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Elucidating the Structural Chemistry of a Hysteretic Iron(II)

Spin-Crossover Compound From its Copper(II) and Zinc(II)

Congeners

Christopher M. Pask,[a] Sam Greatorex,[a] Rafal Kulmaczewski,[a] Amgalanbaatar Baldansuren,[b,c]

Eric J. L. McInnes,[b] Faith Bamiduro,[d] Mihoko Yamada,[e,f] Nobuto Yoshinari,[e] Takumi Konno[e] and
Malcolm A. Halcrow*[a,e]

Abstract: Annealing [FeL2][BF4]2∙2H2O (L = 2,6-bis-[5-methyl-1H-
pyrazol-3-yl]pyridine) affords an anhydrous material, which
undergoes a spin-transition at T½ = 205 K with a 65 K thermal
hysteresis loop. This occurs via a sequence of phase changes,
which were monitored by powder diffraction in an earlier study.
[CuL2][BF4]2∙2H2O and [ZnL2][BF4]2∙2H2O are not perfectly
isostructural but, unlike the iron compound, they undergo single-
crystal-to-single-crystal dehydration upon annealing. All the
annealed compounds initially adopt the same tetragonal phase, but
undergo a phase change near room temperature upon recooling.
The low-temperature phase of [CuL2][BF4]2 involves ordering of its
Jahn-Teller distortion, to a monoclinic lattice with three unique cation
sites. The zinc compound adopts a different, triclinic low-temperature
phase with significant twisting of its coordination sphere, which
unexpectedly becomes more pronounced as the crystal is cooled.
Synchrotron powder diffraction data confirm the structural changes
in the anhydrous zinc complex are reproduced in the high-spin iron
compound, before the onset of spin-crossover. This will contribute to
the wide hysteresis in the spin transition of the iron complex. EPR
spectra of copper-doped [Fe0.97Cu0.03L2][BF4]2 imply its low spin
phase contains two distinct cation environments in a 2:1 ratio.

Introduction

Spin-crossover (SCO) compounds are metal/organic materials
that switch between a high-spin and low-spin electronic
configuration under a temperature, pressure or photochemical
stimulus.[1-5] Structural and electronic changes accompanying an
SCO event perturb many other properties of the compound,
including its color, magnetic moment,[6] conductivity,[7] dielectric
properties[8] and elastic moduli.[9] Recently proposed applications
exploiting these properties of SCO materials[4,5] include their use
as bits in electronic memory devices,[10] in micro-cantilevers[11]

and for barocaloric refrigeration.[12] Most such applications
require compounds exhibiting abrupt thermal SCO with
significant thermal hysteresis, which are bistable at
temperatures inside the hysteresis loop.[6] While examples with
hysteresis widths of up to 140 K are known,[13] SCO materials
showing hysteresis wider than 40 K are still unusual.[14-27] As a
result, most SCO application studies are carried out with just two
types of coordination polymer materials, with suitably hysteretic
SCO that also spans room temperature.[28,29]

Studies of the structural basis underlying SCO hysteresis are
hampered by challenges in structurally characterising such
materials.[30] The intermolecular cooperativity required to induce
SCO hysteresis is associated with a large structural modification
during the transition, often (but not always[17,31]) involving a
crystallographic phase change. Since that can lead to crystal
decomposition, crystallographic data from such materials are
often only available in one spin state. Other techniques including
powder diffraction,[21,25] calorimetry[32] or EPR[33] can show the
involvement of a phase change in hysteretic SCO, but without
giving detailed structural insight.[34]

Some years ago, we reported that [FeL2][BF4]2 (L = 2,6-bis-
[5-methyl-1H-pyrazol-3-yl]pyridine; 1Fe, Scheme 1) can be
crystallized in anhydrous (phase A) or dihydrate crystal forms.[21]

Crystalline 1Fe∙2H2O contains a 1:1 mixture of low- and high-
spin molecules between 5-300 K, but is readily dehydrated to a
fully high-spin material upon heating to 350 K. The annealed
sample (phase B) is distinct from the as-prepared anhydrous
phase A, and evidently transforms sequentially to phases C and
D on recooling from 350 K to just below room temperature.
Further cooling of phase D leads to an abrupt spin-transition at
T½ = 205 K, which exhibits a 65 K thermal hysteresis loop in
freshly prepared material although this narrows upon repeated
thermal cycling (Figure S1). Since the low-spin phase E is
distinct from phases A-D, this SCO is accompanied by yet
another crystallographic phase change.[21]
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Scheme 1. The complexes referred to in this work.

Interestingly, the corresponding perchlorate salt
[FeL2][ClO4]2∙2H2O exhibits different spin-state properties.
Dehydration of this salt leads to high-spin phase B, which
transforms to phase C just above room temperature as
before.[35] However, no further phase changes are observed at
lower temperature for this material, which remains high-spin
above 5 K.

The phase behavior of these anhydrous materials was
analysed by powder diffraction, since single crystals of both
hydrated salts degrade irreversibly upon dehydration. While their
various phase changes were detected by this method, the
structural basis underlying this complicated behavior was not
elucidated. To address that, we have now examined
[CuL2][BF4]2∙2H2O (1Cu∙2H2O, Scheme 1) and
[ZnL2][BF4]2∙2H2O (1Zn∙2H2O), whose crystals are more robust
to thermal cycling since they do not undergo spin state changes.
These compounds have shed new light on the transformations
undergone by 1Fe, while also showing unexpected differences
between themselves.

Results and Discussion

Treatment of L[36] with 0.5 equiv of the appropriate hydrated
M[BF4]2 salt (M = Fe, Cu or Zn) in methanol yielded 1Fe,[21] 1Cu

and 1Zn following the usual work-up. While our original report
synthesized crystalline 1Fe∙2H2O by slow recrystallization from
methanol solution, we have since found that to be an unreliable
method for preparation of this phase. Hence, in this study,
1Fe∙2H2O, 1Cu∙2H2O and 1Zn∙2H2O were all obtained by
recrystallization of the crude complexes from hot water. This
method usually gave polycrystalline material when the hot
solutions were recooled, but sometimes yielded single crystals if
the cooling was done sufficiently slowly. The dihydrate
formulations of these compounds were confirmed by
microanalysis and by TGA, which showed a clean mass loss
equivalent to 2 equiv H2O at 100 °C (1Fe and 1Cu) or 120 °C
(1Zn; Figure S2).

Although they are closely related, none of the three
dihydrate compounds is perfectly isostructural (Figure 1).
Crystalline 1Fe∙2H2O (tetragonal, space group I41/a, Z = 8)
contains an asymmetric unit with two unique complex cations,
each with crystallographic 4 symmetry.[21] One cation is high-
spin and donates hydrogen bonds to four BF4

‒ ions in the lattice
through its ligand N‒H groups, while the other is low-spin and 
donates four N‒H...O hydrogen bonds to lattice water molecules. 
Crystals of 1Cu∙2H2O (tetragonal, I41/a, Z = 8) have the same
unit cell and space group as the iron complex, but now with just
one unique cation environment lying on a C2 symmetry axis. The
[CuL2]2+ cations in this crystal each form two N‒H...O and two 
N‒H...F hydrogen bonds, with the latter being donated by the 
pyrazolyl donors along the complex’s Jahn-Teller elongation axis.
The unit cell of 1Zn∙2H2O (tetragonal, P42/n, Z = 2) is related to
the other compounds as a{Zn} ≈ a{Fe/Cu}/√2 and c{Zn} ≈
c{Fe/Cu}/2. The asymmetric unit of the zinc complex contains
one unique cation on a 4 crystallographic site, with half a BF4

‒

ion and half a water molecule occupying the same region of the
lattice near a crystallographic C2 axis. Hence, each [ZnL2]2+

Figure 1. The asymmetric units of 1Fe∙2H2O (left),[21] 1Cu∙2H2O (center) and 1Zn∙2H2O (right). Only the major orientations are shown of the disordered BF4
− ion

in 1Cu∙2H2O, and the disordered half-anion in 1Zn∙2H2O, but both disorder sites of the water half-molecule are shown in the zinc complex. Water H atoms are not
included in the crystallographic refinement of 1Zn∙2H2O. C-bound H atoms have been omitted for clarity, and displacement ellipsoids are at the 50 % probability
level. Color code: C, white; H, pale grey; B, pink; F, cyan; N, blue; O, red; Cu, Fe or Zn, green.
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Figure 2. Packing diagrams of 1Cu∙2H2O parallel to the (00-1) crystal plane (left); phase B of 1Cu parallel to (001) (center); and phase C’, parallel to (010) with
the c axis horizontal (right). Only one orientation of each disordered BF4

− ion or half-ion is shown, but both components of the anion disorder about a C2 axis in
phase B are included. All atoms have arbitrary radii, with the complex cations de-emphasized for clarity. Other details as for Figure 1. The packing of 1Fe∙2H2O is
visually indistinguishable from 1Cu∙2H2O in this view (Figure S4).

Figure 3. Packing diagrams of 1Zn∙2H2O (left) and phases B (center) and C (right) of 1Zn, each parallel to (001). Details as in Figures 1 and 2.

molecule forms an equal number of N‒H...O and N‒H...F 
hydrogen bonds, which are however randomly disordered in the
lattice.

The crystal packing of all the compounds is based on the
‘terpyridine embrace’ motif, with four-fold layers of cations in the
(001) crystal plane which interdigitate through their pyrazolyl
arms (Figures 2 and 3).[37] Overlapping pyrazolyl groups on
neighboring cations in each structure are separated by 3.5-3.6 Å,
which corresponds to a Van der Waals contact rather than an
attractive … interaction.[38] That may reflect the steric
influence of the ligand methyl substituents. However, the cations
interact through intermolecular C−H… contacts, between their
methyl substituents and a pyrazolyl N‒H N atom on their nearest
neighbors within the layers (C…N = 3.2-3.5 Å; Table S9).

The cation layers are separated by hydrogen bonded chains
of BF4

‒ and OH2 molecules along the a and b directions, which
propagate down c via alternating left- and right-handed 41 screw
axes (Figure 2). The crystals differ in that the unit cell origin and

complex cation positions in 1Cu∙2H2O are offset by a/2 compared
to 1Fe∙2H2O. As a consequence, each 41 axis is of opposite
handedness in the iron and copper crystals, relative to the cation
layers. That inverts the orientation of nearest neighbor BF4

‒/OH2

chains generated by the screw along the c direction, thus
presenting a different pattern of hydrogen bond acceptors to
each cation in the two compounds (Figures S4-S6). The
orientation of the cations in 1Zn∙2H2O is similar to 1Cu∙2H2O,
but the BF4

‒/OH2 chains in the zinc complex are disordered
through the lattice (Figures 3 and S7).

A consistent trend between the crystals is that pyrazolyl
groups involved in longer, high-spin Fe‒N or Jahn-Teller-
elongated Cu‒N bonds hydrogen bond to the BF4

‒ ions, while
pyrazolyl groups donating shorter low-spin Fe‒N or basal Cu‒N 
bonds interact with water molecules. Shorter, and stronger,
metal‒N bonds should polarise the adjacent N‒‒H+ groups to a
greater extent, leading to a preference for the stronger hydrogen
bond acceptor which is water in this case. The anion and water
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disorder in 1Zn∙2H2O thus reflects that all the metal‒N bonds 
are equivalent in that compound, so separate N‒H...O and 
N‒H...F hydrogen bonding sites are not resolved. 

The powder patterns of 1Fe∙2H2O and 1Cu∙2H2O are almost
identical, but clearly different from 1Zn∙2H2O. However, all three
compounds transform to the same anhydrous phase B, when
annealed at 350 K inside the diffractometer (Figure S8). The
dehydration is accompanied by color changes from brown to
yellow in 1Fe, and from turquoise to green in 1Cu, which are
obvious to the naked eye. However, all the anhydrous materials
reabsorb atmospheric moisture under ambient conditions over a
period of ca 1 hr to regenerate the hydrated compounds. Hence,
they are best generated in situ for physical characterization.

In contrast to 1Fe∙2H2O, dehydration of 1Cu∙2H2O and
1Zn∙2H2O proceeds in single-crystal-to-single-crystal fashion.
Phase B of both compounds (tetragonal, P42/n, Z = 2) closely
resembles 1Zn∙2H2O, although the half-water molecule in the
asymmetric unit is absent (Figures 2, 3, S9 and S10). The BF4

‒

half-anion is disordered into the empty water site across a
crystallographic C2 axis, with each disorder site accepting just
one hydrogen bond from a different cation (Figure S11). Hence,
on average, each cation in phase B forms just two N‒H...F 
hydrogen bonds in a random distribution through the crystal.
This is also reflected in disorder of the Jahn-Teller elongation in
1Cu (phase B), about the 4 special position occupied by the
complex molecule. The L ligands in both phase B structures
have a slightly S-shaped conformation, which is not present in
the hydrated crystals. This has little effect on the dimensions of
their terpyridine embrace layers, however (Table S10).

Although dehydration of 1Zn∙2H2O does not change its
crystallographic symmetry, dehydration of the crystals was
confirmed by observation of the phase B→C transition on 
cooling (see below), which is not exhibited by the hydrated
material. The powder diffraction patterns of 1Zn∙2H2O and 1Zn

(phase B) are also clearly distinct (Figure S8).
Both anhydrous crystals undergo a crystallographic phase

change on cooling towards room temperature. The
transformations are accompanied by a reversible, rotational
twinning of the lattice, which was resolved to allow full structure
refinements of the low temperature phases. Surprisingly,
however, the low temperature phase is different in each case.
Phase B of 1Cu transforms at 275±25 K to a phase C’
(monoclinic, P21/c, Z = 12), whose asymmetric unit contains
three formula units of the compound (Figure 2). In contrast to
phase B, the Jahn-Teller distortions of the three unique cations
in phase C’ are crystallographically ordered, in an
antiferrodistortive (alternating) arrangement within the cation
layers.[39,40] The phase transition is accompanied by canting of
some cations in the layers (Table S10), and by translation of
some anions along [001] (Figure 2). These displacements allow
each BF4

‒ ion to hydrogen bond to two different cations, thus
doubling the number of hydrogen bonds in the lattice compared
to phase B. Both these factors will contribute to the
thermodynamics of the phase B→C’ transformation. 

Phase C’ was analysed at 150, 200 and 250 K. A small but
consistent increase in the magnitude of the Jahn-Teller distortion
in all three cations as the crystal is cooled may reflect freezing
out of residual Jahn-Teller disorder.[41] This is also apparent in its
X- and Q-band powder EPR spectra, which are consistent with a
disordered Jahn-Teller structure at 250 K but evolve towards a
static lineshape between 200 and 100 K (Figures S14-S17).[40-42]

There are no other significant differences in the cation structures
or anion disorder at the three temperatures.

In contrast, phase B of 1Zn transforms at 295±10 K to a
different structure, phase C (triclinic, P1 , Z = 2), which has just
one unique molecule on a general crystallographic site (Figure
3). As for the copper compound, the molecules in this low
temperature phase are positioned to maximize the number of
N‒H...F hydrogen bonds in the lattice. However, in contrast to 
1Cu, this is not achieved by significant molecular displacements
in the lattice. Rather, the phase B→C transition in 1Zn reflects a
relaxation of the metal coordination sphere from the
crystallographically imposed D2d symmetry in phase B. This
distortion is reflected in the trans-N{pyridyl}‒Zn‒N{pyridyl} angle 
() which is 180° in phase B but decreases steadily in phase C
as the crystal is cooled, to 173.21(8) (285 K), 169.88(7) (240 K)
and 167.62(7)° (150 K). This is mostly accounted for by a
rotation of one ligand [N(20)-C(37) in Figure S19] about an axis
perpendicular to the other ligand, which remains relatively static
over this temperature range (Figure 4). The twisting of the
coordination geometry is also evident in the crystal  and  unit
cell angles, which become more acute at lower temperatures
(Figure S21). This is in turn reflected in the powder diffraction
data from the compound (see below).

Figure 4. Overlays of the [ZnL2]2+ cation in phase C of 1Zn at 285 (white), 240
(pink) and 150 K (purple), showing the temperature dependence of its
molecular structure.

Twisted coordination geometries of the type seen in phase C
are well known in complexes of tridentate ligands related to L,
including other dipyrazolylpyridine (bpp) derivatives.[43,44] They
are most common in high-spin iron(II) complexes, but are also
found with zinc(II)[45,46] and other metal ions.[46,47] Notably the
other published salt of [ZnL2]2+, [ZnL2][Zn(Hpdc)3]2 (H2pdc = 2,5-
pyridinedicarboxylic acid), exhibits a comparable geometry to
phase C with  = 173.6(3)° at room temperature.[48] However, to
our knowledge, this is the first observation of a significant
temperature dependence in such a distortion. The structural
changes are probably induced by the local lattice pressure about
the complex molecule, during anisotropic contraction of the
triclinic crystal on cooling.
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The structural changes occurring upon dehydration of
1Fe∙2H2O, 1Cu∙2H2O and 1Zn∙2H2O were monitored by
synchrotron X-ray powder diffraction data. All three compounds
were phase pure at the beginning of the experiment, and
transformed cleanly to phase B upon heating in situ to 432 K.
The powder pattern of 1Cu was essentially unchanged upon
subsequent cooling from 432 to 89 K (Figure S22). This was
confirmed in a repeat experiment, using a laboratory powder
diffractometer with Cu-K radiation (Figure S23). Unexpectedly,
however, the simulated powder patterns predicted for phases B
and C’ of 1Cu are almost identical, which makes it difficult to
detect their interconversion by that technique (Figure S24).

In contrast, variable temperature powder diffraction data
from 1Fe and 1Zn showed a phase B→C transition at 306±5 K 
(1Fe) and 295±10 K (1Zn) (Figures S25-S28). Interestingly 1Zn

contained an approximately 1:1 mixture of phases B and C
below that temperature, implying only a fraction of that sample
underwent the phase change (Figures 5 and S29); a weak
feature at 2 = 6.8° arising from trace phase B is also evident in
1Fe at these temperatures. Given the significant structural
rearrangement involved in the transformation, we tentatively
suggest a fraction of the sample might be kinetically trapped in
phase B under the relatively rapid cooling employed in the
synchrotron. Be that as it may, the powder pattern of phase C
evolves significantly as the samples are cooled further until, for
1Fe only, another phase transition occurs at 187±11 K (cooling)
and 231±11 K (warming) corresponding to the SCO event. The
other changes in the powder patterns were fully reversible upon
rewarming to room temperature. The data for 1Fe are consistent
with our previous, lower resolution powder diffraction study of
that compound with Cu-K radiation.[21]

The temperature dependence of the powder patterns of
phase C for 1Fe and 1Zn is well-reproduced by simulations
based on the crystal structures of 1Zn at different temperatures
(Figure 5). Hence the changes that we previously ascribed to an
additional transformation to a putative ‘phase D’,[21] in fact arise
from the evolution of the molecular structure in phase C as the
crystal is cooled. Although the correspondence isn’t perfect, the
low-spin phase E powder pattern of 1Fe shows similarities to
phase C’ of 1Cu, implying those phases might be related (Figure
S30). This is discussed further below.

The temperatures of the phase B→C transformations were 
confirmed by DSC measurements (Figures S31 and S32).
Following a strong initial endotherm on heating corresponding to

Figure 5. Observed (black) and simulated (red) synchrotron powder diffraction
data for phases B and C of 1Zn and 1Fe, at the temperatures indicated, The
simulations for 1Fe are based on the crystallographic models for 1Zn, with the
Zn atom replaced by Fe. The starred peaks originate from phase B of 1Zn,
and imply the low temperature 1Zn sample is a mixture of the B and C phases.

the loss of lattice water, each 1M∙2H2O material exhibits a
reversible feature ascribable to the phase change at 303 (M =
Fe), 251 (M = Cu) and 290 K (Zn). These are in good agreement
with the single crystal and powder diffraction data. All the
transitions show some thermal hysteresis, which can be
attributed to the rapid 10 Kmin‒1 temperature scan employed in
the measurements. However, this hysteresis was ca 3.5x wider
for the 1Cu than for the other two materials. Since the phase
B→C’ transition temperature could not be confirmed in that 
compound by powder diffraction (see above), the significance of
that observation is unclear. No other features were present in
these data above 203 K, the lowest temperature accessible with
our calorimeter.

Doping iron(II) spin-crossover materials with small quantities
of isomorphous copper(II) dopants can provide a sensitive EPR
spectroscopic probe of structural changes during spin-crossover
events.[49-51] With that in mind, a mixed-metal sample
[FexCu1‒xL2][BF4]2∙2H2O (1Fe,Cu∙2H2O; x ≈ 0.97) was prepared 
by co-crystallising the appropriate ratio of pre-formed 1Fe and
1Cu from hot water, as before. Magnetic measurements, TGA
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and DSC data confirmed the composition and spin state
behaviors of 1Fe,Cu∙2H2O and anhydrous 1Fe,Cu are identical
to the parent iron compounds (Figures S2, S31 and S33).

The X-band EPR spectrum of as-prepared 1Fe,Cu∙2H2O is
invariant between 120-300 K, apart from some line-broadening
at higher temperatures. It has an “inverse” axial lineshape[40,41,52]

with resolved A{63,65Cu} hyperfine coupling, which resembles
that of another Cu-doped [FeyCu1‒y(bpp)2][BF4]2 material at
these temperatures (Figure S34).[50] The EPR spectrum of phase
B of 1Fe,Cu was not achieved, since data could only be
measured at T ≤ 300 K. Between 300-200 K, the spectrum of 
phase C shows a single rhombic Cu(II) dopant environment.
However at 150 and 100 K, where the host lattice is low-spin,
two Cu sites are resolved in the parallel region of the spectrum.
These cation environments are best modelled in a 2:1 intensity
ratio in the EPR simulation (Figures 6 and S35).[52]

Figure 6. X-band EPR spectra of high-spin phase C (T = 200-300 K) and low-
spin phase E (100-150 K) of anhydrous 1Fe,Cu. A simulation of the 100 K
spectrum is also shown; simulations at other temperatures are in Figure S34.

Conclusions

While they are all based on the same lattice type, the structural
chemistry of 1Fe∙2H2O, 1Cu∙2H2O and 1Zn∙2H2O is
unexpectedly complicated. The freshly prepared hydrate crystals
exhibit the same ‘terpyridine embrace’ motif of cation packing,
but surrounded by differently oriented or disordered 2D networks
of hydrogen-bonded anions and lattice water. The differences
reflect that the lattice water is always positioned to accept a
hydrogen bond from pyrazolyl donors forming shorter Fe‒N or 
Cu‒N bonds in those complexes. In 1Zn∙2H2O, where all
Zn‒N{pyrazolyl} bonds are the same length, the anion and water
sites are disordered.

All three compounds form the same anhydrous phase B
upon annealing, but behave differently on recooling. Both 1Fe

and 1Zn transform to the same triclinic phase (phase C) close to
room temperature. However, 1Cu instead forms a different,
monoclinic phase at around 250 K. We attribute the difference to
the stereochemical consequences of the Jahn-Teller distortion in
1Cu, which is not show by the iron or zinc compounds.

These results have led to a new understanding of 1Fe∙2H2O,
which undergoes a thermal spin transition with a 65 K thermal

hysteresis loop after in situ dehydration (Figure 7).[21] Our
original powder diffraction study of 1Fe showed a clear phase
change just above room temperature, that we labelled phase
B→C. Both these phases have now been structurally 
characterized in 1Zn. We also attributed further changes to its
powder diffraction between 293 and 240 K to another
transformation, from phase C to a putative phase D.[21] However,
phase C in 1Zn is strikingly temperature-dependent since its
coordination geometry becomes steadily more twisted, and its
unit cell more canted, as the temperature decreases. The
temperature-dependent powder patterns of 1Fe between 285
and 198 K, and of 1Zn between 285 and 154 K, are fully
reproduced by simulations based on phase C of the zinc
complex. That is, by the evolution of phase C on cooling
(Figures 4 and S17). Hence, our previous proposal of an
additional intermediate high-spin phase D in this system was
incorrect (Figure S1).

Figure 7. Relationship between the crystallographic phases and magnetic
behavior of 1Fe, from the results of this study. The labelling of the phases is
the same as in our original report, for consistency (Figure S1).[21]

The identity of the low-spin phase E of 1Fe is still not proven.
However similarities of its powder pattern with phase C’ of 1Cu,
and its 2:1 ratio of cation sites detected by EPR (Figure 6), are
both circumstantially consistent with a tripling of the asymmetric
unit during the phase C→E transformation. Hence, even if they 
are not perfectly isostructural, we propose phase E and phase
C’ are crystallographically related.

Distorted molecular structures with reduced values of , as in
phase C, are common in high-spin complexes of the [Fe(bpp)2]2+

type.[42,43] They reflect an angular Jahn-Teller distortion of the
high-spin 5T configuration and, as such, are a property of the
high-spin state. However, this is the first time a temperature-
dependence of the  distortion has been observed, since it was
first defined 18 years ago.[53] That has consequences for
structure:function analyses of SCO in these compounds,[30,54]

where crystallographic comparison of the spin states may only
be meaningful if they are measured close to the SCO transition
temperature.
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Significant changes in  between the high- and low-spin
states of a material can lead to highly cooperative SCO, which is
likely to contribute to the thermal hysteresis in 1Fe.[27,55]

However, high-spin materials that deviate too strongly from the
D2d symmetry preferred by the low-spin form, are kinetically
trapped in their high-spin state and so are inactive to
SCO.[43,53,56] In that respect, it is counterintuitive that the
increased distortions in phase C of 1Fe at lower temperatures
eventually lead to SCO; but, phase C in the corresponding
perchlorate salt [FeL2][ClO4]2 does not evolve with temperature
by powder diffraction, and no SCO occurs.[35] This apparent
anomaly is under investigation.

Experimental Section

Instrumentation

Elemental microanalyses were performed by the microanalytical services
at the University of Leeds and London Metropolitan University. 1H NMR
spectra employed a Bruker DPX300 spectrometer operating at 300.1
MHz. Magnetic susceptibility measurements were performed on a
Quantum Design SQUID or SQUID/VSM magnetometer, with an applied
field of 5000 G and a scan rate of 5 Kmin‒1. A diamagnetic correction for
the sample was estimated from Pascal’s constants;[57] a previously
measured diamagnetic correction for the sample holder was also applied.

Thermogravimetric analyses (TGAs) were obtained with a TA
Instruments TGA Q50 analyser heating at a rate of 10 K min‒1under a
stream of nitrogen gas, while differential scanning calorimetry (DSC)
used a TA Instruments DSC Q20 calorimeter, also with a temperature
ramp of 10 Kmin‒1. X-ray powder diffraction data were obtained with a
Bruker D8 Advance A25 diffractometer using Cu-K radiation ( = 1.5418
Å), or at beamline BL02B2 of the SPring-8 synchrotron equipped with
MYTHEN X-ray detectors ( = 1.000414(2) Å).[58] X- and Q-band EPR
spectra were recorded on a Bruker EMX spectrometer, and EPR spectral
simulations were performed using EasySpin.[59]

Materials and methods

2,6-Bis-[5-methyl-1H-pyrazol-3-yl]pyridine (L)[36] and [FeL2][BF4]2 (1Fe)[21]

were prepared by the literature procedures.

Synthesis of [FeL2][BF4]2∙2H2O (1Fe∙2H2O). Pre-formed 1Fe (0.5 g)
was dissolved in hot water (75 cm3), which yielded an orange-brown
solution when the temperature reached ca 80 °C. After a hot filtration, the
solution was allowed to cool to room temperature under ambient
conditions, yielding a brown microcrystalline precipitate of 1Fe∙2H2O.
This was collected and dried over P2O5, at ambient temperature and
pressure. Elemental analysis calcd (%) for C26H26B2F8FeN10·2H2O C 42.0,
H 4.06, N 18.8; found C 41.9, H 3.86, N 18.7. Other analytical data from
this product are identical to those previously published for this
material.[21]

[1Fe∙2H2O cannot be prepared directly by treating Fe[BF4]2·6H2O
with 2 equiv L in aqueous solution, because the organic ligand L is
insufficiently water soluble].

Synthesis of [CuL2][BF4]2∙2H2O (1Cu∙2H2O). A solution of L (0.5 g, 2.1
mmol) and Cu[BF4]2·4H2O (0.32 g, 1.1 mmol) in MeOH (50 cm3) was
stirred until all the solid had dissolved. The resultant solution was filtered,
and concentrated to ca. 5 cm3. Addition of excess diethyl ether afforded
the complex as a blue-green precipitate. This was recrystallized from hot
water, as described above, to yield 1Cu∙2H2O as a turquoise
microcrystalline solid. Yield 0.26 g, 68 %. Elemental analysis calcd (%)

for C26H26B2CuF8N10·2H2O C 41.5, H 4.02, N 18.6; found C 41.7, H 4.00,
N 18.7.

Synthesis of [ZnL2][BF4]2∙2H2O (1Zn∙2H2O). Method as for 1Cu∙2H2O,
using Zn[BF4]2·6H2O (0.36 g, 1.1 mmol). The crude complex is less water
soluble that the other two compounds, so a larger volume of hot water
(ca 100 cm3) is required for the recrystallization. The dihydrate product is
a white microcrystalline solid. Yield 0.26 g, 68 %. 1H NMR [CD3NO2] 
2.28 (12H, CH3), 6.90 (4H, Pz H4), 8.14 (d, 8.9 Hz, 4H, Py H3/5), 8.47 (t,
8.9 Hz, 2H, Py H4), 11.13 (br s, 4H, Pz NH); elemental analysis calcd (%)
for C26H26B2F8N10Zn·2H2O C 41.4, H 4.01, N 18.6; found C 41.7, H 3.90,
N 18.7.

Synthesis of [Fe0.97Cu0.03L2][BF4]2∙2H2O (1Fe,Cu∙2H2O). A mixture of
1Fe (0.50 g) and 1Cu (0.015 g) was recrystallized from hot water as
above, taking care that all the solid had dissolved before the solution was
filtered. The product was a brown microcrystalline solid, which was
visually indistinguishable from the pure iron compound. Yield 0.26 g,
68 %. Elemental analysis calcd (%) for C26H26B2Cu0.03F8Fe0.97N10·2H2O C
42.0, H 4.06, N 18.8; found C 42.1, H 3.95, N 18.7.

Single Crystal Structure Analyses

Small plate-like crystals of 1Cu∙2H2O and 1Zn∙2H2O were obtained by
recrystallization from hot water as before, but using more dilute solutions
(ca 0.2 g in 50 cm3) and with controlled slow cooling of the solutions
using an oil bath. All data collections for the different phases of each
compound were collected using the same crystal. All diffraction data
were collected with an Agilent Supernova dual-source diffractometer
using monochromated Cu-Kα radiation ( = 1.54184 Å). The
diffractometer is fitted with an Oxford Cryostream low-temperature
devices. All the structures were solved by direct methods (SHELXS97[60]),
and developed by full least-squares refinement on F2 (SHELXL97[60]).
Crystallographic figures were prepared using XSEED.[61] Experimental
data from the structure determinations and descriptions of the
crystallographic refinements are included in the Supporting Information.

CCDC-1973368 and 1973389-1973398 contain the supplementary
crystallographic data for this paper. Codes for the individual structures
are listed in the Supporting Information. These data can be obtained free
of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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