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Spin-crossover (SCO) compounds are fascinating switchable
materials with great potential for the development of novel
technological devices."” These coordination complexes exhibit
metal ions with two possible electronic configurations (low-
spin, LS, and high-spin, HS) which can be toggled using exter-
nal stimuli such as temperature," pressure,® or light
irradiation.” The different magnetic, optical, and structural
features of the two states allow these materials to be exploited
for a wide range of applications, such as sensors,” actuators,®
or for information storage.” Interestingly, the physical pro-
perties of SCO compounds can be tuned by modifying the
weak non-covalent interactions exhibited within or in between
their molecular entities. In host-guest systems, these inter-
actions offer a versatile tool, for example, for manipulating the
transition temperature of encapsulating SCO complexes simply
by altering the nature of the supramolecular guest, as shown
in dinuclear helicates,® tetrahedral cages,”*? or cubic architec-
tures.”® Long range intermolecular interactions can be
exploited as well to tune or even to activate/deactivate the SCO
behaviour. Such modulation arises from the nature and
strength of such interaction, which influence the communi-
cation between molecules and thus its cooperativity,"*™” or
affect the ligand field exerted by the donor set and therefore
the SCO temperature."® Among the different non-covalent
interactions, hydrogen bonds are arguably the most exploited
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A new mononuclear iron(i) SCO compound featuring H-bonding donor and acceptor units has been syn-
thesized and exploited to produce a purely supramolecular switchable [Fe,] tetrahedron. Magnetic and crys-
tallographic measurements evidence a singular magnetic behavior for each of the four Fe(i) centers of the
generated architecture and underscore the potential of this strategy to develop novel SCO materials.

ones for generating these type of supramolecular compounds.
Such a strategy has been employed to directly link neighbour-
ing SCO molecules," or to produce composite systems using
additional anionic or neutral H-bonding organic co-ligands.***"
Hydrogen bonding can then directly influence the magnetic
behaviour, by tuning the transition temperature or even the hys-
teresis width.*?>> Moreover, the approach opens as well the possi-
bility to produce porous supramolecular architectures, which can
be further exploited for gas storage or chemical sensing.

In order to explore the potential of H-bonded SCO
materials, we have designed the ligand 2-(5-(pyridin-3-yl)-1H-
pyrazol-3-yl)pyridine (HL), which combines the pyrazolylpyri-
dyl chelating unit together with an additional pyridyl moiety
(Scheme S1}). The pyrazolylpyridyl fragment is a well-known
platform to produce Fe(u)-based SCO compounds, as observed
with analogous ligands reported by some of us.>*>” While the
N-H group from the pyrazolyl moiety was shown to behave as
an H-donor unit, the additional pyridyl group was incorpor-
ated to act as an H-acceptor. The synthesis was carried out
using the same approach followed for other related ligands.
Thus, a 1,3-diketone precursor was first synthesized by a
Claisen condensation between ethyl 2-picolinate and 3-acetyl-
pyridine, while hydrazine was used to promote the ring closure
(Scheme S1, Fig. S1 and S2t). Coordination of HL with iron(u)
was then pursued by mixing three equivalents of the ligand
with one equivalent of Fe(BF,), in acetonitrile. Slow diffusion
of diethyl ether into the resulting orange solution afforded
plate shaped orange crystals of [Fe(HL);](BF,), (1) after three
weeks. Elemental analysis confirmed the molecular formula
revealed by single-crystal X-ray diffraction (SCXRD). The coordi-
nation complex crystallizes in the trigonal P3 space group
(Table S17) featuring one Fe(u) centre encapsulated by the pyr-
azolylpyridyl pockets of three neutral HL ligands (Fig. 1, top,
and Fig. S37). The electroneutrality of the compound is
achieved with the presence of two BF,” anionic units. The
ligands provide three N-H donor (pyrazolyl, pz) and three N
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Fig. 1 Representation of [Fe(HL)s](BF,); (1) (top) and the crystal packing
along the c axis (bottom). Fe, N, C, B, F and H atoms are shown in
orange, blue, grey, pink, green and white, respectively. Only H atoms
from the pyrazolyl NH groups are shown for clarity.

acceptor (external pyridyl, py) groups, the latter exhibiting the
nitrogen atom oriented towards the external part of the mole-
cule. This conformation promotes the interaction with three
neighbouring complexes through the formation of six N-H:--N
hydrogen bonds between the corresponding complementary
units (Npy--Np, = 2.755 A, Fig. S4 and Table S21). This frame-
work is extended in the crystal lattice, generating a 2D honey-
comb-like supramolecular arrangement (Fig. 1, bottom). At
100 K, the average Fe-N bond distance is 1.985 A, which rises
to 2.110 A after increasing the temperature to 280 K suggesting
the occurrence of a thermally induced SCO (Table S37). The
reversibility of such transition was evaluated by SCXRD follow-
ing a 300-100-300 K thermal cycle (Table S1t). The average
Fe-N bond distance changed from 2.138 A at 300 K to 1.990 A
at 100 K. Once back to 300 K, a value of 2.140 A is recovered,
thus evidencing a reversible spin crossover (Table S3t). The
latter was explored by variable temperature magnetic suscepti-
bility measurements on polycrystalline samples, revealing the
switching properties of the compound for which a character-
istic full thermal cycle is shown in Fig. 2. At 380 K, the yT
product has a value of 3.05 cm® mol™" K, in agreement with
the Fe(u) centre laying in the high-spin configuration. On low-
ering the temperature, y\7T gradually decreases, reaching a
plateau at around 160 K with a value of 0.27 cm® mol™ K that
evidences a complete SCO centered at ca. 275 K. A slight
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Fig. 2 Variable temperature dc magnetic susceptibility (y = M/H per
mole of compound) data for 1 from 125 to 360 K, collected at 3 K min~*
under an applied field of 0.5 T. Cooling and heating modes are shown in
blue and red, respectively.

change of slope is observed at 275 K, hinting the presence of
two steps. Indeed, upon heating, a two-step SCO is clearly
observed with a plateau in the 275-320 K range, the second
more abrupt step occurring at ca. 328 K, altogether originating
a peculiar asymmetric hysteresis. While these properties are
globally reproducible, we have found that the height of the
plateau and the characteristic temperatures of the 2-step tran-
sition upon warming present some scan-rate dependences and
annealing phenomena, which are described in more details in
the ESI (Fig. S5-S11%). The properties described here are those
of a dry/annealed polycrystalline solid. Indeed, we found that
exposure of the unsolvated crystals to air results in the uptake
of a small amount of water from air moist, as shown through
elemental analysis and thermogravimetric measurements
(Fig. S12%). The powder X-ray diffraction patterns of the poly-
crystalline solid is nevertheless in excellent agreement with that
derived from the crystal structure (Fig. S131), implying that the
exposure to air does not affect the structural integrity of the
material. Slight variations in the packing associated with differ-
ences in the degree of hydration could indeed play a role in the
original SCO observed. Such variations of the pore content have
been observed in a related honeycomb hydrogen bonded
framework.>®

Also, the adsorbed water is easily lost at relatively low temp-
eratures, below 80 °C, but the solid re-absorbs moist very fast.
As often in SCO solids, this hydration-dehydration process has
consequences on the magnetic properties. This becomes
particularly evident in the present case, where the SCO takes
place in the vicinity of RT. Thus, the first thermal cycle
depends on the history of the sample, which also results in
slight differences in the annealed solid (see ESI for details,
Fig. S9 and S107).
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After evaluating the switching ability of the [Fe(HL);]**
complex in compound 1, we decided to explore the possibility
of tuning its supramolecular architecture by introducing a
larger anion. Thus, a similar synthetic approach was followed
but adding TMA[FeCl,] (TMA = tetramethylammonium) to the
reaction solution, using acetone as solvent. The potential of
[FeCl,]” to form H-bonding interactions has been observed
when acting as a guest within molecular cages, owing to the
H-acceptor properties of its halide ligands.?® Slow diffusion of
diethyl ether in the orange solution mentioned above afforded
red block shaped crystals after one week. SCXRD experiments
at 100 K showed the nature of the new compound obtained,
featuring both, BF,” and [FeCl,]” anions, which was formu-
lated as [FeClyJ@{[Fe(HL)s]s}[FeCly]o.5(BF4)s.5-(CsHeO)11.5 (2,
Table S4t). Remarkably, the insertion of [FeCl,]” induces the
distribution of four [Fe(HL);]** units around it, featuring a
tetrahedral topology (Fig. 3 and Fig. S14}). While the latter has
been observed in form of tetranuclear molecules based on
organic ligands with more than one coordination pocket, the
self-assembly of purely H-bonded supramolecular tetrahedrons
is very unusual.>*>> The four cationic complexes located at
each vertex of compound 2 are crystallographically indepen-
dent, and produce the supramolecular cage through twelve
N-H.N hydrogen bonding interactions (Np,N,, =
2.528-2.831 A, Table S51). As observed in 1, each [Fe(HL);]*"
cation interacts with three neighbouring complexes, but
shaping in this case a discrete supramolecular system. Such
distribution derives from two main factors. First, the role of
the tetrahalometallate, which induces additional short inter-

Fig. 3 Representation of the cationic supramolecular tetrahedron in
compound 2, showing the encapsulated [FeCl,]~ moiety. Fe, N, C, and
Cl atoms are shown in orange, blue, grey, and green, respectively. H
atoms have been omitted for clarity, except these belonging to N-H
groups, shown in light blue. H-bonding N ---No, interactions are rep-
resented by dashed blue lines.
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actions between the chloride ligands and the N-H pyrazolyl
and ortho C-H pyridyl units of the four iron(u) complexes
(Fig. S15 and Table S6t). The latter was already observed in
polynuclear tetrahedral Ni(u) complexes encapsulating [FeX,]”
(X = Cl, Br).>® Secondly, each external pyridyl group is partially
rotated when compared to 1. Such a rotation allows the orien-
tation required to establish the H-bonding network of the dis-
crete supramolecular tetrahedron (Fig. S16f). The positive
charge of {[Fe(HL);],}*" is compensated by one [FeCl,]”
complex and one BF,” anion, both with 50% occupancy, six
further fully occupied BF,~ anions and the encapsulated tetra-
halometallate. It should be noted that, at this temperature, two
of the [Fe(HL);]*" cations (Fe3 and Fe4) are disordered over two
positions (Table S71). The Fe-N average bond distances for
each of the iron(n) cations are 1.975, 1.983, 1.983 and 1.977 A
for Fel, Fe2, Fe3 and Fe4, respectively, suggesting a LS con-
figuration for all four of them.

The magnetic properties of this supramolecular architec-
ture were then studied by means of temperature dependent
magnetic susceptibility measurements. To ensure that the
integrity of the compound is guaranteed, crystals were first
measured in contact with their acetone mother solution
(Fig. S17%). At 100 K, the yT product shows a value of
7.22 cm® mol™ K, which agrees with the presence of the
corresponding Fe(ur) centres and the four Fe(u) ions in their LS
state. Magnetization measurements at variable fields at 5 K
also agree with the 1.5 Fe(u) centres per formula and g = 2.06
(Fig. S187). Upon heating the sample, y\T gradually increases,
reaching a value of 13.53 ¢cm® mol™ K at 315 K, which evi-
dences a partial transition of the iron centres of the tetra-
hedron. In addition, a small jump was observed around 230 K,
which is reproduced both in the heating and cooling modes
(Fig. S18t). In order to explore the response at higher tempera-
tures, magnetic susceptibility was then measured on a dried
sample of 2 (Fig. 4, bottom). The behaviour between 100 and
300 K was found to be similar, in this case without the pres-
ence of the jump at 230 K. Most likely the observed jump
corresponds to a process of localization/diffusion of the lattice
acetone molecules, and its suppression is due to the loss of
these upon drying. The lack of a plateau and the value of
19.15 cm® mol™" K observed at 390 K are consistent with an
incomplete transition of the four iron(u) centres, evidencing
that higher temperatures are required to further assess the
evolution of the magnetic response. Differential scanning
calorimetry (DSC) measurements were therefore undertaken
on a powder sample of dried 2 in the range 120-450 K (Fig. 5).
The calorimetric data revealed very broad anomalies in both
the warming and cooling modes covering the range from ca.
200 K to ca. 420 K, in good agreement with the magnetic data.
The excess heat capacity associated with the SCO process in 2
was derived after the estimation of a reasonable lattice heat
capacity using a polynomial fit of the data below and above the
SCO. The excess enthalpy and entropy due to the SCO in 2 can
then be derived from integration of AC, over T and InT,
respectively, which leads to AHgco = 25.4 k] mol™" and ASgco =
79.6 ] mol™" K'. The corresponding average values per Fe(u)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Top: average Fe—N bond lengths for the different iron centres of
2 at selected temperatures. Bottom: variable temperature dc magnetic
susceptibility (y = M/H per mole of compound) data for a dried sample
of 2 from 5 to 390 K, collected under an applied field of 0.5 T. A sche-
matic representation of the tetrahedron is shown for the four SCXRD
collection temperatures, evidencing a LS (red), HS (yellow) or mixture of
both configurations (orange) for each centre.

centre, 6.35 kJ] mol™" and 19.9 J mol™" K" respectively, are

quite small for a SCO occurring a relatively high
temperatures,> " the excess entropy being only slightly larger
than the purely electronic contribution RIn5 = 13.38 J mol ™
K. Clearly, these depict a very gradual SCO process in 2. This
is confirmed by the good simulation of the excess heat
capacity temperature obtained with the Sorai domain
model,*** yielding close to 1 (1.07) interacting SCO centres
per domain, in line with the regular solution theory. The
model also allows defining a SCO temperature T/, of 327 K.
The magnetic and DSC experiments performed illustrate
the remarkable larger range of temperatures over which the
SCO in 2 occurs when compared to 1. In order to assess the
magnetic behaviour of each individual iron(u) unit in the
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Fig. 5 Molar heat capacities of compound 2. The dashed line rep-
resents the estimated normal heat capacities used for AC, determi-
nation. Inset: excess heat capacity and its simulation using Sorai domain
model (see text).

supramolecular tetrahedron, the crystal structure was obtained
at several higher temperatures (200, 275 and 300 K, Table S47).
The volume and cell axes were found to increase, as expected
from the thermal expansion and the SCO process. At 200 K,
the average values of the Fe-N bond distances for Fel, Fe2 and
Fe4 do not experience a significant increase with respect to the
100 K values, suggesting still a LS configuration in these
centres (Table S77). In contrast, an increase of this parameter
was observed for Fe3 (2.021 A in average) indicating that, at
this temperature, some iron(u) centres in this position acquire
the HS state (Fig. 4). This feature agrees with the observed
small increase of the yu7T product, which shows a value of
8.03 cm® mol ™" K at 200 K. The trend was then confirmed at
275 K, where an average value of Fe3-N of 2.151 A was
observed, suggesting now a large percentage of the Fe3 ions
being in a HS configuration. Interestingly, at this temperature,
the Fe-N average values in the other three [Fe(HL);]*" moieties
of the tetrahedron do not evidence a significant increase, with
the exception of Fel that slightly grows to 2.013 A (Table S7+
and Fig. 4). Magnetic susceptibility data are in line with these
structural observations. The value of 11.17 cm® mol™' K
observed at 275 K represents an increase of 3.95 cm® mol™" K
compared to the value at 100 K, which agrees with the Fe3
ions exhibiting a fully HS configuration and Fel very partially
transformed, leaving the other two iron(u) units in the LS
state. It should be noted that, at this temperature, no disorder
was observed for Fe3 and Fe4, most probably due to the
diffused location of the acetone molecules in the lattice. At
300 K, the average Fe3-N bond distance reaches a value of
2.165 A, confirming the evolution towards a HS state in this
vertex of the tetrahedron (Table S7t and Fig. 4). At this temp-
erature, the Fel and Fe2 centres experience as well an enhance-
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ment of the Fe-N bond lengths, indicating that the SCO
process has also started at these sites. However, the average
values suggest that many of these centres are still in their LS
configuration (2.042 and 2.020 A for Fe1 and Fe2, respectively).
Interestingly, Fe4 remains in the LS state, as evidenced by the
average Fe-N bond length of 1.986 A. While the setup used for
the crystallographic study does not allow a further increase of
the temperature (see ESI}), the structural data at 300 K clearly
demonstrate the singular behaviour of each [Fe(HL);]*" cat-
ionic SCO unit in the supramolecular tetrahedron. To further
explore the nature of such individual behaviour, the structural
parameters of 2 were assessed with Octadist.*® The octahedral
nature for each iron(u) centre was evaluated by extracting the
stretching (¢), angular (X) and torsional (®) distortion para-
meters (Table S8%). At 100 K, the values observed are similar to
these observed for compound 1 in the LS configuration.
However, the environment of the Fe3 centres evidences a
greater distortion when comparted to its neighbours, with a
value of 71.4 and 218.0° for £ and O, respectively. Such a
larger distortion could explain the preference of this particular
unit for the transition towards a HS configuration, also mir-
rored by the distortion parameters obtained at higher tempera-
tures. In accordance, the coordination polyhedron around Fe4
was found to be less distorted, as shown by the values
obtained both at low and high temperatures (Table S87).

In conclusion, we have shown the possibility of building a
switchable supramolecular tetrahedron constructed purely by
H-bonding interactions. The singular structural and magnetic
properties observed in each of the [Fe(HL);]** units demon-
strate the potential of this synthetic strategy to tune and
develop novel SCO materials.
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