism.11 In a previous article, % some of us
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described the influence of small ligand changes on the
magnetic properties of two Co'' cubane compounds.
Substitution of the ethanol molecules in
[Co,(tta),(MeO),(EtOH),] with methanol distorts the Co™
coordination spheres, resulting in subtle changes to the
bridging angles, leading to a significant change in magnetic
behavior. Additionally, these complexes can be used to create
structures with larger nuclearity. For example, the reaction of
tetranuclear cubanes with different alcohol molecules, such as
isopropanol or n-butanol, can furnish heptanuclear com-
plexes."” Since ferromagnetic interactions are dominant in
such compounds, they are promising candidates for SMMs.
High-frequency electron paramagnetic resonance (HFEPR)
represents a powerful tool in the spectroscopic investigation of
coordination complexes of paramagnetic transition-metal ions
that are not amenable to study by conventional EPR
(frequencies up to 35 GHz and magnetic fields up to
2 T)."™ One of the most important advantages of using
HFEPR spectroscopy is associated with the investigation of the
ZFS parameters of highly anisotropic metal ions.'® In this
work, we are using this technique to understand the magnetic
properties of Ni" cubane-like complexes containing -
diketones ligands. Compound 1 was obtained using the j-
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diketonate ligand 2,2,6,6-tetramethyl-3,5-heptanedione
(Hdpm), while 2 was synthesized by using 4,4,4-trifluoro-1-
phenyl-1,3-butanedione (Hbta) (Scheme 1). For both
compounds, ferromagnetic interactions are dominant, leading
to high-spin ground states with S = 4, as confirmed by the
HFEPR studies.

Scheme 1. Structures of the f-Diketone Ligands
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(Hdpm) (Hbta)

B EXPERIMENTAL SECTION

Preparation. All reagents and solvents were purchased from
commercial sources and used without further purification. First, 0.620
g (3.39 mmol) of [Ni(NO;),]-6H,0 and 3.39 mmol of the f-
diketonate ligand, 2,2,6,6-tetramethyl-3,5-heptanedione (Hdpm) for 1
or 4,44-trifluoro-1-phenyl-1,3-butanedione (Hbta) for 2, were
dissolved in 20 mL of dried methanol (Scheme 2). The light green
solutions were stirred for 30 min; then, 120 uL of a 30% (m/v)
sodium methoxide solution was added, and green solids were formed.
The mixtures were stirred for one additional hour and filtered off. The
crude products were dissolved in 30 mL of diethyl ether and filtered
to remove any insoluble material. Single crystals were obtained after
2—3 days by slow diffusion of methanol vapors into diethyl ether
solution. Powder X-ray diffraction patterns for compounds 1 and 2
were compared with the simulated ones, predicted from the single-
crystal XRD. The experimental and simulated powder XRD patterns
corresponded well in peak positions and relative intensities,
confirming the crystalline phase purity of the compounds (see Figure
S1 in the SI for details).

[Niy(dpm),(MeQ),(MeOH),] (1). Yield: 0.727 ¢ (75%). IR (v/
em™): 3275, 2955, 2916, 2812, 1589, 1410, 1220, 1136. Anal. calcd
for C4,H,0,Ni,0,¢: C, S1.19; H, 8.59%. Found: C, 49.58; H, 8.39%.

[Niy(bta) ,(MeO) ,(MeOH),] (2). Yield: 0.650 g (58%). IR (v/cm™):
3068, 2930, 2818, 1627, 1578, 1492, 1290. While crystallography
shows the presence of one crystallization ethyl ether solvent molecule
in the lattice of compound 2, microanalysis was more consistent with
the ethyl ether free elemental formula, suggesting a ready loss of the
ethyl ether when the single crystals were removed from the mother
liquor and opened to air. Anal. caled for C,gHg,F,Ni,O14: C, 42.78;
H, 3.89%. Found: C, 42.86; H, 3.90%.

The elemental analyses (CHN) were carried out on a PerkinElmer
2400 Series II analyzer. Powder X-ray diffraction data for both
samples were collected on a Bruker D8 Advance equipped with a
LynxEye detector at room temperature. Single-crystal X-ray diffraction
data were obtained at room temperature with an Oxford GEMINI A
Ultra diffractometer for 1 and with a Bruker—Nonius KAPPA-CCD
diffractometer for 2, both using graphite monochromated Mo-Ka
radiation (4 = 0.71069 A). For compound 1, data collection,
reduction, and cell refinement were performed by CRYSALIS RED
(Oxford Diffraction Ltd., v. 1.171.32.38)."” For compound 2, final
unit cell parameters were based on the fitting of the positions of all
reflections using COLLECT."® The data integration and scaling of the
reflections were performed with the HKL SCALEPACK."” Empirical

multiscan absorption corrections usin§ equivalent reflections were
performed with the program SORTAV.*® Both crystal structures were
solved and refined using SHELXS and SHELXL packages.’!
Compounds 1 and 2 presented disorder in the methyl groups,
trifluoromethyl or phenyl groups, which was modeled considering two
possible arrangements. The structures were drawn using the ORTEP-
3 for WINDOWS** and VESTA programs.>’ Summaries of the crystal
data, data collection, and refinement for compounds 1 and 2 are listed
in Table 1. Selected bond lengths and bond angles are summarized in
Table S1. Figure S2 shows the ORTEP representations of the
asymmetric units for compounds 1 and 2.

Table 1. Summary of the Crystal Structure, Data Collection,
and Refinement for 1 and 2

1 2
chemical formula Cs,H,04Ni,O ¢ 2-(C,sHg,F,Ni,0,4)C,H,,0
formula mass 1220.19 2769.44
crystal system monoclinic triclinic
space group P2,/n Pl
radiation type Mo Ka Mo Ka
temperature/K 293 K 293 K
a/A 13.1816(4) 14.6770(4)
b/A 30.7361(8) 20.5450(3)
/A 15.9205(4) 23.0590(4)
a/deg 90.00 64.154(1)
p/deg 93.145(2) 80.434(1)
y/deg 90.00 78.594(1)
V/A3 6440.5(3) 6108.81(16)

z 4 4
p (calculated), 1.258 1.497
(Mg m™)
u/mm™! 121 1.31
no. of reflections 60647 35640
measured
no. of independent 11379 21494
reflections
6 range/deg 1.84-25.03 4.10—-25.10
index range h=-15—->15 h=-17 - 16
k=-36 - 36 k=-24 > 24
I=-18 - 18 1=-27 - 26
Ry 0.059 0.021
final R, values 0.058 0.073
(I > 20(1))
final wR(F*) values 0.150 0.223
(I > 20(1))
final R, values (all data)  0.080 0.098
final wR(F?) values 0.166 0.197
(all data)
goodness of fit on F* 1.04 1.03
CCDC 1903092 1903630

Magnetic Measurements. DC magnetic measurements were
performed on a Cryogenic Sx600 SQUID magnetometer in the
temperature range of 2—280 K. The powder samples were pressed
and placed in a gelatin capsule, and the diamagnetic contribution of
the sample and holder was taken into account. The sample’s
diamagnetism correction was estimated from Pascal’s constants. 4

Scheme 2. Synthesis of the Tetranuclear Ni"-Based Complexes
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—+ [Niy(MeO),L,(MeOH),]+ 8 NaNO;
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Figure 1. Asymmetric unit of compounds 1 (a) and 2 (b). Hydrogen atoms, part of the disordered groups, as well as the ethyl ether molecule were
omitted for the sake of clarity. Colors: dark green = nickel, red = oxygen, light green = fluorine, black = carbon.

HFEPR Spectroscopy. High-field, high-frequency EPR measure-
ments were carried out at the U.S. National High Magnetic Field
Laboratory (NHMFL), in Tallahassee, Florida, on powder samples of
compounds 1 and 2. The powder spectra were recorded at
temperatures ranging from 5 K to 20 K on a home-built spectrometer
at the EMR facility of the NHMFL.>®> The instrument is a
transmission-type device in which microwaves are propagated in
cylindrical lightpipes. The microwaves are generated by a phase-
locked Virginia Diodes source generating frequencies in the range of
25—628.8 GHz. A superconducting magnet (Oxford Instruments)
capable of reaching a field of 17 T was employed. The pure powder
samples were obtained by grinding single crystals, which were then
constrained to prevent magnetic torquing at high magnetic fields. All
simulations of powder EPR spectra were performed using the
EasySpin software.”®

B RESULTS AND DISCUSSION

Synthesis of Tetranuclear Complexes with Cubane-
like Structures. The procedure used to obtain complexes 1
and 2 was adapted from the one used for the preparation of
tetranuclear Co'-based cubanes.'” The differences consist of
the replacement of CoCl, with Ni(NO;), and the change of
the fB-diketonate (4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione
(Htta). Thus, two complexes with cubane-like structures were
obtained by a one-pot reaction, in which Ni(NO;), reacted
with 2,2,6,6-tetramethyl-3,5-heptanedione (Hdpm) or 4,4,4-

trifluoro-1-phenyl-1,3-butanedione (Hbta) in the presence of
sodium methoxide to afford 1 and 2, respectively (Scheme 2).

There exist alternative methodologies of obtaining Ni'
derivatives displaying the general formula
[Ni,(OMe),(diketonate),(MeOH),] that require different
starting metal precursors and diketonate ligands than what is
discussed here. In regards to the equimolar reaction of
nickel(II) acetate, the initially prepared Na(dbm) salt (Hdbm
= dibenzoylmethane) and NaOH in MeOH can lead to a
[Ni,(OMe),(dbm),(MeOH),] complex. By utilizing the same
synthetic route, the isostructural nickel and cobalt derivatives
with the acetylacetonate ligand [M,(acac),(OMe),(MeOH),]
can be obtained.”” Some authors have previously explored the
alcoholysis methodology to prepare compounds containing /-
diketonates with electron-withdrawing groups such as the
hexafluoroacetonate ligand. Other researchers reported the use
of [Ni(hfac),]-2H,O as a metal precursor, instead of acetate or
nitrate salts. In this methodology, a methanolic solution of
sodium hydroxide and [Ni(hfac),]-2H,0 is heated to reflux,
and single-crystals are collected after a couple of days. A similar
approach using alcoholysis of [Co(f-diketonate),] precursors
in the presence of strong bases also leads to [Co,(OMe),(f-
diketonate),(MeOH),]."” The synthetic procedure used in
this work for 1 and 2 greatly simplifies the chemical
manipulations in comparison to the compounds discussed
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above. Here, we avoid the preparation of metal complex
precursors or diketonate salts and allow a one-pot approach at
room temperature. This procedure is also applicable to f-
diketonate ligands with different substituents and basicity; the
Hdpm contains strong electron-donating groups, two tert-
butyl, while Hbta has phenyl and trifluoromethyl as electron-
withdrawing ones. The same synthetic route exploited here can
be used to obtain complexes with other metal ions. Depending
on the chosen metal ion, compounds with higher nuclearity
can be formed.””

Crystal Structures. Compound 1 crystallizes in the P2,/n
monoclinic space group with one molecule in the asymmetric
unit, which is shown in Figure 1(a). The molecule has a
cuboidal Ni,O, core with the four octahedrally coordinated
Ni" atoms occupying four alternating corners of the cube. The
other corners are occupied by oxygen atoms of methoxide
groups (04, OS, 06, and O7). The overall arrangement has an
approximate S, symmetry. This compound is isomorphic to
the complex [Co,(dpm),(MeO),(MeOH),] reported previ-
ously by Berry and co-workers in 2004.”” In this arrangement,
the symmetries of the metal ions and bridging atoms have also
been seen in other tetranuclear clusters such as
[Ni,(hfac),(MeO),(MeOH),]>° and
[Ni,(MeO),(0,CAr™),(MeOH)4]-1.5 (MeOH).®

In compound 1 the average distance between the Ni" ions is
3.09(1) A. The cube formed by the four Ni" and oxygen atoms
is distorted, with all O—Ni—O angles smaller than 90°, while
all Ni—O—Ni angles are greater than 90°. The faces of the
cubane core of compound 1 may be grouped into two distinct
sets, i.e., the first represented by two parallel faces with Ni—O—
Ni bond angles close to 99°, with the other four having a mean
angle of 96.5(1)°, as seen in Figure 2(a). To furnish a
complete octahedral coordination environment, each Ni' ion is
also bonded to a CH;0H molecule (03, 014, 015, and O16)
and chelated by a dpm ligand. The crystal packing of this
compound is stabilized by weak interactions between the
methyl groups of the dpm ligands.

Figure 1(b) shows the asymmetric unit of compound 2,
which consists of two tetranuclear Ni' units and one
crystallization ethyl ether solvent molecule. Complex 2 has
two cuboidal Ni,O, cores, with the four octahedrally
coordinated Ni' ions occupying four alternating corners of a
cube. The other corners are occupied by oxygen atoms of
methoxide groups. The coordination sphere of each metal ion
is completed by a bta ligand and a methanol molecule, leading
to a distorted octahedral geometry. Selected bond angles and
bond lengths for both compounds are given in Table S1. It is
important to highlight that the average bond length of the
methoxide bridges, Ni—O,, thoxdes 1S Similar to those observed
in the tetranuclear compounds [Ni,(hfac),(MeO),(MeOH),]
and [Ni,(MeO),(dbm),(MeOH),] (hfac = hexafluoroacetyla-
cetonate and dbm = dibenzoylmethanoate) reported pre-
viously.*>?!

Similar to complex 1, the Ni,O, cubane cores in 2 are
distorted due to the Ni—O—Ni bond angles ranging from 95°
to 99°. The presence of two distinct sets of faces is again
evident for each cubane core within the asymmetric unit, i.e.,
the first represented by two parallel faces with Ni—O—Ni bond
angles close to 99°, and the other by four faces with bond
angles ranging from 95° to 97° (see Figure 2(b) and Table
S1). Regarding the intramolecular Ni---Ni distances, two are
somewhat longer at approximately 3.100 A, while the other
four are shorter with values around 3.060 A. Intermolecular

<)

Figure 2. Arrangement of local Ni—O elongation axes (blue/ orange
lines) in 1 (a) and 2 (b); the pseudo-S, axis is shown in dashed lines,
and the second cubane unit of compound 2 has been omitted for the
sake of clarity. Complex 1 presents a different elongation axis
alignment (orange line) for Ni4 when compared with the same ion in
complex 2. The shaded surfaces represent cube faces with Ni—O—Ni
angles close to 99°. (c) The orientation of the local coordination axes
for each metal ion in compounds 1 and 2 used to calculate the dg,
value shown in Table 2.

hydrogen bonds between the methanol molecule, the oxygen
atoms, and the trifluoromethyl group from the A-diketonate
ligand are present in the crystal packing of complex 2.

Recent investigations of families of centrosymmetric MXg
octahedral complexes (M = metal ion, X = coordinating atom)
have established clear magnetostructural correlations between
the single-ion axial ZFS parameter, D, and the tetragonal
distortion parameter defined as™*~**

1

dstr = dz - Z(dx + dy) (1)
where d,, dy, d, are the M—X bond lengths along the local «, y,
and z directions. The parameter d, characterizes the degree of
axial compression/elongation of the octahedral coordination
environment around the metal center, although the expression
applies equally to rhombic cases with three sets of M—X
distances. The two most similar distances, d, and d,, define the
equatorial plane of the complex while the axial positions are
defined by d, [see Figure 2(c)]. As such, a positive (negative)
dy, signifies an axially elongated (compressed) tetragonal
bipyramid. Although essentially no symmetry is present at the
Ni" sites in 1 and 2, the geometry is reasonably close to
octahedral. We therefore compute d, for each ion by taking
the average distance for each pair of Ni—O bonds aligned
approximately along the three Cartesian axes [see Figure 2(c)],
again with the two most similar distances corresponding to d,
and d,. Based on this analysis, the coordination geometry
corresponds to an elongated tetragonal bipyramid in all cases
for com%)lexes 1 and 2 (see Table 2) which, according to Boca
et al,’>”* signifies positive ZFS D parameters.
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Table 2. Tetragonal Distortion Parameters, d,, at Each Ni"!
Site for the Two Complexes

complex 1 complex 2
ion dg, (pm) ion A ion dg, (pm)
Nil +4.35 Nil +3.50 Nis +6.07
Ni2 +2.40 Ni2 +3.67 Ni6 +3.35
Ni3 +5.75 Ni3 +4.60 Ni7 +5.92
Ni4 +5.05 Ni4 +4.00 Ni8 +4.80

Figure 2 shows the arrangement of the local hard axes
(elongated bonds shown in blue and orange) for each Ni" ion
in compounds 1 and 2, with the shaded surfaces representing
faces with Ni—O—Ni angles close to 99°. As can be seen, the
Ni,O, cube has approximate S, symmetry in the case of
compound 2. However, this is not the case in compound 1,
where the elongation axis for the ion labeled Ni4 is highlighted
in orange to emphasize its distinct orientation in comparison
to the same ion in complex 2.

The magnetic exchange interactions between Ni" ions
through the methoxo bridges are very sensitive to the Ni—O—
Ni angles.m Meanwhile, local distortions of the coordination
geometries at each metal site govern the magnetic anisotropy
associated with each Ni" ion,®* where, in the present case, an
elongation (dy, > 0) of the octahedral coordination sphere
leads to a local easy-plane anisotropy, with a positive Dyt
parameter and local hard-axes defined by the elongated Ni—O
contacts (represented by the blue/orange bonds in Figures
2(a) and (b)).* Looking carefully at the structure of the
cubane core of complex 2 (Figure 2(b)), one observes parallel
hard-axis alignments on each of the shaded faces, with the top
face rotated ~90° with respect to the bottom face about the
molecular Z-axis. This arrangement corresponds to an
approximate S, molecular symmetry, suggesting that the ZFS
tensor for compound 2 should be quite axial.”*® By contrast,
the hard axis alignments for complex 1 (Figure 2a) suggest a
ZFS tensor with lower symmetry.

Magnetic Properties. The magnetic properties of
compounds 1 and 2 have been investigated in the temperature
range of 2—300 K. The plots of y\T versus T, where y); is the
molar magnetic susceptibility, are shown in Figure 3. The y\T
values at the highest temperatures are 5.3 cm® mol™! K for 1
and 5.6 cm® mol ™! K for 2, which are higher than expected for
four noninteracting Ni" ions with S = 1 and g = 2.0 (T = 4.0
cm® mol ™" K). For both compounds, y,T increases steadily as
the temperature is lowered, indicating the presence of
ferromagnetic interactions between the spin centers. It reaches
maximum values of 12.1 cm® mol™ K at 8.1 K for 1 and 12.0
cm® mol ™" K at 8.2 K for 2. These relatively high y,,T maxima
were observed for similar Ni-based cubanes.'”*” Subse-
quently, upon lowering the temperature, y3,T decreases due to
antiferromagnetic intermolecular interactions and/or magnetic
anisotropy (ZFS) associated with the Ni" ions.

As discussed previously in the crystal structure section, two
sets of cube faces with different Ni—O—Ni angles are notably
present in these compounds: one set of four faces with Ni—O—
Ni angles around 96.5° and another one of two faces with
angles around 99° [shaded surfaces in Figures 2(a) and (b)].
Therefore, two different coupling constants ], and ], were
considered in the analysis of the magnetic data, and the
following spin Hamiltonian was used for compound 2:

M
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4 T T T T T
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Figure 3. Temperature dependence of the dc y\T values for powder
samples of compounds 1 (a) and 2 (b) measured at a constant
magnetic field of 1000 Oe. The red lines correspond to the best fits
(vide text).
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In order to avoid further overparameterization, we
considered the same magnetic interactions (exchange and
anisotropy) for both units in 2 and the same ZFS Dy
parameter for all Ni! ions. In particular, the third term of
the Hamiltonian corresponds to the axial ZFS interaction,
taking into account the orthogonal arrangements of the local
hard axes (see Figure 2b). Using the MagProp routine in the
DAVE software suite,”® the best fit was obtained with g=2.19
+0.01,J,=-11+03cm ™}, J,=19.6 + 0.3 cm™, and Dy =
+52 + 0.1 cm™ (Figure 3b). The magnetic exchange
parameters are consistent with similar Ni'' oxo-bridged clusters
in the literature.”*’ Indeed, a linear correlation between the
exchange constant J and the Ni—O—Ni angle was suggested in
earlier studies, with a ferromagnetic interaction for angles less
than 99° and an antiferromagnetic interaction for angles
greater than 99°.*°° However, several other parameters can
influence the magnetic exchange constants, such as the nature
of the bridge, the Ni—Ni distance, dihedral angles, etc.'” In our
model, ], is related to faces with Ni—O—Ni angles around 99°
and, therefore, a weak ferro or antiferromagnetic interaction is
expected. In contrast, ], corresponds to angles around 96.5°,
leading to stronger ferromagnetic interactions and to a
stabilization of a S = 4 spin ground state for the cluster.
Finally, the magnitude and sign of the obtained axial ZFS
parameter for each Ni" ion lies within the range (from +0.9
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Figure 4. High-field powder EPR spectrum (in black) recorded at 5 K and 204.8 GHz for 1 (a) and 203.2 GHz for 2 (b). The simulated spectra (in
red) are displayed below the experimental ones. It is apparent that three Ni, species with different ZFS parameters contribute to these spectra. To
reflect this, the spectra simulated according to the parameters given in Table 3 were appropriately weighted and summed (in red). The features
marked by (*) are due to surface adsorbed molecular oxygen. Details regarding the simulations are addressed in Figure S3.

Table 3. ZFS Parameters for the Three Species of Both Compounds, Including the Relative Weights Needed to Best Simulate

the Powder EPR Spectra

compound 1

compound 2

Dyt (cm™) g weight (%) Dyrain (em™) Dyt (cm™) g weight (%) Dyrain (em™)
species 1 —-0.33 222 24 -0.21 220 35 0.04
species 2 —0.38 222 8 —0.30 220 10 0.02
species 3 —-0.27 2.22 68 —-0.26 2.20 55 0.11

cm™! to +7.59 cm™") typically observed for hexacoordinated
Ni" with an elongated distortion.”>****=*

For compound 1, the ZFS term of the Hamiltonian
described by eq 2 was slightly modified to take into account
the different configuration of the hard axis alignment for the
Ni4 ion, along the X axis instead of the Y axis (S%y instead of
S%,y in eq 2) (see Figure 2(a)). The first attempt to fit the
magnetic data allowed all parameters to vary and resulted in a
very good fit. However, the obtained exchange coupling
constants, J; = J, ~ 9 cm™’, appear to be unphysical in spite of
the differences in the Ni—O—Ni angles associated with the two
exchange pathways. Additional attempts to account for the
different exchange pathways with more than two coupling
constants produced similar inconsistent results. Therefore, we
decided to fix the value of J; to that obtained for compound 2.
The best fit is shown in Figure 3a with the following
parameters: g = 2.24 + 0.02, J; = —1.1 cm™" (fixed), ], = 16.1
+ 0.02 cm™, and Dy = 8.6 + 0.03 cm™'. These values are
close to the values found in the literature for Ni'- based
cubanes.’” The axial ZFS parameter Dy is slightly altered
depending on the fixed value of ], and is found to lie
approximately between 6.5 and 8.5 cm™'. Similarly, to
compound 2, the ground state corresponds to S = 4.

HFEPR Spectroscopy. We recorded powder HFEPR
spectra for the two Ni-cubane complexes in the frequency
range from 102.4 to 406.4 GHz, with temperature from S to 20
K. Representative spectra are shown in Figure 4. For both
compounds, the previous analysis of the magnetic behavior
described by the susceptibility data showed that the leading
isotropic exchange interactions are ferromagnetic. Since the
local ZFS associated with the Ni" ions is weak in comparison
with the dominant nearest neighbor exchange interaction, the
HFEPR spectra can be well described on the basis of

excitations within an isolated total spin St = 4 ground state
multiplet, using the following spin-Hamiltonian:

A = A A2
H= :uBgBS + DmoISz (3)

where the first term represents the Zeeman interaction and the
second term defines the second-order axial ZFS.

In order to obtain satisfactory simulations of the
experimental EPR spectra according to eq 3, we found
necessary to consider at least three distinct St = 4 Ni, species
within the crystals of both compounds. The case for two
species is quite apparent in the spectra of complex 1, where
one clearly sees a doubling of many of the EPR peaks. This
doubling is captured by superimposing simulations with
slightly different D, parameters and similar line widths.
However, the best agreement is obtained by adding a third
component with similar D, | parameter but with a much larger
line width (see also Figure S3). The broad signal is suggestive
of significant disorder in the samples, while the sharper
resolvable signals indicate discrete Ni, species. Disorder is
unavoidable in molecular crystals. It is frequently caused by
solvent loss and can be exacerbated by grinding crystals to
form powder samples. Such disorder is invisible to bulk
thermodynamic probes (e.g, yyT data) but is always very
apparent in EPR (i.e., spectroscopic) measurements. Indeed,
effects of disorder have previously been extensively studied
among other families of Ni, clusters. The disorder gives rise to
distributions (strains) in the molecular structural parameters
and, hence, to distributions in ZFS parameters. It has
additionally been shown that discrete disorder associated
with different ligand group conformations may give rise to EPR
peak splittin§s, i.e., resolvable multimodal distributions of ZFS
parameters.””*° The observation of distinct species in
compound 2 is not surprising given the two distinct molecules
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in the asymmetric unit. The explanation for compound 1 is less
clear. However, as noted above, this could be due to a discrete
disorder.

The relevant ZFS parameters of the three species used to
simulate the EPR spectra of compounds 1 and 2 are
summarized in Table 3. Here, the strain is parametrized by a
Gaussian distribution of width defined in the Dy, column
centered at the listed D, value. From Table 3, species 1 and 2
are responsible for the more prominent sharp resonances seen
in Figure 4. These two slightly different values of D, were
chosen to best replicate the resonance positions of the easy-
(z) axis components of the powder spectra (the resonances on
the low field side of the sharp g = 2.00 signal at ~6.6 T). The
third highly strained species then reproduces the underlying
broad background. The total simulation is thus given by a
weighted sum of all three parameter sets, with their respective
weights summarized in Table 3. These simulations are
included below the experimental spectra in Figure 4 (black =
data, red = simulations); details regarding the summation of
the simulations for the three species can be found in Figure S3.

Variable temperature measurements allow for the determi-
nation of the sign of the ZFS at low temperature; a negative D
parameter will enhance the intensity in the extremities of the
spectra, while the opposite will be observed for a complex with
a positive D parameter. These temperature dependences are
displayed in Figures S4 and S5 and demonstrate that the
relative intensities of the spectra change markedly upon
warming/cooling, confirming the negative signs of the D
parameters. We note that the absolute values are also within
the range observed for other tetranuclear ferromagnetically
coupled Ni'-based compounds.”*”*°

To corroborate the results from the HFEPR measurements,
isothermal magnetization was measured as a function of
applied magnetic field for both compounds (Figure S6). Since
it was determined that the spin ground state corresponds to Sy
= 4, the magnetic data were fitted with the same giant spin
Hamiltonian as used to simulate the HFEPR spectra (eq 3).
The best fits were obtained with g = 2.18 + 0.02 and D, =
—0.28 + 0.10 cm ™" for 1 and with g = 2.19 + 0.0S and D, =
—0.35 4+ 0.13 cm™! for 2 and are quite consistent with the EPR
results. It is known that an orthogonal hard-axis alignment in a
S,-symmetry spin cluster, as for 2 (Figure 3b), results in a
negative molecular axial ZFS parameter.” In this config-
uration, the relation between the molecular and the local axial
ZFS parameters can be approximated by the following
expression:35

1

Dmol = _EDNiH (4)
By replacing the Dy value obtained from the susceptibility
data for complex 2 (+5.2 cm™) in eq 4, the calculated D,
value is —0.37 cm™), which is in good accordance with the
results obtained from the isothermal magnetization and
HFEPR data.

The relation given by eq 4 does not explicitly apply to
compound 1 since the local ZFS tensors are not in an
orthogonal hard-axis arrangement as given by Figure 2b.
However, in the high field limit, we find that the energy levels
associated with the z components of the EPR spectra remain
relatively unchanged, regardless of the orientation of the local
“Ni4” jon. As such, the total molecular axial zero field splitting
of compound 1 is well described by a D, value of similar
magnitude to compound 2. This relation does not hold for the

Xy components, as the orientation of the “Ni4” ion highlighted
by the orange axis in Figure 2a breaks the ~S, symmetry of
compound 2. However, due to the significant strain required to
replicate the EPR data discussed above, the spectral features
associated with any rhombicity in the ZFS cannot be easily
resolved in either compound.

B CONCLUSION

We report the synthesis, crystal structure, and magneto-
structural correlation of two tetranuclear Ni" complexes. Our
synthetic approach leads to the tetranuclear species, despite the
difference in the basicity of the }-diketonate ligand and using
milder conditions than other compounds with a Ni,O, core.
Surprisingly, the use of different A-diketonate ligands
contributed to a different arrangement of the hard-axes of
the Ni" ions in the cubane clusters. To the best of our
knowledge, these are two of a few examples of Ni,-based
cubanes with f-diketonate ligands, since most of the
compounds reported in the literature contain a Schiff base as
the ligands. The analysis of the magnetic susceptibility data
shows that ferromagnetic interactions are predominant in these
compounds. The magnitude and sign of the obtained axial ZFS
parameter for each Ni' ion lies within the range (from +0.9
cm™ to +7.59 cm™') typically observed for hexacoordinated
Ni" with an elongated distortion. HFEPR measurements
confirm the expected Sy = 4 spin ground states and the
negative magnetocrystalline anisotropy (D, < 0) for both
compounds. An unusual splitting of the EPR peaks may, in
some cases, be interpreted in terms of distinct Ni, species
within the crystals.
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