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An Iron(ll) Coordination Polymer of a Triazolyl Tris-Heterocycle
Showing a Spin State Conversion Triggered by Loss of Lattice

Solventtf

lurii Galadzhun,? I1zar Capel Berdiell,®> Namrah Shahid® and Malcolm A. Halcrow®*

Solvated crystals of “[FeL;][BF4],'H,0” (L = 2-(1,2,4-triazol-1-yl)-6-
(pyrazol-1-yl)pyridine) contain a 1D coordination polymer, [Fe(u-
L){Fe(OH;):L2}1[BFs]s. Two iron environments linked by xt:x3,u-L
ligands alternate in the chains, Fe(1) being coordinated by two
tridentate L ligands and Fe(2) by four monodentate L and two water
molecules. Fe(1) is low-spin in a freshly prepared crystal at 150 K,
but gradually converts to a high-spin form when that crystal was
measured at higher temperatures. Magnetic data imply this is
triggered by loss of ca half a lattice water molecule during the
experiment, rather being a thermal spin-crossover.

Spin-crossover (SCO) compounds undergo a spin state change
in response to a thermal, pressure or optical stimulus. 3 This
electronic rearrangement perturbs several physical properties
at the molecular and macroscopic level including their magnetic
moment, absorption spectrum and conductivity. This has led to
interest in SCO materials as switching components in macro-
and nano-scale devices.*®> Moreover, SCO is accompanied by
significant structural rearrangements in a solid lattice which can
involve crystallographic symmetry breaking. That can lead to
hysteretic or stepwise transitions, or other forms of cooperative
switching behaviour.® The variety of observed switching
behaviours, and the number of techniques available to study
them, make SCO materials a useful testbed for fundamental
studies of phase transitions in molecular crystals.”

An important group of compounds in SCO research is iron(ll)
complexes of tridentate 2,6-di(pyrazol-1-yl)pyridine derivatives,
of which [Fe(bpp),]?* is the prototype.® Appending tether
groups or other functional substituents to the bpp framework is
synthetically straightforward, and the impact of such
substituents on SCO in the resultant complex is well-
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understood.® That flexibility has been exploited in ditopic “back-
to-back” bpp ligands, to prepare coordination polymers or other
assembly structures of [Fe(bpp).]** centres.’® However the
resultant materials are often poorly crystalline, with ill-defined
SCO switching properties.'! We therefore sought other ways to
link [Fe(bpp)2]**-type centres into larger assemblies.
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Scheme 1. The ligands described in this work.

We noted that 2,6-di(1,2,4-triazol-1-yl)pyridine (btp,
Scheme 1) acts as a monodentate or bis-monodentate ligand to
metal ions, binding through its divergent triazolyl N4 donor
atoms.'? Hence, we proposed the hybrid ligand 2-(1,2,4-triazol-
1-yl)-6-(pyrazol-1-yl)pyridine (L, Scheme 1) might combine the
preference of bpp for tridentate coordination, with the ability
of btp to link metal ions into coordination polymers. While our
work was in progress salts of mononuclear [ML;]™ were
reported by others,'® which contain L coordinated in either
tridentate (M™ = Co?*, Ru?*) or monodentate (M™ = Ag)
fashion. We report here a complex of formula [Fe L;][BF4]2-H,0
(1), with a more complicated structure including both of these
coordination modes.

Ligand L was previously prepared from btp, by nucleophilic
substitution of a triazolyl ring with 1 equiv sodium pyrazolate. 3
We synthesised L in high yields by a different nucleophilic
displacement reaction, from treatment of sodium 1,2,4-
triazolate with 2-fluoro-6-pyrazolylpyridine.# Crystal structures
of both these organic compounds are in the ESIt.



Treatment of Fe[BF4],-6H,0 with 2 equiv L in MeNO, affords
yellow solutions, which deposit orange prisms of formula
1-MeNO;-xH,0 (x = 1.33) upon slow diffusion of di(isopropyl)-
ether antisolvent. The crystals degrade rapidly on exposure to
air, or when stored under ether for 1-2 days, to a yellow powder
analysing as solvent-free 1. This powder in turn slowly bleaches
to a white solid in air, which may indicate hydrolysis of the
complex by atmospheric moisture. Hence, unless otherwise
stated, all physical characterisation was undertaken using
freshly prepared samples. While the crystals are well-formed
they diffract weakly, which might reflect that nearly half their
non-H atoms are disordered. Precise structure determinations
at 150, 200, 250 and 290 K (measured in that order) were
ultimately achieved, using the same very large crystal.

The  structure  determinations  of 1-MeNO;-xH,0
(monoclinic, C2/c) revealed that “[FeL,][BF4],-H,0” is in fact the
coordination polymer [Fe(u-L)2{Fe(OH2)2L2}1[BF4la. Its
asymmetric unit contains half a formula unit of the compound,
with two unique iron half-atoms (Figure 1). Fe(1) lies on a
crystallographic G, axis and binds to two tridentate L ligands,
which also form an additional bond to Fe(2) via their triazolyl N4
donor atom. Fe(2) spans a crystallographic inversion centre and
is coordinated by two bridging L ligands, two monodentate L
ligands and two water molecules. While the heterocyclic rings
in the bridging L ligand have the cisoid conformation required
for tridentate coordination, the monodentate ligands adopt the
same transoid conformation as metal-free L (Figure S4). The
Fe(1) and Fe(2) centres alternate in the polymer chains, which
zig-zag along the unit cell ¢ axis (Figure 2).

The asymmetric unit also contains two BF 4~ ions, which are
disordered at all temperatures (Figure 2); half a nitromethane
molecule spanning a C, axis; and, an isolated Fourier peak
within hydrogen bonding distance of both anions, which was
treated as a partial water molecule. The occupancy of the lattice
water was ca 0.67 in the 150 and 200 K structures, which
correlates with the disorder in a neighbour anion (Figure S7).
However, larger displacement parameters at higher
temperatures implied a reduced occupancy for the lattice
water, which was treated as 0.50-occupied at 250 K and 0.33 at
290 K (Figure S8).

Each anion hydrogen bonds to one aqua ligand and, in some
of their disorder orientations, to the lattice water (Figure 2). The
monodentate and bridging L ligands also form an interdigitated
m...m tetrad with another polymer chain, related by
crystallographic inversion symmetry (Figure S9). These
secondary interactions combine to link the polymer chains into
a 3D network in the lattice (Figures S10-S11).

The pyrazolyl and pyridyl rings of the tridentate ligand were
clearly disordered, and refined without restraints over two
orientations (Figure 1). The refined occupancies of these sites
varied slightly with temperature, from 0.621(15):0.379(15) at
150 K to 0.513(6):0.487(6) at 290 K. The disordered region of
the ligand forms close van der Waals contacts to two disordered
BF; ions and the partial water molecule (Figure S9). Since
disorder in at least one anion is also connected to the partial
water occupancy (see above), all the disorder in different
residues of the compound is probably inter-related.
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Figure 1 The asymmetric unit of 1-MeNO,-xH,0 at 150 K, showing the ligand disorder and
the hydrogen bond connectivity. For clarity only one orientation of the disordered BF,”
ions is shown, and the MeNO, half-molecule and C-bound H atoms have been omitted.
Symmetry codes: (i) 1-x, y, %—z; (i) 1-x, =y, 1-z; (iii) =Ys+x, Y5+, Z; (iv) Va+x, Vs+y, z. Colour
code: C, white; H, pale grey; B, pink; F, yellow; Fe, green; N, blue; O, red.

The metric parameters at Fe(2) are identical at each
temperature within experimental error, and are consistent with
the high-spin state expected for iron(ll) centre bearing two
weak field aqua ligands. In contrast the Fe—N bond lengths to
Fe(1) are temperature-dependent, and consistently increase at
higher temperatures (Table S3). That would be consistent with
a low—>high-spin transition on warming, that is characteristic of
a gradual thermal SCO. However, detailed consideration of the
spin state of Fe(1) is complicated by its ligand disorder. It’s
unclear whether the A and B ligand sites can co-exist about the
same Fe(1) atom, or if only ‘all A’ and ‘all B’ Fe(1) sites are
present. Moreover, while Fe(1) consistently refined onto the
crystallographic C, axis, the ligand disorder may involve
unresolved displacements of Fe(1) away from that special
position which would significantly affect its metric parameters.
Hence, the following discussions are based on averaged
structural parameters at Fe(1), calculated from all possible
combinations of its two disordered ligands (Table S4).

A useful parameter in this context is Von, the volume of the
FeNg and FeN40, coordination octahedra at Fe(1l) and Fe(2)
respectively.'®> For SCO-active complexes of the [Fe(bpp).]**
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Figure 2 A coordination polymer chain in 1-MeNO,-xH,0 at 150 K. All ligand and anion disorder orientations are shown, with the anions and partial lattice water being de-emphasised
for clarity. C-bound H atoms and the nitromethane solvent are not included. Colour code: C, white; H, pale grey; B, pink; F, yellow; Fe, green; N, blue; O, red.

type, Von is typically 9.6+0.2 A3 for low-spin iron(ll) centres and
12.6+0.2 A3 for their high-spin forms.6 By that measure, Fe(2)
is clearly high-spin at all temperatures examined. In contrast,
Fe(1) is predominantly low-spin at 150 K, has a mixed high:low-
spin population at 200 K, and is essentially high-spin at 250 and
290 K (Table 1). Ligand disorder site A has consistently shorter
average Fe—N distances than site B, implying site A is more low-
spin than site B at the temperatures examined (Table S3).
However the parameters for both ligand sites are temperature-
dependent, showing that sites A and B do not simply correspond
to the low-spin and high-spin fractions of Fe(1). Rather, both
ligand conformations support SCO, with site A undergoing SCO
at higher temperature than site B.

Table 1 Coordination volumes of Fe(1) and Fe(2) in 1-MeNO,-xH,0 (A3); estimated
fractional high-spin populations at each temperature; and a predicted yuT value based
on these values (cm3mol-IK). Vo, for Fe(1) are weighted averages of all possible values
derived from different combinations of its ligand disorder sites (Table S4).

T/K 150 200 250 290
Von{Fe(1)} 9.74(5) 10.67(5) 12.20(7) 12.24(6)
Von{Fe(2)} 13.661(10)  13.701(11) 13.596(16) 13.628(12)
yus {Fe(1)} 0.05£0.05 0.36+0.05 0.87+0.05 0.88+0.05
yus {Fe(2)} 1.00 1.00 1.00 1.00

Predicted ymT® 3.7+0.3 4.740.3 6.5+0.4 6.6+0.4

aEstimated assuming Von = 12.6+0.2 A3 for high-spin iron(1l) and 9.620.2 A3 for low-
spin iron(ll) with this tridentate ligand geometry.16 bCalculated assuming ymT =
3.5+0.1 cm3mol-iK for a high-spin iron(ll) centre and ymT = 0 for low-spin iron(I1).17

Magnetic susceptibility data were obtained from freshly
prepared 1-MeNO,-xH,0, which was protected from solvent
loss during the measurement, and from a dried sample of
solvent-free 1. Unexpectedly, neither material showed
SCO by this technique (Figure 3).
1-MeNO,xH,0 presents a constant ymT = 4.1 cm3mol—*K
between 50-300 K. A high-spin iron(ll) centre typically gives ymT
= 3.5 cm3mol~*K while low-spin iron(ll) is diamagnetic.” By that
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Figure 3 Variable temperature magnetic susceptibility data from 1-MeNO,:xH,0 (black)
and dried 1 (red). Scan rate 5 Kmin™. The green squares show the values predicted from
the crystallographic data, if the compound exhibited thermal SCO (Table 1).

measure, 1-MeNO,-xH,O contains a high-spin Fe(2) and a
constant ca 15 % high-spin population at Fe(1). That is close to
that predicted from the 150 K structure determination (Table
1), allowing for the ambiguities of interpretation mentioned
above. In contrast the dried material 1 exhibits ymT = 6.8
cm3mol~K at room temperature. That is essentially the value
expected if both iron sites are fully high-spin, as in the high-
temperature crystal structures. A small decrease in ymT to 6.4
cm3mol~K at 100 K might reflect SCO in about 10 % of the Fe(1)
sites of 1 although, if so, it occurs more gradually and less
completely than in the crystallographic data. Both samples
show a typical reduction in ymT below 50 K. This is attributed to
zero-field splitting of their high-spin iron(ll) atoms,® with a
smaller contribution from weak antiferromagnetic coupling
between high-spin iron(ll) centres via the u-L bridging ligand.*®

The magnetic data show the spin state properties of
1-MeNO;-xH,0 depend strongly on its lattice solvent. However



neither sample exhibits the variation in ymT that would be
consistent with the crystallographic results (Figure 3), implying
the SCO observed by crystallography is not thermally activated.
We therefore propose the low—>high spin state conversion at
Fe(1) is triggered by the gradual loss of lattice water during
sequential structure determinations from the same crystal. Loss
of lattice water?®?! or organic solvents?? from solvated SCO
materials is well known to affect their spin state behaviour, 23 by
triggering significant structural rearrangements or, more often,
by destroying long-range order. For example a comparable, but
weaker, coupling of solvent loss to spin state occurs in an
iron(I1)/1,2,4-triazolate MOF material. %!

In conclusion, our synthesis of 1 demonstrates the ability of
L to link tridentate [ML,]** centres into larger assembly
structures.?* While the spin state of the [Fel,]?* sites in 1 is
temperature-dependent by crystallography this was not
reproduced in the magnetic data, which did however show the
spin state depends strongly on the solvation of the material. We
conclude that loss of ca half of a two-thirds-occupied lattice
water molecule during the variable temperature
crystallographic study irreversibly converts 1-MeNQO,-xH,0 from
a low-spin to a high-spin state. Assemblies of [Fe L,]?* centres
thus have potential to show reversible SCO switching, even
though that was not observed in this case. Our current work
aims to further exploit the bridging capabilities of L, to afford
new coordination polymers or other assemblies of SCO-active
[FeL;]?* centres.
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