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The atypical hysteresis of [Fe(CeFsTp)2]: Overlay of spin-
crossovers and symmetry-breaking phase transition.

Amina Benchohra,@ Yanling Li,[ Lise-Marie Chamoreau,® Benoit Baptiste,! Erik Elkaim!c]
Nathalie Guillou!®™ David Kreher,[@* Rodrigue Lescouézecl@*

Abstract. The [Fe"(CsFsTp),] spin-crossover complex is an atypical
molecular switch, which can be converted upon annealing between
two archetypal spin-crossover behaviours: from an extremely gradual
spin-crossover to a broad hysteretic spin-transition (of ca. 65 K). The
hysteresis shows an uncommon “rounded shape” that is reproducible
upon cycling temperature. In depth structural studies reveal a first
crystal phase transition, which occurs upon melting and recrystallizing
at high temperature. This first irreversible transition is associated with
a radical change in the crystal packing. More importantly, the
“rounded and broad” hysteretic transition is shown to occurs in a non-
cooperative SCO system and is associated with the occurrence of a
symmetry-breaking phase transition that appears when roughly ca.
50% of the SCO complexes are switched.

Spin-crossover (SCO) complexes represent a prominent class of
molecular switches, which can be reversibly converted between
two distinct electronic configurations, a high-spin (HS) state and
a low-spin (LS) state, by various stimuli such as light, temperature,
pressure, electric and magnetic fields.”! This spin-state change
can lead to drastic changes in the magnetic, optical, dielectric or
mechanical properties, making these SCO complexes very
interesting for the design of advanced materials.>% The spin-
state switching is also attractive for the development of molecule-
based electronic or spintronic devices.[>% In this context, light,
neutral and sublimable Fe(ll) SCO complexes are particularly
investigated because they can be easily deposited onto surfaces
through high-vacuum evaporation techniques.*-%% In the solid-
state, the spin crossover phenomenon can manifest itself in
different manners depending on the interaction between the
neighboring SCO units. It can be gradual when there is no (or
weak) intermolecular coupling or abrupt, when efficient elastic
interactions between SCO centers lead to cooperative Spin
Transitions (ST).* For strongly cooperative systems hysteresis
can occur. These transitions are of particular interest for
information storage or sensing applications.*>%1 A possible
synthetic strategy to increase the cooperativity consists in linking
SCO centers through rigid bridging ligands or inorganic
connectors.["1517 Alternatively one can rely on supramolecular
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interactions (such as H-bondings) and electrostatic interactions
that can be responsible for the large hysteresis observed in some
monometallic species.[*8-2% |t should be noted that hysteresis can
be associated with a symmetry-breaking structural phase
transition (SPT). It is believed that local distortion during the spin-
state change promotes displacement or motions in the SCO
complexes. These motions would then propagate via
intermolecular interactions through the crystal lattice giving rise to
the concomitant structural phase transition. However, one cannot
exclude that structural phase transition may also trigger the abrupt
spin-transition.” In all cases, the supramolecular framework and
the topology of the crystal packing are recognized to play a major
role in the ST shape. The studies on polymorphs offer a unique
way to enlighten the impact of the crystal packing on the transition
profile.?223 The significant impact of polymorphism on SCO
properties was mainly highlighted with polymorphs achieved by
solution-mediated phase transitions (obtained from regular bench
conditions).?4 In contrast, polymorph examples resulting from
thermally initiated phase transformations are scarce. For example,
recent reinvestigations of old SCO materials showed that an
annealing could lead to new phases. Salmon et al. who
reexamined the [Fe'(Tp);] (Tp = hydrotris(pyrazolyl)borate) SCO
properties, demonstrated that by heating the sample near its
sublimation temperature it was possible to irreversibly transform
a tetragonal polymorph (a kinetic phase) into a monoclinic one (a
thermodynamic phase).?® In that case, the conversion leads to a
shift of the transition temperature and a moderate change of the
SCO profile, where both phases | show a gradual transition with
no hysteresis. A similar phenomenon was later observed for the
related [Fe'(Tp"),] complex.?® In this context, we decided to
conduct high-temperature investigations of the neutral
[Fe'(CsFsTp)2] SCO complex (CeFsTp = pentafluorophenyl
tris(pyrazol-1-yl)borate ligand). Herein, we detail the surprising
effect of a high temperature treatment on [Fe'"(CsFsTp)2] crystals:
a radical change in the crystal packing that is accompanied by an
unprecedented changeover of the SCO properties, from a very
gradual spin-equilibrium to one of the broadest hysteretic
transition found in monometallic SCO complexes. Moreover,
further in-depth single crystal and powder diffraction studies
revealed the origins of the unprecedented “gradual and rounded”
hysteresis loop observed after thermal treatment.

The synthesis of the [Fe"(CsFsTp)2] complex was first reported
by Wagner et al. together with its X-ray structure obtained from
crystals grown at room temperature. However, the magnetic
properties of this triclinic phase (noted phase 1) were not
investigated.?”) We will first describe the magnetic properties of
phase 1 (kinetic phase) and then those of the new phase
obtained after thermal treatment: the phase 2 (thermodynamic
phase) that otherwise undergoes a reversible structural phase
transition between 2-LT and 2-HT. The ymT versus T curve of 1
(xwm is the molar magnetic susceptibility) is shown in figure 1. The
xvT measured at 300 K, ca. 0.06 cm® mol? K, indicates the
occurrence of a low-spin Fe(ll) state (S = 0). This agrees with



the crystal data obtained at the same temperature (table 1), that
show, metal-ligand distances typical of low-spin Fe(ll) (as
observed in [Fe'(Tp),]) for the two Fe crystal sites that are present
in phase 1.5 Upon heating, the xmT product increases over a
remarkably broad temperature range (ca. 200 K), reaching 3.56
cm® mol* K at 500 K. This value agrees with that expected for a
complete spin-crossover, the expected ymT being ca. 3.6 cm® mol
1K (S =2, g =2.2). The gradual conversion is also coherent with
the absence of significant supramolecular interactions in 1. The
weak CH-1 and CFTr interactions observed are detailed in the
supporting information (Sl). In order to better understand the
broad SCO curve, the crystal structure was recorded at 430 K, a
temperature corresponding approximately to the half spin-state
conversion. Interestingly, the structural data show that the two
crystallographic sites, Fel and Fe2, exhibit different spin states,
with metal-ligand distances and distortion values that are typical
of low-spin and high-spin environment, respectively.®! As
previously reported for similar bis-scorpionate Fe(ll) complexes,
the spin-state change is also reflected in the FeN-NB and FeN-
NC torsion angles, which typically show larger distortion in the HS
state (table 1).?228 In summary, the overall spin-crossover in
phase 1 is better described as two consecutive gradual spin-
crossovers. The spin-crossover which occurs at lower
temperature on the site 1 in comparison to the site 2, might be
corelated to a weaker ligand field induced by a higher distortion
as reflected by the distortion parameter, X, measured at 300 K
(tablel).
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Figure 1. (top) Perspective view of the crystal packing in the phases
crystallized at room temperature and high temperature (bottom).
The CCDC numbers can be found in the Supporting Information.
Magnetic properties of both materials, before heating up to 500 K
(blue) and after melting and recrystallizing in the magnetometer
(orange).

A closer look at the xmT vs T curve of phase 1 reveals an anomaly
at high temperature, namely a sudden increase from 3.10 to 3.56
cm® mol! K between 495 and 500 K. This change is associated
with the melting of phase 1, which was detected at ca. 493 K at
ambient pressure. It is worth noting that the FT-IR and NMR
solution spectra of the sample heated to 500 K (in the

magnetometer or in the DSC apparatus) are identical to those of
the fresh material (Sl). Therefore, the change in the magnetic
behavior is not associated with a chemical reaction but with a
phase transition as confirmed by the structural study (see below).
The heating up to 500 K induces an irreversible change in the
magnetic behavior: the new phase (phase 2) exhibits a transition
with a pronounced sigmoidal shape and displays a reversible and
remarkably broad and rounded hysteresis loop of 65 K width at
the widest points (at scan rate of 2 K/min). The profile of the spin
transition is very uncommon. For both heating or cooling ramp, it
could be described as a gradual SCO behaviour, which seems to
be accelerated from threshold temperatures. These threshold
temperatures roughly correspond to temperature at which half of
the complexes have undergone a spin-state change. In fact, the
examination of the d(ymT)/dT curve (see Sl) shows two maxima
upon each thermal ramp, reflecting spin-conversion
discontinuities. For instance, upon the second heating ramp, a
first inflection point is measured at T= 461 K and a second one at
T=472 K. The height and the broadness of the hysteresis slightly
vary with the experimental conditions (see Sl) but it is always
reproducible and it only appears after heating up to 500 K.
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Figure 2. Perspective view of phase 2-LT phase along the c (top)
and the b (bottom) axes.

In order to shed light on the unusual behavior of the [Fe"(CsF5Tp)2]
complex, various single-crystal and powder X-ray diffraction
experiments were carried out. First of all, we measured several
crystals of the phase 1 upon heating. As mentioned above, a
crystal structure of the phase 1 was obtained at 430 K. Beyond
this temperature, the quality of the crystal data decreases and
measurements above 490 K showed that the colorless crystals (in
the high-spin state) shrink and melt. Therefore, we could not follow
the phase transition in-situ. Nonetheless, we managed to study
single crystals of the new phase obtained after the melting of



phase 1 and recrystallization. Despite their poor crystallinity, a
satisfactory structural model was obtained through XRD analysis
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diffraction patterns recorded in the 298-503 K range are depicted
in Figure 3. First, the data obtained at room temperature display

using synchrotron radiation (SI). The structure of this new phase
was measured at low-temperature (100 K) and is noted from now
2-LT. Two observations can be made on its crystal structure.
Firstly, the approximate Fe-N distances (1.97 A) and the distortion
of the coordination sphere (£ = 28.5°) measured at low
temperature agrees with a low-spin state, coherently with the
magnetic measurements. Secondly, the supramolecular
arrangement of the complexes in the 2-LT crystal structure is
completely reorganized in comparison with that of 1 (Figure 1).

Table 1. Selected Structural Data of phase 1

T/K Fe-N T (Fe) | FeN-NB  FeN-NC
(Range) (average value)

Fel Fe2 FeliFe2 |Fel{Fe2| Fel | Fe2

300 | 1.952(3) i 1.966(3) (22.0i28.2| 2.8 { 2.6 |{170.3:168.2
1.981(3) i 2.001(3)

430 | 1.967(4) | 2.080(4) {28.9i56.6| 3.6 { 5.6 |{169.4:165.3
1.997(4) i 2.131(4)

490 | 1.99(1) i 2.106(9) (38.0i72.6| 4.8 { 7.9 |168.3:164.0
2.057(9) i 2.14(1)

Angles (°) Distance (A); = : sum of the deviation of the twelve pseudo-
orthogonal angles of the Fe coordination sphere.

Views along b and c axes show an alternation of layers of
{Fe'(Tp),} core complexes and pentafluorophenyl groups (Figure
2). A close examination of the crystal packing did not reveal a
significant enhancement of supramolecular interactions (see
details in Sl). Only very weak C-F-H, C-H-m and C-F-m
interactions?! are observed, with distances that are similar or
even longer than those measured in phase 1. From these
observations, we can conclude that the observed hysteresis does
not arise from a strong cooperativity that would be mediated by
the supramolecular interaction. Besides this experiment, several
attempts were made to follow structural changes of this new phase
by SC-XRD. However, the crystalline quality decreased upon
heating preventing a reliable collection of data.

In order to overcome this problem, we then carried out powder X-
ray diffraction experiments on the sample recovered from DSC
measurement after heating up 1 to 500 K. Satisfactory diffraction
data were obtained by using synchrotron radiation. The powder
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Figure 3. [Fe"(CsFsTp)2] (phase 2, obtained from melting of phase 1) (a) Thermal evolution of diffractograms in the 298 - 503 K range (4 = 0.57039 A); (b)

zoom in the 2@ range 4.8 - 8.15 ° is shown in inset; (c) Temperature dependence of the unit cell volume of the 2-LT phase in the range 298 - 473 K.

sharp peaks, which match well with those calculated from the
crystal structure of 2-LT phase. Then, in order to understand its
thermal behavior, Rietveld refinements of all the powder patterns
recorded up to 503 K were carried out. The model of 2-L T phase
determined from single crystal data was used as a starting point,
treating the organic ligand as rigid body (see Sl). Upon heating up
to 383 K, the peaks remain thin and undergo some small shifts
toward lower 26 values, which is characteristic for thermal
expansion (inset Fig.3). From 393 K, the unit cell parameters show
a different evolution, not simply due to the thermal effect but
coherent with the occurrence of a gradual SCO (see Sl), as seen
in the ymT vs T curve. Although the standard deviations on the Fe-
N distances are quite high, it seems that the average Fe-N
distances tend to increase, which is also consistent with a spin-
state change from LS Fe(ll) to HS Fe(ll) (SI). Then, nearby 473 K,
the occurrence of a structural phase transition is evidenced (insert
Fig.3, details in Sl). This is revealed by the appearance of new
peaks on the powder patterns, whose intensity increases with
rising temperature, while a decrease of the peaks ascribed to the
2-LT phase is concomitantly observed. The conversion from 2-LT
to the high-temperature phase, 2-HT, is not complete at 503 K, as
peaks of both phases coexist. Since the compound starts
decomposing at higher temperature, it was not possible to obtain
a pure 2-HT phase by further heating. Nevertheless, indexing of
the 2-HT phase was made possible by excluding the diffraction
peaks attributed to the 2-L T phase, which have been identified by
a careful analysis of the thermal dependence of 2-LT unit cell
parameters above 473 K. This analysis allows converging to an
orthorhombic unit cell (space group Pbca), with a doubling of the
a parameter compared to the monoclinic 2-LT one (and a doubling
of the unit cell volume). The structural determination of the 2-HT
phase was then undertaken by using the simulated annealing
approach, considering (Ce¢FsTp) as a rigid body, the scattering
contribution of the 2-LT phase being calculated together by the
Rietveld method analysis. In the 473-503 K range, structural
models of both phases were refined. The final Rietveld plots
correspond to satisfactory model indicators and profile factors
(see Sl). The quantitative analysis deduced from the Rietveld
refinements led to the following 2-LT/2-HT ratios (%): 93(2)/7(2)



at 473 K, 74(2)/26(2) at 483 K, 46(2)/54(2) at 493 K and finally,
29(1)/71(1) at 503 K. The conversion from 2-LT (P2i/c) to 2-HT
(Pbca) is associated with a slight rotation of the FsCs groups,
together with an increase of the intermolecular Fe-Fe distances as
a likely effect of the Fe-N lengthening. In summary, the powder X-
ray study supports the occurrence of a gradual nature of the spin
conversion in the 2-LT phase, as observed by magnetometry
below 470 K. Above that temperature, the material undergoes a
phase transition to the higher symmetry 2-HT phase. This phase
transition is reflected in the magnetic curve by the sudden
increase of the xmT product near 473 K. The 2-HT phase also
shows a gradual spin-crossover and converts back to the 2-LT
near 410 K, which leads to the very unusual “round-shaped”
hysteresis. The calorimetry experiments are fully consistent with
the observations made in magnetometry and crystallography. The
differential scanning calorimetry (DSC) measurements performed
on crystalline samples (2K/min) of phase 1 do not show
endothermic peaks during the first heating ramp from 300 to 497
K (see SI). This agrees with the occurrence of a large gradual
spin-crossover. A series of sharp endothermic peaks associated
with the fusion of the crystallites (also observed during the XRD
experiments) is then observed above 496 K. Similarly to the
magnetic measurements, a new behavior is observed after
heating to 500 K. Exothermic and endothermic signals are
observed at 405 and 468 K, respectively. These temperatures
match well with those corresponding to the sudden changes in the
XmT curves in phase 2 (in other words 2-HT/2-LT) (see d(xwmT)/dT
curve, Sl) and support the occurrence of abrupt phase transition
between 2-HT and 2-LT.

In conclusion, we showed that [Fe'(CsFsTp)] SCO complex
undergoes a first crystalline phase transition after a high-
temperature melting and recrystallization from phase 1 to
phase 2-HT. This irreversible transition leads to a profound
reorganization of the crystal packing and a radical change in the
SCO profile: from an extended spin-equilibrium to a broad and
‘rounded’ hysteresis. Despite this change, the spin-state change
remains essentially non-cooperative, in agreement with the
absence of significant intermolecular interactions. In fact, we
demonstrated that the hysteresis opening results from a second
reversible abrupt structural transition occurring between two
phases which both show gradual spin transition at different
temperatures. The structural phase transition is accompanied by
a more abrupt spin-state change and it occurs when roughly over
50% of the SCO complexes underwent the gradual spin-state
change. Upon cooling, the process seems perfectly symmetrical.
Overall, these observations suggest that the molecular volume
change that accompanied the gradual spin-state change would
trigger the abrupt structural phase change once a threshold spin-
conversion ratio is achieved. To our knowledge such interplay
between gradual SCO and a symmetry-breaking transition is
rare.?% The present phenomenon contrasts with the much well
known “rectangle-like” hysteretic spin-transitions, generally
associated to strong cooperativity, where both structural changes
and spin-state change occur concomitantly in a sharp
temperature range. Overall, this result provides a new example of
the wealth and complexity of the spin-crossover behaviors.
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A rounded switch: The [Fe"(CsFsTp)2] complex is converted through melting from a
crystal phase showing a very gradual spin-crossover to another one showing a broad
hysteretic spin-transition. The uncommon “rounded” hysteresis occurs in a non-
cooperative SCO system. It is due to a symmetry-breaking phase transition that is
triggered when roughly ca. 50% of the SCO complexes are switched.
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