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Spin transition and symmetry-breaking in new
mononuclear Fe" tren-complexes with up to
38 K hysteresis around room temperaturet

Maksym Seredyuk}® *** Kateryna Znovjyak,*® Francisco Javier Valverde-Mufioz,

M. Carmen Muioz, ©lgor O. Fritsky,

Jose A. Real *a

i Volodymyr M. Amirkhanov® and

The structurally simple complex {Fe'[tren(6F-py):]}(BF.). [tren(6F-py); = tris(3-aza-4-(6-fluoro-2-
pyridyl)-3-butenyl)amine] undergoes an abrupt spin transition (ST) with the critical temperature T#,_, =

243 Kon cooling and T, _, = 281 K on heating, with a 38 K wide hysteresis, while the ClO. congener
shows ST spanning the room temperature region at T, = 267 K and T',_, = 295 K with a 28 K wide hyster-
esis. Calorimetric data confirm the occurrence of a highly energetic ST process, while multi-temperature
single crystal X-ray structural studies identify a concerted symmetry-breaking P2,/n < P2,/c as the origin
of the rare strong cooperativity and the large hysteresis loop. The analysis of the experimental data dis-
closes two distinct interdependent events, namely, the combination of a gradual ST and an induced crys-
tallographic phase transition, which endows the material with strong bistability and makes it an excellent
platform for investigating new generations of ST based electronic and spintronic devices.

Introduction

The study of responsive materials is an active research area
having prospects for future and emerging technologies.! One
of the well-known types of switchable molecular materials are
pseudo-octahedral Fell spin transition (ST) complexes, reversi-
bly changing between the low-spin (LS) and high-spin (HS)
electronic states by the action of physicochemical stimuli
(temperature, pressure, light, chemical substrates, efc.) result-
ing in detectable and reversible variation of magnetic, spectral,
electric, and dielectric properties, efc.2 In view of the potential
exploitation in technical devices as sensors,14.3 memory
elements,* and micro- and nano-electro-mechanicals and
energy harvesting systems® much effort has been made
towards understanding the structure-function relationship for
the purposeful tailoring of the ST characteristics and, particu-
larly, achieving the most required hysteretic behaviour (or
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memory function).2¢7 Application in real-life technical devices
operating under ambient conditions, aside from the synthetic
accessibility and chemical stability of materials, lays down con-
straints towards the hysteresis loop itself, which should be
within the room temperature domain and resistant to cycling.8
Also, from the viewpoint of possible technical exploitation,
mononuclear ST complexes seem to be better suited since a
number of techniques are available for relatively easy processa-
bility on micro-, nano- and single molecule-scales or in the
form of films.9

In this regard, the desired hysteretic behaviour is a function
of the adapted lattice packing and realized interactions
between the ST molecules!0 that are reflected in polymeric!!
and supramolecular approaches to developing hysteretic ST
materials.!2 Structure modifications due to polymorphism,10
isomerisation!3 or phase transitions!4 are among the factors
substantially affecting the ST parameters and cooperativity. In
this respect, considerable internal lattice reorganization
associated with the disorder of the lattice components simul-
taneously with ST has been recognized as an influential factor
of hysteretic behaviour.1!5

Under certain circumstances, the changes accompanying
the structure transformation lead to a change in the symmetry
of the crystal lattice.16 The symmetry-breaking event support-
ing ST is an unusual and unpredictable effect that requires a
comprehensive approach to study, including high-quality
structural data in both spin states. Only two fully structurally
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characterized complexes are currently known, namely
[Fe(PM-PEA)2(NCSe)2]17 and [Fe(Cio-pbh)2]i8 (Fig. 1), for which
symmetry-breaking underlies highly cooperative ST with a
huge hysteresis loop. In the case of [Fe(PM-PEA)2(NCSe)2], the
ST with the hysteresis loop width ATh = 41 K is concomitant
with the change in the topology of intermolecular contacts and
symmetry-breaking between orthorhombic Pccn (LS) and
monoclinic P21/c (HS) space groups. Similar crucial changes of
the short contacts are observed for [Fell(Ci0-pbh)2]|, which
shows the ST transition of half of Fell ions with T#7, = 268/
303 K, ATn = 35 K, along with the symmetry-breaking between
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Fig. T Mononuclear complexes with a large ST hysteresis due to sym-
metry-breaking.
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monoclinic P21/n (LS) and orthorhombic P212:12 (LS-HS) space
groups.

As a result of our systematic work on tren-based Fell ST

complexes9415/k19 we have serendipitously discovered new
structurally simple and easily synthetically accessible com-
plexes 1-BF4 and 1-ClO4 with the formula {Fell[tren(6F-py)s]}
(BF4/ClO4)2 (tren(6F-py)s = tris(3-aza-4-(6-fluoro-2-pyridyl)-3-
butenyl)amine) (Fig. 1) showing huge asymmetric ST hysteresis
loops near room temperature. A detailed structural study
revealed that symmetry-breaking with a change in the unit cell
size accompanies the ST. The singular profile of this hysteresis
behaviour was analysed using a model based on Landau
theory of phase transitions. The modelling reveals two syn-
chronized superimposed events, namely, a discontinuous crys-
tallographic phase transition, which interrupts the inherent
gradual ST and shapes an asymmetric ST hysteresis loop.

Results

The title complexes were prepared by adding a solution of
Fe(BF4)2:6H20 or Fe(ClO4)2-nH20 to the Schiff base obtained
by condensation of 6-fluoropyridine aldehyde with tren (=tris
(2-aminoethyl)amine) in absolute EtOH resulting in precipi-
tation of black oily products. After standing for two weeks
under the mother liquor, the oils completely transform into
dark crystals of the respective complexes (see the ESIt).

The ST properties of the compounds were monitored
through the thermal dependence of the xuT product recorded
at 1 K min-! (xu is the molar magnetic susceptibility and T is
the temperature). In the low temperature region, the xuT value
of 1-BF4 corresponds to the LS state of the compound (xmT =
0) (Fig. 2a). On heating, the susceptibility value gradually
increases up to the value xuT = 0.68 cm3 K mol-! at 273 K,
corresponding to the fraction of HS complex molecules yus =
20%. On further heating an abrupt ST occurs, and the suscep-
tibility increases up to a value 3.16 cm3 K mol-1 (T, , =281 K).
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Fig. 2 Plot xuT vs. T overlaid with ACp curves for 1-BF, (a) and 1-ClO. (b). The inset shows the Mdssbauer spectra of 1-BF. at the indicated

temperature.



The susceptibility continues to slowly increase up to 3.40 cm3
K mol-! on heating up to 400 K. Upon cooling, xuT shows a
gradual decrease reaching a value ca. 3.00 cm3 K mol-! at
250 K, and below this temperature abruptly drops to a value
close to zero (T%,_, = 243 K). The shaped asymmetric hysteresis
loop with a width ATn = 38 K is moderately sensitive to the
scan rate (Fig. S11) and repeatable over successive thermal
cycling without detriment but with a slight broadening
(Fig. S21).

For the isomorphous congener compound 1-ClO4 (see a
comparison of XRD profiles in Fig. S31), the ST is character-
ized by T%_, = 267 and T",_, = 295 K with the hysteresis ATh =
28 K overlaying with the room temperature domain
(283-303 K) (Fig. 2b). The change in the slope upon heating
occurs at 290 K at yus = 0.3. Opposite to 1-BF4, the transition
has a gradual character after the abrupt drop of the suscepti-
bility on cooling. Overlaying the hysteresis loops of both com-
pounds shows their close coincidence in the high- and low-
temperature ranges, while the difference arises from the posi-
tion of the hysteresis loops (Fig. S4t).

The observed upward shift of the ST curve when replacing
BF4- with ClO4~ suggests a stronger bonding/additional
chemical pressure in 1-ClO4 as a result of the increasing
volume of the anion (ClO4- is 24% larger by volume than
BF4~ (ref. 20)). To support this hypothesis, we have investi-
gated the effect of a small applied hydrostatic pressure on the
ST behaviour of 1-BF4. Already at a pressure of 0.42 kbar the
hysteresis loop is shifted by 40 K up in temperature (1?:’; =
280/322 K) and becomes more asymmetric with a larger contri-
bution of the gradual part and the slope changes to almost ver-
tical at yus = 30% (Fig. 3). Also, the high temperature part of
the curve becomes shifted down, reflecting the lowering of the
spin conversion at high temperature due to the pressure effect.

The slightly asymmetric resonance signal in the Mssbauer
spectrum of 1-BF4 at 80 K was deconvolved with two LS doub-
lets having different isomer shifts and quadrupole splitting
values (6L51/152 = 0.38(2)/0.44(2) mm s-! and AE;SIELS2 =
0.32(2)/0.35(1) mm s-1) with the relative areas A in a ratio of
49(1): 51(1) (Fig. 2a, inset). Evidently, the doublets correspond
to two non-equivalent LS Fell sites with slightly different geo-
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Fig. 3 Plot xuT vs. T for 1-BF; under applied pressure.

metric distortion of the coordination polyhedra. The best fit of
the spectrum at 300 K gives a single HS doublet (6HS = 0.96(1)
mm s-1, AERS = 1.80(2) mm s-1) and a single LS doublet (8% =
0.17(2) mm s-1, AES = 0.47(2) mm s-!) in a ratio of
86(3) : 14(3), which correlates with the incomplete ST
transition at this temperature. On the other hand, the dis-
appearance of the non-equivalency of Fell sites in the same
spin state and changing isomer shift and quadrupole splitting
values of the partially preserved LS site suggest a phase
transition in the course of the ST (see below).

The asymmetry of the hysteresis loops was addressed by a
reversal curve (RC) study, a method allowing monitoring the
development of cooperative interactions in the solid state.2!
We chose 1-ClO4 as a model due to the higher asymmetry of
the hysteresis loop compared to 1-BF4. In the heating mode,
independent of the reversal temperature and at any yus value,
the RCs have a shape close to a rectangle that corresponds to
the cooperative ST LS — HS (Fig. 4). However, upon cooling,
the hysteretic behaviour is observed only above the reversal
temperature 290 K, yus = 0.3, while below it, the RCs are
gradual and non-hysteretic. This threshold temperature corres-
ponds to the point where the ascending curve becomes almost
vertical (see Fig. 2 or 4). As mentioned above, for 1-BF4 this
point lays at a lower 273 K, yus = 0.2.

Photogeneration of the metastable HS* state at low temp-
erature, the so-called light induced excited spin state trapping
(LIESST) experiment,22 was carried out at 10 K by irradiating a
microcrystalline sample of 1-BF4 with red light (A = 633 nm)
for 5 h. Under these conditions the conversion to the HS* state
is completed as follows from the attained xuT = 3.30 cm3 K
mol-! upon saturation, whereas on heating at 0.3 K min-! the
compound relaxes back to the LS state with T (LIESST) = 12.2 K
(Fig. S5t). This very low T (LIESST) value suggests a high Ti/2
value of the ST (see Discussion).

The heat capacity trace of 1-BF4 at 5 K min-! has a peak at
279 K on heating and a peak at 244 K on cooling (Fig. 2a).”
The average enthalpy and entropy values are 13.7 kJ mol-!
and 53.0 J K-! mol-!, respectively, and are characteristic
of the cooperative Fell systems. The entropy value is signifi-
cantly higher than expected from electronic considerations
(spin degeneracy only: A1 — 5T2g transition, RIn(5) =
13.4 J K-!

mol-1). The remaining entropy variation
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Fig. 4 Reversal curves for 1-ClO, upon heating (a) and cooling (b) at
2 K min~'. The complete hysteresis loop at 2 K min—' is shown as a grey
curve.



(53.0-13.4 = 39.6 J K-1 mol-!) accounts for the crystal and
molecular vibrational modes involved in the ST process. For 1-
ClO4, the values are AH = 13.7 kJ mol-! and AS=48.9 J K-!
mol-! while the thermal anomalies are located at 292 K on
heating and at 268 K on cooling (Fig. 2b). A closer look at the
ascending Cp curves of both compounds reveals two superim-
posed signals, corresponding to the gradual and steep parts of
the ascending magnetic curves (Fig. S61).

Single crystal X-ray analysis of 1-BF4 at 280 K indicates that
the unit cell has the monoclinic symmetry P2:/c and it
changes to the P21/n space group at 180 K with almost dou-
bling the cell volume (Fig. S7 and Table S11). The unit cell
parameters a, b, and ¢ change on cooling: Aa = +44.7% (or
—9.6% for a half of the cell); Ab = +3.8%; Ac = +1.4%
(Table S1t). The evolution of the crystal lattice parameters was
also studied at different temperatures in the cooling and
heating modes in the range 220-300 K with a 2 K interval. The
thermal dependence of the unit cell volume V matches the xuT
vs. T curve reasonably well, but the measured hysteresis is
slightly narrower (32 K). This fact supports the idea that the ST
behaviour of 1-BF4 is a subject of sample texture and working
on polycrystalline samples sometimes provides larger
hysteresis.17423

To confirm the hysteresis width of the bulk polycrystalline
material, powder X-ray diffractograms were collected in the
range of the most intense diffraction peaks (26 = 8-12.5°) at a
variable temperature. The change in the intensity of the diffr-
actograms upon heating and subsequent cooling (Fig. 5)
clearly indicates the localization of the phase transition by
temperature, which coincides with the dramatic change in
magnetic susceptibility of the compound. The hysteresis loop
width in the experimental quasi-stationary conditions is
approximately 40 K, which also agrees well with the magnetic
data.
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Fig. 5 Contour plot of X-ray powder diffractograms of 1-BF. in the
range 20 = 8-12.5" on heating and subsequent cooling. * - corresponds
to the peak at 20 =~ 8.5 with (hk) =(111).

The crystal structure of 1-BF4 is comprised of {Fell[tren(6F-
py)s]}2+ complex cations and two BF4~ anions balancing the
charge (Fig. 6a). At 180 K, the unit cell contains two crystallo-
graphically distinct complex molecules [iron sites Fe(A) and
Fe(B)] in the form of enantiomorphs of opposite chirality, and
three ordered and one disordered BFs+~ anions (Fig. S8at). The
Fell ion is surrounded by three 6-fluoro-2-pyridinylimino moi-
eties defining a pseudo-octahedral [FeNe| coordination
environment with an averaged distance <Fe-N> = 1.991(8) A
and the volume of the polyhedron <VIFeN6l> = 10.303(8) A3. As
shown by the minimized overlay (Fig. S8bt), the structural mis-
match of the independent LS cations is in part due to the
slightly different molecular shapes of the complex cations,
whereas the major difference concerns the relative position of
neighbouring anions, their orientation and the produced
pattern of relevant intermolecular contacts below the van der
Waals radii visualized in Fig. S8bt and by the colour-mapped
Hirshfeld surface24 in Fig. S9.t

The single crystal data at 265 K (P21/n), corresponding to a
point on the gradual part of the ascending magnetic curve,
show different transformation dynamics of the two complex
molecules. As shown in Tables S2 and S3,t1 the Fe(B)-based
molecule reveals a greater increase in Fe-N bond lengths than
the Fe(A)-based molecule, while the average <Fe-N> value
increases by 0.038 A up to 2.029(8) A, which is less than 18%
increase in the yus value at this temperature that agrees well
with the magnetic data. These data confirm that the gradual
ST in the low-temperature region is also observed for single
crystals of 1-BFs, so the asymmetry of ST hysteresis is inherent
to the compound and is not due to the texture effect.

At 280 K, due to the symmetry change, the independent
cations and two pairs of anions become symmetry related, so
that at this temperature the lattice is comprised of one unique
complex cation and two distinct BF4~ anions (Fig. S101). Due

(b)

Fe 25,
UF5

Fig. 6 (a) Projection of the complex cation and anions of 1-BF. at
280 K. Hydrogen atoms are omitted for clarity; (b) An overlay of the LS
(blue, 180 K) and HS (red, 280 K) complex cations, demonstrating
changed geometry due to the elongation of Fe-N bonds.



to the ST, the VIFeN6| increases up to 13.385(6) A3 (+30%), the
distance <Fe-N> increases by 0.207 A up to 2.198(6) A. Due to
the LS — HS transition, the coordination sphere expands (see
Fig. 6b) and distorts as is clearly indicated by increasing distor-
tion parameters (Table S3t). Comparison of the parameters of
the LS 1-BF4 with those of a similar methyl-substituted ST
complex {Fell[tren(6Me-py)s|}(ClO4)2,197 and the non-substi-
tuted non-ST LS complex {Fell[tren( py)s]}(ClO4)2,25 points out
an intermediate position for the title compound in accordance
with the reduced substituent size and decreasing steric crowd-
ing between pendant pyridine moieties in the series Me
(2.00)26 > F (1.47)27 > H (1.20)27 (in parentheses are the van der
Waals radii in A). Despite the tripod ligand, the trigonal pris-
matic distortion of the coordination environment is insignifi-
cant as follows from the large continuous shape measure
values corresponding to the trigonal distortion CShM(Dsn) and
the small values corresponding to the octahedral geometry
CShM(On) (Table S31). Therefore, for 1-BF4 the polyhedron
remains much closer to an octahedron in both spin states.
Although the crystal packing does not significantly change
due to the ST as visualized by the minimized overlay of the LS
and HS structures (Fig. S111), several important changes take
place. At 280 K, the lattice is formed by dimers of complex
cations bound through the contact C2--C2' below the van der
Waals radii (= 3.178(8) A) (Fig. S101). The dimers are organized

180 K, P24/n
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in bilayer assemblies extending in the bc plane and further
interconnected through C--F-B contacts (= 3.078(8)-3.153(8)
A) with both BFs~ anions acting as bridges (Table S4t), and
occupying the inner space of the bilayer (Fig. 7). No inter-
molecular contacts C--C or C--F exist between the successively
stacked bilayers. In contrast, in the LS state at 180 K, due to the
lattice contraction, the number of C--C contacts (= 3.126(9)-
3.399(9) A) increases, which results in the formation of a
honeycomb-like supramolecular network of complex cations
(Fig. S121). The contacts C-F-B (= 3.051(9)-3.161(9) A) bridge
the successive networks into a 3D supramolecular structure.
Alternatively, and for comparison purposes, in Fig. 7 the pro-
jections of the bilayer in ab and bc planes with both C--C and
C--F-B contacts are shown. As is seen, the difference between
the supramolecular organisations at both temperatures
involves the relative spatial position of anions as well as the
different complexity of the short intermolecular contacts in
the lattice. Reconstruction of these networks during the ST
event obstructs the transformation between the compact LS to
the more voluminous HS complex cation, thereby resulting in
a thermal lag of the ST transition for either heating or cooling
processes. However, as follows from the magnetic data, the
T',_, value of the ascending curve is more affected by the temp-
erature scan rate (see Fig. S1bt). This observation suggests that
the energy cost of the transformation from the compact LS

280 K, P24/c

Fig. 7 Projection of the lattice packing in bc (a) and ab (b) planes at 180 and 280 K, correspondingly, for 1-BF; with intermolecular contacts drawn
as red lines. The contacts between neighbouring bilayers are highlighted in yellow. Molecules and anions are colour mapped by symmetry

equivalence.



phase with an extensive array of intermolecular contacts to the
voluminous loosely connected HS phase is greater and hence a
kinetically more hindered process than the reverse transform-
ation as far as the T, value is less sensitive to the scan rate
(Fig. S1bt).

Discussion

In an almost semicentennial history of tren-based ST Fell com-
plexes, 1-BF4 and 1-ClO4 are the first to show a huge hysteresis
around room temperature, which is, actually, also one of the
largest reported for ST complexes with or without symmetry-
breaking, structurally characterized in both spin states.16b,171,28
The origin of the hysteresis is purely structural and relates to a
reorganization of the intermolecular interactions due to the
phase transition. The important features of the title systems are
the rigid nature of the compact ST molecule and anions and,
on the other hand, the substantial similarities of the two lattice
arrangements which, however, favor different spin states.
Surprisingly enough, in neither arrangement strong stacking or
H-bonds is observed, only the disorder of a single counterion.

An important point of this study is the asymmetry of the
hysteresis loops of 1-BF4 and 1-ClO4, which suggests different
mechanisms for the LS — HS and HS — LS transitions related
to structural peculiarities of the HS and LS phases and their
interconversion, while the hysteresis is due to the symmetry-
breaking phase transition of the lattice at a critical concen-
tration of the emerging new spin state species. A visual check
of the asymmetric hysteretic curves of several symmetry-break-
ing ST systems (Fig. S13t1) also hints at a gradual onset of ST
up to a threshold concentration of HS/LS species, which
farther develops as steep structural and spin state coupled
transformations.

A number of phenomenological models were proposed for
asymmetric ST hysteresis loops of different origins.150:29 Due
to the coupling of ST and symmetry-breaking, we have chosen
a model developed by Collet et al. and based on the Landau
theory of phase transitions.30 The basic idea of the model is to
decompose the observed transition into the events of the
intrinsic ST and the phase transition, which mutually influ-
ence each other through the volume strain. The potential
energy of the system is expressed as a complex power series:

Fon;; To% an? by bt b b Aq b B2 by Cg' b D

where 1) is the symmetry-breaking order parameter; g is the
Ising spin transition order parameter (= 2yns — 1); qn? is the
coupling term of both transitions; and 4, b, A, B, Cand D are
numerical coefficients. The coefficients a and A are related to
the critical temperature of the symmetry-breaking (Tss) and
intrinsic spin transition (Tist), respectively, while the b and B
define their character as discontinuous (if < 0) or gradual
(if > 0).

The model can be used to reproduce the asymmetry of the
experimental ST hysteresis loop using experimental structural

data. We have chosen the Bragg peak (111) reflection of the
low-temperature LS phase (Fig. 5), the intensity of which is
proportional to the symmetry-breaking order parameter n2 of
the system.30 One can note a synchronous change in the sym-
metry-breaking signal with a sharp change in yus (Fig. 8a),
which confirms the synchronous occurrence of both events for
the title compounds similarly, for example, to the complexes
[Co(dpzca)z2]3! and [Fe( ptz)s|(BF4)2,32 the behaviour of which
was successfully analysed in the frame of the model.33

The gradual onset of the spin transition on heating is con-
sidered to be due to the coupling term Dgn?, which is non-zero
when n # 0, i.e. in the low symmetry LS phase, and is zero in
the high symmetry HS phase. Indeed, using the experimental
intensity of the reflection (111) and considering the intrinsic
gradual character of the ST (B > 0) we have successfully mod-
elled the asymmetric hysteresis loop of 1-BF4 (Fig. 8b). The
Tist value of the high-temperature phase was set as 223 K
which after renormalization due to coupling becomes Tist-r =
291 K for the low-temperature phase. For comparison, fitting
the low- and high-temperature parts of the magnetic curve of
both 1-BF4 and 1-ClO4 using the Slichter-Drickamer model3+
gives a comparable ST temperature Tsp-u = 181 K for the high-
temperature and Tsp-L = 319 K for the low-temperature parts of
the magnetic curve (Fig. S14t). Finally, the upward shift of n?2
in temperature increases the asymmetry of the curve that
resembles the effect of external pressure on 1-BF4 (Fig. 8c).

Several useful conclusions can be drawn:

» The photoexcitation of 1-BF4 produces a HS* phase with a
very low T (LIESST) value. For tris(bidentate) Fell complexes,35
the T(LIESST) = 12.2 K should correspond roughly to T1/2 =
360 K, ie. well above the observed hysteresis. This can be
explained by considering that the hysteresis is the result of the
symmetry-breaking, whereas the low-temperature phase is
characterized by non-cooperative ST behaviour with a high T1/2
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Fig. 8 (a) Synchronous change in the yus and symmetry-breaking
signal; (b) Modelling the hysteresis of 1-BF; with experimental values of
the (111) reflection; (c) increase of the gradual onset of ST due to the
symmetry-breaking shifted upward in temperature.



value. The same can be concluded considering modelled
values Tist-r or Tsp-L above.

» Under external pressure, the observed counterintuitive
incongruent thermal shift for the symmetry-breaking and
gradual parts of the magnetic curves of 1-BF4 and
[Co(dpzca)2]36 or [Fe( ptz)s|(BF4)232 should be due to the higher
volume variation for the concerted ST and symmetry-breaking
in comparison with the gradual ST only.

 Substitution of BF4~ for the bulkier ClO4- does not affect
much the intrinsic gradual transition of the complex cations
but exerts the effect similar to external pressure, i.e. shifts the
symmetry-breaking upward in temperature and increases the
gradual onset. Hence, the asymmetry of the hysteresis loop is
governed by the relative position of the symmetry-breaking
and of the intrinsic gradual ST. In the case of the title com-
pounds, the higher the Tss, the larger is the onset and the
larger is the asymmetry.

The disentanglement of the structural and spin transitions
is the first step towards controlling the macroscopic ST
parameters of solid compounds which along with the robust-
ness of thermal cycling and the easy processability of ST
materials is a major challenge in front of the spin crossover
community. Recently, we have demonstrated that it is possible
to control the temperature, hysteresis width, and direction
(forward or reverse) of ST in soft-matter Fell complexes by
means of the melting/crystallization process, whose tempera-
ture of occurrence is defined by the length of the aliphatic
substituents.94.14,19,37 Although the nature of 1-BF4 and
1-ClO4 is different, the tetrahedral anions play a role similar to
that of the aliphatic chains, determining the temperature of
the symmetry-breaking transition, which dramatically changes
the evolution of the ST. In this particular case, the scarce
number of singly charged tetrahedral anions limits further
studies, but, fortunately, for 1-ClO4 the hysteretic ST is super-
imposed on the technologically important room temperature
region.

Conclusions

In summary, we have discovered and scrutinized structurally
simple Fell complexes undergoing abrupt ST close to or within
the room temperature domain with an impressive and per-
fectly repeatable hysteresis up to 38 K. Structural studies indi-
cate that the hysteresis is driven by a symmetry-breaking phase
transition halving/doubling the unit cell.

Given the tendency of substituted Fell tren-based and other
systems to show solid-solid phase transitions we expect to
report more ST systems with excellent fine-tunability depen-
dent on peripheral groups. Efforts along this line are already
underway in our laboratories.
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