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A mixed-valence {Mn”Mn'g'} (1) cluster with a double-decker structure comprising a central eight-coordi-
" atoms was isolated. Magnetic
measurements revealed an S = 5/2 spin ground state associated with a large molecular D value of

nate Mn'" atom surrounded by a coupled array of eight five-coordinate Mn

—2.5 cm™. Complex 1 behaves as a single-molecule magnet (SMM) exhibiting entirely visible out-of-
phase magnetic susceptibility signals (ym) and open hysteresis loops below 2 K, with an effective energy
barrier for the magnetization reversal of 16.6 K. Computational analysis uncovers the origin of the unex-
pectedly strong magnetic anisotropy of the central Mn'' ion in complex 1, revealing that it emerges from a
synergistic interplay between the pronounced axial anisotropy of the surrounding Mn'" ions and the sub-
stantial exchange coupling that links them. To the best of our knowledge, this represents the first example
where an isotropic ion (Mn") effectively controls the SMM behavior of the entire cluster. This counterintui-
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density of strongly anisotropic magnetic neighbors, (i) efficient magnetic communication through rela-
tively strong antiferromagnetic exchange interactions, and (iii) a geometric arrangement that maximizes
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Introduction

Polynuclear Werner-type complexes (or coordination clusters)
of metal ions in moderate oxidation states (i.e., +2 and +3)
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anisotropy transfer to the isotropic center.

provide a meaningful molecular platform for the study of
several exciting physical phenomena, such as magnetic,
quantum, optical, and -catalytic." Single-molecule magnets
(SMMs) are coordination compounds that, below a critical
(blocking) temperature, retain their magnetization upon the
removal of an external magnetic field,” and they are considered
powerful precursors for the development of materials with mul-
tiple properties, such as magnetic/quantum,®* magneto-
optical,” and magnetic/conductive,’ either in their single-mole-
cule phase’ or as a part of a hybrid material (i.e., deposited on
graphene substrates,® ** anchored to gold surfaces,'" etc.). The
abundance of first-row transition metals in Earth’s upper conti-
nental crust, such as Mn and Fe, has made these elements
attractive for the preparation of sustainable magnetic materials.

Mn'""-containing complexes stabilized by a sheath of
organic ligands have been central to the field of SMMs for over
two decades.'® However, recent advances have highlighted the
enhanced magnetic dynamics of oligonuclear 4f-metal com-
plexes. This improvement arises from their significant mag-
netic anisotropy, which is induced by strong intrinsic spin-
orbit coupling in the presence of an appropriate ligand
field."*™** Organic ligands of various donor atoms, such as
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carboxylate ions, polyalcohols, oximes and
hydroxamic acids,**** have provided an invaluable playground
for the synthesis of aesthetically pleasing polynuclear Mn"-
based SMMs with large ground state spin values, S,>°7>°
remarkable energy barriers for magnetization reversal,>*?"
exotic quantum phenomena, such as quantum tunneling of
magnetization,* quantum phase interference,’® and quantum
coherence.** Magnetic anisotropy, as reflected in a large and
negative zero-field splitting parameter, D, constitutes one of
the most impactful factors for the preparation of highly
effective 3d-metal SMMs.*>*® Concurrently though, molecular
magnetic anisotropy depends on the overall topology of the
compound and the geometrical constraints and electronic pro-
perties of the individual metal ions, thus making the synthesis
of highly anisotropic 3d-metal clusters a very challenging task.

Indeed, several years ago, Waldmann reported calculations
that led to the conclusion that for a better performing 3d-
metal based SMM with a large anisotropy barrier, U, it would
be more promising to increase D rather than the S of a cluster
compound because increasing S is not as efficient as suggested
by U = $?|D|, i.e., that the increase in U is on the order of unity
and not 5>.*° Experimentally, this turned out to be the case in
many polynuclear Mn-based SMMs of different nuclearities
and metal topologies.’”™*® Among all of them, clusters with
‘magical’ S values of 10-12 appeared to exhibit appreciable D
values in the —0.38 to —0.50 cm™" range, resulting in ground-
breaking SMMs with record barriers and magnetization hyster-
esis loops up to 4 K.****® Since the golden era of the {Mn,}/
carboxylate’” and {Mng}/oximate families of SMMs,*® and
more recently the giant {Mn3;} nanosized SMM,*’ the interest
has shifted to increasing the record of energy barriers in
lanthanide molecular nanomagnets; this has led to myriads of
high-performance SMMs,>*~* albeit only a few air-stable, non-
organometallic compounds with open hysteresis in zero
field.>*°

Exploiting the great coordination capabilities of salicylhy-
droxamic acid (shaH,, Scheme 1) and its amide-iminol tauto-
meric form (salicylhydroxime, shiH;, Scheme 1), Pecoraro and
co-workers have contributed significantly to the development
of metallacrown-based SMMs using either pure homometallic
3d-metal complexes or heterometallic 3d/3d’ and 3d/4f
systems.””®® In 2011, the pentanuclear [Mn"Mn}!
(02CMe),(shi)y(DMF)] metallacrown consisting of a {Mn}"}-
salicylhydroximate square base bridged to an apical Mn" atom

and

through acetate groups was reported.>® The four Mn™ atoms
o OH
N/OH N/OH
N I
OH OH
shaH, shiH;
Scheme 1 Structures and abbreviations of the organic ligands

employed in this study.
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were antiferromagnetically coupled yielding a local S = 0, while
the overall spin ground state of the system was determined by
the trigonal prismatic Mn" atom with spin S = 1. Interestingly,
the {Mn!"-Mn"} single-decker compound exhibited a quite
large Dy value of ~—3.0 em™ and, regardless of its very
small S, it behaved as an SMM below a very low temperature of
0.04 K.

We herein report the synthesis of a new {Mn}"-Mn"-Mn!""}
double-decker SMM, resulting from two {Mn}'Mn"}-salicylhy-
droximate square pyramidal units that share a common, eight-
coordinate Mn" atom. The complex (Et,NH,),[Mn"Mn}!
(OH)4(shi)g] (1) exhibits an S = 5/2 spin ground state and a
large D value of —2.5 cm™', making it the smallest spin and
highest anisotropy 3d-metal cluster SMM reported to date with
open hysteresis at temperatures below 2.0 K. For the first time
in 3d-metal cluster chemistry, computational studies show
that while the net magnetic moment at low temperature is
dominated by the Mn" ion (effective S = 5/2 description), the
Mn'"" ions play a crucial indirect role by transferring their large
single-ion anisotropy to the Mn" center through exchange
coupling. This mechanism is demonstrated quantitatively by
ab initio calculations, which show that the intrinsic zero-field
splitting (ZFS) of Mn" is negligible, whereas inclusion of
exchange and Mn™ axial anisotropy produces a ZFS of a large
order of magnitude.

Results and discussion
Materials and methods

Aerobic conditions were applied to all manipulations using
materials (reagent grade) and solvents as received. No uncom-
mon hazards were noted.

Synthesis of (Et,NH,),[Mng(OH)4(shi)g]-3.3MeCN-MeOH
(1-3.3MeCN-MeOH). To a stirred, colorless solution of shaH,
(0.08 g, 0.50 mmol) in a solvent mixture of MeOH (10 mL) and
MeCN (10 mL) was added solid MnBr, (0.11 g, 0.50 mmol).
The resulting yellow-orange suspension was kept under mag-
netic stirring at room temperature for about 30 min without
any noticeable color change. To this solution was slowly added
diethylamine (Et,NH; 103 pL, 1.00 mmol) and the mixture
turned dark brown over a period of 1 h. The dark colored solu-
tion was filtered, and the resulting filtrate was left to evaporate
slowly at room temperature. After 20 days, dark-red plate-like
crystals of 1:3.3MeCN-MeOH had appeared and were collected
by filtration, washed with cold MeOH (2 x 2 mL) and Et,O (2 x
3 mL), and dried in air. The yield was 32% (based on the total
available Mn). The air-dried microcrystalline solid was ana-
lyzed as lattice solvent-free 1. Anal. Caled for
CesHeoMngN;oO,g: C, 40.21; H, 3.16; N, 7.33%. Found: C,
40.32; H, 3.33; N, 7.24%. Selected IR data (cm™'): 3445 (mb),
2974 (m), 2939 (m), 2875 (m), 2804 (m), 2739 (m), 2679 (m),
1597 (w), 1569 (w), 1514 (w), 1473 (s), 1433 (s), 1397 (s), 1385
(m), 1364 (m), 1330 (w), 1287 (W), 1257 (W), 1170 (vs), 1076 (m),
1035 (vs), 928 (w), 849 (m), 804 (s), 757 (W), 679 (w), 612 (W),
564 (w), 521 (W), 468 (m), 456 (m), 434 (w).
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Physical measurements

Elemental analyses (C, H, and N) were performed by the
Microanalytical Service of the University of Patras. Infrared (IR)
spectra (4000-400 cm ™) were recorded in the solid state using
a PerkinElmer 16 PC spectrometer with samples prepared as
KBr pellets. Powder-XRD (p-XRD) measurements were carried
out using a Rigaku Miniflex 6G X-ray diffractometer. Magnetic
susceptibility studies were performed in the temperature range
1.8-300 K using a Quantum Design MPMS XL SQUID magnet-
ometer equipped with a 7 T magnet. The direct current (dc)
magnetic susceptibility measurements were performed with an
external magnetic field of 1000 Oe in the temperature range of
5-300 K, and the alternating current (ac) measurements were
performed in a 3.5 Oe ac field oscillating at different frequen-
cies from 1 to 1500 Hz. The experimental magnetic suscepti-
bility data were corrected for diamagnetism estimated from
Pascal’s tables and sample holder calibration.®® Low-tempera-
ture (40 mK-2.0 K) magnetization (M) versus field (H) measure-
ments were performed on a single crystal using an array of p-
SQUIDs inside a dilution refrigerator equipped with a 3D
vector magnet.’’ The high sensitivity of this magnetometer
allows the study of single crystals of SMMs of the order of
10-500 pm. The field can be applied in any direction with a
precision better than 0.1° by separately driving three orthog-
onal coils. Crystals of 1-3.3MeCN-MeOH were maintained in
mother liquor to avoid degradation and were covered in
Apiezon grease for protection during transfer to the p-SQUIDs
and thermalization during subsequent cooling.

Computational studies

The electronic structure of the Mny cluster (1) was calculated
ab initio using CASSCF/RASSI-SO/SINGLE/POLY_ANISO type
calculations in OpenMolcas version 24.10.°* To treat the nine
paramagnetic metal centres of 1, we used a fragmentation
approach as an approximation to the electronic structure of
the cluster compound. This method avoids calculating an
intractably large active space and instead calculates the crystal
field levels of all Mn centres individually (see below for
details). Since the cluster has C, symmetry, it is sufficient to
treat the central Mn" ion and only half of the Mn™ centres
using the full ab initio method. The active space in the CASSCF
calculation comprised the 3d- and 4d-shells of that single Mn
ion (4d-shells are included due to the double shell effect®).
Generally, all the atoms were calculated this way, after which
their low-lying states were mixed using POLY_ANISO, which
accounts for magnetic coupling (the dipolar and exchange
interactions between magnetic centres). Dipolar coupling was
calculated using the program, whereas exchange coupling con-
stants were determined using broken-symmetry DFT calcu-
lations with Orca 6.0.%*

Comments on synthesis

Our group has had longstanding interest in exploring the
coordination capabilities of salicylhydroxamic acid (shaH,)
and its salicylhydroxime (shiHj;) derivative as organic chelates
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for the preparation of homometallic Mn and heterometallic
Mn/Ca clusters with exciting structural motifs, interesting
magnetic properties and/or bioinorganic relevance to mimick-
ing the structure and function of the active site of Photosystem
IL.%*°% Prior to initiating our efforts toward this goal, it was
shown that when carboxylate ions were used in conjunction
with shaH, the resulting complexes were mainly composed of
a tetranuclear metallic square base linked to a fifth, apical
metal site through those bidentate bridging (or other times
terminal and bridging) carboxylate ligands. As a result, penta-
nuclear M"*/RCO, /shi*~ complexes have been very stable crys-
talline products for various metal ions (M"") and different car-
boxylate (RCO,”) groups.®® In this work, we removed RCO,"
ions from the reaction mixture and replaced them with various
inorganic anions, such as halides, ClO,”, and NO;~. We have
also accounted for the basicity of carboxylate ions by adding
the external base Et,NH. Therefore, the one-pot reaction
of MnBr,, shaH, and Et,NH in a 1:1:2 molar ratio, in a
solvent mixture of MeOH/MeCN (1:1 v/v), gave a dark
brown solution that, upon filtration and slow evaporation
at room temperature, afforded dark-red crystals of the
(Et,NH,),[Mno(OH),4(shi)g] complex (1) in 32% yield (based on
the total available Mn). The powder XRD spectrum of 1 also
confirmed its crystalline nature and phase purity (Fig. S1).
Some discrepancies between the experimental and simulated
spectra in the low-angle regime are primarily attributed to the
loss of lattice solvate molecules (as also confirmed by elemen-
tal analyses) and the resulting reduction in crystallinity of the
dried sample. The formation of 1 is presented in the balanced
equation (eqn (1)) below:

9MnBr, + 8shiH; + 20, + 20Et,NH
— (Et,NH;), [Mno(OH), (shi)y| + 18(Et,NH,)Br (1)

The reaction that gave 1 is an oxidation, undoubtedly by
atmospheric O, under the prevailing basic conditions.
Analogous reactions with different manganese(u) halides as
starting materials all failed to yield single crystals suitable for
X-ray diffraction studies. This is most likely due to the ability
of Br~ ions to modulate redox reactions and stabilize mixed-
valence products of Mn at different oxidation states.®® Et,NH
has the role of a proton acceptor to facilitate the deprotonation
of the shiH; groups and subsequently the protonation of 0>~
ions (reduction product of atmospheric O,) to the resulting,
coordinated OH™ groups (vide infra). In addition, anionic
cluster 1 is stabilized by two Et,NH," countercations, thus
establishing the crucial role of the base in the chemical stabi-
lization and structural elucidation of the reported cluster.
Employment of different organic bases, such as NEt;, Me,NH,
NMej;, Bu”;N and Me,NOH, did not afford crystalline materials
but only oily products that we were not able to further charac-
terize. In 1, the coordinated shi®*~ groups resulted from the
metal ion-assisted transformation of shaH, under reported
synthetic conditions (vide infra). Finally, by adjusting the
experimental molar ratios of the precursors to the exact stoi-
chiometric equivalents, in an attempt to optimize the isolated
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Research Article

yields, we failed to reproduce the crystals of 1. It is worth
noting that the employed solvent mixture was proved to be a
decisive factor for: (i) the growth of suitable crystals of 1 for
single-crystal XRD studies (Table S1), (ii) the purity of crystal-
line product 1, avoiding contamination from the byproduct
(Et,NH,)Br, which is fairly soluble in MeOH, and (iii) the stabi-
lization of the crystals of 1, as verified by the role of both
MeOH and MeCN as lattice solvate molecules and their partici-
pation in intramolecular and intermolecular hydrogen
bonding interactions (vide infra).

Description of the structure

The crystal structure of 1 consists of [Mng(OH),(shi)s]*~ anions
(Fig. 1) counterbalanced by Et,NH," cations. In addition, there
are MeCN and MeOH solvate molecules in the crystal lattice,
which are weakly interacting with the anionic cluster com-
pounds and the countercations (Fig. S2). Selected interatomic
distances and angles of 1 are listed in Table S2. The chemical
formula of 1 is based on metric parameters, charge-balance
considerations, and bond valence sum (BVS)’° calculations on
Mn and selected O atoms (Table S3).

The anionic [Mno(OH),(shi)s]*~ cluster is built around a C,-
axis, which passes solely through the central Mn" atom (Mn1)
and generates two sets of symmetry equivalent Mn™ atoms
[Mn(1,1"), Mn(2,2), Mn(3,3'), and Mn(4,4")]. Mn1 is eight-coor-
dinate in an Og set of donor atoms, all arising from the brid-
ging oximate units of shi*~ groups (01, O11, 021, 031, and
their symmetry equivalents). The polyhedron that better
describes the coordination geometry of Mn1 is that of a close-
to-ideal square antiprism (Fig. S3, top), as indicated by the
best-fit Continuous Shape Measure (CShM) value of 0.16
(Table S4).”' CShM values between 0.1 and 3 usually corres-
pond to a non-negligible but still small distortion from ideal
geometry. This further agrees with the calculated skew angle,

Fig. 1 Partially labeled representation of the anion of complex 1. H
atoms are omitted for clarity. Color scheme: Mn'", yellow; Mn", blue; O,
red; N, green; and C, gray. Symmetry code: ()1 —x,y, 0.5 — z.
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@, of 45.1°, which is almost the same with an ideal value of
45°. The distortions from the ideal square antiprismatic geo-
metry can be viewed in terms of: (i) the difference between the
dpp (2.442 A) and d;, (2.784 A) values and (ii) the deviation of
the average a angle (the angle between the Sg axis and the Mn-
O vectors) of 58.0° from the ideal value of 54.7° (Fig. S3,
bottom).”> The axial distortion, as calculated by the din/d,p
quotient, is 1.14. The above parameters indicate a compressed
square antiprismatic coordination environment for the central
Mn" atom in 1.

In contrast, all the surrounding Mn™" atoms are five-coordi-
nate with very distorted square pyramidal geometries, as con-
firmed by analysis of the shape-determining bond angles
using the approach of Reedijk and Addison.”® This yielded
values for the trigonality index, 7, of 0.48, 0.20, 0.54, and 0.47
for Mn2, Mn3, Mn4 and Mn5, respectively, where 7 is 0 and 1
for perfect square pyramidal and trigonal bipyramidal geome-
tries, respectively. Notably, Travni¢ek and coworkers have
reported the significant uniaxial magnetic anisotropy (D =
-2.2 to —3.7 cm™ ') of two mononuclear, five-coordinate Mn™
complexes bearing tetradentate Schiff base ligands; the
results were supported by both experimental data and theore-
tical calculations,” further corroborating the work of Maurice
and coworkers on magnetostructural relations for the
nonintuitive zero-field splitting in Mn™ complexes.”” These
findings point forward promising magnetic properties for
compound 1.

The overall conformation of the nine Mn atoms in 1 can be
described in three inter-related ways: (i) as a very distorted
capped cube, supported by the smallest derived CShM value of
15.36, with the eight Mn™ atoms occupying the corners of the
cube and the Mn" atom being the ‘capping-inside-the-cube’
atom, (ii) as a double-decker {Mn'-Mn"-Mn}!} structure with
the {Mn,} subunits acting as ‘decks’ encapsulating the central
Mn" atom, and (iii) as two distorted square pyramidal
{Mn"Mn"} subunits sharing a common Mn" apex (Fig. 2,
top). Adopting the latter description for simplicity, the two
symmetry-related square bases are each composed of four
Mn'™ atoms that are bridged by the oximate (NO~) groups of
four shi®~ ligands yielding a regular {12-MCpnamynshiy4}
metallacrown subunit. All oximate O atoms are further linked
to the apical Mn" atom, resulting in an overall n'm'n%n':p;
coordination mode for all shi*~ ligands in 1. Each Mn"™ atom
of the square base is connected to the other {Mn,} ‘deck’
through the O atom of a p-OH™ group (041, 041', 042, and
042"). Thus, complex 1 has an overall [Mn"Mn¥!(-OH),(p5-
NO)]*®" core (Fig. 2, bottom). Completion of the coordination
sphere of each Mn'™ atom is achieved by the two chelating
parts of each shi’*~ group, namely the {C30phenoxidoNoximato}
and  {CO.iroxidoNoximatoQoximatoy arrays of atoms. The Mn™
atoms form a near-planar square, with Mn---Mn separations of
4.598(1)-4.664(1) A and Mn---Mn---Mn angles spanning the
range 84.2-92.7°, deviating only slightly from the ideal 90°.
The almost perfectly planar {Mn,} unit is clearly due to the
large Mn-N-O-Mn torsion angles of 166.3° (Mn4-N21-021-
Mn5), 165.3° (Mn2-N1-O1-Mn3), 167.6° (Mn3-N11-O11-

jess
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Fig. 2 (Top) The {Mny} topology; the dark green dashed lines represent
virtual Mn---Mn bonds. (Bottom) Labeled representation of the complete
[Mno(u-OH)4(pz-NO)gl'®* core of 1. The Mn..-Mn distances indicated
with dashed lines are Mnl..-Mn2 3.548(1); Mn1---Mn3 = 3.772(2);
Mnl---Mn4 = 3.624(1); Mnl1---Mn5 = 3.679(1); Mn2---Mn3 = 4.648(1);
Mn2---Mn4 = 6.688(1); Mn2---Mn5 = 4.664(1); Mn3---Mn4 = 4.598(1);
Mn3---Mn5 = 6.242(1); and Mn4.--Mn5 = 4.625(1). Symmetry code: () 1 —
X, ¥, 0.5 — z. The color scheme and symmetry code are the same as
those in Fig. 1.

Mn4), and 179.6° (Mn5-N31-031-Mn2), very close to the ideal
linearity of 180°.

The shortest intermolecular Mn---Mn separation is 7.245 A
and includes Mn2 and Mn4 atoms of neighboring clusters.
Finally, the space-filling representation (Fig. S4) shows that 1
adopts a nanosized, almost spherical motif with dimensions
of ~1.68 and ~1.63 nm, as defined by the longest C:--C dis-
tances. Although complex 1 joins a large group of enneanuc-
lear Mn clusters, with most of them belonging to the
families of [3 x 3] grids, the {Mnlgl/ m/ Vi-tripodal cages and
the {Mn{"}-salicylaldoxime based clusters, there are still
several structural and magnetic features that are worthy of
being discussed. Therefore, we have collected all of them in
Table S5 for a convenient comparison of their formulae, oxi-
dation state descriptions, and pertinent magnetic data such
as their ground state spin (S) values and - in cases where
they are SMMs - their effective energy barriers for magnetiza-
tion reversal. From the listed compounds, it appears that: (i)
complex 1 is structurally unique, (i) the {Mn"Mnl"} oxi-
dation state description has only been previously reported in
three low-spin (S = 3/2 or 5/2) and non-SMM compounds,
and (iii) compound 1 is the smallest spin SMM with the
highest blocking temperature, as confirmed by single-crystal
hysteresis studies (vide infra).

This journal is © the Partner Organisations 2026
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Magnetic susceptibility studies

Variable-temperature direct-current (dc) magnetic suscepti-
bility measurements were performed on a powdered microcrys-
talline sample of 1 in a 1 kG (0.1 T) field and in the 5.0-300 K
range. The obtained data are shown as a yuT vs. T plot in
Fig. 3. The yT product steadily decreases from 17.99 cm® K
mol™ at 300 K to 3.60 cm® K mol™" at 5.0 K. The y\7 value at
300 K is much less than the spin-only (g = 2) value of
28.38 cm® K mol™" for one Mn" (d°; § = 5/2) and eight Mn""
(@ s =
dominant antiferromagnetic exchange interactions and a
small ground state S value. In fact, the experimental y\T at 5 K
is in good agreement with an S = 5/2 spin ground state, for
which the expected spin-only (g = 2) value is 4.38 cm® K mol ™.

To confirm the indicated S = 5/2 ground state of complex 1
and to determine the magnitude and sign of D, magnetization

2) non-interacting ions, indicating the presence of

(M) vs. dc field measurements were made on restrained
samples in the magnetic field (H) and temperature ranges of
0.1-5.0 T and 1.8-10.0 K, respectively. Subsequently, the data
were also collected in the low field range of 0.1-1.0 T in the
same temperature regime. The resulting data are shown in
Fig. S5 and Fig. 4 as a reduced magnetization (M/Nug) vs. H/T
plot, where M is the magnetization, N is Avogadro’s number,
and pgp is the Bohr magneton. Both sets of data were fit using
the program MAGNET’® to a model that assumes only that the
ground state is populated at these temperatures and magnetic
fields, includes isotropic Zeeman interactions and axial zero-
field splitting (DS,?), and incorporates a full powder average.
The corresponding spin Hamiltonian is given using eqn (2),
where 8, is the easy-axis spin operator and u, is the vacuum
permeability. The last term in eqn (2) is the Zeeman energy
associated with an applied magnetic field.

H = DS, + gupuoS - H (2)

The best fit is shown as the solid lines in Fig. S5 and Fig. 4
and was obtained with S = 5/2, g = 1.86(3), and D = —1.57(2)
cm™" for the 0.1-5.0 T field region, while the fit for the low-
fields yielded very good results for S = 5/2, g = 1.95(2), and D =

21

hovl (cm3 mol” K)
©
[ ]

4

0 50 100 150 200 250 300

Temperature (K)

Fig. 3 Temperature dependence of the yuT product for complex 1 at
an applied dc field of 1000 Oe.
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Fig. 4 Magnetization (M) vs. field (H) and temperature (T) data, plotted
as reduced magnetization (M/Nug) vs. H/T, for complex 1 at applied
fields of 0.1-1.0 T, in the 1.8—10 K temperature range. The solid lines are
the fit of the data; see the text for the fit parameters.

—2.51(2) cm™". In both high- and low-field models, alternative
fits with S = 3/2 or 7/2 were rejected because they gave unrea-
sonable values of g. The deviations of fitted g values from the
free-electron or ionic expectations are well documented in
high-nuclearity 3d-based SMMs when reduced-spin models are
employed, particularly when low-lying excited states are not
explicitly included in the spin Hamiltonian. The low-field fits
are more sensitive to the lowest Kramers doublet only and
yield g values (x~1.95) much closer to those independently
inferred from the ac susceptibility data (g ~ 1.92, vide infra).
Alternating current (ac) susceptibility studies are a powerful
complement to dc studies for determining the spin ground
state of a cluster compound because they preclude any compli-
cations arising from the presence of a dc field. Thus, ac
studies were carried out on 1 in the 1.8-15 K range, using a 3.5
G ac field oscillating at frequencies in the 1-1500 Hz range, as
an independent determination of its ground state S. For
complex 1, the in-phase yy T signal below 15 K decreases line-
arly with decreasing temperature until ~4.5 K, indicating
depopulation of low-lying excited states with S greater than the
ground state, before a further steep decrease at T < 4 K (Fig. 5,
top). Extrapolation of the plot to 0 K from above 5 K (to avoid
the decrease at lower T due to the slow relaxation (see below))
gives a value of ~4 cm® K mol™". This agrees with an S = 5/
2 ground state and g ~ 1.92, in very good agreement with the
dc magnetization fit. Note that S = 3/2 and 7/2 ground states
would be expected to give yjT values of ~2 and ~8 cm?® K
mol ™', respectively, clearly very different from the experimental
value. We conclude that complex 1 has an S = 5/2 ground state,
and this is rationalized in terms of antiferromagnetic inter-
actions between the four Mn™ atoms within each ‘deck’, as
promoted by the oximato bridges, yielding two local Sy, = 0
states and a high-spin Mn"" determining the overall spin of the
system. Below ~4.5 K, the decrease in the y\yT vs. T plot is fre-
quency-dependent, and there is a concomitant appearance of
frequency-dependent out-of-phase y{; signals (Fig. 5, bottom),
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Fig. 5 Plot of the in-phase (ym) (@s ymT, top) and out-of-phase (ym,
bottom) ac susceptibility signals of complex 1 in a 3.5 G field oscillating
at the indicated frequencies. (Inset) A zoomed area of the yy vs. T plot in
the 1.8-5.0 K temperature region. The solid lines are guides only.

whose peak maxima are visible above 1.8 K, the operating
minimum temperature of the SQUID magnetometer. Such be-
havior is indicative (but not diagnostic) of the superpara-
magnetic-like properties of an SMM.

Magnetization vs. dc field hysteresis loops

Confirmation of the SMM behavior was sought by magnetiza-
tion vs. dc field scans on single crystals of 1 that had been
kept in contact with mother liquor using an array of micro-
SQUIDs.”” Magnetization hysteresis loops were observed below
~2.0 K, at which point the coercivity increases with decreasing
temperature (Fig. 6 and S6, top) and increasing field sweep
rate (Fig. 6 and S6, bottom), as expected for an SMM below its
blocking temperature (7g). In the vast majority of 3d-cluster
based SMMs, the first step in sweeping the field from one
saturating value to the other occurs in zero field where the
potential energy double-well is symmetric and M levels on one
side of the barrier are degenerate (in resonance) with those on
the other side, allowing tunneling to occur through the an-
isotropy barrier. The exception, as seen in 1, is when the first
step is slightly shifted away from the zero field by the
exchange-bias effect, the weak interaction of an SMM with a
neighboring SMM.”® The steps are thus positions of increased
magnetization relaxation rate. Furthermore, the hysteresis
loops do not show resolved steps characteristic of quantum
tunneling of magnetization (QTM), but this is not surprising,
as high-nuclearity SMMs are more susceptible to distributions
of their molecular environments, which reflect in various step-
broadening effects resulting from low-lying excited states or
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Fig. 6 Magnetization (M) vs. field (H) hysteresis loops for a single crystal
of complex 1 at the indicated temperatures (top) and field sweep rates
(bottom). The magnetization is normalized to its saturation value (Mj).

disordered ligands and solvent molecules of crystallization in
the vacancies between cluster compounds.

In such cases, the presence of QTM is best confirmed by
other methods, such as the detection of a temperature-inde-
pendent relaxation rate at very low temperatures through mag-
netization decay with time studies. To this end, the magnetiza-
tion of the sample was first saturated in one direction with a
large applied field at ~5 K, the temperature was decreased to a
chosen value in the 0.04-2.0 K range, the applied field was
removed, and the magnetization of the sample was monitored
with time. The resulting data are shown in Fig. 7. The decay
data at each temperature were analyzed to give a set of relax-
ation time (7) vs. temperature data, which were used, in con-
junction with the relaxation times derived from the ac
measurements, to construct the combined Arrhenius plot of
Fig. 8 based on the Arrhenius relationship of eqn (3), where 7,
is the pre-exponential factor, Uy is the mean effective barrier
to relaxation, and k is the Boltzmann constant.

7 =10 exp(Uest/kT) (3a)

Int=Inzy+ Ueff/kT (3b)

The fit of the thermally activated region is shown as the
solid line in Fig. 8 and gives for 1 the parameters: Ug = 16.6(2)
K (11.5(2) em™) and 7, = 7.7(1) x 10~ s. At the lowest tempera-
tures (below ~0.1 K), the relaxation time becomes temperature-
independent, as expected for the relaxation only occurring via
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Fig. 7 Magnetization (M) vs. time (t) decay plots in zero dc field for a
single crystal of 1. The magnetization is normalized to its saturation
value, Ms,.
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Fig. 8 Arrhenius plot of the relaxation time (z) vs. 1/T for 1 using data
obtained from ac susceptibility and the dc magnetization decay
measurements of Fig. 7. The solid line is the fit of data in the thermally
activated region to the Arrhenius equation; see the text for the fit
parameters.

the ground state Mg levels. This temperature independence of
relaxation is a characteristic signature of QTM through the an-
isotropy barrier. Considering the experimental D value of
—2.51 cm™', obtained from the fit of the magnetization vs. low-
field data, the calculated maximum U barrier for an SMM with
S =5/2 is U = (5*-1/4)|D| = ~15 cm™', which is in very good
agreement with the experimental Uy, suggesting that ther-
mally-assisted magnetization relaxation occurs via the higher
energy M; states of the S = 5/2 manifold.

Theoretical analysis

To rationalize the origin of the unusually strong axial magnetic
anisotropy of 1 responsible for its SMM behavior, ab initio cal-
culations at the CASSCF/SO-RASSI level of a mononuclear Mn
(u) fragment have been performed. Table S7 shows the energies
of the three Kramers doublets (KD) resulting from the zero-
field splitting (ZFS) of the ground S = 5/2 term of the Mn(u)
ion. We can see that the overall splitting is ca. 0.05 cm™,
which is explained by a very large energy of the first excited
term (ca. 30000 cm™', Table S7), exceeding the spin-orbit
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coupling of the Mn(u) ion by several orders of magnitude
(Table S7). For the same reason, the g-tensor of the ground S =
5/2 term of Mn(u) practically coincides with the free electron
one (Table S12). The ZFS splitting of Mn(u) is two orders of
magnitude smaller than the one inferred from the fitting of
the low-temperature magnetic data of 1 (Fig. 4 and 8). This
means that the intrinsic ZFS splitting of the ground term of
the Mn(u) ion cannot be the reason for the observed magneti-
zation blocking.”*®' Hence, this must be due to the inter-
action with the surrounding Mn(u) ions, despite the fact that
their magnetism apparently does not show up at low
temperature.

Similar ab initio analysis has been performed for the four
inequivalent Mn(ui) centres. Tables S8-S11 show that the ZFS
of the ground S = 2 term of these ions is ca. 12 cm™, i.e. they
exhibit much stronger ionic anisotropy than the Mn(u) ion.
This may be explained by the smaller energy gap to the excited
states (12000 cm ') and a larger spin-orbit coupling con-
stant of Mn(m) leading to partial unquenching of the orbital
momentum. The five levels originating from the S = 2 ground
term are fully split according to the lack of local symmetry on
the Mn(m) centres. Nevertheless, the levels still pair into doub-
lets showing relatively small tunneling gaps. Furthermore, the
value of the main g-factor of the ground doublet is close to 8
(Table S12), corresponding to spin projections, M = +2, which
points to relatively strong axiality of the ground doublet. This
is in line with an earlier observation of strong axiality of mag-
netic ions with high J(S) in non-symmetric environments.*>
Since the § = 2, M = S state is well approximated by a single
Slater determinant, the ionic anisotropy of Mn(u1) centres can
also be described using DFT. Table S14 shows that the
obtained DFT values of ionic anisotropy parameters for Mn2
are close to those of the CASSCF.

The calculated anisotropy axes of the Mn(m) ions in 1 are
oriented along the elongated Mn-O bonds of the square pyra-
midal apex, as shown in Fig. 9. Mn3 has a coordination
environment closest to a true square pyramid, which manifests
as near-perfect alignment of its anisotropy axis along the
apical Mn-O bond. The orientation of the anisotropy axes
along the square pyramidal apex and the bent local structure
at the oxygen atoms leads to a low angle between the axes of

Fig. 9 Anisotropy axes of Mn2-Mn5 (orange) and Mnl (cyan). The
numeration of manganese atoms is the same as that in Fig. 2.
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the surrounding Mn(m) and the central Mn(u) (Table S15). All
axes lie approximately perpendicular to the surface of the two
Mn, deckers, whereas their symmetric alignment around the
axis perpendicular to the deckers underlies the high axiality of
the low-lying exchange doublets, ultimately explaining the
SMM behavior of 1 (vide infra).

The magnetic interaction between the manganese ions con-
tains two contributions, the exchange and the magnetic
dipolar interaction. The exchange parameters have been
extracted from conventional broken-symmetry (BS) DFT calcu-
lations of 1 in its experimental geometry (see the SI). The
obtained exchange coupling constants between manganese
ions, reported to S = 5/2 for Mn(u) and S = 2 for Mn(m), are
listed in Table S13 (positive values correspond to ferro-
magnetic coupling). It is clear that the overall interaction
between Mn(m) ions is antiferromagnetic, as expected. Some
coupling constants have large values, notably for Mn4-Mn5*
and Mn4*-Mn5 pairs, which explains why y,T for 1 is far from
the sum of susceptibilities of individual manganese ions at
room temperature (Fig. 3). The magnetic dipolar interaction
between manganese ions has been calculated with the
Poly_Aniso module of OpenMolcas using the ionic anisotropy
data for mononuclear fragments obtained in the previous
CASSCF calculations.®® Their effect on the exchange spectrum
of 1 is by two orders of magnitude smaller than from the
exchange interaction (Table 1). This is in contrast to poly-
nuclear lanthanide complexes where exchange and magnetic
dipolar coupling give comparable contributions to the mag-
netic interaction between Ln ions, which is explained by a
stronger exchange interaction and smaller local magnetic
moments in transition metal compounds.®*

A direct simulation of magnetic susceptibility of 1 does not
seem feasible because of the many exchange states involved in
the {Mn"Mn}!} cluster (>2 million states). Therefore, to gain
further insight, we calculated the magnetism of a smaller frag-
ment {Mn"Mn!"} involving only the non-equivalent Mn(m)
ions, i.e., Mn(2-5). The magnetic susceptibility was simulated

Table 1 Energies of low-lying exchange KDs (cm™) of a {Mn”MnL{'}
fragment calculated in different approximations

Dipolar +
Dipolar + Exchange + Dipolar + exchange + exchange
ZFS on all ZFS on all Mn ZFS on all Mn sites (all Mn(ur)
Mn sites sites (complete model) isotropic)
0.000 0.00 0.00 0.000
0.027 2.15 2.12 0.025
0.081 4.42 4.37 0.038
0.206 6.84 6.75 2.16
0.262 9.44 9.34 2.18
0.312 10.49 10.70 2.19
0.521 11.96 12.19 2.19
0.581 12.35 12.30 5.33
0.606 12.78 12.88 5.34
0.638 12.97 13.14 5.35
0.681 13.60 13.80 5.36
0.717 14.23 14.25 5.37
0.776 14.46 14.60 6.42
0.806 15.07 15.11 6.44
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approximately by doubling the susceptibility of the fragment
{Mn"™™Mn!"} and then extracting the susceptibility of a single
Mn(u) center. The result in Fig. S10 shows that the calculated
xmT reaches saturation faster than the experimental one
because in our model the exchange interaction between Mn(m)
ions from the two equivalent groups was neglected, which
strongly reduced the spread of the exchange levels. The ener-
gies of calculated low-lying exchange levels using ab initio mag-
netic coupling and ionic anisotropic parameters are given in
Table 1.

We can see that the lowest three levels in Table 1 are visibly
separated from the excited ones pointing to their Mn(u) origin.
This is in line with the single-Mn(u) based model used for the
simulation of magnetization of 1 (Fig. 4) which yielded a
g-factor value close to 2.0, typical of the Mn(u) in coordination
complexes. Our calculations give close g-factor values of 1.95,
1.97, and 2.34. According to the results presented in Table 1,
the main reason for the splitting of the three Kramers doublets
is the concomitant presence of the exchange interaction
between manganese ions and the ZFS splitting on the Mn(m)
ions, while other factors (intrinsic ZFS at Mn(u) and the mag-
netic dipolar interaction) play a minor role.

Thus, we conclude that the low-temperature magnetism of
1 is effectively provided by the Mn(u) ion alone, whose ionic
anisotropy is induced by strong ZFS at Mn(m) ions through
their exchange interaction with the Mn(u) ion. According to
Table 1, the obtained ZFS at Mn(u) is rather equidistant, while
the axial anisotropic contribution in eqn (2) alone gives for the
energies of the three KDs: —(25/4)|D|, —(9/4)|D| and —(1/4)|D|.
In order to make these levels equidistant, the rhombic aniso-
tropic contribution E(S,” — $,) should involve E of comparable
order of magnitude with D, which will lead to a strong admix-
ture of the two excited KDs, M = +3/2, +1/2, to the ground KD,
M = £5/2. As a result, the ground KD will not be sufficiently
axial and will be subject to intense QTM precluding the mag-
netization blocking in 1. This is in contradiction with the
SMM behavior of the complex and is not supported by our
ab initio calculations either, which show in contrast that both
transversal g-factors of the ground KD are g, = 0.00001 point-
ing to the high axiality of the latter. The main g-factor, g, =
10.9, supports the M = +5/2 origin of the ground KD and
corresponds to the main magnetic axis perpendicular to the C,
axis of the complex (Fig. 10). Given this high axiality, under-
lined by the symmetric arrangement of the anisotropy axes on
the Mn(w) ions (see Fig. 9), the ZFS of Mn(u) can be simulated
by adding a fourth-order axial anisotropy term, D'S,*, allowing
for S = 5/2, to the already considered second-order one. To
achieve equidistance, the parameter D' should be positive and
amount to (2/29)|D|. The inferred high axiality of the ZFS on
Mn(u) supports earlier findings of highly axial low-lying doub-
lets in non-symmetric complexes combining isotropic and
axial magnetic ions.*>*® Finally, we note that the contribution
to the ZFS on Mn(u) from the surrounding Mn(im) ions can be
considered in a good approximation additive. Then accounting
for the neglected manganese ions in the calculations of
Table 1 will merely double the ZFS splitting between the three
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Fig. 10 Calculated main magnetic axes corresponding to the lowest
three KDs in 1, effective S = 5/2 (blue), and its ground KD (red). The sym-
metry C, axis is shown in grey. Purple spheres are manganese ions.

KDs. Then the overall splitting of S = 5/2 on Mn(u) will achieve
ca. 9 ecm™, which agrees well with the fitted value for the
height of the blocking barrier extracted from the dc and ac

magnetic susceptibility (Fig. 8).

Conclusions

In summary, we have reported the synthesis of a mixed-valence
(Et,NH,),[Mn"Mnl{(OH),(shi)s] (1) cluster assembled exclu-
sively from salicylhydroximate groups, which facilitate the for-
mation of a striking double-decker architecture. The structure
features a central eight-coordinate Mn" ion encapsulated by a
magnetically coupled ring of eight five-coordinate Mn™ centers
with distorted coordination geometries. Detailed magnetic
investigations reveal an S = 5/2 ground state combined with a
remarkably large axial anisotropy (D = —2.5 cm™'), an uncom-
mon feature for a system containing a formally isotropic Mn"
center. The synergy between the spin ground state and mole-
cular anisotropy endows complex 1 with clear single-molecule
magnet (SMM) behavior, manifested by entirely visible out-of-
phase signals and open magnetic hysteresis loops, which give
rise to an effective barrier of 16.6 K for magnetization reversal.

Computational analysis has elucidated the origin of the
unexpectedly strong magnetic anisotropy of the central Mn"
ion in 1 as arising from the interplay between the axial mag-
netic anisotropy of the surrounding Mn'" ions and the rela-
tively strong exchange interaction between them. The situation
in which a typical isotropic magnetic ion is solely responsible
for the anisotropic magnetism and the magnetization blocking
of the entire polynuclear complex has not yet been reported, to
the best of our knowledge. The necessary conditions for this
are a large number of magnetic neighbors of the isotropic ion
exhibiting strong axial magnetic anisotropy and a relatively
strong antiferromagnetic exchange interaction between them.
All these conditions are perfectly met in the reported {Mng}
cluster, which thus allowed us to demonstrate this unusual
SMM behavior.

Beyond its structural elegance, this {Mno} system estab-
lishes a rare magnetic paradigm in which anisotropy is effec-
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tively imposed on an isotropic center through cooperative
exchange coupling, offering new design principles for engin-
eering unconventional SMMs.

Experiment

A dark-red single-crystal of complex 1-3.3MeCN-MeOH (0.13 X
0.20 x 0.26 mm) was taken directly from the mother liquor and
immediately cooled to 160(2) K. X-ray diffraction data were col-
lected on a Rigaku R-AXIS SPIDER Image Plate diffractometer
using graphite-monochromated CuKa (4 = 1.54178 A) radi-
ation. Data collection (w-scans) and processing (cell refine-
ment, data reduction, and empirical absorption correction)
were performed using the CrystalClear program package.?” The
structure of 1 was solved by direct methods using SHELXS ver.
2013/1,%® and refined by full-matrix least-squares techniques
on F> with SHELXL ver. 2014/6.%°* All H atoms were introduced
at calculated positions and refined as riding on their respective
bonded atoms. All non-H atoms were refined anisotropically.
The presence of additional solvent molecules that could not be
modelled, even with restraints, was detected by the residual
peaks located in certain areas of the unit cell. Consequently,
SQUEEZE (from PLATON)®®? was used to calculate the void
space (460 A®) and the electron count (115 e, which accounts
for 5.23 MeCN per unit cell), as well as extract a new HKL file.
All parameters reported in the CIF account for the total solvent
molecule content.

The estimated number of MeCN solvent molecules located
at the Wyckoff 4b positions (0, 1/2, 0) is 5.23 per cell or 1.3 per
formula unit and they are distributed within channels formed
in the structure of 1. The lattice solvents, as well as the coun-
tercations, are located within channels formed between clus-
ters along the [1 —1 0] and [1 1 0] crystallographic directions.
Various figures of the structure were created using Diamond 3
and Mercury software packages.’® The unit cell parameters,
structure solution, and refinement details of 1 are summarized
in Table S1. Further crystallographic details of compound 1
can be found in the corresponding CIF file provided in the SI.
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