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Ladder type 1D coordination polymers were synthesised with the
aim to improve the spin crossover properties of the iron(ir)
complexes following the concepts of crystal engineering. A wide
hysteresis loop (34 K) was observed if rigid linkers were used.
The first X-ray structure for a 1D iron(i1) ladder is reported.

Spin crossover (SCO) complexes are a fascinating class of
switchable molecules that continue to attract the interest of
several research groups all over the world.' Reason for the
continuing interest in this substance class is the possibility to
combine a sensing device (T and/or p, magnetic field,* adsorp-
tion or desorption of guest molecules®), memory and display
(colour change) in one compound. This requires bistability (or
memory effect) of the material during the spin transition.®’
Over the last few years several new concepts were proposed that
show that intermolecular interactions in the crystal lattice are
necessary to achieve cooperative effects.>*%% Thus one of the key
questions is how such intermolecular contacts can be controlled.

The ideas of crystal engineering can be easily associated with
the aims of SCO research, as they have a great deal in common
concerning fundamental concepts and strategies. Desiraju defined
crystal engineering as ‘“‘the understanding of intermolecular
interactions in the context of crystal packing and in the
utilisation of such understanding in the design of new solids
with desired physical and chemical properties”.'® This includes
chemical reactivity as well as optical, magnetic or electronic
properties.!! Purposeful ligand design can be used to increase the
intermolecular interactions in the crystal packing,®® but the possi-
bility of crystal engineering of SCO compounds is questioned.'?
Especially the effect of solvent inclusion or polymorphism is
difficult to predict.'> With the following example we will demon-
strate that despite this the concepts of crystal engineering can be
applied successfully to the design of SCO compounds.

In our group we started using mononuclear iron(ir) complexes
with Schiff-base like ligands (L1).!* Typically we observed
gradual or abrupt spin transitions (ST), sometimes with small
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hysteresis loops.”> The complexes [FeL1(py),] (1) and [FeL1-
(1-meim),] (2) given on top of Scheme 1 are examples of a
cooperative ST (2 K hysteresis). The cooperative interactions
are in both cases due to the 2D network of short van der Waals
(vdW) contacts.'* We did use two different strategies to
increase the number of short contacts in the crystal packing
and by this the hysteresis width. One is the use of rigid
bridging axial ligands such as 4,4’-bipyridine (bipy) leading
to the 1D coordination polymer [FeL1(bipy)] (3)."> The
combination of the rigid axial ligand and several short vdW
contacts increases the hysteresis width to about 20 K'° (bottom,
left of Scheme 1). The other possibility is the replacement of
L1 by the bitopic ligand L2."* Due to the increase in symmetry
the dimension of the network of short vdW contacts increases
(2D — 3D) leading to a wider hysteresis loop for the dinuclear
complex [Fe,L2(1-meim),] (4, 20 K).'¢

Keeping the concepts of crystal engineering in mind, the
question arises if it is possible to increase the hysteresis loop
width further by a combination of the two above-mentioned
approaches. Consequently we started with the synthesis of 1D
chain iron(11) complexes of the bitopic ligand L2 with the aim
to achieve double strand or ladder structures where the
advantages of the two different approaches are combined.
The synthesis of a double strand coordination polymer is
not as straight forward as for the 1D chain compounds as a
wide variety of different side products are thinkable (Scheme 2).
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Scheme 1 General strategy for the optimisation of the SCO properties
in a crystal engineering like approach.
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Scheme 2 Potential products and side products for the reaction of a
dinuclear iron complex with a bridging axial ligand.
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Next to various types of incomplete double strands the formation
of a 2D network is possible. In the presence of additional
monodentate ligands (e.g. solvent) the formation of 1D zigzag
chains with alternating ligands is also possible. This was recently
reported by Kaizaki et al. for an iron(ir) complex with a steep one-
step ST.!” The situation is complicated because both, product and
side products, have a very low solubility. As the SCO properties
of the product will be strongly influenced by such variations it was
important to determine the optimal reaction conditions.

This task relies strongly on the concepts of supramolecular
chemistry, where the desired product is obtained by spontaneous
self-assembly.'® Kinetically labile systems and long reaction
times are necessary to allow the system to reach its energetic
minimum. The first question to be answered is whether the
double strand or the 2D layer is the thermodynamically stable
final product. As the composition of the two products is
identical (in contrast to the side products that can be easily
distinguished this way), great efforts were made to obtain
crystals of sufficient quality for X-ray analysis. We succeeded
in the synthesis and crystallisation of the ladder compound
[Fe,L2*(bpea),]- xMeOH (5) (bpea = 1,2-bis(4-pyridyl)ethane)'?
by applying a slow diffusion technique, thus ensuring long
reaction times. The crystal data are summarized in Table S1
(ESI). The quality of the orthorhombic crystals was inferior so
we can only speak of a structural motif, nonetheless this motif
describes the first structural example of an iron(i) ladder
coordination polymer, to the best of our knowledge. In Fig. 1
the asymmetric unit of the complex is displayed. All iron centres
are crystallographically equal and clearly in the HS state with
bond lengths within the inner coordination sphere of 2.100(9)/
2.105(9) A (Fe-Njj), 2.026(8)/2.034(8) A (Fe-O,,5) and
2.186(5)/2.265(8)/2.279(8) A (Fe—N3/4q/45) and the O-Fe-O
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Fig. 1 ORTEP drawing of the asymmetric unit of compound 5
(anisotropic displacement ellipsoids drawn at the 50% probability
level). Included solvent and hydrogen atoms omitted for clarity.

angle of 112.2(2)°.? The full bitopic ligand is obtained after
applying the twofold crystallographic axis that runs through
the atoms C9 and C10. One of the two pyridyl rings of the
axial bpea ligand is disordered. As can be seen from Fig. 2,
infinite one-dimensional ladder-like chains are formed, with
the base vector [1 0 0]. Within the ladders, the backbones of
the binuclear ligands (the “rungs of the ladders™”) are not
perpendicular to the axial ligands but include an angle of 75°.
The distance between the two iron centres within the bitopic
ligands is 8.2 A, not much shorter than the distance between
the iron centres of two neighbouring ladders (8.5 A). Thus the
formation of a 2D network seems to be thinkable. However, in
this case the equatorial ligands cannot be arranged offset as
observed in molecular packing at the top of Fig. S2 (ESIt), but
they have to align in one line. Such an arrangement with an
iron—iron distance of 8.2 A is not possible due to steric demand
of the methyl groups at the outer periphery of the ligand. The
ladder structure is the preferred structural motif for this type of
complexes. The molecular packing displayed in Fig. S2 (ESI¥)
reveals that the chains form parallel layers in the a—b-plane as
well as in the a—c-plane and are staggered in the h—c-plane.
With the knowledge that the synthesis of ladder structures is
possible and this is the preferred structural motif the second
question is whether the hysteresis width can be increased further
with such a system. The single crystals were not obtained in
enough quantity for a magnetic characterisation. For the pre-
paration of bulk material in enough quantity, high reaction
temperatures and long reaction times are necessary. From
methanol under reflux conditions a material with the composition

Fig. 2 Excerpt of the infinite 1D ladder structure of compound 5.
Solvent molecules and hydrogen atoms omitted for clarity.
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Fig. 3 Plot of the ymT product versus T for the compound 6.

[Fe,L2*(bpea);]- MeOH is obtained showing a stepwise incomplete
spin transition (Fig. S1, ESIf). This is not unexpected as the
number of bpea molecules per metal centre clearly indicates the
formation of side products (or a mixture of the desired product
and side products) and several inequivalent iron centres are
thinkable. Toluene as solvent in combination with longer reaction
times proved to be more suited and the corresponding complexes
with 4,4'bipyridine (bipy), bispyridylethane (bpea), bispyridyl-
ethene (bpee) and bispyridylpropane (bppa) were synthesised.
SQUID measurements on those samples reveal that the complex
with bipy is a pure HS complex over the entire temperature range.
The other three complexes show SCO behaviour. However, for the
flexible ligands bppa and bpea the ST is gradual and incomplete —
this is not unexpected as rigid bridging ligands are needed for an
effective communication of cooperative effects within the polymer
chain.”” For the 1D chain compounds of L1 with the flexible
ligands incomplete spin transitions that stop at ygs = 0.5 were
observed frequently.'® For the rigid ligand bpee we obtained the
complex 6 with the composition [Fe,L2*(bpee),]-1.5 Tol. The
results of the magnetic measurements are displayed in Fig. 3.

The room temperature ;7 value is 5.9 cm® K mol ™! in the
range expected for binuclear iron(i) complexes with both iron
centres almost in the high-spin (HS) state. The ym7 value
decreases gradually between 300 and 235 K, followed by an
abrupt transition to a minimum value of 0.85 cm® K mol™! at
185 K. Below 185 K the yym7 value remains approximately
constant down to 50 K. The 7i_gown of this SCO is 205 K. Upon
heating, the yy,7 value is identical to the cooling mode between 50
and 185 K. Above 185 K, the yy T value increases first gradually
then rapidly then again gradually to attain the maximum value of
5.90 cm® K mol™! at 300 K. The Ti 1 up 18 239 K, resulting in a
34 K wide hysteresis loop that can be repeated several times. In
order to evaluate the structural similarities of the crystalline
sample 5 and the powder 6, the X-ray powder patterns of 6 were
investigated at room temperature (HS) and 173 K (LS) and
compared with the calculated X-ray powder pattern of 5. The
corresponding data are given in Fig. S3 (ESI}) in the 545 20
range. One has to keep in mind that different linkers were used for
the synthesis of the polymers (bpea vs. bpee) and different solvents
are included in the crystal lattice (methanol vs. toluene). Despite
this several similarities are observed in the powder pattern of the
HS and LS species 5 and 6 (Fig. S3, ESIt), so that the same
structural motif can be assumed. Upon spin transition the powder
pattern of 6 changes and a different set of reflexes is observed for
the LS and the HS state (Fig. S3, ESI}). In agreement with results
from SQUID measurements, the spin transition is not complete at
173 K and the HS peaks are not fully vanished.

We succeeded with the synthesis and crystallisation of the
first example of an iron(i1) 1D coordination polymer with ladder
structure. The search for this structural motif was initiated by
applying the concepts of crystal engineering to the design of spin
crossover materials with wide hysteresis loops. The successful
synthesis of a powder sample with a 34 K wide hysteresis loop
demonstrates that this approach is worthwhile to be considered
further for the design of spin crossover materials.
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