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Reaction of equimolar amounts of MnBr,-4H,O and HL! ((3,5-dimethyl-1H-pyrazol-1-yl)methanol) in a
basic MeCN solution leads to the formation of [Mn}(L)4Bra(H20)4] (1), whose metallic skeleton is a [Mn}]
tetrahedron and cluster core a [Mn[{(p3-0)4] cubane. Replacing MnBr;-4H,O with Mn(O,CMe),-4H,O
affords [Mng‘MnTZOZ(Ll)AOAc)zz] (2) which is best described as a series of edge-sharing [Mny] tetrahedra
that have self-assembled into a linear array in which each [Mn,] pair is ‘twisted” with respect to its neigh-
bours in a corkscrew-like manner. Employment of the triangle [MnQ'O(OAc)G(py)gl(ClO4) as a reactant
instead of a Mn" salt results in the formation of [Mn{l,Mn}jO;4(LY4(HLY),(OAC)18(H0)5] (3) whose core is
comprised of three vertex-sharing [Mn}j] butterflies flanked on either side by one [Mn'] cubane and one
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samples of 1-3 reveal the predominance of antiferromagnetic exchange interactions. For [Mn,] (1) this
leads to a diamagnetic ground state, while for [Mnyg] (3) competing exchange interactions result in
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Introduction

The magnetic properties of molecules containing 3d transition
metal ions have retained immense scientific interest for
decades, originating from initial magneto-structural studies of
metal dimers and trimers,’ the construction of models for
metalloenzymes® and the discovery of single-molecule and
single-ion magnets,® to the investigation of geometric spin
frustration,” the exploitation of enhanced magnetocaloric
effects for cryogenic refrigeration® and the emergence of elec-
tron-spin based qubits for quantum computation.® The start-
ing point for all such studies lies in the synthesis of new mole-
cules, and the design of complexes with specific structural
characteristics that promote targeted magnetic properties.”
When polymetallic systems are sought-after the nature of the
bridging ligands becomes paramount, and for larger nuclearity
complexes ‘small and simple’ ligands are often particularly
attractive since they offer flexibility in bonding due to (a) the
number of coordination modes available, (b) the lack of steric
constraints, (c) the ability to accommodate variable metal
coordination numbers and geometries, and (d) the ability to
stabilise multiple metal oxidation states.® Alongside the ubi-
quitous carboxylates,” N/O-chelate ligands have proved to be
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highly successful with pertinent examples including amino
alcohols,® polyalkoxides'' and oximes'* (Scheme 1).

The pro-ligand (3,5-dimethyl-1H-pyrazol-1-yl)methanol
(HL") belongs to the family of N/O-chelates and has previously
been employed to make mono-, di- and tetrametallic com-
pounds of Cu", Ni'" and Co™" In Fe chemistry there is just
one example, an [Feg] cage,"* while there are four examples in
Mn chemistry ranging in nuclearity between [Mn;] and
[Mnyo]."® The relative sparsity of polymetallic cluster com-
pounds reported suggests the ligand has been underemployed,

b
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Scheme 1 Examples of organic pro-ligands successfully employed to
synthesise polymetallic complexes of paramagnetic 3d metal ions. (a)
Substituted diethanolamines (R-deaH,, R = H, Me, Et, etc.; teaHs, R =
CH,CH,0H), (b) (2-hydroxymethyl)pyridines (R = H, hmpH; R = CH,OH,
pdmH,), (c) tripodal alcohols (R = H, Hsthme; R = CH,OH, Hypeol), (d)
pyridyl oximes (R-paoH) and (e) phenolic oximes (R-saoH,), (f) HLY,
employed here.

This journal is © The Royal Society of Chemistry 2023
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especially given the fascinating topologies already discovered.
Here we expand its coordination chemistry to include the syn-
thesis, structure and magnetic characterisation of three new
Mn clusters - a [Mn!'] cubane, a [Mn}Mnl,] cluster compris-
ing a ‘linear’ array of six shared tetrahedra, and a [Mn{IMn]
complex containing a [Mny,] plane of vertex- and edge-sharing
[Mn,] butterflies, with the four capping ions forming [Mn}"]

cubanes and [Mn"™Mn] tetrahedra with the core.

Experimental

All chemicals were purchased from commercial suppliers and
used without further purification. HL' was prepared as pre-
viously described."® Elemental analyses were performed by the
University of Edinburgh microanalytical service in the School
of Geosciences.

Synthesis of [MnY(L"),Br,(H,0),]-2.25MeCN (1-2.25MeCN)

MnBr,-4H,0 (287 mg, 1 mmol), HL' (126 mg, 1 mmol) and
NEt; (140 pL, 1 mmol) were dissolved in MeCN (15 mL) and
stirred for 1 hour. The solution was then filtered and allowed
to stand. Pale pink crystals of 1 grew upon slow evaporation of
the mother liquor over 2 days. Elemental analysis (%) calcu-
lated for Mn,OgNgC,,H,,Brys: C, 25.92; H, 3.99; N, 10.08.
Found: C, 26.00; H, 4.05; N, 10.07. Yield < 40%.

Synthesis of [MnJ'Mn!, 0,(L")4(OAc),,]-1MeCN-1C;Hs0
(2:1MeCN-1C;H40)

Mn(0,CMe),-4H,0 (247 mg, 1 mmol), HL' (126 mg, 1 mmol)
and NEt; (140 pL, 1 mmol) were dissolved in MeCN (15 mL)
and stirred for 1 hour. The solution was then filtered and
diffused with acetone. Brown crystals of 2 were obtained over 2
days. Elemental analysis (%) calculated for Mn;,055NgCgsHig0:
C, 30.49; H, 3.76; N, 4.18. Found: C, 30.75; H, 4.09; N, 4.04.
Yield < 30%.

Synthesis of [MnIMnY0,,(L")4(HL"),(OAc),5(H,0),]-2.5MeCN
(3-2.5MeCN)

[Mn;0(0Ac)s(py)s](ClO4) (871 mg, 1 mmol), HL' (252 mg,
2 mmol) and NEt; (280 pL, 2 mmol) were dissolved in MeCN
(15 mL) and stirred for 1 hour. The solution was then filtered
and diffused with Et,O. Dark brown crystals of 3 were obtained
over 2 days. Elemental analysis (%) calculated for
Mn;g06:1N1,C5H100: C, 27.73; H, 3.88; N, 5.39. Found: C,
27.44; H, 3.76; N, 5.39. Yield < 45%.

Single crystal X-ray diffraction data for 1-3

Suitable crystals of 1-3 were selected and mounted on a
MITIGEN holder in Paratone oil on either a Rigaku Oxford
Diffraction XCalibur (1) or SuperNova (2, 3) diffractometer.
Crystals were kept at T = 120 K (1, 2) or 100 K (3) during data
collection. The structures were solved with the ShelXT
program using dual methods with Olex2 as the graphical inter-
face. Models were refined with ShelXL using full matrix least
squares minimisation on F>.*”

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Crystal data for 1. C,g5H50.75BrsMnyN; 505, M, = 1204.44,
triclinic, P1 (no. 2), a = 10.1989(2) A, b = 12.8405(3) A, ¢ =
18.4168(3) A, a = 99.820(2)°, § = 90.437(2)°, y = 105.874(2)°, V =
2282.13(8) A%, T = 120.00(11) K, Z = 2, Z' = 1, y(MoK,) = 4.636,
87672 reflections measured, 15804 unique (R, = 0.0479)
which were used in all calculations. The final wR, was 0.0626
(all data) and R, was 0.0332 (I > 26(I)). CCDC 2233436.}

Crystal data for 2. C;3H;1:Mn;4,NoOsq, M; = 2699.86, ortho-
rhombic, Fddd (no. 70), a = 15.1080(2) A, b = 20.4454(4) A, ¢ =
76.1586(11) A, a = f = y = 90°, V = 23 524.6(7) A%, T = 120.01(10)
K, Z =8, Z = 025, uy(MoK,) = 1.531, 49597 reflections
measured, 6437 unique (Rj, = 0.0419) which were used in all
calculations. The final wR, was 0.0799 (all data) and R, was
0.0329 (I > 26(I)). CCDC 2233438.1

Crystal data for 3. CgiH11 5MnN;1gN165058, M, = 3243.36, tri-
clinic, P1 (no. 2), a = 15.1254(4) A, b = 15.3885(4) A, ¢ = 15.9092
(3) A, a = 103.925(2)°, f = 99.153(2)°, y = 117.635(2)°, V =
3022.24(14) A%, T = 100.00(10) K, Z = 1, Z' = 0.5, p(CuK,)
15.573, 128161 reflections measured, 11063 unique (Rj, =
0.1085) which were used in all calculations. The final wR, was
0.1365 (all data) and R, was 0.0486 (I > 26(I)). CCDC 2233437.F

Powder X-ray diffraction data for 1-3

Powder XRD data (Fig. S1-S3t) were collected on freshly pre-
pared polycrystalline powder samples of 1-3 using a Bruker D8
ADVANCE with copper radiation at 40 kv, 40 mA and a
Johansson monochromator, 2 mm divergence slit and 2.5
degree Soller slits on the incident beam side. LynxEye detector,
Bruker DIFFRAC software. Diffraction measured from 26 =
50-40°, step size 0.0101°, using borosilicate capillaries of
0.7 mm outside diameter.

Magnetometry

Magnetic data for 1-3 were collected on freshly prepared poly-
crystalline samples restrained in eicosane in gelatine capsules
on a Quantum Design PPMS Dynacool in the temperature
range T = 300-2 K and field range B = 0.1-9.0 T. Diamagnetic
corrections were applied using Pascal’s constants.

Results and discussion

Reaction of equimolar amounts of MnBr,-4H,0 and HL' in a
basic MeCN solution leads to the formation of pink crystals of
[MnY(L")4Bry(H,0)4]-2.25MeCN (1-2.25MeCN). Crystals were in
a triclinic cell and structure solution was performed in the P1
space group. The asymmetric unit contains the whole formula.
The metallic skeleton of 1 (Fig. 1) describes a [Mn]] tetra-
hedron and the cluster core a [Mn}(j15-0),] cube (Mn-O-Mn,
~98-102°; see Table S1t for BVS calculations). The p;-O-atoms
are provided by the L' ligands, which chelate each metal
centre and further bridge to two neighbouring metal ions. The
Mn ions are all six-coordinate and in distorted octahedral geo-
metries with their {MnO,NBr} coordination spheres (Mn-O,
~2.2 A; Mn-N, ~2.2 A, Mn-Br, ~2.6 A) completed by the pres-
ence of one Br anion and one H,O molecule. The latter form
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Fig. 1 (A) Molecular structure of complex 1 and (B) its metal—oxygen
core. Colour code: Mn" = light blue, C = grey, O = red, N = dark blue,
Br = brown. H atoms and solvent of crystallisation omitted for clarity.
The solid black lines in (B) highlight the tetrahedral arrangement of
metal ions.

intramolecular H-bonds across four of the six faces of the cube
(Br---(H)O, ~3.3 A). They are also responsible for mediating
intermolecular interactions between neighbouring clusters
(Br---(H)O, ~3.3 A) and to the MeCN molecules of crystallisa-
tion (O(H)---N, ~2.8 A). The result is an intricate network of
H-bonded clusters in the extended structure (Fig. S47). A
search of the Cambridge Structural Database (CSD) for
[Mn,O,] cubanes generates 87 hits, approximately 30% (26) of
which are [Mn[0,].

Repeating the reaction that produces 1 but replacing
MnBr,-4H,0 with Mn(0,CMe),-4H,0 affords brown crystals of
[Mn*Mnl 0,(L")4(0AC),,]-1MeCN-1C;Hs0O (2-1MeCN-1C;H40)
when acetone is diffused into the MeCN mother liquor
(Fig. 2A-C). Crystals were in an orthorhombic cell and struc-
ture solution was performed in the Fddd space group. The
asymmetric unit contains one quarter of the formula. The
metallic skeleton of 2 (Fig. 3A-C) describes a series of edge-
sharing [Mn,] tetrahedra that have self-assembled into a linear
array in which each [Mn,] pair is ‘twisted’ with respect to its
neighbours in a corkscrew-like manner. In the centre of the
cluster lies a [Mn)'MnY(j,-0),] unit (Fig. 2C) that consists of
two edge-sharing [MnJ™Mn]] tetrahedra - the {Mn}'} unit
being the shared edge.

The p,-0°" ion (013 and symmetry equivalent, s.e.) links
the two central Mn'" ions (Mn4 and s.e.) to each other and to
two Mn"" ions on each side (Mn3 and s.e.). This [Mng] unit is
well documented in Mn carboxylate chemistry.'"® The [Mng]
unit is then connected on each side to a [Mn}] tetrahedron
(Mn1, Mn2 and s.e.). The metals in the [Mn,,] moiety are con-
nected by a series of (twenty two) p-, ns- and p,-carboxylates,
while the p;-L' ligands are found at the periphery of the mole-
cule, chelating to Mn1 (and s.e.) and further bridging to Mn2
(and s.e., Fig. S57). All the metal ions are six-coordinate and in
distorted octahedral geometries, with the two Mn™ ions dis-
playing the expected Jahn-Teller (JT) elongation along the
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Fig. 2 Orthogonal views of the molecular structure of complex 2
viewed down the (A) b-axis, and (B) a-axis. (C) The metal-oxygen core
of 2. Colour code: Mn"' = pink, Mn" = light blue, C = grey, O = red, N =
dark blue. H atoms and solvent molecules of crystallisation omitted for
clarity.

Fig. 3 (A) Metallic skeleton of 2 viewed down the a-axis. (B) Molecular
structure of 2 viewed down the c-axis. (C) Colour/number coded sketch
of the {Mny} units in the same plane as viewed down the c-axis, high-
lighting the corkscrew arrangement (1 (red) — 2 (orange) — 3 (yellow) —
4 (green) — 5 (light blue) — 6 (dark blue) — 7 (purple)) of metal ions
along the body of the cluster.

This journal is © The Royal Society of Chemistry 2023
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012-Mn4-012’ (and s.e.) vector. By symmetry, these are co-
planar (Fig. S6%1). Closest intermolecular interactions are
observed between L' ligands (C(H)---(H)C, ~3.2-3.8 A) and car-
boxylates (C(H)---O(C), ~3.2-3.6 A), which results in the for-
mation of a brickwork-like motif in the extended structure
(Fig. S67). There are sixteen [Mn,,] clusters deposited in the
CSD, none with the topology or oxidation state distribution
displayed by compound 2."°

The reaction of [MnzO(OAc)s(py)s](ClO,) with HL' in a
basic MeCN solution affords black crystals of
[MnIIMnT O, 4(LY)4(HL),(0Ac),5(H,0),]-2.5MeCN  (3-2.5MeCN)
when Et,0 is diffused into the mother liquor (Fig. 4). The crys-
tals were in a triclinic cell and structure solution was per-
formed in the space group P1. The asymmetric unit contains
half the formula. The metallic skeleton of 3 has a [Mn]TMn]']
oxidation state distribution, the central part of which is a near-
planar [Mn{iMn]] disc (Mn1, Mn3-6, Mn8-9 and s.e.; where
Mnb5 is the +2 ion) which is constructed from seven vertex- and
edge-sharing [Mn,] butterflies (Fig. 5). Two Mn" ions (Mn7
and s.e.) and two Mn™ ions (Mn2 and s.e.) lie ‘above’ and
‘below’ this plane forming distorted [Mny™Mn}] and [Mn{]
tetrahedra with three Mn ions in the planar disc, respectively.
The metal-oxygen core describes three central vertex-sharing
[Mnf'0O,] butterflies (Mn8, Mn9, 011, 08, 09 and s.e.), flanked
on either side by one [Mn}'0,] cubane (Mn1-4, 04, O5, O7,
014 and s.e.) and one [Mn'Mn'O] tetrahedron (Mn1, Mn5-7,
06 and s.e.) (Fig. 5).

The acetate ligands are of three types (Fig. S71). Fourteen
are p-bridging, two are p,-bridging (between Mn1, Mn2, Mné6
and s.e.) and two are p,-bridging (Mn1, Mn3, Mn4, Mn7 and
s.e.) with the p;-O atom forming a corner of the [Mn{'O,]
cubane. The four p-L~" ligands are found at the periphery of
the cluster, chelating to Mn4 and Mn5 (and s.e.) and bridging
to Mn5 and Mné6 (and s.e.), respectively. The two HL' ligands
are found in the centre of the cluster, chelating to Mn7
(and s.e.) and forming a longer contact to Mn8 (and s.e.,

Fig. 4 Molecular structure of compound 3. Colour code: Mn™ = pink,
Mn" = light blue, C = grey, O = red, N = dark blue. H atoms and solvent
molecules of crystallisation omitted for clarity.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) Metal-oxygen core of 3 minus the carboxylate O-atoms. (B)
Metallic skeleton of 3. Colour code: Mn"' = pink, Mn" = light blue, O =
red.

O-Mn, ~2.55 A). The protonated O-atom is H-bonding to both
a p3-0>” ion (O---O, ~2.81 A) and the O-atom of a bridging OAc
(0---0, ~2.61 A). The two H,O molecules are bonded to Mn9
(and s.e.), H-bonding to the O-atoms of neighbouring p-OAc
ligands (~2.74-2.88 A).

All the Mn ions in 3 are six-coordinate and in distorted
octahedral geometries, with the Mn™ ions displaying their
expected JT elongation (most of which are approximately co-
parallel; Fig. S81). The only exception is Mn8 (and s.e.) which
is five coordinate and square pyramidal, the sixth coordination
site being ‘occupied’ by the distal O2 atom of the protonated
HL' ligand.

There are numerous inter-molecular interactions in the
structure of 3. The MeCN molecules of crystallisation are in
close contact with bridging OAc ligands, C(H)---O, ~3.2 A, as
are peripheral L' and OAc ligands on neighbouring complexes
(C/N/O---C/N/O, >3.3 A). The result is that clusters of 3 pack in
a brickwork-like fashion in the extended structure (Fig. S81). A
search of the CSD reveals ten [Mng] clusters. These include,
two [MnIMn!'] super-tetrahedra built with triethanolamine,*
a [Mnll] wheel of triangles using salicylaldoxime,® a
[MnMn"Mn!] wheel of defective cubanes made from tripodal
alcohols,” a [Mn}YMn!] cage stabilised with phosphonates,**
dimers of [Mn}"] molecules linked with 4,4"-bpy or diamagnetic
metal ions,”* a [Mn!IMnY] carboxylate cage with the ‘rock-salt’
structure,” a [Mn!}] super-octahedron built from a polydentate
amino alcohol®® and a near-planar [Mnl}] cage constructed

Dalton Trans., 2023, 52, 6426-6434 | 6429
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from [Mn,] butterflies and dicarboxylates.>” While the latter has
some structural similarity to 3, the closest structural analogue is
the complex [MnlIMnJO,,(0,CMe);q(hep),(hepH),(H,0),]
(ClOy),, built with a different, but related N/O-chelate ligand
(hepH = 2-(hydroxyethyl)pyridine).>® This species has a similar
Mn-O core and metallic skeleton, but a different oxidation state
distribution.

Magnetic properties

Dc magnetic susceptibility (y) and magnetisation (M) measurements
of polycrystalline samples of 1-3 were collected in the T'= 300-2 K,
B=01Tand T = 2-10 K, B = 0.5-9.0 T temperature and field
ranges, respectively. These data are plotted in Fig. 6, 7 and S9.f

For 1 the 4T value of 17.5 cm® K mol™ at T = 300 K is as
expected for four uncorrelated S = 5/2 spins, assuming g = 2.00
(Fig. 6). As T is decreased the value of yT remains essentially
invariant until approximately T = 25 K wherefrom the value
decreases to a minimum value of 4.4 cm® K mol ™" at 7= 2 K.
Magnetisation data (Fig. 7A) rise rapidly with increasing field
saturating at a maximum value of 19.55 yg at T =2 K and B =
9.0 T. Both are indicative of very weak, predominantly anti-
ferromagnetic exchange interactions between the Mn" ions
(the large magnetisation value at B =9 T is field induced).

The experimental susceptibility and magnetisation data for
1 can be simultaneously fitted with an isotropic spin-

Hamiltonian A = —2 > Ji L A?j with a coupling scheme that
i<j
assumes two unique exchange interactions between neigh-
bouring Mn" ions based on differing Mn-O-Mn angles
(Fig. 8),J; = —0.19 cm ™" (between Mn1-Mn2, Mn1-Mn4, Mn2-
Mn3 and Mn3-Mn4 with Mn-O-Mn > 100.3°) and J, =
+0.038 cm™" (between Mn1-Mn3, Mn2-Mn4 with Mn-O-Mn <
98.4°) with g = 2.0. The fit can be improved slightly by includ-
ing a ferromagnetic intermolecular interaction, z/ = +6.72 X
107® em™", consistent with the packing of the molecules and
H-bonding in the extended structure. The intramolecular

T T T T T
0 50 100 150 200 250 300

T(K)

Fig. 6 Temperature dependence of magnetic susceptibility data
plotted as the 4T product vs. T for 1-3 under an applied field, B = 0.1
T. The solid red line represents the best fit of the experimental data for 1.
See text for details.
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Fig. 7 (A) Magnetisation data for 1 collected in the T = 2-10 Kand B =
0.5-9.0 T ranges, respectively. The solid lines are a best fit of the experi-
mental data. See the main text for details. (B) Energy vs. spin state
diagram for 1 derived from the simultaneous fit of the susceptibility and
magnetisation data. The ground state is an S = 0 state, with multiple
low-lying S states.

Fig. 8 Magnetic coupling scheme used to fit the magnetic suscepti-
bility and magnetisation data for complex 1. The different MNn—-O—-Mn
angles present dictate that two different exchange interactions, J; and
J,, are employed. See text for details.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3DT00732D

Open Access Article. Published on 18 April 2023. Downloaded on 8/5/2025 12:42:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

exchange coupling constants are consistent with values pre-
viously reported for alkoxide-bridged Mn" cubes with similar
Mn-O-Mn angles where the switch from ferro- to antiferro-
magnetic occurs at ~100°.>° This leads to a ground state of S =
0 with multiple low-lying excited states (Fig. 7B).

Given that the magnitude of the exchange calculated is
potentially of the same order of magnitude as that of the zero-
field splitting expected for Mn" ions in a distorted octahedral
{MnO,NBr} coordination sphere®® we have also fitted the sus-
ceptibility and magnetisation data by including single ion an-

isotropy (ﬁDZ(Ls’jf). The best fit afforded J; =
J

—0.18 em™, J, = +0.053 cm™" and |D| = 0.05 cm ™", with g =
2.01 and zJ = +7.22 x 107> em™" (Fig. $91). The fit is of slightly
lower quality, but clearly reveals that J and D are correlated
and thus while we can conclude a magnetic interaction of
<|0.2] em™" is present, the exact contributions to that
interaction are somewhat open to debate.

The yT value for 2 at T = 300 K (47.2 cm® K mol ™) is below
that expected for a [MnJ'Mnl,] unit (58.5 em® K mol™),
assuming g = 2.00. The value of yT continuously decreases
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Fig. 9 (A) Temperature dependence of the out-of-phase, y”, ac suscep-
tibility in zero dc field for 3 with ac frequencies of 205-3001 Hz in the
temperature range 1.8-6.0 K. (B) Frequency dependence of the out-of-
phase, y", ac susceptibility for 3 up to 3.1 K in zero dc field. The solid
lines correspond to the best fit to the Debye law.
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with decreasing temperature to a minimum value of 2.1 cm® K
mol™" at T = 2 K. Magnetisation data rise in a near linear
fashion with increasing field and without saturating, reaching
a maximum value of 13.92 ug at T = 2.0 and B = 9.0 T
(Fig. S107). Both are indicative of relatively weak antiferro-
magnetic exchange interactions between the Mn ions, likely
resulting in a diamagnetic ground state but with multiple low-
lying, paramagnetic excited states. Weak exchange is com-
monly observed in clusters with multiple Mn" ions.?" The
nuclearity and complex topology of compound 2 preclude a
quantitative analysis of the susceptibility and magnetisation
data. A fit of the inverse susceptibility data (1/y vs. T,
Fig. S11A7) affords C = 54.9 cm® K mol™" and 6 = —48.6 K.

The 4T value for 3 at T = 300 K (41.1 cm® K mol™) is below
that expected for a [Mn!IMnY] (59.5 cm® K mol™") unit, assum-
ing g = 2.00. As T is decreased yT decreases steadily to a value
of ~32 em® K mol™ at T = 100 K, before decreasing more
slowly to a value of ~29 cm® K mol " at T = 50 K. Below this
temperature yT decreases much more rapidly, to a minimum
value of 4.4 cm® K mol™ at T = 2 K. Magnetisation data for 3

7" (cm*mol™)

T T T T T T T
026 028 030 032 034 036 038

0.24
7' (cm*mol™)
_605 T T T T T T T T T
7018 i
751 .
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/T (K1

Fig. 10 (A) 1" vs. ' plot of the ac magnetic susceptibility data for 3 in
zero dc field. The solid lines correspond to the best fit to the Debye law.
(B) Plot of the relaxation time ¢ (logarithmic scale) versus T~*. The solid
red line represents the best fit to the Arrhenius law, yielding Uegs = 22 K.
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initially rise in a near linear fashion with increasing field (B =
0.5-4.0 T), but thereafter rise more slowly and appear to begin
to saturate at ~16.2 ug at 7= 2.0 and B = 9.0 T (Fig. S107). The
data are therefore indicative of weak, but competing antiferro-
magnetic exchange interactions. A fit of the Curie-Weiss law
(Fig. S11Bt) affords C = 47.1 cm® K mol " and 0 = —51.5 K.

Variable-temperature alternating current (ac) susceptibility
measurements were performed to investigate the magnetic
relaxation dynamics of 1-3, with only 3 exhibiting frequency
dependent out-of-phase y” ac susceptibility peaks at tempera-
tures up to ~3.5 K in the absence of an external magnetic field
(Fig. 9, 10 and S12-S157). Relaxation times, 7, were extracted
by fitting the Cole-Cole y" vs. ¥’ plots using the generalised
Debye model. The data were analysed with CCFIT.** The distri-
bution of the a parameter was found to be in the range 0.22 to
0.36 (2.1-3.1 K). An Arrhenius plot of the In(7) data versus the
inverse temperature (7~') was fit to an Orbach process yielding
Uesr = 22 K (15.3 em™) and 7, = 3.5 x 10~% 5. These values are
consistent with other Mn-based single-molecule magnets
assuming an Orbach-only relaxation process.”®

Conclusions

The reaction of HL' with the Mn salts MnBr,-4H,0 and
Mn(0,CMe),-4H,0 in basic MeCN solutions leads to the for-
mation of [Mn}] and [Mn]™nl,] clusters, respectively. The
structure of the former is a cube and that of the latter best
described as a series of tetrahedra that have self-assembled
into a “twisted” linear array. Switching to the basic carboxylate
[Mn'O(OAc)6( py)s](ClO,) as a reactant results in the formation
of a [MnlIMn] cluster whose structure contains vertex-sharing
[MnY"] butterflies flanked on either side by [Mn}"] cubanes
and [Mn{'MnY] tetrahedra. In 1 and 2 the L' ligand acts solely
as a pg-bridge helping to form an [MnYO,] cubane in each
case, while in 3 it acts as a p-bridge or remains protonated
(HL") and acts as a simple chelate. Interestingly, the oxidation
state distributions in 1 (MnY) and 2 (Mn'Mn,) are dominated
by Mn", suggesting HL' to be less acidic than similar ligands
such as hmpH, hepH and pdmH, (Scheme 1) which normally
result in Mn"-dominated clusters.?®>* This is also reflected in
the L' ligands always coordinating to at least one Mn" ion in
1-3. A larger ratio of Mn"": Mn" (Mn{iMnY, 3) in the product
can be obtained by employing an [Mn['] triangle as the reac-
tant, although we note that there has been some metal
reduction, hinting at some complex redox behaviour in the for-
mation of 3. For both 2 and 3 the ratio of OAc:L' in the
complex is heavily in favour of the former, despite being used
in equimolar amounts in 2. All of the above suggests that
examining increased ratios of base, the addition of oxidising
agents (e.g. MnO,"), and the role of carboxylate sterics will be
key in making new family members. The apparent preference
of L' for M" ions over M" ions also suggests the ligand may be
a good choice for targeting polymetallic Fe" clusters.

Dc magnetic susceptibility and magnetisation measure-
ments of polycrystalline samples of 1-3 reveal the predomi-
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nance of antiferromagnetic exchange interactions. For 1 two
very weak exchange interactions (J; = —0.19 em™, J, =
+0.038 cm™) lead to a diamagnetic S = 0 ground state with
multiple low-lying excited states, assuming an isotropic model.
A similar scenario, i.e. multiple weak magnetic interactions, is
inferred for complex 2, given the presence of numerous Mn"
ions. For 3 competing exchange interactions arising from the
presence of multiple edge-sharing [Mn;] triangles, and the
presence of multiple co-parallel JT axes, results in SMM behav-
iour with Ueg = 22 K (15.3 em ™).
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