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Strong Electronic and Magnetic Coupling in Mz (M = Ni, Cu) Clus-
ters via Direct Orbital Interactions Between Low-Coordinate Metal
Centers

Khetpakorn Chakarawet,” Mihail Atanasov,>' Jonathan Marbey,* Philip C. Bunting,” Frank Neese,’
Stephen Hill,* Jeffrey R. Long*"*!

TDepartment of Chemistry and *Department of Chemical and Biomolecular Engineering, University of California, Berkeley,
Berkeley, California 94720, USA

$Max-Planck-Insitut fiir Kohlenforschung, Milheim an der Ruhr D-45470, Germany

TInstitute of General and Inorganic Chemistry, Bulgarian Academy of Science, Akad. Georgi Bontchev, Street 11, 1113 So-
fia, Bulgaria

LDepartment of Physics and National High Magnetic Field Laboratory, Florida State University, 1800 East Paul Dirac Drive,
Tallahassee, Florida 32310, USA

IMaterials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

ABSTRACT: We present an extensive study of the tetranuclear transition metal cluster compounds M(NP'Bus); and
[M4(NP'Bu3)4][B(CeFs)a] (M = Ni, Cu; '‘Bu = 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 clusters [Nis(NP'Bus),]*"° and fully delocalized, spin-correlated electrons.
Correlated electronic structure calculations confirm the presence of ferromagnetic ground states that arise from direct exchange be-
tween 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 param-
eter of D = +7.95 or +9.2 cm™, as determined by magnetometry or electron paramagnetic resonance spectroscopy, respectively. The
[Nis(NP'Bus)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-L. The S = Y, complex [Cus(NP'Bus)4]* exhibits slow magnetic relaxation via a Raman process on the millisecond timescale,
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.

clusters exhibiting strong ferromagnetic direct exchange, medi-

Introduction

Molecular magnetism broadly encompasses the design and
study of molecules and molecule-based materials exhibiting
magnetic properties, and is largely motivated by prospective ap-
plications in areas such as magnetic memory, spintronics, quan-
tum computing, and permanent magnetism.%? Multinuclear
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 numer-
ous interesting properties, particularly single-molecule magnet
behavior.? Indeed, the field of single-molecule magnetism orig-
inated following the discovery of slow magnetic relaxation in
the dodecanuclear cluster Mn;,012(CH3CO2)16(H20)4, wherein
uncompensated antiferromagnetic superexchange interactions
between manganese ions gives rise to a large-spin ground state.*
Since then, many multinuclear metal clusters exhibiting single-
molecule magnet behavior have been reported.® Most of these
clusters feature metal ions coupled via weak, antiferromagnetic
superexchange interactions. Recently, however, a number of

ated by direct metal-metal orbital overlap, have been reported.®
12 These complexes have motivated a new design paradigm for
accessing single-molecule magnets with thermally isolated
large-spin ground states.*!2 For example, the tetranuclear iron
cluster Fes(N=CPhy)s was recently shown to exhibitan S =7
ground state and consequently slow magnetic relaxation with a
spin relaxation barrier of U = 29 cm™'.22 We also recently re-
ported the tetranuclear cluster compound
[Co4(NP'BU3)4][B(CsFs)4],** which possesses a well-isolated S
=9/, ground state resulting from direct metal-metal orbital over-
lap. Crucially, the low-coordinate metal centers in this complex
additionally give rise to a very large magnetic anisotropy, with

=-12.34 cm™, resulting in the largest barrier to magnetic re-
laxation yet characterized for any transition metal cluster, Ues
=87cm™.

More broadly, with the steadily growing number of metal
clusters featuring direct metal-metal interactions, the possibil-
ity emerges to access unique electronic properties otherwise un-
attainable in traditional metal clusters, such as high levels of
electron delocalization® and meta-atom behavior.” Density



functional theory has been widely used to study magnetic prop-
erties of iron-sulfur clusters featuring direct metal-metal inter-
actions.’*'* Nonetheless, configuration interactions have only
been applied to computational studies of dinuclear complexes
due in part to the challenge in the complex electronic structures
of these metal clusters.'®® Indeed, such studies are potentially
of great significance beyond the elucidation of molecular prop-
erties, as magnetic direct exchange through delocalized elec-
trons also governs permanent magnetism in ferromagnets pos-
sessing high Curie temperatures, such as metallic iron, cobalt,
and nickel.1>?° Magnetic studies of polynuclear metal com-
plexes'52122 have previously enabled the refinement of an ear-
lier model for superexchange originally proposed in solid
MnO.2 Likewise, the detailed electronic, magnetic, and theo-
retical investigation of paramagnetic metal clusters featuring di-
rect 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
[Nis(NP'Bus3)4]*"°, which exhibit large magnetic anisotropy and
large-spin ground states that are thermally persistent to 300 K.
Correlated electronic structure ab initio calculations are em-
ployed to rationalize the effect of metal-metal interactions on
the magnetic properties, and they reveal strong Ni—-Ni ferro-
magnetic coupling arising from a direct exchange mechanism
resembling that in ferromagnetic metals. The complex
[Nis(NP'Bus)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 =Y, tetranuclear copper analogue [Cus(NP'Bus)4]*, which ex-
hibits spin-vibronic relaxation on the millisecond timescale at
low temperatures, suggesting that the observation of Orbach
barrier in the nickel analogue is also a result of slow spin-vi-
bronic relaxation. These findings highlight the unique elec-
tronic and magnetic properties accessible with complexes fea-
turing metal-metal bonding interactions.

Results and Discussion

Synthesis and Characterization. The compound Nis(NP'Bus)4
(1) was prepared via a modification of a previously reported
synthesis.?* In brief, the salt metathesis reaction of LiNP'Bu;
and NiBr; in tetrahydrofuran (THF) and 1,2-dimethoxyethane
was followed by in situ reduction with KCs to yield the desired
product, which was separated from the reaction mixture by ex-
traction with hexane. Compound 1-n-CeH14 Was isolated as dark
green block-shaped crystals from a concentrated hexane solu-
tion stored at —-30 °C. Single-crystal X-ray diffraction charac-
terization revealed that 1-n-CgHa4 crystallizes in the space group
C2/c, with a crystallographic two-fold rotation axis passing
through two diagonal Ni atoms of the cluster, similar to the pre-
viously reported structure of 1-2THF.?* The molecule adopts an
idealized D,y symmetry (Figure S1). Each Ni atom is coordi-
nated by the N atoms of two phosphinimide ligands, resulting
in an almost linear coordination geometry around each Ni cen-
ter, with an average N-Ni—N angle of 176.4(6)°. All Ni atoms
lie within the same plane, as dictated by the crystallographic
two-fold symmetry. The average of the four Ni---Ni distances
is 2.3631(1) A, which is within range of direct metal-metal in-
teractions.?

Oxidation of 1 using [FeCp,][B(CsFs)4] (Cp~ = cyclopentadi-
enyl anion) yielded [Niy(NP'Bus),][B(CsFs).] (2) as a dark blue

Figure 1. Crystal structures of the cationic cluster in
[Nis(NP'Bu3)4][B(CsFs)s] (2) (left) and the neutral cluster
Cus(NP'Bua)s (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 mol-
ecule is shown.

Table 1. Selected Average Interatomic Distances (A) and
Angles (°) for the Tetranuclear Clusters in Nis(NP'Bus)s (1),
[Ni4(NPtBU3)4][B(CeF5)4] (2), CU4(NPtBU3)4 (3), and
[Cus(NP'Bus)s][B(CsFs)s] (4) Determined from Single-Crys-
tal X-ray Diffraction?

1 2 3 4
M---M 23631(1)  240(4)  2582(4)  253(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 pa-
rameters are given in parentheses. The estimated standard uncertainty
of each parameter is given in Table S3.

powder that could be crystallized as dark blue block-shaped
crystals from a THF/hexane mixture at —30 °C. X-ray diffrac-
tion analysis revealed that the compound crystallizes in the
space group P2;2:2; 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)
A, respectively), while the average Ni---Ni distance is longer
than in 1 (2.40(4) versus 2.3631(1) A) (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 Cus(NP'Bus)s (3) was synthe-
sized via protonolysis of mesitylcopper(l) by HNP'Bus. Crys-
tallization from hexane at —30 °C yielded large, colorless block-
shaped crystals of 3-n-C¢H14 suitable for X-ray diffraction anal-
ysis, which revealed that the compound is isomorphous and
isostructural to 1 (Figure 1, right). In 3-n-C¢H14, the average
Cu---Cu distance of 2.582(4) A is much longer than the Ni---Ni
distance of 2.3631(1) A in 1-n-C¢Ha4 (Table 1), which may be
attributed to 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).

Oxidation of 3 by [FeCp.][B(CsFs)4] yielded 4-1.4DFB-0.3n-
CsH14 (DFB = 1,2-difluorobenzene) as black rod-shaped crys-
tals after recrystallization from DFB/hexane at -30 °C. Com-
pound 4 crystallizes in the space group P1, and initial structure
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Figure 2. Cyclic voltammograms for 2 (blue) and 4 (red), obtained
in DFB solution containing 1 mM analyte and 0.1 M of the elec-
trolyte ("Bu4aN)PFs. The arrow represents the starting point and the
direction of the scan.

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 Cu, plane.
Further analysis revealed that this electron density corresponds
to the disordered pentanuclear copper(l)  species
[Cus(NP'Bu3).][B(CsFs)4] (Figure S5), which was further con-
firmed by mass spectrometry (Figure S7). Refinement of the
diffraction data for 4-1.4DFB-0.3n-C¢H14 revealed that this
compound consists of 81% [Cus(NP'Bus)4][B(CsFs)4] co-crys-
tallized with 19% [Cus(NP'Bus)4][B(CsFs)s]. A comparison of
the metrical parameters of [Cus(NP'Bus)4][B(CsFs)s] 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 anti-
bonding orbital (see below).

Electrochemistry. The cyclic voltammogram collected for 2
in DFB features the expected one-electron [Nis(NP'Bus)s]*" re-
dox couple at Ey, = —2.02 V versus [FeCp2]*° (Figure 2). Two
additional one-electron processes occur at E;, = —0.66 and
+0.54 V, corresponding to the [Nis(NPBus)s?>"* and
[Nis(NP'Bus)4]**?* redox couples, respectively. Compropor-
tionation constants of 1.0 x 102 and 2.1 x 10%° were determined
for the mixed-valence complexes [Nig(NP'Bus)s]* and
[Nis(NP'Bus)4]?*, respectively. These values are much larger
than those of typical mixed-valence complexes, and are indica-
tive of a delocalized electronic structure arising from direct
metal-metal orbital overlap.”01!

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]+/O, [CU4(NPIBU3)4]2+/+, and [CU4(NPIBU3)4]3+/2+
couples, respectively (Figure 2). Comproportionation constants
of 1.9 x 10" and 5.0 x 10* were determined for the mixed-
valence complexes [Cus(NP'Bus)s]* and [Cus(NP'Bus)s]?*, re-
spectively. 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 sys-
tems are best described as possessing electrons that are delocal-
ized over molecular orbitals formed by direct metal orbital over-
lap.
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Figure 3. Molar magnetic susceptibility times temperature (ymT)
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 ytir = 1.0x10-3 and 9.5x10*
cmé/mol, respectively.

Static Magnetic Measurements. Variable-temperature dc
magnetic susceptibility data were collected for crystalline sam-
ples of 1-n-CeH14, 2, and 4-1.4DFB-0.3n-C¢Hy4 under an ap-
plied dc field of 1000 Oe (Figure 3). The susceptibility data for
1 and 4 were corrected for contributions from temperature-in-
dependent paramagnetism (ymp ~ 10~ cm®*/mol), and the data
for 4 were additionally corrected to remove the diamagnetic
contribution from the minor impurity
[Cus(NP'Bu3)4][B(CeFs)a]. The value of ymT at 300 K for
[Cus(NPBU3)4][B(CsFs)s] in 4 is 0.498 cm®K/mol, consistent
with an S = ¥/, system (giso = 2.30). In contrast, the ywT product
for 1 at 300 K is 4.02 cm®K/mol, which is much higher than the
predicted value of 1.50 cm®K/mol for four isolated S =/, nickel
() centers. Instead, the experimental value better corresponds
to an S = 2 ground state with gis, = 2.32. The room temperature
xmT product for 2 is 5.37 cm®K/mol, best corresponding to an S
=5/, ground state (predicted ywT = 4.375 cm®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.”!

With decreasing temperature, ymT for 2 increases initially to
a value of 5.80 cm*K/mol at 130 K, similar to what has been
previously observed in other metal-metal bonded systems.102
This increase is attributed to the depopulation of a low-lying S
= 3/, excited state with smaller magnetic moment (see below).
A fit of the magnetic susceptibility data from 150 to 300 K using
the van Vleck equation and assuming an S = %/, ground state and
S = %, excited state yielded an energy separation of 221 cm™
(Figure S8). Below ~90 K, ymT gradually decreases until a dra-
matic downturn at ~40 K, reaching a value of 3.41 cm®K/mol at
2 K. In contrast, ymT for 1 exhibits much less variation across
the examined temperature range. In particular, the data uni-
formly and gradually decrease from 300 to ~20 K before drop-
ping to a value of 3.00 cm®K/mol at 2 K. The low-temperature
drop in the data for compounds 1 and 2 is indicative of signifi-
cant zero-field splitting.

Low-temperature magnetization measurements were carried
out to further quantify magnetic anisotropy in 1 and 2 and the



tetranuclear cluster in 4. For compound 4, the reduced magnet-
ization plot features superimposable isofield lines, as expected
for an S =1/, spin system (Figure S9). In contrast, the reduced
magnetization plots for 1 and 2 feature non-superimposable iso-
field lines (Figures S10 and S11), indicative of significant zero-
field splitting. The magnetization data for 1 and 2 were accord-
ingly fit using the following Hamiltonian:
A=DS?+E(S?—82)+uzH-g-S 6]

where D and E are the axial and transverse zero-field splitting
parameters, respectively, Sy, is the electron spin projection op-
erator onto the x/y/z axis, ug is the Bohr magneton, g is the
Landé g-tensor, and H is the magnetic field. The fits yielded
parameters of D = —1.93(1) cm™, |E| = 0.53(3) cm™, g, =
2.180(2), and g1 = 2.249(1) for 1, and D = +7.95(5) cm™, E =
1.17(1) cm™, gy = 2.28(1), and g. = 2.188(1) for 2.

Itis important to note that the vast majority of transition metal
clusters exhibit [D| < 1 cm™,® for example D = —0.46 cm™ for
Mn12012(02,CCH3)16(0OH,)4 (S = 10),%” although smaller spin
clusters may exhibit slightly larger |D| values. For instance, the
S = 3 compound [NisL3(OH)(CDH](CIO4) (HL = 2-[(3-dimethyl-
aminopropylimino)methyl]phenol) exhibits a value of D = —
1.32 cm-1, previously the record among Ni clusters.?® The even
larger D values measured for 1 and 2 likely arise from the weak
ligand field generated by the formally two-coordinate environ-
ment, as demonstrated previously for
[Co4(NPBU3)4][B(CsFs)4].1* Indeed, a low-coordinate environ-
ment is ideal for generating large anisotropy,? because the as-
sociated weak ligand field minimizes the energy splitting be-
tween states contributing to orbital angular momentum, thus
maximizing zero-field splitting generated through second-order
spin-orbit coupling.

Electron Paramagnetic Resonance. High-field, high-fre-
quency EPR spectra were collected to more accurately quantify
the magnetic anisotropy in  Nis(NP'Buz)s (1) and
[Nis(NP'Bus)s][B(CsFs)4] (2). Data were collected on crystalline
powder samples using microwave frequencies in the range of
60-532 GHz and magnetic fields between 0 and 14.5 T.% Rep-
resentative 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 parame-
terization provided by the spin Hamiltonian in Equation 1, using
the EasySpin toolbox in Matlab.®® A brief summary of the pro-
cedures 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-! associated with the ground Ms = —2 state to the ex-
cited Ms = —1 state transition, with an isotropic g-value of gis =
2.2. The experimental data were simulated using D = -1.74 cm-!
and a rhombic zero-field splitting term of |E| = 0.24 cm-%, which
was necessary to replicate the splitting between the x and y com-
ponents of the spectra (Figure 4, upper, red traces). These zero-
field splitting parameters are in good agreement with those ob-
tained from fits of the magnetization data.
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Figure 4. Multi-frequency powder EPR spectra for 1 (upper) and 2

(lower), with simulations shown as red traces. All data were col-

lected at 5 K to ensure each sample was close to the maximum pop-
ulation of its spin-projected Ms ground state.

Between 65 and 224 GHz, the EPR spectra for 2 feature only
two transitions corresponding to the Ms = +*/, 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 spec-
tra collected at 486 GHz (Figure S15b) revealed that this reso-
nance position corresponds to the transition from the ground Mg
= 1, to the Ms = -3/, excited state, thus affording direct spec-
troscopic evidence of zero-field splitting in 2. The EPR spectra
of 2 were well-simulated with D = +9.2 cm}, E=0, g, = 2.4
and g = 2.2, for an S = %/, spin 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 inter-
actions involving the four Cu nuclei (33Cu and ®*Cu isotopes,
both with | =3/,), ligand disorder, and paramagnetic relaxation.

Electronic Structure Analysis. Thermally-persistent, large-
spin ground states in clusters with direct metal-metal interac-
tions have been rationalized as arising from electrons in molec-
ular orbitals generated from direct orbital overlap.87911:1617
However, detailed calculations to support this hypothesis have
only been performed on dinuclear complexes.'5!” Here, a qual-
itative molecular orbital analysis (Figure 5) was performed in
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Figure 5. Molecular orbital energy level diagrams for a hypothetical
square Nis(NPR3)s cluster with Dan symmetry (left) and
Niz(NP'Bus)4 cluster (1) with D2g symmetry (right). The positions
and orbital interactions on the right were corroborated by DFT cal-
culations (see 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 en-
ergy levels for 1 are provided in Figure S18. This diagram can also
apply to a Cusa(NP'Bus)a cluster in 3 by adding four more valence
electrons.

tandem with density functional theory (DFT) calculations (Fig-
ures S17 and S18) to better understand the nature of the orbital
interactions within the Nis(NP'Bus), cluster and the associated
magnetic behavior.

A molecular orbital diagram was first constructed for a hypo-
thetical planar molecule in D4, sSymmetry as shown on the left
side of Figure 5. Here, 20 metal 3d orbitals may engage in bond-
ing 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 or-
bitals (Figure 5 left, red). The remaining 13 orbitals are metal-
centered, and form four M—M bonding, six M—M nonbonding,
and three M—M antibonding molecular orbitals (Figure 5, left;
blue, green, and yellow, respectively). Upon lowering the mo-
lecular symmetry from Day to idealized Doy Symmetry, the 1byg
M-M bonding orbital mixes with a ligand group orbital to form

a 3b, orbital (Figure 5, right), as also indicated by DFT calcula-
tions (Figure S17). Furthermore, a Walsh analysis reveals that
M-L and M-M interactions are of approximately the same or-
der 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 calcu-
lations is 25,000 cm™ (Figure S18).

According to the molecular orbital diagram for idealized Dyg
symmetry, oxidation of Nis(NP'Bus)s to [Nis(NP'Bus)4]* is as-
sociated with the removal of an electron from the 3a,* 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, oxidation of Cus(NP'Bus), to [Cus(NP'Bus)4]" re-
sults 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, based on this analysis,
Cu4(NP'Bus)4 has a total M—M bond order of zero, which is re-
flected in its longer M- --M distance compared to the My clusters
in 1, 2, and 4. In both Nis(NP'Bus)s and Cus(NP'Bus),, 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
Nis(NPH3)s (17) and [Nis(NPH3)4]* (2") were computed using
the complete active space self-consistent field (CASSCF)
method® modulated by second order N-electron valence pertur-
bation theory (NEVPT2),%% as implemented in the program
ORCA * Calculations on 1’ were carried out by correlating four
electrons on four localized 3d molecular orbitals [CAS(4,4)]
and extended active spaces, correlating twelve electrons on
eight [CAS(12,8)] and twenty eight electrons on sixteen
[CAS(28,16)] localized molecular orbitals. All of these calcula-
tions yielded a well-isolated S = 2 ground state (Table S5). From
the CASSCEF 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
Ni?* site in 1/, for which parallel spin alignment is governed by

75 <3

0.6eV
6.1 eVI 16.1 eV

v W

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.
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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 Ni?* center with parallel alignment of
spins according to Hund’s rule. The itinerant electron is highlighted
in red.

Hund’s rule (Figure 7). This interaction further stabilizes the S
= 2 ground state such that the S = 0 excited state is ~1000 cm-!
higher in energy (with CAS(28,16) active space, Table S5). The
observed excitation is reminiscent of ferromagnetism in mag-
netic metals, where a broad s conduction band overlaps with
half-filled narrow d band, providing a pathway for direct ex-
change via itinerant electrons, where the ferromagnetic ex-
change interaction is governed by Hund’s rule on each metal
atom. %

Calculations performed on 2’ confirmed an S = %/, ground
state and the presence of an S = 3/, excited state that lies 73 cm-!
higher in energy (Table S6). This value is smaller than the
ground to first excited state splitting determined from fitting the
xmT versus T data for 2 from 150 to 300 K using the van Vleck
equation (221 cm™, see Figure S8). However, in both cases the
separation is such that population of S = 3/, excited state is ex-
pected at ambient temperature according to Boltzmann statis-
tics, consistent with the temperature dependence of the yuT data
for 2 (Figure 3).

Magnetization Relaxation Dynamics. Systems exhibiting
large negative values of D (easy-axis anisotropy) were long 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 magneti-
zation, and for integer S, only systems with D <0 are guaranteed
to exhibit the doubly degenerate ground state required for slow
magnetic relaxation.> However, in recent years a number of
molecules with easy-plane anisotropy D > 0 and half-integer
spins have been found to show slow magnetic relaxation under
an applied field.**3" 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 hyper-
fine-interaction-mediated direct processes.® Given the pres-
ence 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, com-
pound 2 exhibits no signal in the molar out-of-phase suscepti-
bility (ym"). However, under a small applied field of 400 Oe,
peaks in ym'" were observed between 1.80 and 2.05 K (Figure
S21). Relaxation times (z) were extracted from these data using
a generalized Debye model,® and a corresponding plot of the
logarithm of 7 vs inverse T is linear (Figure S29), suggesting
that the magnetization relaxes via an Orbach process. The tem-
perature-dependent relaxation data were fit using the equation:

-1 _ -1 _ Uerr
= rplep (2D ()

to yield an effective spin reversal barrier Uer = 16.53(6) cm-?
and pre-exponential factor 7o = 4.7(2) x 10-° s. The value of
Ues is in good agreement with the first magnetic excited states
calculated from high-field EPR and magnetization data (18 and
19 cm-%, respectively), while the value of z is in the range ex-
pected for an Orbach relaxation process.® Accordingly, Orbach
relaxation in 2 occurs via the first excited Ms = +%/, states. It
should be noted that other relaxation processes, such as quan-
tum tunneling of magnetization 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.®

The absence of slow magnetic relaxation in 2 under zero field
could be attributed to fast quantum tunneling resulting from di-
polar interactions or intramolecular hyperfine interactions. To
investigate the relevance of dipolar interactions, ac susceptibil-
ity 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 interac-
tions 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 re-
moval of the magnetic field, temperature-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 Ues = 16.0(4) cm™ and 7o =
7.9(22) x 10-° s (Figure S29), although not all molecules relax
at this rate as indicated by a relatively large adiabatic suscepti-
bility (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 de-
generacy, large magnetic anisotropy, and low abundance of iso-
topes with nuclear spin (~1% natural abundance of 5!Ni). It is
noteworthy that zero-field relaxation has been predicted for
Kramers ions with D > 0 and no nuclear spin,® but has not pre-
viously been realized due to the lack of systems with appropri-
ate electronic structures. For example, in the case of a mononu-
clear nickel system, high-spin nickel(111) would be required to
access an electronic structure suitable for zero field slow mag-
netic relaxation.®® 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 relax-
ation in a more synthetically accessible system. Finally, appli-
cation of a small optimal field of 200 Oe further suppresses fast
spin relaxation, enabling coherent 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 were again fit to an Orbach process, yielding Ues =
15.7(2) cm-t and 7 = 1.4(2) x 10-° s (Figures 8 and S29).

Although compound 1 possesses easy-axis anisotropy (with
D values of -1.93 and -1.74 cm™? determined from
magnetization and EPR data, respectively), it does not exhibit
any signatures of slow magnetic relaxation at temperatures as
low as 2 K and ac frequencies as high as 1500 Hz. This absence
is likely due to the small ground state to first magnetic excited
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Figure 8. Arrhenius plots of relaxation time z (log scale) versus T
(inverse scale) for 2 under Hae = 200 Oe (blue circles) and 4 under
Hac = 2000 Oe (red circles). Error bars represent the standard devi-
ations of relaxation times. For 2, error bars are smaller than the
height of the symbols. Black solid lines represent the best fit accord-
ing to the equations specified in the text. Data were collected on the
10 mM frozen solution samples in 2-MeTHF.

state separation in this compound, calculated to be between 5.1
and 5.7 cm* from the extracted D parameters.

Ac susceptibility data were also collected for 4 to examine
the relaxation dynamics of the S =/, cluster [Cus(NP'Bus)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 as high as 8 K under an optimized field of 2000 Oe
(Figure S30). The absence of zero-field relaxation in 4 is con-
sistent with quantum tunneling of the magnetization facilitated
by hyperfine interactions with the I = 3/, copper nuclear spin.®®
Since there is no magnetic excited state in an S =/, system, the
observed slow relaxation under an applied field will arise solely
due to Raman and/or direct processes according to the follow-
ing equation:

771 = CT"™ + AH*T (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'K-%, n = 4, and A = 1.95(8) x
10* s-1T4K-! (Figure 8). Interestingly, the Raman relaxation
times are on the order of milliseconds for 4, similar to those
previously determined for [Cos(NP'Bus)4]* (Figure S33),™ sug-
gesting 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 timescale
is sufficiently slow to enable exclusive observation of the Or-
bach barrier.

Conclusions

The foregoing results demonstrate that direct metal-metal or-
bital overlap in tetranuclear transition metal complexes featur-
ing bridging tri-tert-butylphosphinimide gives rise to strong
electronic and magnetic communication. In [Nis(NP'Bus)]*, a
large S = °/, 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 me-
diated by itinerant electrons, reminiscent of magnetism in fer-
romagnetic metals. Intriguingly, to our knowledge,
[Nis(NP'Bus)4]* is the first example of a single-molecule mag-
net with easy-plane anisotropy that exhibits slow magnetic re-
laxation in the absence of an applied field, as well as exclusive
Orbach relaxation under a small applied field. The S =/, cluster
[Cus(NP'Bus)4]* also exhibits spin-vibronic relaxation on the
millisecond timescale, similar to that observed for the cobalt an-
alogue® and indicative of a characteristic slow magnetic relax-
ation 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 mag-
nets based on metal-metal bonded clusters to achieve novel
electronic, magnetic, and vibronic properties.
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