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ABSTRACT: We present an extensive study of tetranuclear
transition-metal cluster compounds M4(NPtBu3)4 and
[M4(NP

tBu3)4][B(C6F5)4] (M = Ni, Cu; tBu = tert-butyl), which
feature low-coordinate metal centers and direct metal−metal
orbital overlap. X-ray diffraction, electrochemical, magnetic,
spectroscopic, and computational analysis elucidate the nature of
the bonding interactions in these clusters and the impact of these
interactions on the electronic and magnetic properties. Direct
orbital overlap results in strongly coupled, large-spin ground states
in the [Ni4(NP

tBu3)4]
+/0 clusters and fully delocalized, spin-

correlated electrons. Correlated electronic structure calculations
confirm the presence of ferromagnetic ground states that arise
from direct exchange between magnetic orbitals, and, in the case of the neutral cluster, itinerant electron magnetism similar to that in
metallic ferromagnets. The cationic nickel cluster also possesses large magnetic anisotropy exemplified by a large, positive axial zero-
field splitting parameter of D = +7.95 or +9.2 cm−1, as determined by magnetometry or electron paramagnetic resonance
spectroscopy, respectively. The [Ni4(NP

tBu3)4]
+ cluster is also the first molecule with easy-plane magnetic anisotropy to exhibit

zero-field slow magnetic relaxation, and under a small applied field, it exhibits relaxation exclusively through an Orbach mechanism
with a spin relaxation barrier of 16 cm−1. The S = 1/2 complex [Cu4(NP

tBu3)4]
+ exhibits slow magnetic relaxation via a Raman

process on the millisecond time scale, supporting the presence of slow relaxation via an Orbach process in the nickel analogue.
Overall, this work highlights the unique electronic and magnetic properties that can be realized in metal clusters featuring direct
metal−metal orbital interactions between low-coordinate metal centers.

■ INTRODUCTION

Molecular magnetism broadly encompasses the design and
study of molecules and molecule-based materials exhibiting
magnetic properties and is largely motivated by prospective
applications in areas such as magnetic memory, spintronics,
quantum computing, and permanent magnetism.1,2 Multi-
nuclear transition-metal complexes have attracted considerable
interest in this regard, due in large part to the discovery that
magnetic exchange interactions in such molecules can give rise
to numerous interesting properties, particularly single-molecule
magnet behavior.3 Indeed, the field of single-molecule
magnetism originated following the discovery of slow mag-
ne t i c r e l a xa t ion in the dodecanuc l ea r c lu s t e r
Mn12O12(CH3CO2)16(H2O)4, wherein uncompensated anti-
ferromagnetic superexchange interactions between manganese
ions give rise to a large-spin ground state.4 Since then, many
multinuclear metal clusters exhibiting single-molecule magnet
behavior have been reported.5 Most of these clusters feature
metal ions coupled via weak, antiferromagnetic superexchange
interactions. Recently, however, a number of clusters exhibiting

strong ferromagnetic direct exchange, mediated by direct
metal−metal orbital overlap, have been reported.6−12 These
complexes have motivated a new design paradigm for accessing
single-molecule magnets with thermally isolated large-spin
ground states.11,12 For example, the tetranuclear iron cluster
Fe4(NCPh2)6 was recently shown to exhibit an S = 7 ground
state and consequently slow magnetic relaxation with a spin
relaxation barrier of Ueff = 29 cm−1.12 We also recently
reported the tetranuclear cluster compound [Co4(NP

tBu3)4]-
[B(C6F5)4],

11 which possesses a well-isolated S = 9/2 ground
state resulting from direct metal−metal orbital overlap.
Crucially, the low-coordinate metal centers in this complex
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additionally give rise to a very large magnetic anisotropy, with
D = −12.34 cm−1, resulting in the largest barrier to magnetic
relaxation yet characterized for any transition-metal cluster, Ueff
= 87 cm−1.
More broadly, with the steadily growing number of metal

clusters featuring direct metal−metal interactions, the
possibility emerges to access unique electronic properties
otherwise unattainable in traditional metal clusters, such as
high levels of electron delocalization9 and meta-atom
behavior.7 Density functional theory has been widely used to
study the magnetic properties of iron−sulfur clusters featuring
direct metal−metal interactions.13,14 Nonetheless, configura-
tion interactions have been applied only to computational
studies of dinuclear complexes due in part to the challenge in
the complex electronic structures of these metal clusters.15−18

Indeed, such studies are potentially of great significance
beyond the elucidation of molecular properties, as magnetic
direct exchange through delocalized electrons also governs
permanent magnetism in ferromagnets possessing high Curie
temperatures, such as metallic iron, cobalt, and nickel.19,20

Magnetic studies of polynuclear metal complexes1,15,21,22 have
previously enabled the refinement of an earlier model for
superexchange originally proposed in solid MnO.23 Likewise,
the detailed electronic, magnetic, and theoretical investigation
of paramagnetic metal clusters featuring direct metal−metal
orbital overlap stands as an important area of fundamental
inquiry with the potential to provide new insights into
magnetic exchange in metallic clusters and bulk metals.
Here, we report the metal−metal bonded complexes

[Ni4(NP
tBu3)4]

+/0, which exhibit large magnetic anisotropy
and large-spin ground states that are thermally persistent to
300 K. Correlated electronic structure ab initio calculations are
employed to rationalize the effect of metal−metal interactions
on the magnetic properties, and they reveal strong Ni−Ni
ferromagnetic coupling arising from a direct exchange
mechanism resembling that in ferromagnetic metals. The
complex [Ni4(NP

tBu3)4]
+ is also the first easy-plane molecular

magnet to exhibit slow magnetic relaxation under zero applied
field, while under a small applied field the complex relaxes
solely through an Orbach mechanism. In addition, we
synthesized the cationic S = 1/2 tetranuclear copper analogue
[Cu4(NP

tBu3)4]
+, which exhibits spin-vibronic relaxation on

the millisecond time scale at low temperatures, suggesting that
the observation of an Orbach barrier in the nickel analogue is
also a result of slow spin-vibronic relaxation. These findings
highlight the unique electronic and magnetic properties
accessible with complexes featuring metal−metal bonding
interactions.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The compound

Ni4(NP
tBu3)4 (1) was prepared via a modification of a

previously reported synthesis.24 In brief, the salt metathesis
reaction of LiNPtBu3 and NiBr2 in tetrahydrofuran (THF) and
1,2-dimethoxyethane was followed by in situ reduction with
KC8 to yield the desired product, which was separated from
the reaction mixture by extraction with hexane. Compound 1·
n-C6H14 was isolated as dark-green block-shaped crystals from
a concentrated hexane solution stored at −30 °C. Single-crystal
X-ray diffraction characterization revealed that 1·n-C6H14
crystallizes in the space group C2/c, with a crystallographic
2-fold rotational axis passing through two diagonal Ni atoms of
the cluster, similar to the previously reported structure of

1·2THF.24 The molecule adopts an idealized D2d symmetry
(Figure S1). Each Ni atom is coordinated by the N atoms of
two phosphinimide ligands, resulting in an almost linear
coordination geometry around each Ni center, with an average
N−Ni−N angle of 176.4(6)°. All Ni atoms lie within the same
plane, as dictated by the crystallographic 2-fold symmetry. The
average of the four Ni···Ni distances is 2.3631(1) Å, which is
within range of direct metal−metal interactions.25

The oxidation of 1 using [FeCp2][B(C6F5)4] (Cp− =
cyclopentadienyl anion) yielded [Ni4(NP

tBu3)4][B(C6F5)4]
(2) as a dark-blue powder that could be crystallized as dark-
blue block-shaped crystals from a THF/hexane mixture at
−30 °C. X-ray diffraction analysis revealed that the compound
crystallizes in the space group P212121 and that the tetranuclear
cluster retains its structural integrity upon oxidation (Figure 1,

left). The average Ni−N distance in 2 is shorter than in 1
(1.836(6) versus 1.855(6) Å, respectively), while the average
Ni···Ni distance is longer than in 1 (2.40(4) versus
2.3631(1) Å) (Table 1). All of the Ni−N bond lengths
decrease upon oxidation of 1 to 2 (Table S3); thus, it was not
possible to identify a localized site of oxidation in the complex.
This result is consistent with the presence of delocalized
electrons in a metal−metal bonded cluster, as will be discussed
in detail below.
The neutral copper compound Cu4(NP

tBu3)4 (3) was
synthesized via protonolysis of mesitylcopper(I) by HNPtBu3.
Crystallization from hexane at −30 °C yielded large, colorless
block-shaped crystals of 3·n-C6H14 suitable for X-ray
diffraction analysis, which revealed that the compound is
isomorphous and isostructural to 1 (Figure 1, right). In
3·n-C6H14, the average Cu···Cu distance of 2.582(4) Å is much

Figure 1. Crystal structures of the cationic cluster in [Ni4(NP
tBu3)4]-

[B(C6F5)4] (2) (left) and the neutral cluster Cu4(NP
tBu3)4 (3)

(right). Dark-red, green, pink, blue, and gray spheres represent Cu,
Ni, P, N, and C atoms, respectively. H atoms are omitted for clarity.
Only one orientation of each disordered molecule is shown.

Table 1. Selected Average Interatomic Distances
(Angstroms) and Angles (Degrees) for the Tetranuclear
Clusters in Ni4(NP

tBu3)4 (1), [Ni4(NP
tBu3)4][B(C6F5)4]

(2), Cu4(NP
tBu3)4 (3), and [Cu4(NP

tBu3)4][B(C6F5)4] (4)
Determined from Single-Crystal X-ray Diffractiona

1 2 3 4

M···M 2.3631(1) 2.40(4) 2.582(4) 2.53(3)
M−N 1.855(6) 1.836(6) 1.861(5) 1.84(6)
N−M−N 176.4(6) 177(2) 173(3) 169(3)

aThe standard deviations calculated from the values of interatomic
parameters are given in parentheses. The estimated standard
uncertainty of each parameter is given in Table S3.
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longer than the Ni···Ni distance of 2.3631(1) Å in 1·n-C6H14
(Table 1), which may be attributed to the population of the
extra electron from each copper in metal−metal antibonding
orbitals, resulting in a total Cu···Cu bond order of zero (see
below).
The oxidation of 3 by [FeCp2][B(C6F5)4] yielded

4·1.4DFB·0.3n-C6H14 (DFB = 1,2-difluorobenzene) as black
rod-shaped crystals after recrystallization from DFB/hexane at
−30 °C. Compound 4 crystallizes in the space group P1, and
initial structure refinement revealed an intact tetranuclear
cluster (Figure S4). In addition, two sites of residual electron
density were located in the Fourier difference map above and
below the Cu4 plane. Further analysis revealed that this
electron density corresponds to the disordered pentanuclear
copper(I) species [Cu5(NP

tBu3)4][B(C6F5)4] (Figure S5),
which was further confirmed by mass spectrometry (Figure
S7 ) . R efinemen t o f t h e d iff r a c t i o n d a t a f o r
4·1.4DFB·0.3n-C6H14 revealed that this compound consists
of 81% [Cu4(NP

tBu3)4][B(C6F5)4] cocrystallized with 19%
[Cu5(NP

tBu3)4][B(C6F5)4]. A comparison of the metrical
parameters of [Cu4(NP

tBu3)4][B(C6F5)4] with the parent
neutral compound revealed that the Cu···Cu and Cu−N
distances decrease slightly in the cationic cluster (Tables 1 and
S3), as expected upon the removal of an electron from an
antibonding orbital (see below).
Electrochemistry. The cyclic voltammogram collected for

2 i n DFB fea tu re s the expec ted one -e l ec t ron
[Ni4(NP

tBu3)4]
+/0 redox couple at E1/2 = −2.02 V versus

[FeCp2]
+/0 (Figure 2). Two additional one-electron processes

occur at E1/2 = −0.66 and +0.54 V, corresponding to the
[Ni4(NP

tBu3)4]
2+/+ and [Ni4(NP

tBu3)4]
3+/2+ redox couples,

respectively. Comproportionation constants of 1.0 × 1023 and
2.1 × 1020 were determined for the mixed-valence complexes
[Ni4(NP

tBu3)4]
+ and [Ni4(NP

tBu3)4]
2+, respectively. These

values are much larger than those of typical mixed-valence
complexes and are indicative of a delocalized electronic
structure arising from direct metal−metal orbital overlap.7,10,11

The cyclic voltammogram for 4 in DFB features three one-
electron processes at −0.63, +0.17, and +0.98 V, assigned to

the [Cu4(NPtBu3)4]
+/0 , [Cu4(NPtBu3)4]

2+/+ , and
[Cu4(NP

tBu3)4]
3+/2+ couples, respectively (Figure 2). Com-

proportionation constants of 1.9 × 1013 and 5.0 × 1013 were
determined for the mixed-valence complexes [Cu4(NP

tBu3)4]
+

and [Cu4(NP
tBu3)4]

2+, respectively. These values are several
orders of magnitude smaller than those determined for the Ni
analogues, possibly because of the longer M···M distances.
Nonetheless, the values are still large among mixed-valence
complexes, and both systems are best described as possessing
electrons that are delocalized over molecular orbitals formed
by direct metal orbital overlap.

Static Magnetic Measurements. Variable-temperature
dc magnetic susceptibility data were collected for crystalline
samples of 1·n-C6H14, 2, and 4·1.4DFB·0.3n-C6H14 under an
applied dc field of 1000 Oe (Figure 3). The susceptibility data

for 1 and 4 were corrected for contributions from temperature-
independent paramagnetism (χTIP ≈ 10−3 cm3/mol), and the
data for 4 were additionally corrected to remove the
diamagnetic contribution from the minor impurity
[Cu5(NP

tBu3)4][B(C6F5)4]. The value of χMT at 300 K for
[Cu4(NPtBu3)4][B(C6F5)4] in 4 is 0.498 cm3 K/mol,
consistent with an S = 1/2 system (giso = 2.30). In contrast,
the χMT product for 1 at 300 K is 4.02 cm3 K/mol, which is
much higher than the predicted value of 1.50 cm3 K/mol for
four isolated S = 1/2 nickel(I) centers. Instead, the
experimental value better corresponds to an S = 2 ground
state with giso = 2.32. The room-temperature χMT product for 2
is 5.37 cm3 K/mol, best corresponding to an S = 5/2 ground
state (predicted χMT = 4.375 cm3 K/mol for g = 2). The
presence of such large-spin ground states in 1 and 2 at 300 K is
indicative of strongly correlated electron spins mediated by
direct metal−metal orbital overlap.7,10,11

With decreasing temperature, χMT for 2 increases initially to
a value of 5.80 cm3 K/mol at 130 K, similar to what has been
previously observed in other metal−metal bonded systems.10,26

This increase is attributed to the depopulation of a low-lying S
= 3/2 excited state with a smaller magnetic moment (see
below). A fit of the magnetic susceptibility data from 150 to

Figure 2. Cyclic voltammograms for 2 (blue) and 4 (red), obtained in
DFB solution containing 1 mM analyte and 0.1 M electrolyte
(nBu4N)PF6. The arrow represents the starting point and the direction
of the scan.

Figure 3. Molar magnetic susceptibility times temperature (χMT)
versus T data for 1 (green), 2 (blue), and 4 (red) collected under a
1000 Oe field and over temperatures ranging from 2 to 300 K. The
data for 1 and 4 were corrected for contributions from temperature-
independent paramagnetism using χTIP = 1.0 × 10−3 and 9.5 ×
10−4 cm3/mol, respectively.
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300 K using the van Vleck equation and assuming an S = 5/2
ground state and an S = 3/2 excited state yielded an energy
separation of 221 cm−1 (Figure S8). Below ∼90 K, χMT
gradually decreases until a dramatic downturn occurs at ∼40 K,
reaching a value of 3.41 cm3 K/mol at 2 K. In contrast, χMT for
1 exhibits much less variation across the examined temperature
range. In particular, the data uniformly and gradually decrease
from 300 to ∼20 K before dropping to a value of 3.00 cm3 K/
mol at 2 K. The low-temperature drop in the data for
compounds 1 and 2 is indicative of significant zero-field
splitting.
Low-temperature magnetization measurements were carried

out to further quantify the magnetic anisotropy in 1 and 2 and
the tetranuclear cluster in 4. For compound 4, the reduced
magnetization plot features superimposable isofield lines, as
expected for an S = 1/2 spin system (Figure S9). In contrast,
the reduced magnetization plots for 1 and 2 feature
nonsuperimposable isofield lines (Figures S10 and S11),
indicative of significant zero-field splitting. The magnetization
data for 1 and 2 were accordingly fit using the following
Hamiltonian

μ̂ = ̂ + ̂ − ̂ + · · ̂gH DS E S S H S( )z x y
2 2 2

B (1)

where D and E are the axial and transverse zero-field splitting
parameters, respectively, Ŝx/y/z is the electron spin projection
operator onto the x/y/z axis, μB is the Bohr magneton, g is the
Lande ́ g tensor, and H is the magnetic field. The fits yielded
parameters of D = −1.93(1) cm−1, |E| = 0.53(3) cm−1, g∥ =
2.180(2), and g⊥ = 2.249(1) for 1 and D = +7.95(5) cm−1, E =
1.17(1) cm−1, g∥ = 2.28(1), and g⊥ = 2.188(1) for 2.
It is important to note that the vast majority of transition-

metal clusters exhibit |D| < 1 cm−1,5 for example, D =
−0.46 cm−1 for Mn12O12(O2CCH3)16(OH2)4 (S = 10),27

although smaller spin clusters may exhibit slightly larger |D|
values. For instance, the S = 3 compound [Ni3L3(OH)(Cl)]-
(ClO4) (HL = 2-[(3-dimethylaminopropylimino)methyl]-
phenol) exhibits a value of D = −1.32 cm−1, previously the
record among Ni clusters.28 The even larger D values
measured for 1 and 2 likely arise from the weak ligand field
generated by the formally two-coordinate environment, as
demonstrated previously for [Co4(NP

tBu3)4][B(C6F5)4].
11

Indeed, a low-coordinate environment is ideal for generating
large anisotropy29 because the associated weak ligand field
minimizes the energy splitting between states contributing to
orbital angular momentum, thus maximizing the zero-field
splitting generated through second-order spin−orbit coupling.
Electron Paramagnetic Resonance. High-field, high-

frequency EPR spectra were collected to more accurately
quantify the magnetic anisotropy in Ni4(NP

tBu3)4 (1) and
[Ni4(NPtBu3)4][B(C6F5)4] (2). Data were collected on
crystalline powder samples using microwave frequencies in
the range 60−532 GHz and magnetic fields between 0 and
14.5 T.30 Representative spectra shown in Figure 4 are
markedly different for the two compounds. The spectra for 1
exhibit multiple sharp transitions between 64 and 512 GHz
(Figure S12a), while the spectra for 2 obtained at frequencies
between 65 and 224 GHz are characterized by two broad intra-
Kramers transitions that correspond to field orientations along
the principal components (z and xy) of the zero-field splitting
tensor (Figure S14). Both sets of spectra could be accurately
simulated from the parametrization provided by the spin
Hamiltonian in eq 1 using the EasySpin toolbox in Matlab.33 A

brief summary of the procedures used to determine the zero-
field splitting parameters for 1 and 2 from the EPR data is as
follows. For 1, the temperature dependence of the EPR spectra
at 406 GHz was examined in order to identify the ground-
state-based EPR transition (Figure S13a, red label). A linear fit
of frequency versus field for this transition (Figure S12b) was
extrapolated to obtain a zero-field frequency of 154(2) GHz,
corresponding to a value of D = −1.74 cm−1 associated with
the ground MS = −2 state to the excited MS = −1 state
transition, with an isotropic g value of giso = 2.2. The
experimental data were simulated using D = −1.74 cm−1 and a
rhombic zero-field splitting term of |E| = 0.24 cm−1, which was
necessary to replicate the splitting between the x and y
components of the spectra (Figure 4, upper, red traces). These
zero-field splitting parameters are in good agreement with
those obtained from fits of the magnetization data.
Between 65 and 224 GHz, the EPR spectra for 2 feature

only two transitions corresponding to the MS = ±1/2 Kramers
doublet (Figure S14). However, at the highest examined
frequencies, another transition is clearly present near zero field
(Figure 4, lower; and Figure S15a). The temperature
dependence of spectra collected at 486 GHz (Figure S15b)
revealed that this resonance position corresponds to the
transition from the ground MS = −1/2 to the excited MS = −3/2
state, thus affording direct spectroscopic evidence of zero-field
splitting in 2. The EPR spectra of 2 were well-simulated with D
= +9.2 cm−1, E = 0, g⊥ = 2.4, and g∥ = 2.2 for an S = 5/2 spin

Figure 4. Multifrequency powder EPR spectra for (a) 1 and (b) 2,
with simulations shown as red traces. All data were collected at 5 K to
ensure that each sample was close to the maximum population of its
spin-projected MS ground state.
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system (Figure 4, lower, red), in agreement with the results
from magnetization measurements.
Finally, the X-band EPR spectrum for 4 collected at 2 K in

frozen 2-methyltetrahydrofuran (2-MeTHF) features a very
broad signal centered around g = 2.07 (Figure S16). The broad
spectrum is presumed to result from extensive hyperfine
interactions involving the four Cu nuclei (63Cu and 65Cu
isotopes, both with I = 3/2), ligand disorder, and paramagnetic
relaxation.
Electronic Structure Analysis. Thermally persistent,

large-spin ground states in clusters with direct metal−metal
interactions have been rationalized as arising from electrons in
molecular orbitals generated from direct orbital over-
lap.6,7,9−11,16,17 However, detailed calculations to support this
hypothesis have been performed only on dinuclear com-
plexes.16,17 Here, a qualitative molecular orbital analysis
(Figure 5) was performed in tandem with density functional
theory (DFT) calculations (Figures S17 and S18) to better

understand the nature of the orbital interactions within the
Ni4(NP

tBu3)4 cluster and the associated magnetic behavior.
A molecular orbital diagram was first constructed for a

hypothetical planar molecule in D4h symmetry as shown on the
left side of Figure 5. Here, 20 metal 3d orbitals may engage in
bonding interactions according to symmetry considerations.
Seven metal group orbitals interact with the 2p group orbitals
of the coordinated N atoms, resulting in seven M−L
antibonding orbitals (Figure 5, left, red). The remaining 13
orbitals are metal-centered and form 4 M−M bonding, 6 M−
M nonbonding, and 3 M−M antibonding molecular orbitals
(Figure 5, left; blue, green, and yellow, respectively). Upon
lowering the molecular symmetry from D4h to idealized D2d
symmetry, the 1b1g M−M bonding orbital mixes with a ligand
group orbital to form a 3b2 orbital (Figure 5, right), as also
indicated by DFT calculations (Figure S17). Furthermore, a
Walsh analysis reveals that M−L and M−M interactions are of
approximately the same order of magnitude, which is the result
of the weak ligand field originating from the two-coordinate
metal environment. The overall 3d orbital energy splitting
determined from DFT calculations is 25 000 cm−1 (Figure
S18).
According to the molecular orbital diagram for idealized D2d

symmetry, the oxidation of Ni4(NP
tBu3)4 to [Ni4(NP

tBu3)4]
+

is associated with the removal of an electron from the 3a1*
orbital, which has partial metal−metal bonding character
(Figure S19, upper). Loss of this electron results in a
lengthening of the Ni···Ni distance, as shown by X-ray
diffraction analysis (Table 1). In contrast, the oxidation of
Cu4(NP

tBu3)4 to [Cu4(NP
tBu3)4]

+ results in the removal of an
electron from the 6e* orbital, which has partial M−M
antibonding character (Figure S19, lower). This change results
in a shortening of the Cu···Cu distances, as observed in a
comparison of the solid-state structures of both compounds. It
should be noted that, on the basis of this analysis,
Cu4(NP

tBu3)4 has a total M−M bond order of zero, which
is reflected in its longer M···M distance compared to that in
the M4 clusters in 1, 2, and 4. In both Ni4(NP

tBu3)4 and
Cu4(NP

tBu3)4, oxidation leads to shortening of the M−N
distances (Table 1), as expected for the removal of an electron
from a M−L antibonding orbital.
The spin energy levels of the truncated model complexes

Ni4(NPH3)4 (1′) and [Ni4(NPH3)4]
+(2′) were computed

using the complete active space self-consistent field (CASSCF)
method31 modulated by second-order N-electron valence
perturbation theory (NEVPT2),32−34 as implemented in the
ORCA program.35 Calculations on 1′ were carried out by
correlating 4 electrons on 4 localized 3d molecular orbitals
[CAS(4,4)] and extended active spaces, correlating 12
electrons on 8 [CAS(12,8)] and 28 electrons on 16
[CAS(28,16)] localized molecular orbitals. All of these
calculations yielded a well-isolated S = 2 ground state (Table
S5). From the CASSCF calculation, an electron-transfer energy
of 6.1 eV was found between the lateral pairs of Ni centers,
indicating a dominant exchange pathway through adjacent
metal centers (Figure 6). Moreover, a calculation with an
extended active space, which included the lower-lying, fully
occupied orbitals, revealed excited states resulting in two
unpaired electrons on a Ni2+ site in 1′, for which parallel spin
alignment is governed by Hund’s rule (Figure 7). This
interaction further stabilizes the S = 2 ground state such that
the S = 0 excited state is ∼1000 cm−1 higher in energy (with
the CAS(28,16) active space, Table S5). The observed

Figure 5. Molecular orbital energy-level diagrams for a hypothetical
square Ni4(NPR3)4 cluster with D4h symmetry (left) and a
Ni4(NP

tBu3)4 cluster (1) with D2d symmetry (right). The positions
and orbital interactions on the right were corroborated by DFT
calculations (Figures S17 and S18). Orbitals dominated by metal−
ligand antibonding, metal−metal antibonding, metal−metal non-
bonding, and metal−metal bonding interactions are shaded in red,
yellow, green, and blue, respectively. Blue and red arrows represent
paired and unpaired electrons, respectively. Calculated orbital energy
levels for 1 are provided in Figure S18. This diagram can also apply to
a Cu4(NP

tBu3)4 cluster in 3 by adding four more valence electrons.
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excitation is reminiscent of ferromagnetism in magnetic metals,
where a broad s conduction band overlaps with a half-filled
narrow d band, providing a pathway for direct exchange via
itinerant electrons, where the ferromagnetic exchange inter-
action is governed by Hund’s rule on each metal atom.20

Calculations performed on 2′ confirmed an S = 5/2 ground
state and the presence of an S = 3/2 excited state that lies
73 cm−1 higher in energy (Table S6). This value is smaller than
the ground to first excited state splitting determined from
fitting the χMT versus T data for 2 from 150 to 300 K using the
van Vleck equation (221 cm−1, see Figure S8). However, in
both cases the separation is such that the population of the S =
3/2 excited state is expected at ambient temperature according
to Boltzmann statistics, consistent with the temperature
dependence of the χMT data for 2 (Figure 3).
Magnetization Relaxation Dynamics. Systems exhibit-

ing large negative values of D (easy-axis anisotropy) have long
been the primary focus in the pursuit of new single-molecule
magnets for two main reasons: D < 0 gives rise to a maximal
±MS ground state and the suppression of quantum tunneling
of the magnetization, and for integer S, only systems with D <
0 are guaranteed to exhibit the doubly degenerate ground state
required for slow magnetic relaxation.3 However, in recent
years a number of molecules with easy-plane anisotropy D > 0
and half-integer spins have been found to undergo slow
magnetic relaxation under an applied field.36,37 Spin inversion
within the ground state in such systems is prohibited by
Kramers’ theorem, and thus slow magnetic relaxation occurs
via Orbach, Raman, and/or hyperfine-interaction-mediated
direct processes.38 Given the presence of a significant easy-

plane anisotropy in 2, it was therefore of interest to probe the
dynamic magnetic properties of this compound.
AC magnetic susceptibility measurements were first carried

out on a crystalline sample of 2. Under zero applied field,
compound 2 exhibits no signal in the molar out-of-phase
susceptibility (χM″). However, under a small applied field of
400 Oe, peaks in χM″ were observed between 1.80 and 2.05 K
(Figure S21). Relaxation times (τ) were extracted from these
data using a generalized Debye model,3 and a corresponding
plot of the logarithm of τ vs inverse T is linear (Figure S29),
suggesting that the magnetization relaxes via an Orbach
process. The temperature-dependent relaxation data were fit
using the equation

τ τ= −− − U
k T

exp1
0

1 eff

B

i
k
jjjjj

y
{
zzzzz (2)

to yield an effective spin-reversal barrier of Ueff =
16.53(6) cm−1 and a pre-exponential factor of τ0 = 4.7(2) ×
10−10 s. The value of Ueff is in good agreement with the first
magnetic excited states calculated from high-field EPR and
magnetization data (18 and 19 cm−1, respectively), while the
value of τ0 is in the range expected for an Orbach relaxation
process.3 Accordingly, Orbach relaxation in 2 occurs via the
first excited MS = ±3/2 states. It should be noted that other
relaxation processes, such as quantum tunneling of magnet-
ization and Raman relaxation, appear to be completely
suppressed in the narrow temperature range studied, in
contrast to other single-molecule magnets with easy-plane
anisotropy.37

The absence of slow magnetic relaxation in 2 under zero
field could be attributed to fast quantum tunneling resulting
from dipolar interactions or intramolecular hyperfine inter-
actions. To investigate the relevance of dipolar interactions, ac
susceptibility data were collected on a dilute (10 mM) frozen
solution of 2 in 2-MeTHF. Significantly, zero-field slow
magnetic relaxation is clearly visible at high frequencies for
this sample (Figure S23). This observation indicates that
intermolecular interactions are at least partially responsible for
fast relaxation under zero field in the crystalline sample, and
intramolecular quantum tunneling of magnetization appears to
be relatively slow in this cluster. Moreover, after applying 0.3 T
field and subsequent removal of the magnetic field, temper-
ature-dependent zero-field relaxation is visible (Figure S25),
presumably because random dipole moments are reoriented.
Relaxation times can be fit solely to an Orbach process with
Ueff = 16.0(4) cm−1 and τ0 = 7.9(22) × 10−9 s (Figure S29),
although not all molecules relax at this rate as indicated by a
relatively large adiabatic susceptibility (Table S7). To the best
of our knowledge, 2 is the first compound with easy-plane
anisotropy to exhibit slow magnetic relaxation under zero field,
a consequence of its Kramers degeneracy, large magnetic
anisotropy, and low abundance of isotopes with nuclear spin
(∼1% natural abundance of 61Ni). It is noteworthy that zero-
field relaxation has been predicted for Kramers ions with D > 0
and no nuclear spin38 but has not previously been realized due
to the lack of systems with appropriate electronic structures.
For example, in the case of a mononuclear nickel system, high-
spin nickel(III) would be required to access an electronic
structure suitable for zero-field slow magnetic relaxation.38

However, the low-coordinate nickel centers engaged in direct
metal−metal orbital overlap in 2 give rise to a unique
electronic structure that facilitates slow magnetic relaxation in

Figure 6. Localized magnetic orbitals for 1′, as obtained from
CAS(4,4) calculations with computed charge-transfer parameters
between the lateral (6.1 eV) and diagonal (0.6 eV) Ni−Ni pairs.
Green and blue spheres represent Ni and N atoms, respectively.

Figure 7. Schematic illustration of the excited states in 1′ (right)
found from CASSCF calculations using an extended active space. The
excited state features a Ni2+ center with a parallel alignment of spins
according to Hund’s rule. The itinerant electron is highlighted in red.
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a more synthetically accessible system. Finally, the application
of a small optimal field of 200 Oe further suppresses fast spin
relaxation, enabling full relaxation observed in the out-of-phase
susceptibility between 1.8 and 2.1 K (Figure S27). An
Arrhenius plot of the corresponding relaxation times versus
inverse T was again fit to an Orbach process, yielding Ueff =
15.7(2) cm−1 and τ0 = 1.4(2) × 10−9 s (Figures 8 and S29).

Although compound 1 possesses easy-axis anisotropy (with
D values of −1.93 and −1.74 cm−1 determined from
magnetization and EPR data, respectively), it does not exhibit
any signatures of slow magnetic relaxation at temperatures of
as low as 2 K and ac frequencies of as high as 1500 Hz. This
absence is likely due to the small ground state to first magnetic
excited state separation in this compound, calculated to be
between 5.1 and 5.7 cm−1 from the extracted D parameters.
AC susceptibility data were also collected for 4 to examine

the relaxation dynamics of the S = 1/2 cluster [Cu4(NP
tBu3)4]

+.
A microcrystalline sample of 4 showed no features of slow
magnetic relaxation under zero field or applied fields, but a
10 mM frozen solution of 4 in 2-MeTHF exhibited slow
magnetic relaxation at as high as 8 K under an optimized field
of 2000 Oe (Figure S30). The absence of zero-field relaxation
in 4 is consistent with quantum tunneling of the magnetization
facilitated by hyperfine interactions with the I = 3/2 copper
nuclear spin.38 Since there is no magnetic excited state in an S
= 1/2 system, the observed slow relaxation under an applied
field will arise solely due to Raman and/or direct processes
according to the following equation

τ = +− CT AH Tn1 4 (3)

where C and A are coefficients for Raman and direct processes,
respectively, and n is the Raman exponent. A least-squares fit
to the data yielded C = 0.43(2) s−1 K−4, n = 4, and A =
1.95(8) × 104 s−1 T−4 K−1 (Figure 8). Interestingly, the Raman
relaxation times are on the order of milliseconds for 4, similar
to those previously determined for [Co4(NP

tBu3)4]
+ (Figure

S33),11 suggesting that the relaxation behavior may be

characteristic of the spin-vibronic coupling in tetranuclear
phosphinimide clusters. In the case of compound 2, Raman
relaxation on this time scale is sufficiently slow to enable
exclusive observation of the Orbach barrier.

■ CONCLUSIONS
The foregoing results demonstrate that direct metal−metal
orbital overlap in tetranuclear transition-metal complexes
featuring bridging tri-tert-butylphosphinimide gives rise to
strong electronic and magnetic communication. In
[Ni4(NP

tBu3)4]
+, a large S = 5/2 ground state results from

strong direct exchange via orbital overlap, while large
anisotropy is engendered by the weak ligand field. Remarkably,
computational results reveal that strong ferromagnetic direct
exchange in the cluster is mediated by itinerant electrons,
reminiscent of magnetism in ferromagnetic metals. Intrigu-
ingly, to our knowledge, [Ni4(NP

tBu3)4]
+ is the first example

of a single-molecule magnet with easy-plane anisotropy that
exhibits slow magnetic relaxation in the absence of an applied
field as well as exclusive Orbach relaxation under a small
applied field. The S = 1/2 cluster [Cu4(NP

tBu3)4]
+ also exhibits

spin-vibronic relaxation on the millisecond time scale, similar
to that observed for the cobalt analogue10 and indicative of a
characteristic slow magnetic relaxation in these clusters.
Finally, this study brings ferromagnetism as seen in metals
into the molecular realm, presenting a new and potentially rich
avenue for the design of single-molecule magnets based on
metal−metal bonded clusters to achieve novel electronic,
magnetic, and vibronic properties.
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