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A Nanosized {Ni" ¢} Cluster with a ‘Flying Saucer’ Topology
Exhibiting Slow Relaxation of Magnetisation Phenomena at

Both 15 Kand 1.3 K

Angeliki A. Athanasopoulou,” Parisa Abbasi,”” Dimitris |. Alexandropoulos,™®!

John J. Hayward,”” Christine M. Beavers,” Simon J. Teat,' Wolfgang Wernsdorfer,
Julia Mayans,'? Albert Escuer,’ Melanie Pilkington,* and Theocharis C. Stamatatos

A high-nuclearity {Ni,g} complex (1) with a unique ‘flying saucer’
motif has been prepared from the organic chelate, a-methyl-2-
pyridine-methanol (mpmH), in conjunction with bridging azido
(N;) and peroxido (0,%) ligands. Magnetic susceptibility
measurements revealed the presence of both ferro- and
antiferromagnetic exchange interactions between the metal
centres in 1, and the stabilization of spin states with appreciable
S values at two different temperature regimes. The end-on
bridging azido and alkoxido groups are in all likelihood the

Introduction

Single-molecule magnets (SMMs) based on polynuclear metal
complexes are 0-D systems displaying slow relaxation of
magnetization as a result of the combination of a large ground
state spin, S, together with a significant magnetic anisotropy of
the Ising, or easy axis type, the latter reflected in the negative
zero-field splitting parameter, D." This combination leads to a
significant barrier to magnetization reversal, whose upper limit
(U) is given by S?|D| or (S* - })| D| for integer and half-integer
values of S, respectively. Experimentally, SMMs exhibit super-
paramagnet-like properties that are characterized by the
presence of a frequency-dependence to the out-of-phase
component of the ac magnetic susceptibility, as well as

[d, e, f]
xl[a, b]

ferromagnetic mediators, while the n’np,-bridging peroxides
most likely promote the antiparallel alignment of the metals’
spin vectors, yielding an overall non-zero spin ground state for
the centrosymmetric compound 1. Furthermore, the {Ni,g}
nanosized cluster behaves as a single-molecule magnet,
exhibiting magnetic hysteresis at low temperatures and two
relaxation processes at 15 K and 1.3 K, a very rare phenomenon
in polynuclear magnetic 3d-metal clusters.

magnetic hysteresis.? Although these properties can be

ascribed to classical magnets, SMMs are considered to be true
‘mesoscale’ particles that straddle the boundary between the
classical and quantum world, as evidenced by their ability to
undergo quantum tunneling of their magnetization (QTM).”
Since the discovery of the first SMM
[Mn;,0,,(0,CMe),¢(H,0),1,” the largest class of SMMs comprises
paramagnetic 3d-transition metal ions with cluster topologies.”
These polymetallic species are not only attractive from a
structural perspective (high-symmetry, aesthetically pleasing
topologies and architectures),® but also represent a molecular
‘bottom-up’ approach for the assembly of nanoscale magnets,
that lend themselves to potential applications in high-density
information storage, molecular spintronics and as qubits for
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quantum computation.”” Mn" clusters have been at the

forefront of this field for many years since the Jahn-Teller
distortion associated with these ions in O, symmetry provides
significant molecular anisotropy, as reflected in the cluster,
[Mn"0,(Et-sa0)s(0,CPh(Me),),(EtOH);] (where Et-saoH,=2-hy-
droxyphenylpropanone oxime), which possesses the largest
anisotropy barrier for any 3d-metal cluster based SMM to date,
with an effective energy barrier, U.;, of 86.4 K® Although this
hexametallic family of clusters has been expanded to include
other paramagnetic 3d-metal ions, small-to-negligible D values
have afforded systems with much smaller U

The field of SMMs changed in 2003 when Ishikawa et al.
reported a mononuclear, double-decker Tb" phthalocyanine
complex with a large U of 230 K"” Since then, a new era has
emerged where research efforts are focused on the
enhancement of molecular anisotropy via the synthesis of 4f-
metal complexes with small nuclearities and large, unquenched
orbital angular momenta."" In contrast to the 3d-metal clusters,
the coupling between neighbouring Ln" ions in these com-
plexes is negligible due to the efficient shielding of the 4f
electrons by the filled 5s and 5p orbitals, resulting in slow
relaxation of magnetization that is mainly attributed to single-
ion effects.!'”

For both nanosized 3d- and 4f-metal based clusters, the
choice of organic chelating ligand as well as the ‘blend’ of
organic/inorganic ligands is of vital importance. Restricting our
discussion to the former class of molecular nanomagnets, the
bridging organic and/or inorganic ligands should be capable of:
i) linking many 3d-metal centres, permitting the self-assembly
of large polymetallic clusters, and ii) facilitating the propagation
of ferromagnetic exchange interactions. To date, many such
families of ligands have been developed affording beautiful
clusters with large S values, but only moderate energy barriers
when compared to their 4f counterparts.

2-(hydroxymethyl)pyridine (hmpH) belongs to the family of
pyridyl alchohol ligands that have played an important role in
the discovery of large 3d-metal clusters, high-spin molecules
and SMMs (Scheme 1).'¥ In addition, the N5~ ion bridging in a
1,1- or end-on-fashion is usually a ferromagnetic mediator for a
wide range of acute and slightly obtuse M—N—-M (M =metal)
angles, and is thus considered to be an excellent co-ligand for
the synthesis of high-spin molecules."™ Furthermore, the
employment of the hmp™ anion in Ni" coordination chemistry
has afforded many complexes, the majority of which are
ferromagnetic {Ni,}} cubanes, several of which display SMM
properties.”” Nevertheless, SMMs containing Ni" are far less
common than their Mn" counterparts, despite the fact that

X X
H H
= H = CH;3
N N
OH OH
hmpH mpmH

Scheme 1. Molecular structures of the ligands hmpH and mpmH.
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mononuclear octahedral Ni' complexes can have |D|
>10cm~ 1"

We have recently initiated a new program of research aimed
at the development of small, potentially chiral chelating ligands
for the discovery of metal clusters with unprecedented
structural motifs and novel magnetic and/or electronic proper-
ties. In this context, our target ligand, o-methyl-2-pyridine-
methanol (mpmH, Scheme 1), previously unexplored in the field
of 3d-cluster chemistry, possesses similar coordination features
to hmpH, but subtly differs in its steric and electronic nature.
Previous studies by this group involving selective 3d-ions with
both chiral and racemic forms of mpmH to date includes: (i) the
investigation of chiral-mpmH with Co" which afforded two
homochiral mixed valence complexes [Co"Co",(mpm)4l(ClO,),
and [Co",Co",(OMe),(mpm),(NO,),] with linear and tetranuclear
cores, respectively, and non-SMM behaviour;"” (i) the cluster
chemistry of rac-mpmH with Mn" which yielded a mixed-
valence nanosized {Mn,;} cluster exhibiting SMM properties
with a large energy barrier of 60 K,"® and (iii) the employment
of chiral and rac-mpmH together with suitable Ni" salts which
led to a chiral {Ni} cubane” and a {Nig cluster with a
trapezoidal prismatic topology,”” both of which did not display
any SMM behaviour. We report herein the synthesis, structural
and magnetic properties of a large nanosized {Ni,g} cluster (1),
with a unique ‘flying saucer’ topology and rare SMM behavior
for a Ni'-based coordination compound.

Experimental Methods

Synthesis

For the synthesis of complex 1, all reactions were performed under
aerobic conditions using chemicals and solvents as received. The
ligand rac-mpmH was prepared as described elsewhere,?" and was
characterized with CHN elemental analyses, and IR, ESI-MS and
NMR spectroscopy to confirm its identity and purity (Figures S1-
S3). Although no such behavior was observed during the present
work, azide salts are potentially explosive and its compounds
should be synthesized and used in small quantities, and treated
with utmost care at all times.

[Ni15(05)4(OH); 65(N3)2202(NO3); 15(rac-mpm), ,5(MeCN),] (1). To a
stirred, colorless solution of rac-mpmH (0.02 g, 0.20 mmol) and NEt;
(28 pL, 0.20 mmol) in MeCN (15 mL) was added solid Ni(NO,),-6H,0
(0.12 g, 0.40 mmol). The resulting bluish solution was stirred for
5 min, followed by the addition of an aqueous solution of H,0, (6
uL, 0.06 mmol) and solid NaN; (0.05 g, 0.70 mmol). The obtained
pale green suspension was refluxed for 30 min, during which time
the solids dissolved and the color of the solution turned to deep
green. The resulting solution was cooled, filtered, and left for slow
evaporation at room temperature. After a period of two months, X-
ray quality green block-like crystals of 1-0.5MeCN-1.42H,0 were
collected by filtration, washed with cold MeCN (2 x 2 mL) and dried
in air. The yield was 5% (3.5 mg). Elemental analysis (%) calcd for
1-2H,0: C 13.28, H 1.87, N 38.60; found: C 13.49, H 2.16, N 38.22.
Selected IR data (ATR): v=3338 (mb), 2082 (s, v(N-N)), 1581 (s),
1527 (s), 1437 (s), 1401 (m), 1348 (mb), 1177 (m), 1146 (m), 1110
(m), 978 (m), 922 (m), 891 (m, v(0O—-0)), 848 (m), 820 (m), 755 (m),
660 (m), 616 (m), 587 (m), 537 (m), 460 (w), 431 (m).
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X-ray Crystallography

A green block-like crystal  (0.100x0.050x0.030 mm®)  of
1-0.5MeCN-1.42H,0 was mounted on a MiTeGen kapton loop in
the 100(2) K nitrogen cold stream provided by an Oxford
Cryosystems Cryostream 700 Plus apparatus. The crystal was
transferred to the goniometer head of a Bruker D8 diffractometer
equipped with a PHOTON 100 detector on beamline 11.3.1 at the
Advanced Light Source in Berkeley National Laboratory. Diffraction
data were collected in synchrotron radiation, monochromated
using silicon(111) to a wavelength of 0.7749(1) A. A total of 68042
reflections were collected, of which 9549 were unique (R;,,=0.0587)
and 6130 were observed [/ >20(/)]. The structure was solved by
intrinsic phasing and refined by full-matrix least-squares on F?
(SHELXL-2014/7)® using 814 parameters and 1837 restraints.

The structure of the {Ni;g} complex suffers from a large amount of
disorder. The nickel-peroxide core is the only ordered region in this
cluster. The bridging azides were found to have incongruous
thermal parameters, and were modeled as disordered, sharing a
site with bridging hydroxides. The hydrogen atoms on these
hydroxides were not found in the difference map, so they were not
refined. The organic ligand mpm~ was also found to be only
present at a fraction of 0.59. In its place, a nitrate is present, which
is accompanied by a local azide being replaced with one of the
previously mentioned bridging hydroxides, which in this case
seems to donate its hydrogen to the nitrate as a hydrogen bond
acceptor. The pyridyl bond position of the ligand, when vacated, is
occupied by an acetonitrile. This predicament of having a semi-
present ligand has other knock-on effects; a number of azides shift
and split, as well as another nitrate position appearing. There are
numerous cases of large ADPs, and in two cases, they do not
respond well to restraint. Further chemical knowledge would not
be gained by splitting a half-occupied nitrate, so they were left
large. In cases where a disordered moiety had occupancy of less
than 0.5, and looked unreasonably anisotropic, it was refined
isotropically. All azides, nitrates and acetonitriles were refined
restrained, due to the massive amount of disorder. The ligand,
which seems chiral, was supposedly racemic, but the methyl group
at the chiral center was poorly behaved. This is believed to be due
to the underlying acetonitrile but could also be related to mixed
occupancy of the other enantiomer. The methyl-chiral center bond
was constrained to 1.54(2) A. In the case of azide/hydroxide
disorder, the bridging azide nitrogen and the hydroxide oxygen
atoms were constrained to share the same position and APDs
(EXYZ and EADP, respectively). In cases with nitrate/azide disorder,
it was difficult to correctly restrain the ADPs, and RIGU was usually
the only choice. In one case of a wildly disordered acetonitrile, a
thermal parameter similarity restraint was used (SIMU). There were
void water molecules as well, whose occupancies were refined,
while the thermal parameters were fixed. Once the occupancies
converged, they were fixed, and the thermal parameters were
allowed to refine. All the occupancies that were refined with mixed
disordered moieties were fixed and rounded according to their
esds. The refined values with esds are: 0.59063(0.00496) became
0.59; 0.85192(0.0125) became 0.85; 0.74685(0.01098) became 0.75.

The programs used for molecular graphics were Mercury® and

Diamond.?* Unit cell parameters and structure solution and refine-
ment data are listed in Table 1. Deposition number 1519257 (for 1)
(https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/
chem.202403462) contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe (http://www.ccdc.cam.ac.uk/structures).

Chem. Eur. J. 2024, €202403462 (3 of 9)

Table 1. Crystallographic data for complex 1.

Formula C3490Hs5Ng2.56Ni15010.40
M, g mol™ 2998.43

Crystal system Triclinic

Space group P-1

a/A 13.7102(6)

b/A 13.8041(6)

/A 16.0283(7)

a/° 80.108(3)

B 88.151(3)

y/° 68.778(2)

v, A3 2784.2(2)

V4 1

T/K 100(2)

AR 0.7749

Peac/g €M™ 1.788

u/mm™’ 3.854
Measd/independent (R, reflns 68042/9549

Obsd refins [I > 20())] 6130

R, 0.0534

WR,% 0.1744

GOF on P 1.050

(AO)maxmin/e A 0.685, —0.800

@ Synchrotron. ° ALS beamline 11.3.1, ‘silicon 111’ monochromator. © /
>26(l). @ Ri=X(||F,| — |F.| N/Z|F,|. © wRy=[ZIW(F,> - FA2/ZIw(F A1,
w=1/[6*(F) + [(ap)* + bp], where p=[max(F,? 0) + 2F2/3.

Physical Measurements

Infrared spectra were recorded in the solid state on a Bruker FT-IR
spectrometer (ALPHA's Platinum ATR single reflection) in the 4000-
400 cm™' range. NMR spectra were obtained on a Bruker Avance
DPX-400 MHz instrument and these are referenced to the residual
proton signal of the deuterated solvent for 'H spectra, according to
published values. Elemental analyses (C, H, and N) were performed
on a Perkin-Elmer 2400 Series Il Analyzer. Electrospray ionization
(ESI) mass spectra (MS) were taken on a Bruker HCT Ultra mass
spectrometer. Powder X-ray diffraction (p-XRD) studies of 1 were
carried out on a X'Pert PRO Powder Diffractometer (PANalytical).
Direct current (dc) and alternating current (ac) magnetic suscepti-
bility studies were performed at the University of Barcelona
Chemistry Department on a DSM5 Quantum Design magnetometer.
Pascal’s constants were used to estimate the diamagnetic correc-
tion, which were subtracted from the experimental susceptibility to
give the molar paramagnetic susceptibility (yy).*”

Results and Discussion
Synthetic Comments
Racemic mpmH (rac-mpmH) was prepared via the NaBH,

reduction of 2-acetylpyridine according to literature reports.?")
The one-pot reaction of Ni(NO,),-6H,0, rac-mpmH, H,0,, NaN,

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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and NEt; in a 6:3:1:12:3 ratio in MeCN gave a green solution
which, upon slow evaporation at room temperature for two
months, afforded green plate-like single crystals of
[Ni;5(02)4(0OH);.6,(N3)22,02(NO3) 15(rac-mpm); 15(MeCN)y,]1 (1) in 5%
yield (based on the total available Ni). The yields were small (4-
5%) but reproducible, and the crystals were suitable for X-ray
crystallography and magnetic studies. The chemical formula of
1 is charge balanced and accounts for the presence of
significant crystallographic disorder between different pairs of
N;/OH™ and NO; /mpm™ groups with different occupancies, as
described in detail in the crystallographic section.

When the reactions were repeated in the absence of H,0,,
the major product was the previously reported {Nig} cluster
bearing tetrazolate- and azido-bridging ligands, supported by
chelating mpmH groups.”® The tetrazolate ligands of the {Nig}/
tetrazolate/mpmH cluster are formed from an solvent and the
N5~ ions under mild, room-temperature conditions. In contrast,
the presence of peroxide ions in the reaction mixture appears
to facilitate the formation of a larger in nuclearity {Nig}
nanosized cluster with a unique topology and very interesting
magnetic properties. Additional alterations to the reported
reaction conditions which afford 1, have led to smaller in
nuclearity products ({Ni,} dimers and {Ni,} tetramers) with well-
known motifs and topologies."

Structural Studies

The centrosymmetric molecular structure of 1 (Figure 1, top)
consists of 18 Ni" atoms bridged by four n’m*ps 0,% ions,
fourteen p5-1,1,1 end-on bridging N;7/OH™ and ten p-1,1 end-
on bridging N, groups, as well as two n"m*:u; mpm~ ligands.
The organic chelate was found to be present only a fraction of

the time (0.59), coordinated to Ni9 and Ni9'. In its pIace, a NO{ Fi.gure.1. Structure of 1 (top) ar?d its Fomplete core (b<.)ttom), emphasizing
with different colors the repeating {Ni,} cubane subunits. H atoms are

is present, which is accompanied by a local N5~ being replaced  omitted for clarity. Color scheme: Ni" green, N blue, O red, O/N orange, C
by a bridging OH™. The Ni-N,.q, bond, when vacated, is  gray.
occupied by a terminal MeCN. All Ni" atoms are six-coordinate
with distorted octahedral geometries which are completed by
twelve terminally bound MeCN solvate molecules. The [Ni;g(ps-
0,)4(115-N3/OH),,(1-N;) (115-OR),1* ™ core topology of 1 resembles
a ‘flying saucer’ motif comprising eight {Ni,(1;-X),}*" (X =N,
OH~, OR") edge-sharing cubane subunits (Figure 1, bottom).
The core of 1, when viewed along the crystallographic a-axis,
can be alternatively described as a layered structure of Niy/Nig/
Ni¢/Ni; subunits linked together through peroxido 0,*” ions and
bridging N;/OH™ groups (Figure 2), further emphasizing the
bridging versatility and flexibility of the employed ‘ligand
blend’. The Ni-0,2"-Ni and Ni-N;7/OH™-Ni angles span the range
101.7-110.0° and 94.8-110.6°, respectively, allowing for the
presence of both antiferro- and ferromagnetic exchange
interactions based on well-established magnetostructural corre-
lations, vide infra."**

The space-filling representation (Figure 3) shows that J Figure 2. Different view of the layered core of 1 along the crystallographic a-
adopts a bowl-shaped conformation with a diameter of ~19 A,  axis. Color scheme as in Figure 1.
defined by the longest C--C distance, excluding the H-atoms.
The shortest Ni-Ni separation between neighboring {Ni;g}
clusters in the crystal is 6.514(1) A. This packing arrangement is

Chem. Eur. J. 2024, 202403462 (4 of 9) © 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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21.78 cm*mol ™K (calculated with g=2.2) expected for eight-
een non-interacting, high-spin Ni' (S=1) atoms. The y,T

Figure 3. Space-filling representation of 1 showing its bowl-shaped con-
formation with a diameter of ~19 A, defined by the longest C--C distance.
Color scheme as in Figure 1.

further stabilized by the presence of weak C—H--N contacts in
the range of 2.38 to 2.60 A.

Magnetic Studies

Variable-temperature dc magnetic susceptibility measurements
were performed on freshly-prepared, analytically-pure micro-
crystalline samples of 1:2H,0 in the temperature range 2-
300 K. The phase purity of the microcrystalline samples of 1 was
further confirmed by p-XRD studies (Figure S4). The magnetic
studies were repeated three times using three different batches
of crystals of 1 and the results were reproducible. A dc field of
0.3 T was applied from 40 to 300 K and a weak dc field of 0.02 T
was applied from 2 to 40 K to avoid saturation effects. The data
are shown as a yuT vs T plot in Figure 4. The value of the yuT
product at 300 K is 24.77 cm®mol™"K, higher than the value of

100 - 20
90 1 T15
T 80 =
Z 10 .
X 70 4 : =
T [ 5
g % f . F;
"’g 504 ¢ ‘,. ol
0 1 2 3 4 5
< ] °
= 40 g A HIT—
= ° (]
X 301 e o,
s ®0000c0cc0c0cccccccccccoe
20 A
10
0 T T T T T T T
0 50 100 150 200 250 300

TIK —>

Figure 4. y\T vs T plot for 1-2H,0. (inset) Magnetization (M) vs field (H) plot
for 1-2H,0 at 2 K.
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product slightly increases in the 300-50 K region and then
inclines faster to a value of 80.74 cm®>mol™"K at 18 K, before
dropping rapidly to a value of 23.68 cm®>mol™"K at 2 K. The
shape of the curve suggests that both ferro- and antiferromag-
netic exchange interactions are likely present within 1. The
ferromagnetic interactions are most likely promoted by the
end-on bridging azido and alkoxido groups, while the bridging
peroxides probably favour an antiparallel alignment of the spin
vectors,”® although the exchange across the crystallographic
inversion centre must be ferromagnetic in order to afford a
non-zero spin ground state. The ferromagnetic component
appears to dominate until ~18 K, stabilizing spin states with
large S values, whereas at T <18K the antiferromagnetic
contribution gives rise to the population of smaller, but still
appreciable non-zero spin states.

Magnetization (M) vs applied field (H) measurements at 2 K

show a continuous increase of M with increasing field (inset of

Figure 4), reaching an unsaturated value of 18.4 Nug at the
maximum applied field of 5 T. Reduced magnetization studies
(Figure 5) indicate a strong anisotropy but attempts to fit the
experimental data were unsuccessful, assuming that only one
well-isolated ground state is populated. The data are consistent
with a strongly anisotropic formal ground state of S~10 with a
large mixture of states very close in energy even at very low
temperatures. Considering the anisotropic response for this
moderately large spin, zero-field-cooled (ZFC) and field-cooled
(FC) measurements were performed at 50 G, revealing divergent

plots below 13 K (Figure S5). These suggest the presence of

some degree of remnant magnetization, which agrees with the
small opening of the hysteresis cycle (30 G) measured at 2 K
and an SMM response (vide infra).

To study the slow relaxation of the magnetization for 1,
alternating current (ac) magnetic susceptibility studies in zero
static dc field were performed in the 2-26 K temperature range

204

154

104 =

M1 Ny,

0 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

HIT (kG K™

Figure 5. Plot of reduced magnetization (M/Nug) vs H/T for 1-2H,0 in the
temperature range 1.8-6.8 K and in the field range 0-5 T. Solid lines are
guides for the eye only. The various isofield lines are not superimposed, thus
indicating the presence of significant magnetic anisotropy and low-lying
excited states.
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using a 4.0 G ac field oscillating at frequencies from 1.0 to
1488 Hz. The in-phase (xy) and out-of-phase (y”\) signals are
frequency and temperature-dependent (Figures6 and S6),
showing well-defined peaks in the temperature range ~10-24 K
and weak tails of signals below ~5 K. The data were re-arranged
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Figure 6. In-phase (y'y, top) and out-of-phase (y"y, bottom) vs T ac
susceptibility signals for 1 in zero static dc field, with a 4.0 G ac field
oscillating at the indicated frequencies. The data used at the low-T regime
are for frequencies in the range 1-699 Hz due to the noisy signals at higher
frequencies. The solid lines are guides only.
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Figure 7. Right axis: In(7) vs 1/T data from the fit of the Argand plots (red
squares, temperature range: 10-20 K). Left axis: Arrhenius plot constructed
from the peak maxima located at the high temperature regime (blue circles,
temperature range: 13-16.2 K). Solid lines represent the best-fit of the
experimental data.

Chem. Eur. J. 2024, e202403462 (6 of 9)

in the form of y"y vs ¥'w plots (Argand plots, Figure S7) and
fitted using the generalized Debye model via the CC-FIT
software to extract the relaxation times (r) at each
temperature.’””?® From the log-log plot of 7 vs T (Figure S8), it
becomes apparent that there are two distinct slopes, each
dominated at a particular temperature range, which corrobo-
rates the presence of two independent relaxation processes.

The relaxation data were further represented in the form of
an Arrhenius plot as In(z) vs 1/T (Figure 7). The data in the 10-
20 K temperature range were fitted accounting for the Raman
(CT") and Orbach relaxation pathways, according to the
expression:

T =CT" + 1,7 - exp(—Ue/ksT)

The best-fit parameters were: U.=261(9) K, 7,=1.4(8)
x107" s and a Raman coefficient, C, of 8.50(6). In order to avoid
over-parameterization, n was fixed to different values, until the
best fitting coefficient was obtained. The results indicate that
the major operating relaxation mechanism is through the
thermally-assisted Orbach process with the co-presence of a
weak Raman component. The contributions from the direct-
and QTM-processes were excluded from the fitting model as
these relaxation mechanisms should only be operative at lower
temperatures. The predominant Orbach relaxation agrees with
the Arrhenius-type plot constructed from the x”y, vs T maxima
found between 12.5-16 K in the high-temperature regime
(Figure 7), which gives an effective energy barrier (Uy) of
381.3K and 7,=2.7x10""s, where 7, is the pre-exponential
factor. The small value of 7, is not uncommon in large 3d-
clusters and is likely due to the presence of intermolecular
interactions between the cluster units in the crystal, several
types of disorder in the molecular and crystal lattice environ-
ments, and/or low-lying excited states.” Moreover, the shift
(AT s in the x”\ peak maximum temperature (T,) with ac
frequency (f) was measured by a parameter ¢, where ¢p=
(AT max! Tma)/Allog f). For 1 we obtained ¢=0.07-0.10, which is
within the range of normal superparamagnets, thereby exclud-
ing the possibility of a spin glass state.*”

To examine the additional low-temperature SMM behavior
of 1, detailed magnetization (M) vs dc field studies were
undertaken to look for hysteresis, the diagnostic property of a
magnet. The data were collected on single-crystals of 1 that
had been kept in contact with mother liquor using a micro-
SQUID apparatus. Hysteresis loops were indeed observed below
~1.3 K, whose coercivities increase with decreasing temperature
and increasing field sweep rate (Figure 8), as expected for the
superparamagnetic-like properties of a SMM below its blocking
temperature. The loops do not show the steps characteristic of
QTM, as expected for large SMMs since they are more
susceptible to various step-broadening effects from low lying
excited states, intermolecular interactions, and distributions of
local environments owing to ligand and solvent disorder.

For relaxation rate vs T data in the low temperature regime
where no peaks of ac signals were observed, the crystal’s
magnetization was first saturated in one direction at ~5 K with
a large applied dc field, the temperature decreased to a chosen
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Figure 8. Magnetization (M) vs applied dc field («,H) hysteresis loops for a
single crystal of 1 at the indicated temperatures (top) and field sweep rates
(bottom). The magnetization is normalized to its saturation value (M,).

value in the 0.04-1.3 K range, and then the field was removed
and the magnetization decay monitored with time (Figure 9,
top). The resulting relaxation rate (1/7) vs T data were then used
to construct an Arrhenius plot, as shown in Figure 9 (bottom).
The fit to the thermally-activated region gave 7,=3.26x10"" s
and U4=11.10 K. At ~0.1 K and below, the relaxation becomes
temperature-independent, consistent with relaxation via
ground state QTM.

The observation of relaxation processes in two different
temperature regimes in this {Nig} cluster is very rare for 3d-
metal based SMMs and to the best of our knowledge, has only
been previously observed for a few members of the {Mn,,}
family of SMMs as a result of the ‘Jahn-Teller isomerism’
effect.®” Moreover, few of us, recently reported a rare “Janus’-
faced {Fe";}-azido SMM exhibiting intramolecular ferromagnetic
interactions and two relaxation processes at two different
temperature regimes due to solvation effects in the coordina-
tion sphere of the metal ions? In the case of 1, our
rationalization relies mainly on the effect of the spin, S, on the
magnitude of U at different temperatures. Therefore, it is very

Chem. Eur. J. 2024, €202403462 (7 of 9)
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Figure 9. (top) Magnetization (M) vs time decay plots in zero dc field for a
single-crystal of 1. The magnetization is normalized to its saturation value
(M,). (bottom) Arrhenius plot of the relaxation time () vs T™' for a single
crystal of 1 using data obtained from the dc magnetization decay measure-
ments at the low temperature regime. The dashed line is the fit of data in

the thermally-activated region to the Arrhenius equation; see the text and
inset for the fit parameters.

likely that the large barrier obtained in the high-T regime results
from a large value of S (or mixture of states with large $), in
contrast to the usual low-T relaxation for Ni' SMMs which arises
from spin states with smaller S values. Currently, there is no
estimate of the value of D and its effect on the anisotropy
barrier; further studies, including single-crystal HFEPR measure-
ments and inelastic neutron scattering, will hopefully shed
more light on the origin of the relaxation and the effects of S
and D on the magnitude of the energy barrier(s). These results
will be reported in due course.®™

Conclusions

In conclusion, we have reported a new {Ni;g} cluster 1,
assembled from o-methyl-2-pyridine-methanol in conjunction
with azido (N;7) and peroxide (0,”) ligands. The nanosized
complex 1 represents one of the highest nuclearity Ni' clusters
reported to date and possesses a unique structural topology
resembling a ‘flying saucer’. Magnetic studies revealed a very
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rare SMM profile for 1, with two relaxation processes occurring
at lower- and higher-temperature ranges, as documented by
the presence of frequency-dependent out-of-phase ac signals at
~15 K and molecular magnetic hysteresis (on single-crystals of
1) at ~1.3 K. Our findings demonstrate that 3d-metal cluster
based SMMs are capable of bridging the gap between tradi-
tional nanoscale and molecular/quantum magnetic materials.
This in turn may serve to re-kindle interest in the discovery of
SMMs with high energy barriers derived from polynuclear 3d-
metal clusters via the development of new synthetic ap-
proaches that involve the use of benign metals together with
unexplored ‘ligand blends’.

Supporting Information

Additional spectroscopic and magnetism data and plots
supporting this article have been included as part of the ESI.
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A high-nuclearity {Ni,s} nanosized
complex with an unprecedented
‘flying saucer’ motif has been
prepared from the organic chelate a-
methyl-2-pyridine-methanol (mpmH)
in conjunction with bridging azido
and peroxido groups. The {Nig}
compound behaves as single-
molecule magnet and exhibits very
rare two relaxation processes at 15
and 1.3 K.
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‘Flying Saucer’ Topology Exhibiting
Slow Relaxation of Magnetisation
Phenomena at Both 15 Kand 1.3 K
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