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Structural, magnetic, calorimetric and Mossbauer studies of
the cooperative spin crossover naphthalene and nitrobenzene
clathrates of the novel Fe" Hofmann-like porous metal-
organic framework {Fe(bpb)[Pt(CN),]}-2Guest are described
(bpb = bis(4-pyridyl)butadiyne).

Porous three-dimensional (3D) metal-organic frameworks
(PMOFs) exhibit useful physical properties such as electrical
and hydrogen conductivity,' storage,” luminescence,’ catalysis*
PMOFs provide
chemical robustness and ease modification to meet particular

and separation.’ synthetic accessibility,
practical demands. Furthermore, they can offer tunable physical
properties if prepared from bistable building blocks. Indeed, in
the case of PMOFs based on 3d° Fe!
(SCO) phenomenon can be observed with reversible switch
0) and the

paramagnetic high-spin (HS, S = 2) states involving magnetic,

ions, the spin crossover
between the diamagnetic low-spin (LS, § =

optical, and structural changes in response to the change of
temperature, pressure, or light irradiation.® It is well known that
SCO
completeness) are related to the chemical nature of the ligands

characteristics  (critical temperature, abruptness,

coordinated to the Fe" ion, however, they are also greatly
influenced by crystal packing effects, particularly, exerted by
non-coordinated inclusions (anions, solvents and guest
molecules).” Particularly, the sensitivity of SCO in Fe' PMOFs
toward the guest molecules confers sensory function to the
materials and makes them attractive from the viewpoint of the
possible practical application as sensors.

Cyanide-bridged Fe"-M" (M = Ni, Pd, Pt) bimetallic 3D
networks, also known as Hofmann-like PMOFs, represent an
example of materials with exceptionally abrupt hysteretic SCO
and capability to sense guest molecules. Generically formulated
{Fe(L)[M"(CN),]}*G they have been reported for L = pz,*1°
azpy,!! dpe,'? bpe, 3
These SCO-PMOFs possess both, accessible voids responsible

bpac,'"*" dpmse'® or bpeben'” (Scheme I).

for the uptake of guest molecules by the framework and,
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coordinatively unsaturated M" centres able to give oxidative
Further development of SCO-PMOFs is
guided toward increasing the pore size and pore functionality.
Here we report the synthesis and characterization of two Fe''
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Scheme . Pillar ligands for {Fe(L)[M"(CN),]}-G Hofmann-like PMOFs.

addition of halogens.'’

Hofmann-like 3D clathrates of the unprecedented SCO-PMOF
{Fe(bpb)[Pt(CN)4]}-2G [G is naphthalene (1) or nitrobenzene
(2)] based on the -elongated ditopic ligand bis(4-
pyridyl)butadiyne (bpb, Scheme I). These clathrates exhibit
cooperative SCO and, to the best of our knowledge, this new
MOF system shows the highest load capacity reported up to
now.

Both clathrates were synthesised by slow diffusion in
multiarm-shaped vessels (see synthesis and Figures S1 and S2
in ESI). They are isostructural and adopt the general topology
of 3D {FeL[M(CN)4)]} PMOFs consisting of infinite two-
dimensional {Fe[Pt(CN),]}., layers bridged by pillaring ligands
through axially coordinated Fe' ions (Fig. 1). However, in
contrast to the rest members of the {FeL[M(CN),)]} series, 1
and 2 crystallize in the triclinic P1 space group. The
crystallographic parameters for both compounds are collected
in Table S1, and selected angles and distances in Tables S2, S3
(ESI). The ligand bpb adopts a markedly bent conformation in
contrast to other unsaturated bridging ligands mentioned above
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and, additionally, the pyridine moieties locate practically
perpendicular to each other. Similar geometries were observed
in the triply interlocked catenane SCO
[Fe(bpb),(NCS),]-1/2MeOH complex.'® Due to the curvature
shown by the bpb ligand, the axially elongated FeNg
octahedrons are alternatively tilted, within de bc plane, in
opposite directions thereby conferring to the {Fe[Pt(CN),]}.
layers a corrugated geometry.

Two guest molecules per unit cell are found in 1 and 2. One
is located half-way between the pyridine rings of the bpb
ligand, which coordinate to Fe(1), while the second lies closer
to the pyridine ring coordinated to Fe(2) (see Fig. 1 and Fig.
S3). There are numerous C--C contacts between the guest
molecules and the pyridine rings changing with temperature
according to expansion/contraction of the lattice due to the
SCO of the Fe'' ions (Table S4, ESI). These contacts influence
in a different way on the coordination spheres the two Fe' ions.
Indeed, the averaged bond length <Fe-N> (vide infra) is
slightly different for Fe(l) and Fe(2). For 1, <Fe(1)-N>
changes from 2.13(2) A at 250 K to 1.957(2) A at 195 K and
further remains constant upon cooling to 120 K (1.959(5) A)
where the complete transition to the LS state takes place. At
250 K, the value <Fe(2)-N> is 2.14(2) A and does not vary
much upon cooling to 195 K (2.160(2) A), but decreases to
1.966(5) A at 120 K. Evidently, Fe(1) undergoes transition
above 195 K, while Fe(2) below this temperature. For 2,
<Fe(1)-N> changes from 2.175(12) A at 250 K to 1.955(5) A at
120 K and for <Fe(2)-N> from 2.175(11) A at 250 K to
1.956(5) A at 120 K. The transition of both Fe"" ions takes place
simultaneously.

There are two different types of pores running respectively
along a and b axes hosting the guest molecules. The pores
running along @ are much wider than those running along b due
to the bent shape of bpbh. The cross-section of the expanded
pores, defined by Fe:--Fe distances through the bent ligand bpb
and the corrugated [Pt(CN),]*” anions, makes ca. 15.87(1) A x
6.98(1) A at 120 K. The accessible volume'® of the frameworks
1 (2) (without considering guest molecules) is 849.6 (801.8) A®
and

Fig. 1. Projection of the structure of 1 along a. Two types of guest naphthalene
molecules are coloured in red and blue.

2| J. Name., 2012, 00, 1-3

corresponds to 53.8 % (52.6%) of the unit cell volume at 120 K
(15792 A> (1) and 15233 A* (2)). The porosity of the
frameworks in 1 and 2 is larger in comparison with that found
for SCO clathrates {FeL[Pt(CN),]}, which is 22 % for pz, ca.
40 % for azpy,'! dpe'? and bpac'® and 48% for bpeben."’

Fig. 2 displays the magnetic and calorimetric properties of 1
and 2. At 300 K, the yu7 product (yy is the molar magnetic
susceptibility and 7 is temperature) is ca. 3.5-3.6 cm® K mol™'
and remains constant until approaching the SCO transition. In
the case of 1, the Fe"" ions undergo transition in two equal steps
at T,;* = 205 K and T,,* = 188 K. Upon heating, the critical
temperatures are T,,' = 203 K and 7;;" = 216 K defining two
hysteresis loops of 15 K and 11 K width, respectively. In 2, the
transition takes place in one step with 7' = 210 K and T.' =
237 K with the hysteresis loop 27 K wide. In the low
temperature region the y\ 7 values are near to zero.

The calorimetric measurements performed on samples of 1
and 2 in the anomalous heat capacity AC, vs T are shown in
Fig. 2. The enthalpy (AH) and entropy (AS) average variations
associated with the spin transitions are: AH = 9.45 kJ mol™" and
AS =449 J K" mol™' for the high temperature hysteresis loop
and AH = 8.62 kJ mol™' and AS = 44.1 J K™' mol™" for the low
temperature hysteresis loop of 1; AH = 19.29 kJ mol™' and AS =
86.3 J K" mol™" for 2. These values are typical for cooperative
SCO in Hofmann-like clathrates of Fe'.*

Fig. 2. Magnetic (filled circles) and calorimetric (blue and red lines refer to
cooling and heating modes, respectively) measurements for 1 (left) and 2 (right).
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The Mossbauer spectrum of 1 at 80 K consist of two LS
doublets with almost identical isomer shift values (J"5' =
0.47(2) mm s and 0“5 = 0.49(2) mm s') and different
quadrupole splitting parameters (AEQLSl =0.32(1) mm s and
AEQLS2 = 0.16(2) mm s™") (Fig. 3 left). The relative areas 4 of
the two doublets have ratio close to 1:1. Evidently, the doublets
correspond to two different Fe" sites observed in the crystal
lattice of the compound. Upon increasing the temperature to
199 K and according to the transition of one of the Fe'-sites to
the HS state, in the spectrum disappears a LS doublet and
instead a HS doublet is detected (0™ = 1.11(2) mm s ' and
AEQHS = 1.53(4) mm s'). The parameters of the second LS
doublet remains at this temperature almost unchanged (65 =
0.47(1) mm s™' and AEQLS = 0.14(3) mm s™"). Upon heating to
300 K, the spectrum of 1 contains two overlapping equally
populated HS doublets with similar isomer shift values (65! =
1.05(1) mm s and 6" = 1.06(1) mm s™") and strongly
different quadrupole splitting parameters (AEQHSl =0.51(2) mm
s and AEQHSZ = 1.21(2) mm s'). The AEq values reflect
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different geometric distortion of the corresponding coordination
polyhedrons. The spectra of 2 collected at 80 and 300 K in the

100

98

96 98 100

98 99 100 96
100

Rel. Transmission (%)
Rel. Transmission (%)

[
o
~—

0
v (mm/s)

-4 -2 0 2 4
v (mm/s)

Fig. 3. Mossbauer spectra for 1 (left) and 2 (right). Red and blue colours
represent the HS and LS components of the spectra.

LS and HS states, respectively, are very similar to those of 1 at
the same temperatures (Fig. 3 right; Table S6, ESI).

In conclusion we have reported the synthesis, structure,
spectroscopic and magnetic characterization of a new type of
Hofmann-like SCO-MOFs exhibiting large thermal hysteresis
and the largest effective porosity among up to now reported
SCO-PMOFs.  The display
distinguishable magnetic behaviour related to the absorbed

Hofmann-like compounds
analyte that confers to the magnetic response an identifying
characteristic. Extended studies of the structure—property
relationship of these materials are in progress.
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