
This is a repository copy of Structural bifurcation in the high→low‐spin and low→high‐spin 
phase transitions explains the asymmetric spin‐crossover in [FeL2][BF4]2 (L = 2,6‐
Di{pyrazol‐1‐yl}isonicotinonitrile).

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/220672/

Version: Published Version

Article:

Ahmed, A., Hall, A., Vasili, H.B. et al. (7 more authors) (2025) Structural bifurcation in the 
high→low‐spin and low→high‐spin phase transitions explains the asymmetric spin‐
crossover in [FeL2][BF4]2 (L = 2,6‐Di{pyrazol‐1‐yl}isonicotinonitrile). Angewandte Chemie 
International Edition, 64 (5). e202416924. ISSN 1433-7851 

https://doi.org/10.1002/anie.202416924

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Spin Crossover

Structural Bifurcation in the High!Low-Spin and Low!High-Spin
Phase Transitions Explains the Asymmetric Spin-Crossover in
[FeL2][BF4]2 (L=2,6-Di{pyrazol-1-yl}isonicotinonitrile)

Ahmed Ahmed, Amy Hall, Hari Babu Vasili, Rafal Kulmaczewski, Alexander N. Kulak,

Oscar Cespedes, Christopher M. Pask, Lee Brammer, Thomas M. Roseveare,* and

Malcolm A. Halcrow*

Abstract: Polycrystalline [FeL2][BF4]2 (L=2,6-di(pyrazol-1-yl)isonicotinonitrile) exhibits an abrupt hysteretic spin
transition near 240 K, with a shoulder on the warming branch whose appearance depends on the sample history. The
freshly isolated material is a ca 60 :40 mixture of triclinic (HS1) and tetragonal (HS2) high-spin polymorphs, which are
structurally closely related. Both HS1 and HS2 undergo a high!low-spin transition on cooling at 230�10 K. HS1
transforms to a new triclinic low-spin phase with a doubled unit cell volume (LS3), while HS2 forms a monoclinic low-
spin phase (LS4) with similar unit cell dimensions to HS2. Single crystals of LS3 and LS4 both convert to HS1 on
rewarming. The low!high-spin transition for LS4 is ca 10 K higher in temperature than for LS3, explaining the
asymmetric thermal hysteresis. Powder diffraction, calorimetry and magnetic data show that multiple cycling about the
spin-transition leads to slow enrichment of the HS1 and LS3 phases at the expense of HS2 and LS4. That is consistent
with the HS2/LS4 fraction of the polycrystalline sample undergoing rare, bifurcated HS2!(LS3+LS4) and LS4!(HS1
+HS2) phase transitions. The rate of enrichment of HS1/LS3 differed between these experiments, implying it is sample
and/or measurement-dependent. Three other salts of this iron(II) complex and the coordination polymer [Ag(μ-L)]BF4

are also briefly described.

Introduction

Spin-crossover (SCO) materials are molecular solids or
network structures containing metal ions, which undergo a
change in their total electronic spin (S) upon heating,
cooling, or another physical stimulus.[1–5] SCO can occur in
metal ions with a 3d4–3d7 electron count, and is especially
common in iron chemistry. There is continued interest in
SCO materials as switching components for nanoscience and
molecular electronics,[5–8] and for macroscopic applications
such as solid state refrigeration,[9–12] mechanical
actuation[13–15] and thermochromic printing.[16,17] More funda-
mentally, spin transitions are also important mechanistic
models for phase transitions and other structural or chemical

transformations in the crystalline state.[18,19] The switching
properties of SCO materials reflect the interplay between
the steric and electronic properties of the individual switch-
ing centers, and of the lattice containing them.[4,20] Designing
new materials with tailored switching properties from these
principles is an ambitious challenge for crystal
engineering.[20–23]

Thermal SCO in the solid state can occur gradually or
abruptly with temperature, continuously or discontinuously
(ie in two or more discrete steps), and with or without
thermal hysteresis.[1–3] Crystallographic phase changes may
also occur as SCO proceeds, and are often important for
mediating cooperative spin-transitions.[23–25] Complicated
multi-step spin-transitions can occur involving more than
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one phase change,[26–35] and/or crystallographically independ-
ent metal centers switching independently of each other.[36–38]

An unusual, related phenomenon is SCO asymmetry where
one branch of the transition is discontinuous (ie stepped)
while the other is not.[39–48]

Most examples of asymmetric SCO with available
structural data are associated with a temperature-dependent
conformational rearrangement, which may or may not
involve a crystallographic phase change. That conforma-
tional change induces an additional kinetic barrier to one
branch of the spin-transition, leading to asymmetric hyste-
resis (Scheme 1a).[43–46] However a different mechanism
operates in [Fe(bpp)2][Ni(mnt)2]2 ·MeNO2 (bpp=2,6-bis
{pyrazol-1-yl}pyridine, H2mnt=maleonitriledithiol), whose
SCO occurs in one step on cooling and in four discrete steps
on warming. This reflects a re-entrant sequence of crystal
phase changes in the warming branch of the transition only,
which are mediated by reversible dimerization of the
[Ni(mnt)2]

*� radical anions in the structure (Scheme 1b).[47]

Kumar et al. have reported the new ligand 2,6-di-
(pyrazol-1-yl)isonicotinonitrile (L), and two salts of its iron
complex (Scheme 2).[48] Freshly crystallized [FeL2][BF4]2

shows an abrupt, hysteretic spin-transition near 240 K, with
a clear shoulder near the high-spin side on the warming
branch of the hysteresis loop (Figure 1). They showed the
shoulder is reduced, or does not appear, in aged or rapidly
precipitated samples (Figure 1b). However, no structural
data to explain these observations were included in that
study.

We had also independently prepared L and its iron
complex salts, including [FeL2][BF4]2. We now present
structural data which rationalize the asymmetric hysteresis
in Figure 1. The underlying structural chemistry is very
different from those represented in Scheme 1 and includes
rare bifurcated structural phase transitions, where one phase
transforms simultaneously into two different phases upon
cooling or warming.[49]

Scheme 1. Two forms of interplay between spin states and structural
phases (A–D) leading to asymmetric SCO hysteresis in different
materials (HS=high-spin, LS= low-spin, MS=a mixed high:low-spin
state population). The shoulder in (a) can occur on the cooling branch
(as shown)[43–45] or the warming branch[46] of the transition in different
materials.

Scheme 2. The structure of [FeL2]X2 (X
�
=BF4

�, ClO4
�, PF6

� or CF3SO3
�).

Figure 1. Magnetic susceptibility data for polycrystalline [FeL2][BF4]2
measured in cooling and heating modes: (a) four different samples
measured at the scan rates shown; (b) the same sample measured
with ten 300!150!300 K thermal cycles at 5 Kmin�1. Data from each
measurement are connected by spline curves for clarity. These curves
are plotted individually in Figures S3 and S5.
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Results and Discussion

Synthesis and Analytical Characterization

Kumar et al. synthesized L by treating 4-iodo-2,6-di(pyrazol-
1-yl)pyridine with CuCN.[48] We used the alternative ap-
proach, of reacting commercially available 2,6-dichloroisoni-
cotinonitrile with 2 equiv. sodium pyrazolate. This afforded
L in one step in up to 55% yield, without the use of toxic
cyanide reagents. Complexation of L by 0.5 equiv. of the
appropriate iron(II) salt yielded [FeL2]X2 (X

�
=BF4

�, ClO4
�,

PF6
� or CF3SO3

�; Scheme 2) as orange or red powders after
the usual work-up. The products are sparingly soluble in
common solvents, but small quantities of polycrystalline
solvent-free material can be obtained from nitromethane
using di-isopropyl ether vapor as antisolvent.[50]

Magnetic data from polycrystalline [FeL2][BF4]2 are
consistent with the previous report (Figure 1).[48] The
material undergoes abrupt SCO with a small thermal
hysteresis. The hysteresis loop has a discontinuity on the
warming branch at χMT=2.4 cm3 mol�1 K in freshly prepared
samples, when the low!high-spin transition is ca 67%
complete. The transition temperatures are T1

2
#=238 K and

T1
2
"=244, 256 K at a scan rate of 0.5 K min�1. Unusually the

hysteresis is almost independent of the scan rate (Figure 1a).
That implies the asymmetry of the transition does not reflect
a significant kinetic barrier to SCO,[51] or any associated
structural rearrangement.[43–47] Although it is not apparent in
the raw data, first derivative plots of the data in Figure 1a
also appear to show structure on the cooling branch of the
hysteresis loop (Figure S4). Hence, the high!low-spin
transition may also contain two closely spaced components.

Slightly wider hysteresis, with structure on the cooling
branch, was observed from one sample which may have
contained larger or higher quality crystallites.[51] However
this collapsed after one thermal cycle to the narrower
hysteresis observed elsewhere in this study (Figure 1b).
Multiple thermal scans of that sample at a constant scan rate
leads the warming shoulder to lose intensity as the experi-
ment proceeds, from χMT=2.5 cm3mol�1 K (70% transition
completeness) in scan 1 to 3.1 cm3mol�1 K (85% complete-
ness) in scan 10. These features are reproduced by differ-
ential scanning calorimetry (DSC), where the spin-transition
manifests as one cooling peak and two warming peaks at
temperatures consistent with the magnetic data. The
enthalpy of the lower temperature warming peak increases,
and the higher temperature one decreases, as the sample is
repeatedly cycled (Figure S6). Similar observations were
noted in ref. [48].

Single-Crystal X-Ray Diffraction of [FeL2][BF4]2

Solvent-free [FeL2][BF4]2 crystallized as stacks of plates,
which were challenging to analyze (Figure S7). While the
samples were visually homogeneous, investigation of differ-
ent crystals revealed they contain two polymorphic phases at
room temperature. These are: a triclinic phase (HS1; space
group P1, Z=2), and, a tetragonal phase (HS2; P43, Z=4).

There are clear similarities between the unit cell dimensions
of these phases (Table 1), in that HS1 is related to HS2 by a
doubling of the unit cell c dimension. Crystallographic
refinements of HS1 and HS2 had low precision and high
residuals reflecting their twinned, weakly diffracting nature.
However their crystallographic symmetry and chemical
connectivity are clear, and our structural assignments of
HS1 and HS2 are confirmed by the powder diffraction data
described below.

The [FeL2]
2+ molecules in HS1 and HS2 are high-spin,

and adopt similar coordination geometries which are signifi-
cantly distorted from their idealized D2d symmetry (Figur-
es S8 and S9). Detailed analysis of their metric parameters is
inappropriate, however, given the low precision of the
refinements. Both HS1 and HS2 adopt versions of the well-
known “terpyridine embrace” lattice type, based on layers
of interdigitated complex cations in the (001) crystal plane
(Figure S10).[52] The terpyridine embrace structure type is
quite common in [Fe(bpp)2]Y2 (Y

�
=BF4

� or ClO4
�) deriva-

tives with small ligand substituents, where it is often
associated with abrupt spin-transitions with narrow thermal
hysteresis (ΔT1

2
�5 K).[21,53–55]

There are two main points of difference between HS1
and HS2 (Figure 2). First, the cation layers propagate along
c by inversion symmetry in HS1, and via the 43 screw axis in
HS2. Thus, the cation layers adopt a two-fold repeat pattern
in HS1 and a four-fold repeat in HS2, which accounts for the
doubled c axis in HS2 (Table 1). Second, the least-squares
plane of each cation layer in HS1 is canted by ca 8° from
perpendicular with respect to the c axis, whereas in HS2
they are perpendicular to it by symmetry.

The unit cells of HS1 and HS2 crystals were monitored
through a 300!150!300 K temperature cycle. Cooling the
HS1 crystal from 250 to 200 K transformed it to a new
triclinic LS3 phase (P1, Z=4), which differs from HS1 by a
doubling of the b axis with a switch in the handedness of the
triclinic cell.[56] The crystal then reformed HS1 on rewarming
between the same temperatures (Table S5). A precise
refinement of LS3 was achieved with a twinned X-ray
dataset from a different crystal at 120 K, which has two
formula units of the compound in the asymmetric unit. This
phase contains two unique cations, labelled ‘A’ and ‘B’,
which are both low-spin from their metric parameters but
differ in their ligand conformations. One ligand in each

Table 1: Single-crystal unit cell parameters for the phases of [FeL2]-
[BF4]2.

HS1
(300 K)

LS3
(120 K)

HS2
(300 K)

LS4
(150 K)

Space group P1
�

P1
�

P43 P21/n
Z 2 4 4 4
a [Å] 8.4864(13) 8.5664(6) 8.4905(4) 8.234(6)
b [Å] 8.5043(12) 16.7521(8) 8.4905(4) 38.10(2)
c [Å] 19.871(3) 19.3801(19) 39.283(3) 8.634(7)
α [deg] 81.785(11) 95.278(6) 90 90
β [deg] 87.899(10) 90.487(7) 90 94.65(5)
γ [deg] 89.859(9) 91.814(5) 90 90
V [Å3] 1418.4(4) 2767.8(4) 2831.9(3) 2700(3)
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cation has a bowl shaped conformation, with its 4-cyanopyr-
idyl group being displaced out of its meridional plane. This
conformational distortion is larger in molecule A than in
molecule B, which might reflect the influence of an anion···π
contact between that pyridyl group and a BF4

� ion (Fig-
ure 3). The corresponding ligand in molecule B is also
overlaid by a BF4

� ion, but with a longer C···F distance of
3.4 Å.

The ligand conformation in molecule A also influences
its coordination geometry, through the trans-N{pyridyl}-
Fe�N{pyridyl} angle (ϕ).[53,58] This is ϕ=173.6(3)° for mole-
cule A, which is unusually low for a low-spin [Fe(bpp)2]

2+

derivative,[58] while molecule B exhibits ϕ=178.6(3)° which
is closer to its ideal value of 180°. Since changes to ϕ during
SCO are associated with hysteretic transitions in some
[Fe(bpp)2]

2+ derivatives,[59–63] this conformational deforma-
tion of molecule A may be relevant to the cooperative SCO
properties of [FeL2][BF4]2 (Figure 1).

The [FeL2]
2+ cations in LS3 associate by intermolecular

face-to-face π···π and edge-to-face C�H···π contacts between
their pyrazolyl rings. This four-fold interdigitation of their
pyrazolyl groups again affords “terpyridine embrace” cation

layers in the (001) plane.[52] Each layer contains an equal
number of A and B cation sites, which are segregated into
chains by translation along the unit cell a axis (Figure S12).
These chains alternate by translation along b to form the

Figure 2. Packing diagrams of the phases of [FeL2][BF4]2 (Table 1): (a) HS1, (b) HS2, (c) LS3, (d) LS4. (a)–(c) are from single-crystal structure
refinements of those phases, while (d) is a model derived from a Rietveld refinement of synchrotron powder diffraction data using rigid body
cation and anion moieties.[57] The unique cation environment(s) in each structure are shown in dark coloration, while the other molecules are de-
emphasized for clarity. All atoms have arbitrary radii. Color code: C, white or dark grey; H, pale grey; Fe, green; N, pale or dark blue; BF4

�, yellow.

Figure 3. The asymmetric unit of the LS3 phase of [FeL2][BF4]2.
Intermolecular anion···π contacts that may contribute to the bent ligand
conformation of cation A, on the left, are also shown. Displacement
ellipsoids are at the 50% probability level, and H atoms are omitted.
Color code: C, white; B, pink; F, cyan; Fe, green; N, blue.
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cation layers, which then propagate into three dimensions
via the crystallographic inversion symmetry (Figure 2).

The HS2 crystal also changed between 250 and 200 K, to
a lower symmetry LS4 phase (Table 1). The crystal system
and space group of LS4 were not uniquely defined by these
data, but it was identified as a monoclinic phase by the
synchrotron powder diffraction study described below (P21/
n, Z=4; Figure 2).[57] The b and c axes are exchanged during
the HS2!LS4 transition, while the 43 screw axis relating the
cation layers in HS2 is replaced by an alternate 21 screw
axis/n glide sequence in LS4. Unexpectedly, rewarming the
LS4 crystal transformed it to triclinic HS1 at a slightly higher
temperature, between 250 and 275 K (Table S6).

X-Ray Powder Diffraction of [FeL2][BF4]2

The X-ray powder diffraction pattern of [FeL2][BF4]2 is
complex, and contains more than one solid phase. Data
collected with synchrotron radiation, from two different
samples, confirmed they were a mixture of the HS1 :HS2
phases at 300 K. These converted to a LS3 :LS4 mixture at
150 K, then reverted back to HS1:HS2 upon rewarming
(Figure 4). Rigid body Rietveld refinements[64] from these

data determined the crystallographic symmetry of LS4. They
also implied that the HS1 fraction of the high-spin samples
changed during the experiment, from ca 60% in the as-
isolated materials to 79–85% following the thermal cycle
(Table S7).

A more detailed investigation of [FeL2][BF4]2 was under-
taken with a laboratory powder diffractometer using Cu�Kα

radiation (Figure 5). The pattern measured at 300 K was
unchanged on cooling to 240 K, before transforming at
220 K to a new pattern which is retained on further cooling
to 160 K. This change corresponds to the complete high!
low-spin transition in the magnetic data (Figure 1). The
pattern of the low-spin phases is retained on rewarming until
220 K, then evolves slowly between 240–260 K towards its
original form (Figures 5 and S15). That is also consistent
with the magnetic data, showing a stepwise low!high-spin
transition within that temperature window (Figure 1). No
more changes were observed on warming from 260 to 300 K.
Pawley refinements[65] of these data confirmed the sample is
a mixture of HS1+HS2 between 300–240 K, then contains
LS3+LS4 from 220 to 160 K (Figure S16). On rewarming,
the data were fitted using the following components: 160–
220 K, LS3+LS4; 235–245 K, HS1+LS3+LS4; 250 K, HS1
+HS2+LS4; and 255–300 K, HS1+HS2 (Table S8). This
supports the suggestion from the single-crystal unit cell data,
that the LS4 phase undergoes its low!high-spin transition
at a slightly higher temperature than LS3. It also rationalizes
the shoulder on the warming branch of the hysteresis loop in
Figure 1.

The HS1+HS2 powder pattern at 300 K again showed
differences after thermal cycling (Figure 5). This was
addressed by measuring a fresh sample on a 300!250!
180!235!250!275!300 K temperature programme,
which was repeated four times. The general pattern of phase
changes in the sample was unchanged during this process
(Table S9). However, Rietveld refinements[64] of the 300 and
180 K data from each cycle confirmed the sample became
enriched with HS1 or LS3 as the experiment proceeded
(Table S10). The fresh sample yielded a HS1 :HS2 ratio of
0.621(5) :0.379(5) at 300 K. After one thermal cycle that
ratio refined to 0.753(7) :0.247(7), and after a second cycle it
was 0.781(8) :0.219(8). Repeating the same cycle for a third
and fourth time, then annealing the sample at 398 K for
24 hrs, led to no further changes in the sample composition
within experimental error (Figure 6). In scans 2–4, the fitted
fraction of LS3 at 180 K is consistently 3–6% lower than for
HS1. However, since these differences are often within
experimental error, their significance is unclear.

All these data show that repeated cycling about the spin-
transition leads to slow enrichment of HS1 and LS3, at the
expense of HS2 and LS4 (Figure 6). That explains why the
shoulder on the warming hysteresis branch in the magnetic
data becomes less intense upon multiple scanning, as the
fraction of HS2/LS4 in the sample is depleted (Figure 1b).[48]

Some support for this was obtained from the single crystal
data, where cooling and heating crystals of HS2 led to a
HS2!LS4!HS1 sequence of phase changes (Table S6).
However, cooling HS2 and warming LS4 in powder samples
must lead to bifurcated HS2!(LS3+LS4) and LS4!(HS1

Figure 4. Rietveld fits of synchrotron powder diffraction data from
[FeL2][BF4]2: (a) as-prepared at 300 K, a mixture of HS1+HS2; (b) at
150 K, fitted as a mixture of LS3+LS4; (c) rewarmed to 300 K, as a
different ratio of HS1+HS2. Measured data are plotted in dark blue,
fits are in red and difference plots are in gray. The fitted parameters are
listed in Table S7.
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+HS2) transitions since some HS2 and LS4 is retained after
thermal cycling (Scheme 3).

While this phase enrichment behavior was observed in
all our measurements, the rate of enrichment of HS1/LS3
differs between the experiments. In the magnetic data and
the Cu�Kα powder diffraction, the composition of the
sample eventually plateaus at ca 80% HS1. However, a

steady state composition was not achieved in the other data
in Figure 6, which imply full conversion to HS1/LS3 might
eventually be reached after additional thermal scans. Be
that as it may, the phase behavior of [FeL2][BF4]2 depends
on the sample studied and on the technique used to measure
it.

Other Salts and Reactions of the Iron Complex

Single crystals of [FeL2][ClO4]2 and [FeL2][PF6]2 are isomor-
phous with each other (monoclinic, P21/c, Z=4), but not
with the BF4

� salt. Crystals of [FeL2][CF3SO3]2 (monoclinic,
P21/n, Z=4) adopt a third type of crystal lattice. All three
salts are crystallographically low-spin at 120–125 K, with one
unique molecule per asymmetric unit and no noteworthy
structural features (Table S11). While their crystal structures
are formed from layers of complex cations, the molecules in
those layers are more loosely associated and do not
interdigitate in a terpyridine embrace motif (Figures S20–
S24). Polycrystalline and rapidly precipitated powder sam-
ples of [FeL2][PF6]2 and [FeL2][CF3SO3]2 are phase-pure,
and isomorphous with their single-crystal phases. Both salts
are low-spin at room temperature, but exhibit the onset of
gradual SCO on heating above 320 K (Figures S26–S28).

The phase behavior of [FeL2][ClO4]2 is more compli-
cated, however. Samples of its pure single-crystal phase are
low-spin below 350 K as predicted crystallographically, but
are difficult to obtain. Most samples of that material were
contaminated by a second polycrystalline phase, which
exhibits a hysteretic spin-transition at T1

2
=240 K (ΔT1

2
=30 K;

Figure S29). The SCO-active phase of [FeL2][ClO4]2 was

Figure 5. Selected variable temperature X-ray powder diffraction data for [FeL2][BF4]2, measured in cooling (left) and warming (right) modes.
Additional data are plotted in Figure S15. The initial and final 300 K powder patterns contain different ratios of the HS1 and HS2 phases; see the
text for more details.

Figure 6. The phase composition of [FeL2][BF4]2 upon multiple thermal
scanning, measured by different techniques (XRPD=X-ray powder
diffraction; Figure S5, and Tables S2, S7 and S10). Each set of data is
connected by a regression curve for clarity. The compositions are
expressed as the percentage of the sample adopting the HS1 or LS3
phase. The errors bars on the powder diffraction data correspond to
3σ, while the other data are plotted with estimated errors.
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isolated as a pure material in ref. [48], but was not
structurally characterized. In our hands, the SCO-active
material always co-crystallized with the low-spin single-
crystal phase. However, comparison of the powder diffrac-
tion data in ref. [48] with simulations based on the results
from this study, confirms the SCO phase of [FeL2][ClO4]2 is
isomorphous with HS2 (Figure S30). That being the case, it
is notable that its SCO is unchanged after multiple thermal
scans.[48] SCO in the HS2 phase of [FeL2][ClO4]2 does not
show the same phase bifurcation as in the BF4

� salt.
In an attempt to link [FeL2]

2+ centers into chains
through their pendant nitrile groups, [FeL2]X2 (X�

=BF4
�,

ClO4
�, CF3SO3

�) were treated with the corresponding silver-
(I) salts in different mole ratios and solvents. This always led
to rapid precipitation of insoluble white powders, which
proved to be the silver complexes [AgL]X. A crystal
structure of [Ag(μ-L)]BF4 ·0.5MeNO2 (triclinic, P1, Z=4)
showed a linear coordination polymer containing two unique
silver ions with typically distorted square planar
geometries,[66] linked by k1 :k 3-μ-L ligands (Figure S32).

Conclusion

The structural chemistry underlying the asymmetric spin-
transition shown by [FeL2][BF4]2 reported by Kumar et al.
(Figure 1)[48] differs from other examples of SCO
asymmetry.[39–47] The freshly crystallized material contains
two polymorphic phases, triclinic HS1 and tetragonal HS2,
which have closely related unit cell dimensions and are
variations of same layered crystal packing motif (Figure 2).
HS1 and HS2 undergo abrupt high!low-spin transitions at
coincidentally similar temperatures, T1

2
=238 �1 K. HS1

forms a new triclinic low-spin phase LS3 with a doubled unit
cell b axis. The low-spin counterpart of HS2, LS4, has
monoclinic symmetry with similar unit cell dimensions to
HS2.

The more distorted metal coordination geometries in
HS1, HS2 and LS3 are not replicated in the other crystalline,
low-spin salts of the complex. Since such distortions are
known to stabilize the high-spin state in compounds related
to [FeL2]

2+, that should explain why only the BF4
� salt of

[FeL2]
2+ is SCO-active in this study.[21,67]

In warming mode, LS3 and LS4 exhibit their low!high-
spin transitions at different temperatures, T1

2
"=244 and

256 K respectively. While the HS1 and LS3 phases inter-
convert cleanly, the powder diffraction data imply the HS2
fraction of the sample transforms to a mixture of LS3 and
LS4, while rewarming LS4 produces a mixture of HS1 and
HS2 (Scheme 3). Some support for that comes from single
crystal studies of HS2, which showed a HS2!LS4!HS1
sequence of phase changes on thermal cycling. That explains
why the HS1 :HS2 ratio in different measurements consis-
tently increases from 0.62 :0.38�0.02 in freshly crystallized
material, to 0.80 :0.20�0.02 after one, two or three thermal
cycles (Figure 6). The enrichment of HS1 and depletion of
HS2 are also reflected in magnetic measurements and DSC
data upon repeated thermal cycling (Figures 1b and S6).[48]

Importantly these changes are not caused by slow loss of
lattice solvent, which progressively changes the magnetic
data upon multiple scanning in some other SCO
compounds.[68–72]

Behavior resembling the LS4!(HS1+HS2) transition
has not been seen before in SCO materials. Indeed,
bifurcated crystallographic phase transitions in general are
extremely rare, and only one example has been crystallo-
graphically characterized.[49] In that compound, single crys-
tals of the ambient phase transform simultaneously on
heating into two conformational polymorphs,[73] which are
related by hindered rotation of an anthryl substituent. Since
the molecular conformations and crystal packing in HS1 and
HS2 are similar, the bifurcated transformation of LS4 should
have a different origin.

Notably however, the rate of enhancement of HS1/LS3
differs significantly between the measurements (Figure 6).
Firstly, the two synchrotron powder diffraction samples gave
different results, implying their phase transitions could be
sample dependent. That is consistent with the sensitivity of
SCO in [FeL2][BF4]2 to the sample preparation method
used, which was explored in ref. [48]. Particle size and
crystallinity are known to influence SCO transitions,[74–80]

and the relative stability and interconversion rate of
polymorphic phases in other types of compound.[81–86]

Secondly, in some measurements the sample reached a
steady state composition of ca 80% HS1/LS3, whereas in
other measurements that plateau value was surpassed.
Interestingly the fastest measurement techniques in Figure 6,
synchrotron powder diffraction and DSC, give the largest
rate and magnitude of HS1/LS3 enhancements. However
the significance of that is unclear, since SCO in fresh
samples of [FeL2][BF4]2 is almost independent of scan rate
in the SQUID magnetometer (Figure 1a).

Supporting Information

Synthetic methods, analytical data and measurement proto-
cols; crystallographic Figures and Tables; additional Figures
of magnetic, calorimetry and powder diffraction data, and
other spectra; and, tabulated unit cell data from the Pawley
and Rietveld refinement fits. The authors have cited addi-
tional references within the Supporting Information.[87–104]

Scheme 3. The interplay between crystal phases giving rise to the
asymmetric SCO hysteresis in [FeL2][BF4]2 (cf Scheme 1).

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202416924 (7 of 10) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
4

1
6

9
2

4
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
2

/0
1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



Author Contributions

The synthesis and analytical characterization of the com-
pounds was performed by AA and AH. HBV and RK
performed the magnetic measurements, using SQUID
magnetometer time provided by OC. TMR, CMP and RK
collected and refined the single-crystal diffraction data.
TMR designed and performed the variable temperature
powder diffraction study, while LB contributed with TMR
to interpretation of the diffraction data. ANK provided the
SEM images. MAH conceived and supervised the study, and
prepared the publication. All authors have approved the
final version of the manuscript.

Acknowledgements

The authors thank Dr Dan Baker (University of Leeds) for
the DSC measurement. This work was funded by the
EPSRC (EP/K012576/1, EP/T034068/1) and the University
of Leeds. We acknowledge Diamond Light Source and
station I11’s rapid access service (cy37697) for the beam-
time, and Drs Sarah Day, Eamonn Connolly and Lucy
Saunders for instrument operation and post processing.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly
available in the University of Leeds Library at https://doi.
org/10.5518/1564.

Keywords: iron · spin-crossover · crystal engineering · phase
transitions · in situ diffraction

[1] P. Gütlich, A. Hauser, H. Spiering, Angew. Chem. Int. Ed.

1994, 33, 2024–2054; Angew. Chem. 1994, 106, 2109–2141.
[2] Spin Crossover in Transition Metal Compounds I–III, Top.

Curr. Chem. (Eds.: P. Gütlich, H. A. Goodwin), Springer,
New York, 2004, vols. 233–235.

[3] M. A. Halcrow (ed), Spin-crossover materials – properties and

applications, John Wiley & Sons, Chichester, UK, 2013, p.
568.

[4] J. Zarembowitch, F. Varret, A. Hauser, J. A. Real, K.
Boukheddaden, C.R. Chim. 2018, 21, 1056–1059.

[5] S. Rat, M. Piedrahita-Bello, L. Salmon, G. Molnár, P.
Demont, A. Bousseksou, Adv. Mater. 2018, 30, 1703862.

[6] K. Senthil Kumar, M. Ruben, Angew. Chem. Int. Ed. 2021, 60,
7502–7521; Angew. Chem. 2021, 133, 7578–7598.

[7] L. Kipgen, M. Bernien, F. Tuczek, W. Kuch, Adv. Mater.

2021, 33, 2008141 and 2021, 33, 2170354 (correction).
[8] R. Torres-Cavanillas, M. Gavara-Edo, E. Coronado, Adv.

Mater. 2024, 36, 2307718.

[9] S. P. Vallone, A. N. Tantillo, A. M. dos Santos, J. Molaison,
R. Kulmaczewski, A. Chapoy, P. Ahmadi, M. A. Halcrow,
K. G. Sandeman, Adv. Mater. 2019, 31, 1807334.

[10] K. Ridier, Y. Zhang, M. Piedrahita-Bello, C. M. Quintero, L.
Salmon, G. Molnár, C. Bergaud, A. Bousseksou, Adv. Mater.

2020, 32, 2000987.
[11] M. Romanini, Y. Wang, K. Gürpinar, G. Ornelas, P. Lloveras,

Y. Zhang, W. Zheng, M. Barrio, A. Aznar, A. Gràcia-Condal,
B. Emre, O. Atakol, C. Popescu, H. Zhang, Y. Long, L.
Balicas, J. L. Tamarit, A. Planes, M. Shatruk, L. Mañosa,
Adv. Mater. 2021, 33, 2008076.

[12] J. Seo, J. D. Braun, V. M. Dev, J. A. Mason, J. Am. Chem.

Soc. 2022, 144, 6493–6503.
[13] M. D. Manrique-Juárez, F. Mathieu, V. Shalabaeva, J.

Cacheux, S. Rat, L. Nicu, T. Leïchlé, L. Salmon, G. Molnár,
A. Bousseksou, Angew. Chem. Int. Ed. 2017, 56, 8074–8078;
Angew. Chem. 2017, 129, 8186–8190.

[14] M. D. Manrique-Juárez, F. Mathieu, A. Laborde, S. Rat, V.
Shalabaeva, P. Demont, O. Thomas, L. Salmon, T. Leïchlé, L.
Nicu, G. Molnár, A. Bousseksou, Adv. Funct. Mater. 2018, 28,
1801970.

[15] M. Piedrahita-Bello, J. E. Angulo-Cervera, A. Enriquez-
Cabrera, G. Molnár, B. Tondu, L. Salmon, A. Bousseksou,
Mater. Horiz. 2021, 8, 3055–3062.

[16] V. Nagy, I. Suleimanov, G. Molnár, L. Salmon, A. Boussek-
sou, L. Csóka, J. Mater. Chem. C 2015, 3, 7897–7905.

[17] M. Piedrahita-Bello, J. E. Angulo-Cervera, R. Courson, G.
Molnár, L. Malaquin, C. Thibault, B. Tondu, L. Salmon, A.
Bousseksou, J. Mater. Chem. C 2020, 8, 6001–6005.

[18] M. Chergui, E. Collet, Chem. Rev. 2017, 117, 11025–11065.
[19] K. J. Gaffney, Chem. Sci. 2021, 12, 8010–8025.
[20] M. A. Halcrow, Chem. Soc. Rev. 2011, 40, 4119–4142.
[21] M. A. Halcrow, I. Capel Berdiell, C. M. Pask, R. Kulmaczew-

ski, Inorg. Chem. 2019, 58, 9811–9821.
[22] P. Guionneau, M. Marchivie, G. Chastanet, Chem. Eur. J.

2021, 27, 1483–1486.
[23] Y. Fang, Y.-S. Meng, H. Oshio, T. Liu, Coord. Chem. Rev.

2024, 500, 215483.
[24] M. Shatruk, H. Phan, B. A. Chrisostomo, A. Suleimenov,

Coord. Chem. Rev. 2015, 289–290, 62–73.
[25] N. Ortega-Villar, M. C. Muñoz, J. A. Real, Magnetochemistry

2016, 2, 16.
[26] A. Lennartson, A. D. Bond, S. Piligkos, C. J. McKenzie,

Angew. Chem. Int. Ed. 2012, 51, 11049–11052; Angew. Chem.

2012, 124, 11211–11214.
[27] J. Kusz, M. Nowak, P. Gütlich, Eur. J. Inorg. Chem. 2013,

832–842.
[28] Z.-Y. Li, J.-W. Dai, Y. Shiota, K. Yoshizawa, S. Kanegawa,

O. Sato, Chem. Eur. J. 2013, 19, 12948–12952.
[29] K. D. Murnaghan, C. Carbonera, L. Toupet, M. Griffin,

M. M. Dîrtu, C. Desplanches, Y. Garcia, E. Collet, J.-F.
Létard, G. G. Morgan, Chem. Eur. J. 2014, 20, 5613–5618.

[30] Z.-Y. Li, H. Ohtsu, T. Kojima, J.-W. Dai, T. Yoshida, B. K.
Breedlove, W.-X. Zhang, H. Iguchi, O. Sato, M. Kawano, M.
Yamashita, Angew. Chem. Int. Ed. 2016, 55, 5184–5189;
Angew. Chem. 2016, 128, 5270–5275.

[31] N. F. Sciortino, K. A. Zenere, M. E. Corrigan, G. J. Halder,
G. Chastanet, J.-F. Létard, C. J. Kepert, S. M. Neville, Chem.

Sci. 2017, 8, 701–707.
[32] L. Piñeiro-López, F.-J. Valverde-Muñoz, E. Trzop, M. C.

Muñoz, M. Seredyuk, J. Castells-Gil, I. da Silva, C. Martí-
Gastaldo, E. Collet, J. A. Real, Chem. Sci. 2021, 12, 1317–
1326.

[33] V. B. Jakobsen, E. Trzop, E. Dobbelaar, L. C. Gavin, S.
Chikara, X. Ding, M. Lee, K. Esien, H. Müller-Bunz, S.
Felton, E. Collet, M. A. Carpenter, V. S. Zapf, G. G. Morgan,
J. Am. Chem. Soc. 2022, 144, 195–211.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202416924 (8 of 10) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
4

1
6

9
2

4
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
2

/0
1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se

https://doi.org/10.5518/1564
https://doi.org/10.5518/1564
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/ange.19941062006
https://doi.org/10.1016/j.crci.2018.11.004
https://doi.org/10.1002/anie.201911256
https://doi.org/10.1002/anie.201911256
https://doi.org/10.1002/ange.201911256
https://doi.org/10.1021/jacs.2c01315
https://doi.org/10.1021/jacs.2c01315
https://doi.org/10.1039/D1MH00966D
https://doi.org/10.1039/C5TC01246E
https://doi.org/10.1039/D0TC01532F
https://doi.org/10.1021/acs.chemrev.6b00831
https://doi.org/10.1039/D1SC01864G
https://doi.org/10.1039/c1cs15046d
https://doi.org/10.1021/acs.inorgchem.9b00843
https://doi.org/10.1002/chem.202002699
https://doi.org/10.1002/chem.202002699
https://doi.org/10.1016/j.ccr.2023.215483
https://doi.org/10.1016/j.ccr.2023.215483
https://doi.org/10.1016/j.ccr.2014.09.018
https://doi.org/10.3390/magnetochemistry2010016
https://doi.org/10.3390/magnetochemistry2010016
https://doi.org/10.1002/anie.201204207
https://doi.org/10.1002/ange.201204207
https://doi.org/10.1002/ange.201204207
https://doi.org/10.1002/ejic.201201467
https://doi.org/10.1002/ejic.201201467
https://doi.org/10.1002/chem.201302272
https://doi.org/10.1002/chem.201400286
https://doi.org/10.1002/anie.201511281
https://doi.org/10.1002/ange.201511281
https://doi.org/10.1039/C6SC03114E
https://doi.org/10.1039/C6SC03114E
https://doi.org/10.1039/D0SC04420B
https://doi.org/10.1039/D0SC04420B
https://doi.org/10.1021/jacs.1c08214


[34] E. Dobbelaar, V. B. Jakobsen, E. Trzop, M. Lee, S. Chikara,
X. Ding, H. Müller-Bunz, K. Esien, S. Felton, M. A.
Carpenter, E. Collet, G. G. Morgan, V. S. Zapf, Angew.

Chem. Int. Ed. 2022, 61, e202114021; Angew. Chem. 2022, 134,
e202114021.

[35] Y. Wu, S. Peng, Z. Zhang, Y. Gao, G. Xu, J. Dai, Z.-Y. Li, M.
Yamashita, Chin. J. Chem. 2024, 42, 879–886.

[36] V. Niel, A. L. Thompson, A. E. Goeta, C. Enachescu, A.
Hauser, A. Galet, M. C. Muñoz, J. A. Real, Chem. Eur. J.

2005, 11, 2047–2060.
[37] R. Kulmaczewski, F. Bamiduro, O. Cespedes, M. A. Halcrow,

Chem. – Eur. 2021, 27, 2082–2092.
[38] O. I. Kucheriv, S. I. Shylin, V. Y. Sirenko, V. Ksenofontov,

W. Tremel, I.-A. Dascălu, S. Shova, I. A. Gural’skiy, Chem.

Eur. J. 2022, 28, e202200924.
[39] T. Buchen, P. Gütlich, K. H. Sugiyarto, H. A. Goodwin,

Chem. Eur. J. 1996, 2, 1134–1138.
[40] S. Floquet, N. Guillou, P. Négrier, E. Rivière, M.-L. Boillot,

New J. Chem. 2006, 30, 1621–1627.
[41] S. Hayami, K. Hiki, T. Kawahara, Y. Maeda, D. Urakami, K.

Inoue, M. Ohama, S. Kawata, O. Sato, Chem. Eur. J. 2009, 15,
3497–3508.

[42] B. Weber, W. Bauer, T. Pfaffeneder, M. M. Dîrtu, A. D.
Naik, A. Rotaru, Y. Garcia, Eur. J. Inorg. Chem. 2011, 3193–
3206.

[43] L. J. Kershaw Cook, R. Kulmaczewski, S. A. Barrett, M. A.
Halcrow, Inorg. Chem. Front. 2015, 2, 662–670.

[44] A. I. Vicente, A. Joseph, L. P. Ferreira, M. D. Carvalho,
V. H. N. Rodrigues, M. Duttine, H. P. Diogo, M. E. Min-
as da Piedade, M. J. Calhorda, P. N. Martinho, Chem. Sci.

2016, 7, 4251–4258.
[45] F. F. Martins, A. Joseph, H. P. Diogo, M. E. Minas da Pie-

dade, L. P. Ferreira, M. D. Carvalho, S. Barroso, M. J.
Romão, M. J. Calhorda, P. N. Martinho, Eur. J. Inorg. Chem.

2018, 2976–2983.
[46] S. Liu, X. Zhu, X.-L. Li, J. Tang, Inorg. Chem. Front. 2022, 9,

267–274.
[47] M. Nihei, H. Tahira, N. Takahashi, Y. Otake, Y. Yamamura,

K. Saito, H. Oshio, J. Am. Chem. Soc. 2010, 132, 3553–3560.
[48] K. Senthil Kumar, N. Del Giudice, B. Heinrich, L. Douce, M.

Ruben, Dalton Trans. 2020, 49, 14258–14267. The polycrystal-
line [FeL2][BF4]2 material employed in our study corresponds
to sample 1a in this paper.

[49] Y.-H. Yang, Y.-S. Chen, W.-T. Chuang, J.-S. Yang, J. Am.

Chem. Soc. 2024, 146, 8131–8141.
[50] Recrystallizing [FeL2][BF4]2 from acetonitrile affords a sol-

vated phase [FeL2][BF4]2 ·MeCN, which exhibits hysteretic
SCO at similar temperatures to the solvent free compound
but without the structured hysteresis loop. This is described in
ref. [48].

[51] S. Brooker, Chem. Soc. Rev. 2015, 44, 2880–2892.
[52] I. Dance, M. Scudder, CrystEngComm 2009, 11, 2233–2247.
[53] J. M. Holland, J. A. McAllister, C. A. Kilner, M. Thornton-

Pett, A. J. Bridgeman, M. A. Halcrow, J. Chem. Soc. Dalton

Trans. 2002, 548–554.
[54] R. Pritchard, C. A. Kilner, M. A. Halcrow, Chem. Commun.

2007, 2007, 577–579.
[55] E. Michaels, C. M. Pask, I. Capel Berdiell, H. B. Vasili, M. J.

Howard, O. Cespedes, M. A. Halcrow, Cryst. Growth Des.

2022, 22, 6809–6817.
[56] Triclinic crystals are conventionally indexed with acute or

obtuse unit cell angles, depending on whether the cell displays
a left- or right-handed helical canting when viewed down the
shortest a axis (ref. [105]).

[57] The LS4 phase is isomorphous with another published
[Fe(bpp)2]

2+ derivative, [Fe(L’)2][BF4]2 (L’=2-{pyrazol-1-yl}-

6-{3,5-dimethylpyrazol-1-yl}pyridine; CSD GIZZUL,
ref. [106]).

[58] I. Capel Berdiell, E. Michaels, O. Q. Munro, M. A. Halcrow,
Inorg. Chem. 2024, 63, 2732–2744.

[59] L. J. Kershaw Cook, F. L. Thorp-Greenwood, T. P. Comyn,
O. Cespedes, G. Chastanet, M. A. Halcrow, Inorg. Chem.

2015, 54, 6319–6330.
[60] I. Capel Berdiell, R. Kulmaczewski, N. Shahid, O. Cespedes,

M. A. Halcrow, Chem. Commun. 2021, 57, 6566–6569.
[61] K. Senthil Kumar, B. Heinrich, S. Vela, E. Moreno-Pineda, C.

Bailly, M. Ruben, Dalton Trans. 2019, 48, 3825–3830.
[62] N. Suryadevara, A. Mizuno, L. Spieker, S. Salamon, S.

Sleziona, A. Maas, E. Pollmann, B. Heinrich, M. Schleberger,
H. Wende, S. K. Kuppusamy, M. Ruben, Chem. Eur. J. 2022,
28, e202103853.

[63] R. Kulmaczewski, L. J. Kershaw Cook, C. M. Pask, O. Ces-
pedes, M. A. Halcrow, Cryst. Growth Des. 2022, 22, 1960–
1971.

[64] H. M. Rietveld, J. Appl. Crystallogr. 1969, 2, 65–71.
[65] G. S. Pawley, J. Appl. Crystallogr. 1981, 14, 357–361.
[66] A. G. Young, L. R. Hanton, Coord. Chem. Rev. 2008, 252,

1346–1386.
[67] S. Vela, J. J. Novoa, J. Ribas-Arino, Phys. Chem. Chem. Phys.

2014, 16, 27012–27024.
[68] R. G. Miller, S. Brooker, Chem. Sci. 2016, 7, 2501–2505.
[69] G. Aromí, C. M. Beavers, J. S. Costa, G. A. Craig, G. M.

Espallargas, A. Orera, O. Roubeau, Chem. Sci. 2016, 7, 2907–
2915.

[70] F.-L. Yang, X. Chen, W.-H. Wu, J.-H. Zhang, X.-M. Zhao,
Y.-H. Shia, F. Shen, Dalton Trans. 2019, 48, 231–241.

[71] R. Kulmaczewski, F. Bamiduro, O. Cespedes, M. A. Halcrow,
Chem. Eur. J. 2021, 27, 2082–2092.

[72] R. T. Marques, L. P. Ferreira, C. S. B. Gomes, C. S. D. Lopes,
C. E. S. Bernardes, N. K. Sarangi, T. E. Keyes, P. N. Martin-
ho, Cryst. Growth Des. 2023, 23, 3222–3229.

[73] A. J. Cruz-Cabeza, J. Bernstein, Chem. Rev. 2014, 114, 2170–
2191.

[74] M. S. Haddad, W. D. Federer, M. W. Lynch, D. N. Hendrick-
son, Inorg. Chem. 1981, 20, 131–139.

[75] E. W. Muller, H. Spiering, P. Gütlich, Chem. Phys. Lett. 1982,
93, 567–571.

[76] S. Bonnet, G. Molnár, J. S. Costa, M. A. Siegler, A. L. Spek,
A. Bousseksou, W.-T. Fu, P. Gamez, J. Reedijk, Chem. Mater.

2009, 21, 1123–1136.
[77] B. Weber, E. S. Kaps, C. Desplanches, J.-F. Létard, Eur. J.

Inorg. Chem. 2008, 2008, 2963–2966.
[78] P. Chakraborty, M.-L. Boillot, A. Tissot, A. Hauser, Angew.

Chem. Int. Ed. 2013, 52, 7139–7142; Angew. Chem. 2013, 125,
7279–7282.

[79] A. Grosjean, N. Daro, S. Pechev, C. Etrillard, G. Chastanet,
P. Guionneau, Eur. J. Inorg. Chem. 2018, 2018, 429–434.

[80] S. A. Siddiqui, O. Domanov, E. Schafler, J. Vejpravova, H.
Shiozawa, J. Mater. Chem. C 2021, 9, 1077–1084.

[81] S. Lee, H. Xu, J. Phys. Chem. C 2016, 120, 13316–13322.
[82] A. M. Belenguer, G. I. Lampronti, A. J. Cruz-Cabeza, C. A.

Hunter, J. K. M. Sanders, Chem. Sci. 2016, 7, 6617–6627.
[83] A. M. Belenguer, A. J. Cruz-Cabeza, G. I. Lampronti,

J. K. M. Sanders, CrystEngComm 2019, 21, 2203–2211.
[84] J. A. Steele, M. Lai, Y. Zhang, Z. Lin, J. Hofkens, M. B. J.

Roeffaers, P. Yang, Acc. Mater. Res. 2020, 1, 3–15.
[85] V. K. Srirambhatla, R. Guo, D. M. Dawson, S. L. Price, A. J.

Florence, Cryst. Growth Des. 2020, 20, 1800–1810.
[86] R. Bu, H. Li, C. Zhang, Cryst. Growth Des. 2020, 20, 3561–

3576.
[87] G. M. Sheldrick, Acta Cryst. Sect. A.: Found. Adv. 2015, 71, 3–

8.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202416924 (9 of 10) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
4

1
6

9
2

4
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
2

/0
1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se

https://doi.org/10.1002/chem.200400930
https://doi.org/10.1002/chem.200400930
https://doi.org/10.1002/chem.202004072
https://doi.org/10.1002/chem.19960020915
https://doi.org/10.1039/B605326B
https://doi.org/10.1002/chem.200802395
https://doi.org/10.1002/chem.200802395
https://doi.org/10.1002/ejic.201100394
https://doi.org/10.1002/ejic.201100394
https://doi.org/10.1039/C5QI00083A
https://doi.org/10.1039/C5SC04577K
https://doi.org/10.1039/C5SC04577K
https://doi.org/10.1002/ejic.201800605
https://doi.org/10.1002/ejic.201800605
https://doi.org/10.1039/D1QI01181B
https://doi.org/10.1039/D1QI01181B
https://doi.org/10.1021/ja910122r
https://doi.org/10.1039/D0DT02214D
https://doi.org/10.1021/jacs.3c12454
https://doi.org/10.1021/jacs.3c12454
https://doi.org/10.1039/C4CS00376D
https://doi.org/10.1039/b904479e
https://doi.org/10.1039/b108468m
https://doi.org/10.1039/b108468m
https://doi.org/10.1021/acs.cgd.2c00980
https://doi.org/10.1021/acs.cgd.2c00980
https://doi.org/10.1021/acs.inorgchem.3c04138
https://doi.org/10.1021/acs.inorgchem.5b00614
https://doi.org/10.1021/acs.inorgchem.5b00614
https://doi.org/10.1039/D1CC02624K
https://doi.org/10.1039/C8DT04928A
https://doi.org/10.1021/acs.cgd.2c00005
https://doi.org/10.1021/acs.cgd.2c00005
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1107/S0021889881009618
https://doi.org/10.1016/j.ccr.2007.07.017
https://doi.org/10.1016/j.ccr.2007.07.017
https://doi.org/10.1039/C4CP03971H
https://doi.org/10.1039/C4CP03971H
https://doi.org/10.1039/C5SC04583E
https://doi.org/10.1039/C5SC04287A
https://doi.org/10.1039/C5SC04287A
https://doi.org/10.1039/C8DT03584A
https://doi.org/10.1002/chem.202004072
https://doi.org/10.1021/acs.cgd.2c01405
https://doi.org/10.1021/cr400249d
https://doi.org/10.1021/cr400249d
https://doi.org/10.1021/ic50215a029
https://doi.org/10.1021/cm803414q
https://doi.org/10.1021/cm803414q
https://doi.org/10.1002/anie.201301562
https://doi.org/10.1002/anie.201301562
https://doi.org/10.1002/ange.201301562
https://doi.org/10.1002/ange.201301562
https://doi.org/10.1039/D0TC03878D
https://doi.org/10.1021/acs.jpcc.6b05287
https://doi.org/10.1039/C6SC03457H
https://doi.org/10.1039/C8CE02098A
https://doi.org/10.1021/accountsmr.0c00009
https://doi.org/10.1021/acs.cgd.9b01522
https://doi.org/10.1021/acs.cgd.0c00233
https://doi.org/10.1021/acs.cgd.0c00233
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370


[88] G. M. Sheldrick, Acta Cryst. Sect. C.: Struct. Chem. 2015, 71,
3–8.

[89] L. J. Barbour, J. Appl. Crystallogr. 2020, 53, 1141–1146.
[90] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Ho-

ward, H. Puschmann, J. Appl. Crystallogr. 2009, 42, 339–341.
[91] C. J. O’Connor, Prog. Inorg. Chem. 1982, 29, 203–283.
[92] D. R. Allan, S. P. Collins, G. Evans, D. Hall, K. McAuley,

R. L. Owen, T. Sorensen, C. C. Tang, F. von Delft, A.
Wagner, H. Wilhelm, Eur. Phys. J. Plus 2015, 130, 1–20.

[93] S. P. Thompson, J. E. Parker, J. Potter, T. P. Hill, A. Birt,
T. M. Cobb, F. Yuan, C. C. Tang, Rev. Sci. Instrum. 2009, 80,
075107/1-9.

[94] S. P. Thompson, J. E. Parker, J. Marchal, J. Potter, A. Birt, F.
Yuan, R. D. Fearn, A. R. Lennie, S. R. Street, C. C. Tang, J.

Synchrotron Radiat. 2011, 18, 637–648.
[95] A. A. Coelho, Topas Acad. Version 6. http//www.topas-

academic.net.
[96] A. A. Coelho, J. Evans, I. Evans, A. Kern, S. Parsons, Powder

Diffr. 2011, 26, S22–S25.
[97] A. A. Coelho, J. Appl. Crystallogr. 2018, 51, 210–218.
[98] M. A. Halcrow, Coord. Chem. Rev. 2009, 253, 2493–2514.
[99] L. J. Kershaw Cook, R. Mohammed, G. Sherborne, T. D.

Roberts, S. Alvarez, M. A. Halcrow, Coord. Chem. Rev. 2015,
289–290, 2–12.

[100] C. M. Pask, S. Greatorex, R. Kulmaczewski, A. Baldansuren,
E. J. L. McInnes, F. Bamiduro, M. Yamada, N. Yoshinari, T.
Konno, M. A. Halcrow, Chem. Eur. J. 2020, 26, 4833–4841.

[101] L. J. Kershaw Cook, R. Kulmaczewski, R. Mohammed, S.
Dudley, S. A. Barrett, M. A. Little, R. J. Deeth, M. A.
Halcrow, Angew. Chem. Int. Ed. 2016, 55, 4327–4331; Angew.

Chem. 2016, 128, 4399–4403.
[102] I. Capel Berdiell, V. García-López, M. J. Howard, M. Clem-

ente-León, M. A. Halcrow, Dalton Trans. 2021, 50, 7417–
7426.

[103] J. M. Holland, S. A. Barrett, C. A. Kilner, M. A. Halcrow,
Inorg. Chem. Commun. 2002, 5, 328–332.

[104] I. Capel Berdiell, R. Kulmaczewski, S. L. Warriner, O.
Cespedes, M. A. Halcrow, Eur. J. Inorg. Chem. 2020, 2020,
4334–4340.

[105] J. D. H. Donnay, Amer. Mineral. 1943, 28, 507–511.
[106] M. A. Halcrow, Coord. Chem. Rev. 2005, 249, 2880–2908.

Manuscript received: September 3, 2024
Accepted manuscript online: December 5, 2024
Version of record online: ■■■, ■■■■

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202416924 (10 of 10) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
4

1
6

9
2

4
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
2

/0
1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se

https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S1600576720007438
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0909049511013641
https://doi.org/10.1107/S0909049511013641
https://doi.org/10.1154/1.3661087
https://doi.org/10.1154/1.3661087
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1016/j.ccr.2009.07.009
https://doi.org/10.1016/j.ccr.2014.08.006
https://doi.org/10.1016/j.ccr.2014.08.006
https://doi.org/10.1002/chem.202000101
https://doi.org/10.1002/anie.201600165
https://doi.org/10.1002/ange.201600165
https://doi.org/10.1002/ange.201600165
https://doi.org/10.1039/D1DT01076J
https://doi.org/10.1039/D1DT01076J
https://doi.org/10.1016/S1387-7003(02)00398-2
https://doi.org/10.1016/j.ccr.2005.03.010


Research Article
Spin Crossover

A. Ahmed, A. Hall, H. B. Vasili,
R. Kulmaczewski, A. N. Kulak, O. Cespedes,
C. M. Pask, L. Brammer, T. M. Roseveare,*
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Structural Bifurcation in the High!Low-
Spin and Low!High-Spin Phase Transi-
tions Explains the Asymmetric Spin-Cross-
over in [FeL2][BF4]2 (L=2,6-Di{pyrazol-1-yl}
isonicotinonitrile)

The title compound exhibits a coopera-
tive spin-transition with an unusual
asymmetric hysteresis. It crystallizes as
a mixture of two high-spin polymorphs
HS1 and HS2, which convert simulta-
neously to the low-spin phases LS3 and
LS4 on cooling. The HS1 and LS3
fractions increase at the expense of HS2
and LS4 upon repeated scanning, which
reflects that HS2 converts to a mixture
of LS3 and LS4 on cooling, and LS4 to
HS1 and HS2 on rewarming.
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