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Rotational order–disorder and spin crossover
behaviour in a neutral iron(II) complex based on
asymmetrically substituted large planar ionogenic
ligand†

Maksym Seredyuk, *a,b,c Kateryna Znovjyak, a Francisco Javier Valverde-Muñoz, b

M. Carmen Muñoz, d Igor O. Fritskya and José Antonio Real *b

Octahedrally coordinated spin crossover (SCO) FeII complexes represent an important class of switchable

molecular materials. This study presents the synthesis and characterisation of a novel complex, [FeII(ppt-

2Fph)2]
0·2MeOH, where ppt-2Fph is a new asymmetric ionogenic tridentate planar ligand 2-(5-(2-fluoro-

phenyl)-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl)pyridine. The complex exhibits a hysteretic thermally

induced SCO transition at 285 K on cooling and at 293 K on heating, as well as light induced excited spin

state trapping (LIESST) at lower temperatures with a relaxation T (LIESST) temperature of 73 K. Single

crystal analysis in both spin states shows that the compound undergoes an unusual partial (25%) reversible

order–disorder of the asymmetrically substituted phenyl group coupled to the thermal SCO. The highly

cooperative SCO transition, analysed by structural energy framework analysis at the B3LYP/6-31G(d,p)

theory level, revealed the co-existence of stabilising and destabilising energy variations in the lattice. The

observed antagonism of intermolecular interactions and synchronous rotational disorder, which contrib-

utes to the overall entropy change, is suggested to be at the origin of the cooperative SCO transition.

Introduction

Octahedrally coordinated FeII spin crossover (SCO) complexes
are well-known switchable molecular materials that have
attracted much attention for their potential applications in dis-
plays, sensors, information storage,1 thermal management pur-
poses,2 and spintronics3 among others. In the SCO complexes,
the FeII centres reversibly switch between the diamagnetic LS
(t62ge

0
g, S = 0) and the paramagnetic HS (t42ge

2
g, S = 2) electronic

states triggered by changes in temperature and/or pressure, by
light irradiation and even by interaction with analytes. The SCO
behaviour is associated with dramatic changes in the magnetic,
optical and dielectric properties of the material.4 Furthermore,
the transfer of electrons between the eg and t2g orbitals is

accompanied by remarkable changes in the FeII–ligand bond
lengths (about 0.2 Å on average for FeII–N bonds) and angles. In
the solid state, these structural changes are propagated through-
out the crystal by elastic interactions. Constructive interactions
between SCO centres give rise to cooperative and even hysteretic
behaviour, which confers bistability and hence memory to the
SCO materials.5,6 Exceptionally wide stable thermal hysteresis
has been observed independently of the synthetic approach
used, polymeric7 or supramolecular.8

In the search for new bistable SCO materials based on the
supramolecular approach, where cooperativity is achieved
through effective, although usually elusive intermolecular
interactions, we have recently reported on the synthesis and
characterization of the mononuclear FeII SCO neutral complex
[FeII(ppt-3MeOph)2]

0·nMeOH (3MeO·nMeOH) where ppt-
3MeOph is the asymmetric ionogenic tridentate planar ligand

Scheme 1 Structure of the ligands ppt-3MeOph and ppt-2Fph ligands.
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2-(5-(3-methoxyphenyl)-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl)
pyridine (Scheme 1). The solvates n = 2 and ≈1.4 are isostruc-
tural (orthorhombic Pbcn). The former is LS at 300 K but
undergoes a gradual and complete SCO in the interval
300–400 K with TSCO = 365 K due to the desolvation. The loss
of ca. 0.6 molecules of MeOH makes the SCO much more
cooperative, TSCO = 296 K without hysteresis. However, heating
the complex above 550 K favours the complete loss of solvent
(n = 0) and provokes a transition to the monoclinic P21/c phase
which exhibits an exceptional SCO behaviour featuring a
stable 105 K wide hysteresis loop (TSCO ≈ 307 K). More impor-
tantly, the supramolecular mechanism facilitating this large
over-stabilization of both HS and LS states has been elucidated
stemming from the steric effect induced by flipping of the
3MeO functional group between the bent and extended confor-
mations (“supramolecular latch”) and the changes that this
causes in the trigonal distortion of the [FeIIN6] octahedron of
adjacent complexes.8c

Given the interesting results obtained from this complex
and following the strategy of synthesising new neutral FeII SCO
complexes derived from new asymmetrically substituted large
planar ionogenic ligands, we have decided to systematically
investigate the influence of specific substituents as a way to
test the lability of the resulting crystal packings and their sus-
ceptibility to induce phase transitions and appealing coopera-
tive SCO phenomenologies.9 In this context, we report here on
the synthesis, crystal structures, magnetic, photomagnetic and
calorimetric properties of the system [FeII(ppt-2Fph)2]

0·nMeOH
(2F) where ppt-2Fph is the new ligand 2-(5-(2-fluorophenyl)-
4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl)pyridine.

Magnetic and photomagnetic properties

The magnetic properties of the methanolate (2F) and the des-
olvated complex (2Fdes) in the form of the product χMT versus
T, where χM is the molar magnetic susceptibility measured at
1 K min−1 and T is the temperature, are shown in Fig. 1. At
325 K, the χMT value of 2F is 3.40 cm3 K mol−1 and decreases
slightly down to 3.33 cm3 K mol−1 upon cooling to 290 K but
drops abruptly from this temperature down to 0.15 cm3 K
mol−1 at 267 K. Both extreme values are consistent with the HS
and LS state of the FeII ion, respectively. In the heating mode,
the χMT versus T profile does not match the cooling mode
defining a hysteresis ca. 8 K wide. The characteristic tempera-
tures, T#

c and T"
c of the cooperative spin transition calculated as

the maximum of the ∂(χMT )/∂T vs. T function are 285 K and
293 K (〈Tc〉 = 289 K), respectively. The desolvated form 2Fdes is
paramagnetic at all temperatures with an almost constant χMT
value of 3.40 cm3 K mol−1.

The photogeneration of the metastable HS* state from the
LS state, the so-called light induced excited spin state trapping
(LIESST) experiment,10 was performed at 10 K irradiating a
microcrystalline sample of 2F with green light (λ = 532 nm).
The sample undergoes quantitative (100%) LIESST effect with
χMT saturating to a value of ca. 2.80 cm3 K mol−1.
Subsequently, the light was switched off and the temperature
increased at a rate of 0.3 K min−1 inducing a gradual increase

in χMT reaching a maximum value of 3.36 cm3 K mol−1 in the
interval of 10–47 K. This increase in χMT reflects the thermal
population of different microstates originating from the zero-
field splitting of the HS* state. Above 47 K, χMT decreases
rapidly upon heating until it joins the SCO thermal curve at ca.
76 K, indicating that the metastable HS* state has relaxed back
to the stable LS state. The corresponding TLIESST temperatures,
evaluated as ∂(χMT )/∂T,11 is 73 K.

It was demonstrated that a linear correlation between the
SCO equilibrium temperature T1/2 and TLIESST generally holds
for different types of FeII complexes. In particular, for com-
plexes with tridentate ligands, the two physical quantities can
be related by the empirical formula: TLIESST = T0 − 0.3T1/2,
where T0 ≈ 150 K.12 The calculated value T0 = TLIESST + 0.3T1/2
for 2F is close to this, being equal to ca. 160 K.

Calorimetric properties

The thermal dependence of the excess heat capacity at con-
stant pressure, ΔCp, for 2F was monitored through differential
scanning calorimetric (DSC) measurements recorded at 10 K
min−1 (see Fig. 2). The average enthalpy ΔH and entropy vari-
ations ΔS (=ΔH/Tc) (being Tc the temperature at the maximum/
minimum of ΔCp vs. T plot) associated with the exo- and
endothermic peaks are, respectively, 15.8 kJ mol−1 and 56.0 J
K−1 mol−1. These ΔH and ΔS values are consistent with the
occurrence of a cooperative complete SCO.13 The Tav

c = (T#
c +

T"
c)/2 = 291 K obtained from DSC data agree reasonably well

with that, 289 K, obtained from magnetic measurements.
However, as expected, the hysteresis is ca. 7 K wider due to the
much larger temperature scan-rate usually employed for the
DSC measurements.

Fig. 1 Magnetic and photomagnetic properties of 2F. Blue and red tri-
angles correspond to the cooling and heating modes, respectively,
green triangles correspond to the irradiation at 10 K of the LS state
(LIESST effect). Magnetic properties of 2Fdes (grey open circles).
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Crystal structure

The single crystal structure of 2F was measured at 293 and
220 K in the HS and LS states, respectively. At both tempera-
tures, the crystal adopts the orthorhombic Pbcn space group.
Relevant crystallographic data are summarised in Table S1,†
and Table 1 collates the relevant bond lengths and angles con-
cerning the [FeIIN6] octahedral site. In the LS state the octa-
hedron is axially compressed with pyridine moiety bond
lengths Fe–N2 equal to 1.913(4) Å, while pyrazole Fe–N1 and
triazole Fe–N3 bonds are significantly larger (see Fig. 3a). The
average bond length 〈Fe–N〉av = 1.955 Å at 220 K is consistent
with the LS state observed from magnetic and calorimetric
data. At 293 K, the [FeIIN6] sites expand anisotropically becom-
ing much more distorted involving with 〈Fe–N〉av an increment
of 0.212 Å reaching a value characteristic, 2.167 Å, of the FeII

ion in the HS state. This volume expansion of coordination

polyhedron (VCP) is accompanied by noticeable reversible
changes in the internal Fe-pptr (Ni–Fe–Nj) bond angles invol-
ving the N1/N2, N1/N3 and N2/N3 atoms which decrease by
6.99°, 11.82° and 4.81° when moving to the HS state. Other sig-
nificant changes involve the Ni–Fe–Nj* angles defined between
the two equivalent ligands N2/N2* [−6° (HS)], N2/N3* [+8.75°
(HS)] and N3/N3* [+7.7° (HS)]. Indeed, the angular distortion
of the [FeN6] from the ideal octahedron, defined as the sum of

the angular deviation of the 12 cis angles Σ ¼ P12
1

θ � 90½ �
� �

, is

considerably larger in the HS, 146.8°, than in the LS state,
89.8°. The same is observed for the trigonal distortion value,

Θ ¼ P24
1

60� θij jð Þ, θi being the angle generated by superposi-

tion of two opposite faces of the octahedron, which increases
from 314.59° (LS) up to 492.77° (HS). The continuous shape
measure index14 in the two spin states, calculated for the octa-
hedral polyhedron geometry [CShM(Oh)], varies from 2.246 to
5.282.

The dihedral angle, α, between the average planes defined
by the pyrazole–pyridine–triazole rings of the two ligands is
85.96° in the LS state and due to a scissor-like movement
increases by ca. 2.0° when moving to the HS state.
Furthermore, in the HS state the F atom is disordered in two
positions characterized by 75 : 25 occupational probabilities
but this disorder disappears in the LS state.

The minimized overlay of the LS and HS molecules visualiz-
ing the difference of the molecular shape arising from the
above structural transformations is shown in Fig. 3b.

The crystal packing can be described as linear chains of
complexes running along b direction. In a chain, the com-
plexes are organised in such a way that the H2 atom of the two
pyrazole rings belonging to one complex, point towards the cen-
troids of the two 2-fluorobenzene rings belonging to the next
complex, being the separation between them 2.654 (LS)/2.950
(HS) Å. This supramolecular organisation defines wide square
windows and generates short contacts [d(C2–H2⋯C14) = 2.819
(LS) Å, d(C2–H2⋯C15) = 2.877 (LS)/2.805 (HS) Å and d(C2–
H2⋯C16) = 2.845 (HS) Å] between adjacent complexes, being
the separation between two consecutive Fe centres 10.401 (HS)/
10.705 (LS) Å (see Fig. 3d). It should be noted that the increase
of separation, along b direction, between the FeII centres in the
LS state is correlated with the decrease of the dihedral angle θ in
the LS. The chains stack along a separated by a/2 = 6.525 (HS)/
6.387 (LS) Å and are shifted along b half-way the distance
between two consecutive Fe centres (5.200 (HS)/5.352 (LS) Å)
defining supramolecular layers parallel to ab running along c.
Consequently, each complex belonging to a chain fits in the
hollow space generated by the square windows of the adjacent
chain, partially filling them. This fact determines the shortest
Fe⋯Fe separation within each layer (8.344 (HS)/8.334 (LS) Å).
Obviously, the shortest Fe⋯Fe separation between adjacent
layers, 12.629 (LS)/12.836 (HS) Å is markedly larger and conse-
quently no significant contacts are found between the corres-
ponding complexes.

Fig. 2 ΔCp vs. T plot for 2F in the cooling (blue) and heating (red)
modes.

Table 1 Fe–N bond lengths, angles and distortion indices of com-
pound 2F

LS (220 K) HS (293 K) Δ(HS − LS)

Bond lengths/Å
Fe–N1 1.974(4) 2.235(6) +0.261
Fe–N2 1.913(4) 2.136(6) +0.223
Fe–N3 1.978(5) 2.129(6) +0.151
〈Fe–N〉av 1.955 2.167 +0.212
Bond angles/°
N1–Fe–N2 79.67(18) 72.68(18) −6.99
N1–Fe–N3 159.64(18) 147.82(18) −11.82
N2–Fe–N3 79.98(18) 75.17(19) −4.81
N1–Fe–N1* 89.8(3) 88.9(3) −0.90
N2–Fe–N1* 95.84(19) 98.30(18) +2.46
N1–Fe–N3* 92.81(18) 94.4(2) +1.59
N2–Fe–N2* 173.7(3) 167.7(3) −6
N2–Fe–N3* 104.49(18) 113.24(19) +8.75
N3–Fe–N3* 91.8(3) 99.5(3) +7.7
VCP 9.62 Å3 12.413 Å3 +2.79 Å3

α 85.96 87.94 +1.98°
Σ 89.0 146.8 +57.8°
Θ 314.59 492.77 +178.18°
CShM(Oh) 2.25 5.28 +3.03
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The space within the layers is partially filled by the MeOH
molecules, which are located in two equivalent sites placed
between the two almost orthogonally oriented ligands of the
same complex (Fig. 4), and interact with them showing relatively
short contacts in the LS state with the F-phenyl [d(F⋯O) =
2.884 Å, d(F⋯C17) = 3.198 Å] and the pyridine [d(O⋯N2) =
3.237 Å, d(O⋯C4) = 3.102 Å] moieties. Furthermore, in the LS
state a strong hydrogen bond d(O–H⋯N6) = 2.829 Å, is formed
between the MeOH molecule and the triazole ring. Within each
layer, adjacent complexes belonging to two consecutive chains
show two short contacts, one involving the N5 atom of the tri-
azole moiety of one complex and the C1 atom of the pyrazole
ring of the adjacent molecule [d(N5⋯C1) = 3.263 Å]. The second
contact is mediated by the O atom of the MeOH [d(C3⋯O) =

3.190 Å]. Obviously, all these contacts are slightly larger in the
HS state than in the LS state (Fig. 4). Only the MeOH molecules
of one layer show a relatively short distance to the F-benzene
ring of the adjacent layer d(C15⋯C17) = 3.541 Å in the LS state.

As mentioned above, the F atom of the benzene ring is com-
pletely ordered in a unique position in the LS state, but in the
HS state occupies two positions, F1A (towards FeII) and F1B
(away from FeII) (Fig. 4), with occupation factors of 75% and
25%, respectively. The F1A and F atoms in the HS and LS
states are equivalent. Interestingly, for a given complex the F1B
site in the HS strongly interacts with the C1 atom of the pyra-
zole moiety of the adjacent complex, being the separation
d(F1B⋯C1) = 2.990 Å well below the sum of the corresponding
van der Waals radii.

Fig. 3 (a) Molecular structure of 2F with the atom numbering of the asymmetric unit; (b) minimized overlay, visualizing structural changes due to
the SCO between the LS (brown) and HS (orange) spin states of the molecule; (c) crystal packing showing two consecutive layers made up of the
stacking of supramolecular chains running along a; (d) supramolecular organisation of two consecutive complexes along b direction defining wide
square windows (see text). Bicolour rods indicate the short contacts (the short contact H2⋯C16 has been omitted for clarity).
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Upon desolvation, the compound becomes non-SCO due to
the changes in crystal packing, as can be seen from the com-
parison of the XRD patterns (Fig. S1†) and the derived cell
parameters (Table S2†). The new phase retains the ortho-
rhombic symmetry of the lattice, but the volume of the cell
decreases due to the loss of methanol molecules [Vcell(2F

des) =
3089.6 Å3 vs. Vcell(2F

293K) = 3401.5 Å3]. The cell parameter b,
which corresponds to the periodicity of the molecules in the
supramolecular chains discussed above, is the most affected,
decreasing by almost 2 Å due to the loss of methanol. This
indicates a strong scissor-like distortion of the molecule (i.e.,
an increase in the dihedral angle α beyond that observed for
the HS phase), justifying the trapping of the HS state of the
FeII ions down to low temperatures. The transition to the more
regular molecular geometry typical of the LS state appears to
be hindered by the reduced cell volume and less free space in
the lattice.

Energy framework analysis

Energy framework analysis is a convenient visual tool for
analysing the interaction energy within molecular crystal
structures and correlating with the SCO properties arising
from these structures.15 The method assumes the repre-
sentation of intermolecular interactions in the form of
cylindrical bonds between the centroids of neighbouring
molecules, the radius of the cylinder being proportional to
the value of the interaction energy, which takes into
account the contributions of electrostatic, polarisation, dis-
persion and exchange-repulsion interactions calculated by
quantum mechanical methods on the basis of a suitable
molecular wave functions. Although originally created to
understand the mechanical properties of crystals, energy

framework analysis has found its application in SCO research
as well.

First of all, the interaction energy of the two sublattices in
the HS state phase was analysed, corresponding to the two
conformations of the molecules, where the F-atom is oriented
towards or away from the FeII ion. Counterintuitively at first
sight, the intermolecular interaction energies are very close in
both cases, differing by up to 2.5 kJ mol−1 in favor of “away”
configuration (see Table S3†). In contrast, the binding energy
with methanol molecule reaches the energy difference of 5.2 kJ
mol−1 in favour of the “towards” geometry due the additional
bond F⋯H–O absent in the “away” configuration (see
Table S4†). In total, both bond energy gains and losses due to
the flipping phenyl moiety are close to cancelling each other
out. Presumably, the entropic factor drives the disorder of
sterically close fluorine and hydrogen atoms, which are weakly
constrained by low binding energy in the looser HS lattice
having more free space for rotation compared to the LS lattice.
It should also be noted that the above consideration of the sep-
arate pure sublattices is for discussion purposes only. The
“away” configuration has only 25% population and random
distribution in the lattice, i.e. per one “away” molecule there
are three “towards” molecules. For the sake of simplicity, only
the pure “towards” configuration of molecules will be con-
sidered further.

The Energy Difference Framework (EDF) analysis of the HS
and LS “towards” configuration lattices allows the mapping of
changes in interactions with the immediate neighbourhood,
taking into account the full set of intermolecular interactions.
This contrasts with the classical approach, which considers
only the strongest interaction below van der Waals radii. The
EDF enables identification of the molecule–molecule contacts

Fig. 4 Projection of two adjacent molecules of 2F in the LS (left) and HS state (right) belonging to two contiguous chains of the same layer.
Bicolour bars represent the shortest intermolecular contacts.
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that is the most affected on transformation and provides
insight into the pathways of the SCO cooperativity.8c,16 The
constructed EDF of 2F features a three-dimensional character,
with larger amplitudes of stabilising (negative) and destabilis-
ing (positive) of the intermolecular changes localised within
the supramolecular layers formed by stacking molecules
(Fig. 5a and Table S5†). The interactions between the layers
also have opposite sign but are weaker, which we attribute to
the larger distance between the molecules and the absence of
strongly interacting groups at the molecular periphery.

As the next step, we have plotted the EDF of only the supra-
molecular layer showing the strongest interactions and com-
pared to the same of the reported earlier 3MeO·∼1.4MeOH 8c

(Fig. 5b and c). While for 2F, which exhibits SCO hysteresis,
the interactions are opposite in sign and close to equilibrium
(−4.3 and +3.1 kJ mol−1), for 3MeO·∼1.4MeOH, which in non-
hysteretic, they are both stabilising across the SCO transition

region (−5.1 and −3.5 kJ mol−1). In this context, the simul-
taneous presence of significant stabilising and destabilising
lattice energy changes is attributed to more cooperative SCO
transitions, whereas smaller changes are associated with less
cooperative SCO transitions as it was demonstrated in reported
studies.16 Correspondingly, the hysteretic behaviour of 2F is
attributed to the presence of balanced energy changes (stabilis-
ing and destabilising), in contrast to 3MeO·∼1.4MeOH,
whose EDF consists mainly of the unbalanced stabilising
interactions.

Discussion and conclusions

Following our strategy of investigating new FeII SCO neutral
complexes based on asymmetrically substituted large planar
ionogenic ligands, here we have described the synthesis and
characterization of the second member of this series, com-
pound 2F. This complex is essentially isostructural with
3MeO·nMeOH previously reported,8c which only differ from
the substitution of the 2-fluorophenyl (2Fph) group by the
3-methoxyphenyl (3MeOph) group in the triazole ring of the
pyridine–pyrazole–triazole-based tridentate chelate ligand. The
MeOH molecules, similarly located in both compounds, inter-
act via hydrogen bonding with the triazole and pyridine rings
in both cases. However, the fact that the 2Fph and 3MeOph
moieties have opposite orientation (180°) with respect to each
other argues in favour of the fact that the number of inter-
molecular interactions between the MeOH molecule and the
ligands is larger for the F-derivative. More precisely, the 2Fph
group is orientated in such a way that the F-atom interacts
with the CH3OH molecule (d(F⋯O) = 2.884 Å (LS)) in contrast
to the methoxy derivative in which an equivalent interaction
cannot exist (see figure in Table S4†). These differences seem
to be reflected on the SCO behaviour which is much more
cooperative for the homologous fluoro-derivative than that of
the methoxy-derivative. Surprisingly, the partial loss of MeOH,
that leads to the formation of a solvate with ∼1.4 molecules of
MeOH, in the methoxy derivative stabilizes a different solvate
phase whose cooperative SCO behaviour (TSCO = 296 K) is
remarkably similar, but without hysteresis, to that of the
fluoro-derivative here reported. Indeed, the crystal structure of
this new solvate phase is closely related to that of the parent
one and that of the fluoro derivative. However, the complete
loss of the MeOH and an additional phase transition affords a
crystallographically different phase for the methoxy derivative
which exhibits a SCO with a 105 K wide hysteresis centred at
307 K. This fact strongly differs from the desolvated form of
the fluoro-derivative which is HS at all temperatures.

Coming back again to 2F, this compound illustrates an
interesting example of an order–disorder transition involving
the flipping between two possible opposite rotational orien-
tations of the 2-fluorophenyl ring. Indeed, in the LS state only
one orientation is observed and, as mentioned above, it is
involved in several intermolecular contacts with the CH3OH
molecule. However, in the HS state, 25% of these 2-fluorophe-

Fig. 5 (a) EDF of compound 2F, constructed using the values from the
Table S5,† column “ΔE(total)(LS − HS),” and superimposed on a fragment
of the LS phase crystal lattice. The red cylinders correspond to weaken-
ing interactions, the green cylinders to the strengthening interactions.
Tube size is scaled proportionally to the absolute value of the interaction
energy, cut-off is 0.5 kJ mol−1; (b) and (c) comparison of EDFs within
the supramolecular layer corresponding the compound 2F and 3MeO.
Tube size scale is the same in both figures.
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nyl groups turn 180° and adopt the opposite orientation,
which corresponds to that of the homologous methoxy deriva-
tive. This change eliminates the interaction of the F atom with
the CH3OH molecule and stabilises a contact with the C1–H1
atoms of the pyrazole ring [d(F1B⋯C1) = 2.990 Å and
d(F1B⋯H1) = 2.398 Å] of the neighbouring molecule belonging
to the same layer (Fig. 4).

The interplay between order–disorder and spin crossover
phenomena has been subject of attention since long ago. The
possible influence of order–disorder of the counterion in the
SCO of the complex [FeII(2-methyl-1,10-phenanthroline)3]
(ClO4)2 was first suggested from Mössbauer data.17 This fact
became more evident in a subsequent study of the complex
[FeII(2,2′-bi-2-imidazoline)3](ClO4)2,

18 and then later for cat-
ionic complexes of the [Fe(2,6-di(pyrazol-1-yl)pyridine)2]

2+

family.19

The influence of orientational order–disorder of solvents
included in the lattice on the SCO was also discussed quite
early for the complexes [FeII(2-picolylamine)3]Cl2·EtOH

20 and
[FeII(cis-1,2-bis(diphenylphosphino)ethylene)]X2·2S with S =
(CH3)2CO and X = Cl,21 and CHCl3 and X = Br.22 Particular
interest arouse from the two-step character of the SCO behav-
iour of the 2-picolylamine derivative for which detailed investi-
gations concluded that this singular behaviour is due to the
onset of an intermediate superstructure phase, coupled to two
successive order–disorder phase transitions.23 More recently
the occurrence of concerted order–disorder in both the anion
and solvents in the same SCO complex has also been
analyzed.24

Order–disorder phenomena originated in the ligands co-
ordinated to the FeII SCO centres was first discussed for [Fe
(DAPP)(abpt)](ClO4)2 [DAPP = [bis(3-aminopropyl)(2-pyridyl-
methyl)amine], abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-tri-
azole]. In this complex one methylene group is 50 : 50 dis-
ordered in the two possible positions of a half-boat confor-
mation in the HS state and becomes fully ordered in the LS
state.25 A similar observation was recently reported for some
complexes formulated [FeII(L)trans-(NCS)2] where L are tetra-
dentate ligands obtained by reaction of N-substituted 1,2,3-
triazolecarbaldehyde with 1,3-propanediamine or 2,2-
dimethyl-1,3-diaminopropane.16b In the complex cis-
[FeII(NCSe)2(DDE)2] with DDE = N2,N2,N4,N4-tetraethyl-N6,N6-di
(pyridin-2-yl)-1,3,5-triazine-2,4,6-triamine,26 a crystallographic
phase transition occurs induced by ordering of the dangling
ethyl moieties of the DDE ligand when the complex moves
from the HS to the LS state. Interestingly, order–disorder in
the butyl chains of the complex [Fe(n-Bu-im)3tren](PF6)2 ((n-
Bu-im)3(tren) = n-butylimidazoltris(2-ethylamino)amine) con-
trols the relaxation dynamics of the photo-induced HS state to
the LS state at low temperatures.27 It is important to remark
that in all these precedent examples, the aliphatic moieties of
the ligands are involved in the order–disorder transition. This
explains why aliphatic functionalization of SCO complexes is a
fruitful approach to explore the influence of conformational
changes on the SCO behaviour, even in absence of order–dis-
order events.28 Exception to the generalization given above is

the order–disorder concerted with SCO observed for the co-
ordinated dicyanamide anion in the {[Fe(bztpen)]2[μ-N(CN)2]}
(PF6)3·nH2O (bztpen = N-benzyl-N,N′,N′-tris(2-pyridylmethyl)
ethylenediamine) and {Fe(abpt)2[N(CN)2]2} (abpt = 4-amino-
3,5-bis(pyridin-2-yl)-1,2,4-triazole) dinuclear29 and mono-
nuclear30 SCO complexes, respectively. In this context, as far as
we are aware the results here reported describe the first
example of order–disorder transition involving the flipping of
an aromatic ring.

In conclusion, a new FeII complex based on an ionogenic
ligand is described which generates a moderate ligand field
favouring a SCO transition near room temperature and a rela-
tively high LIESST relaxation temperature. The energy frame-
work analysis highlights the importance of stabilizing and de-
stabilizing interactions in achieving cooperative transition and
hysteresis. An additional factor promoting cooperativity may
be the rotational order–disorder transition involving the flip-
ping of the 2-fluorophenyl ring in the aromatic ligand, which
adds a novel dimension to the study of SCO materials. The
results presented here provide a basis for future exploration of
similar asymmetrically substituted ligands and their impact
on the properties of FeII SCO complexes. This knowledge is
crucial for advancing the design and development of mole-
cular materials with enhanced switchable properties for tech-
nological applications.

Experimental
Materials

All chemicals were purchased from commercial suppliers and
used without further purification (Merck).

Synthesis of ligand

The ligand ppt-2Fph was synthesised by the Suzuki cross-coup-
ling reaction from the commercially available precursors
according to the previously reported method.8c

Synthesis of complexes

2F ([Fe(ppt-2Fph)]0·2MeOH) was produced by layering in stan-
dard test tube. The layering sequence was as follows: the
bottom layer contains a solution of [Fe(ppt-2Fph)](BF4)2 pre-
pared by dissolving ppt-2Fph (100 mg, 0.314 mmol) and Fe
(BF4)2·6H2O (55 mg, 0.163 mmol) in boiling acetone, to which
chloroform (5 ml) was then added. The middle layer was a
methanol–chloroform mixture (1 : 10) (10 ml) which was
covered by a layer of methanol (10 ml), to which 100 µl of NEt3
was added dropwise. The tube was sealed, and yellow plate-like
single crystals appeared in 2 weeks (yield ca. 60%). Elemental
analysis calcd for C34H28F2FeN12O2: C, 55.90; H, 3.86; N, 23.01.
Found: C, 55.81; H, 3.77; N, 23.13.

2Fdes [Fe(ppt-2Fph)]0 was prepared by a short heating 2F up
to 400 K or by leaving the crystalline 2F in air for 30 minutes.
Elemental analysis calcd for C32H20F2FeN12: C, 57.67; H, 3.02;
N, 25.22. Found: C, 57.55; H, 3.12; N, 25.17.
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Physical characterization

Variable-temperature magnetic susceptibility data (15–20 mg)
were recorded on a sample consisting of single crystals at a
rate of 1 K min−1 between 10–400 K using a Quantum Design
MPMS2 SQUID susceptometer operating at 1 T magnet. The
LIESST experiments were performed at 10 K in a commercial
sample holder (Quantum Design Fiber Optic Sample Holder),
wherein a quartz bucket containing ca. 1 mg of a sample was
held against the end of a quartz fiber coupled with a red laser
(633 nm, 15 mW cm−1). After reaching the saturation of sus-
ceptibility, the sample was heated up at the rate 0.3 K min−1.
The raw data were corrected for a diamagnetic background
arising from the sample holder. The resulting magnetic signal
was calibrated by scaling to match values with those of bulk
sample. Differential scanning calorimetric (DSC) measure-
ments were performed on a sample consisting of single crys-
tals on a Mettler Toledo TGA/SDTA 821e under a nitrogen
atmosphere with a rate of 10 K min−1. The raw data were ana-
lyzed with the Netzsch Proteus software with an overall accu-
racy of 0.2 K in the temperature and 2% in the heat flow.
Elemental CHN analysis was performed after combustion at
850 °C using IR detection and gravimetry by means of a
PerkinElmer 2400 series II device. Single crystal X-ray diffrac-
tion data of 2F were collected on a Nonius Kappa-CCD single
crystal diffractometer using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å). A multi-scan absorption correction
was performed. The structures were solved by direct methods
using SHELXS-2014 and refined by full-matrix least squares on
F2 using SHELXL-2014.31 Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in calculated
positions refined using idealized geometries (riding model)
and assigned fixed isotropic displacement parameters. CCDC
files, 2330746 and 2330747† contain the supplementary crys-
tallographic data for this paper. Powder X-ray diffraction
measurements were performed on a PANalytical Empyrean
X-ray powder diffractometer (monochromatic Cu Kα radiation)
equipped with a PIXcel detector operating at 40 mA and 45 kV.
XRD data for 2Fdes were collected in the 5–40° (2θ) angular
range with a step size of 0.013° and using a 0.5 mm glass capil-
lary and soller slits of 0.02° and a divergence slit of 1/4°.
Energy framework analysis calculation were performed by
using CrystalExplorer21.15b Electrostatic potential and inter-
molecular interaction energies, which were partitioned into
electrostatic, polarization, dispersion and repulsion energy
components, were calculated based on the B3LYP/6-31G(d,p)
wave functions that were obtained by using the structural data
from the corresponding CIF files. The obtained interaction
energies were further utilized to map the network of energy
frameworks across different pairs.
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