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Abstract: The solvothermal reaction of FeCl,-4H,0 and
H,TBC[4] in a basic dmf/EtOH solution affords an
[Fe™] Keplerate conforming to a stellated cuboctahe-
dron. Magnetic and heat capacity measurements reveal
spin frustration effects arising from the high symmetry.
A crossover between inverse and direct magnetocaloric
effects is observed at ~10 K for applied-field changes
lower than 3 T. )

The first use of the term spin frustration can be traced back
to Anderson, Toulouse and Kirkpatrick when discussing
exchange interactions in spin glasses!"? and has subsequently
been employed to describe the magnetic behaviour observed
in specific 2-3D lattices, such as those of the kagome and
pyrochlore structures.”! The advent of novel 0D structures
containing paramagnetic 3d metal ions saw the definition of
geometric spin frustration in molecular systems evolve from
initial descriptions requiring a degenerate ground state,*
which was overly prohibitive, to the presence of competing
antiferromagnetic exchange interactions,”’ which was overly
permissive. More modern interpretations invoke scenarios
which, in essence, describe the opposite of bipartiteness!
and/or systems where the magnetic behaviour cannot be
represented by classical spins.”! Regardless of ones preferred
rubric, the effects of spin frustration on the energy spectrum
and magnetic properties of molecular coordination com-
pounds are fascinating and include enhanced ground-state
degeneracy, low-lying singlet states, non-collinear ground
states, unusual magnetisation plateaus and jumps, and

attractive magnetocaloric properties.”! This makes them
both academically interesting and potentially useful for
applications in, for example, cryogenic refrigeration.®

From a synthetic perspective designing spin frustrated
molecules is not trivial. One option is to construct odd-
numbered wheels® such as [Cr'Ni"]!! and [Cr',]."" The
former is best described as a magnetic Mobius strip that
contains an even number of electrons and has a singly
degenerate spin ground state, while the latter has either a
S=1/2 or §=3/2 ground state depending on the exact
structure type. A second option is to construct high
symmetry polyhedra (e.g. Archimedean, Platonic solids /
Keplerates) which possess odd numbered faces, i.e. triangles,
pentagons, heptagons, etc. While the latter are known in
polyoxometalate chemistry, the [Mo,,Fe;] icosidodecahe-
dron being a pertinent example,'? they are far less common
in complexes containing only 3d metals. Examples are also
often restricted to relatively small molecules such as
triangles, which are perhaps not as interesting or as
potentially useful as larger species since they have a rather
simple energy spectrum consisting of one band of energy
levels.™!

In an attempt to construct large, high symmetry cages
that may display spin frustration effects we have turned to
the use of p-tert-butylcalix[4]arene (H,TBC[4])," a ligand
possessing a tetraphenolic lower-rim which is predisposed
for metal ion binding!™”! and which in its maximal p-bridging
mode presents a square-pyramidal [M;] building block (M=
metal; Figure 1). We speculated that the self-assembly of
this moiety, via additional, ‘internal’ oxide/hydroxide bridg-
ing, should lead to the formation of stellated polyhedra. In
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Figure 1. A) The [M;] square pyramidal building block constructed from
TBC[4] in its maximal ps-coordination. Colour code: M (metal) =green,
O=red, C=grey. ‘Bu and H-atoms omitted for clarity. B-D) Represen-
tations of Figure A) in 3D, Plan view and 2D Net view, respectively.

order to ensure the maximal bridging mode and the
formation of high symmetry species we employ high temper-
ature, high pressure (solvothermal) reactions.

The solvothermal reaction between FeCl,-4H,O and
H,TBCJ[4] in a basic dmf/EtOH solution (see the Supporting
Information for full details) leads to the formation of black
crystals upon slow evaporation of the cooled mother liquor.
Crystals  of  [Fe5(15-0)6(13-0)s(1o-OH)s(us-TBC4])-
(dmf),(H,0),]Cl, were in a cubic cell and structure solution
was performed in the Fm-3c¢ space group (Table S1, Fig-
ure S1). The asymmetric unit (ASU) contains one eighth of
the formula and symmetry expansion affords the structure
shown in Figures 2-3 (Figure S2, Tables S2-S3). The metal-
lic skeleton describes a stellated cuboctahedron, ie. a
cuboctahedron (Fe2-3 and symmetry equivalents (s.e.)) in
which each of the square faces is capped (Fel, Fe4 and s.e.),
the caps themselves forming an octahedron. The six ps-O*"
ions (010, O20 and s.e.) connect the four Fe ions in the
square faces of the cuboctahedron (Fe2-3 and s.e.) and
further bridge to an Fe ion in the octahedron (Fel). The
eight p;-O*" ions (O30 and s.e.) bond between the three Fe
ions (Fe2, Fe3 and s.e.) in the triangular faces of the
cuboctahedron. The eight u,-OH™ ions (O1H and s.e.)
bridge between an Fe ion in the octahedron (Fe4 and s.e.)
and an Fe ion in the cuboctahedron (Fe3 and s.e.). The sixth
coordination site on Fe4 (and s.e.) is occupied by a H,O
molecule. The four, fully deprotonated, pus-TBC[4] ligands
(O1-3 and s.e.) chelate to Fel (and s.e.) and further bridge
to the square faces of the cuboctahedron (Fe2-3 and s.e.).
The sixth coordination site on Fel (and s.e.) is occupied by a
dmf molecule. Cis and trans Fe—O—Fe bond angles fall in
the range 89.18(13)-104.7(5)° and 166.3(11)-170.7(9)°, re-
spectively. Charge balance is maintained through the
presence of two Cl™ counter anions.

Examination of the extended structure reveals that six
s.e. clusters pack such that they are at the vertices of an
octahedron (Figure 4), forming a capsule-like arrangement.
This provides a closed shell environment and expansion
around a triangular face of this octahedron reveals six
clusters arranged in a hexagon. Subsequent expansion
around the latter affords an octahedron, and in doing so
generates a cuboctahedral assembly (Figures S3-S5). Each
cuboctahedron presents a second closed shell environment
and, together, these environments constitute ~31%
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Figure 2. Different views of the molecular cation of complex 1. Colour
code: Fe(octahedron) = green, Fe(cuboctahedron) =yellow, O =red,
C=grey. The dmf molecules, ‘Bu groups and H-atoms have been
omitted for clarity.

(48,027 A®) of the unit cell volume (155,525 A%) if one
employs a 1.5 A probe radius in contact surface calculations.
Inspection of the extended structure reveals that the closest
intermolecular Fe--Fe distance is ~12.6 A —the large TBC[4]
ligands provide an encapsulating organic shell around the
Fe-oxide core, inducing inherent structural/magnetic dilution
in the solid state.

Perhaps surprisingly, compound 1 is the first structurally
characterized homometallic cluster of Fe™ built using
H,TBCJ[4], the only previous examples being heterometallic
—[FesGd,], [Fe,M,] (M=Na, K), and [Fe,Ln,] (Ln=Gd,
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Figure 3. Metal-oxygen core of compound 1 in ball and stick (A) and
polyhedral (B) representation. C) Metallic skeleton of 1. Colour code:
Fe(octahedron) = green, Fe(cuboctahedron) =yellow, O =red, C=grey.
The dmf molecules, ‘Bu groups and H-atoms have been omitted for
clarity.

Figure 4. Packing diagram for 1 viewed down the ag-axis of the cell
highlighting the octahedral arrangement of clusters. The metal ions are
in polyhedral format, the rest of the atoms in ball and stick.
Fe(octahedron) = green, Fe(cuboctahedron) =yellow, O =red, C=grey,
H =white.

Tb, Dy).'>'l The metal-oxygen core of 1 is similar to the
“Super Lindqvist” complex [HFe™,,0,,(OEt);] (synthesised
solvothermally) which has an additional Fe ion at its
centre.'’! There are just two other stellated cuboctahedra
reported: the first is a supramolecular [Pd;zL,,] cage
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constructed with a polypyridine ligand,' and the second a
[Mn" 4] ‘superoctahedron’ built with an aminoalcohol.!")

Magnetic susceptibility (y) and magnetisation (M) data
were measured on a polycrystalline sample of 1 in the T=
3002 K, B=0.1 T and 7=0.4-10 K, B=0.5-32.5 T temper-
ature and field ranges, respectively. These data are plotted
as the y7 product versus T in Figure 5 and as M vs B in
Figures5 and S7. At 300K the value of yT
(42.6 cm*Kmol ™) is well below that expected for eighteen
non-interacting §=5/2 ions (78.75 cm’Kmol™"), assuming
gre=2.00. As the temperature is lowered the value of yT
decreases rapidly to a value of 9.2 cm® K mol ' at T=2.0 K.
The magnetisation data at 7=0.4 K rise rapidly up to B=1-
2T (~4 up), then increase in a more linear like fashion up to
B=12T (~15 pg), above which the magnetisation rises more
slowly reaching a plateau of sorts (~17.5 pug) at B=32.5T.
This behaviour is indicative of strong, competing antiferro-
magnetic exchange interactions, with the sharp initial rise of
the magnetisation likely ascribed to a canted moment.

The magnetic susceptibility and magnetisation data
could in principle be simulated using an isotropic spin-

50 T ¥ T L T L] T L T L T T T
—_ FE1B| B=01T |
X 40 F i
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g 30 - .
- |
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Figure 5. Plot of T versus T (top) and M vs B (bottom) for 1. The
curves coloured in red represent the best simulations of the
experimental (x) data. Thin black curves for M vs B show high-field
magnetisation data collected up to 32.5 T. The blue simulation curves
show a nearby parameterisation for comparison. See main text for
details.
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Hamiltonian H = —2 ZK,J”?,-A?, . However, due to the
large dimension (101,559,956,668,416) of the related Hilbert
space an exact® or approximatel®! diagonalisation of the
Hamiltonian and a subsequent calculation of observables is
virtually impossible. We thus resort to more drastic approx-
imations to obtain order of magnitude estimates for the
exchange interactions. A reasonable reduction of parame-
ters is given by assuming just two exchange interactions, J,
along the edges of the cuboctahedron and J, along the edges
of the square pyramids to the respective caps (Figure S6).
As Figure 5 shows, large scale classical Monte-Carlo calcu-
lations agree well with scaled-up finite-temperature Lanczos
calculations®! performed with fictitious spins §=3/2 for J,=
—4K, J,=—10K and gg=2.0 (red curves). The magnet-
isation is particularly well met up to 10 T. One should,
however, keep in mind that both approximations are rough,
and that the assumption of just two exchange parameters
oversimplifies the situation. The plateau-like flattening of M
vs B is thus not modelled. Nevertheless, the result shows
that antiferromagnetic exchange interactions characterise
the cluster. It is strongly frustrated and situated in a
parameter space close to scenarios with gapped singlet
ground states that behave very differently, as demonstrated
by the blue curves (in particular M vs B).

Heat capacity (c,) data, measured on a polycrystalline
sample of 1in the 7=20-0.4 K range and B=0,1,3and 9T,
yield a rather straight temperature dependence in a log-log
plot (Figure S8). The theory approximation cannot repro-
duce ¢,(T,B) since it would require an accurate account of
the low-lying energy levels. At temperatures as low as 0.4 K,
the entropy (S, inset of Figure S8, derived from c,), which is
fully suppressed in external fields, reaches ca. 0.5 R for B=
0T. The presence of a low-temperature zero-field entropy
agrees with the observation that a gapped model (blue
curves in Figure 5) does not reproduce the magnetization.
Further insight can be obtained from evaluating the
magnetocaloric effect (MCE), specifically, the temperature
dependences of the magnetic entropy change, —AS,, and
adiabatic temperature change, AT,, for applied field
changes AB=1, 3 and 9T (Figure 6). These data are
calculated from c,(7,B) as well as M(T,B) in case of —AS,,
(Figure S7), following standard procedures.®! Overall, the
MCE is modest with maximum values of —AS,=1.4, R=
2.7Jkg 'K™! and AT,4=15K for AB=9T. An interesting
and rather unusual observation is that an inverse MCE
develops above ca. 10K, resulting in —AS,,=-0.5, R=
—1.0Jkg'K™" and AT,;=—0.15K, both at 20 K, for any AB
lower than 3 T. The inverse MCE is a clear signature of
relatively strong antiferromagnetic correlations.”>*! The
observation of either inverse MCE or conventional, though
weaker, paramagnetic-like magnetocaloric response is the
result of a delicate balance between the temperature and
strengths of the antiferromagnetic correlations and applied
field, which tend to cancel mutually. Indeed, higher fields
promote a larger decoupling between the spin centres,
resulting in a crossover from inverse to direct MCE, as
experimentally observed after increasing AB from 3 to 9 T.
At low fields, the inverse-direct MCE crossover takes place
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Figure 6. Plot of —AS,, (top) and AT,4 (bottom) versus T for 1, for
applied field changes AB, as labelled. The —AS,, data are normalised
by the gas constant R (left axis) and expressed in Jkg 'K (right axis).
Small, filled symbols are obtained from the heat capacity data

(Figure S8), whereas large, open circles represent the outcome of the
respective Maxwell relation applied to the magnetization data (Fig-
ure S7).

as the temperature decreases below ~10 K (Figure 6). This
behaviour can be well accounted for by the onset of the
canted moment observed in the magnetisation measure-
ments. In conclusion, 1 turns out to be a highly frustrated
antiferromagnetic cluster with elevated low-temperature
zero-field entropy possibly stemming from competing and
varying interactions beyond a J,—/, model.
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A stellated cuboctahedron of Fe
can be constructed using p-tert-
butylcalix[4]arene (H,TBC[4]) under sol-
vothermal reaction conditions. The topo-
logical arrangement of the metal ions
leads to significant spin frustration aris-
ing from the high symmetry. A crossover
between inverse and direct magneto-
caloric effects is observed at 10 K for
applied-field changes lower than 3 T.
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