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60 K wide hysteresis embracing room temperature
in a fluorescent Fe' spin transition complex+
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This work presents the synthesis and characterization of a hew neutral mononuclear Fe(i) spin transition
(ST) complex, [Fe"(L),1° (4Cl), where L is an asymmetrically substituted tridentate ligand 2-(3-(4-chloro-
phenyl)-1H-1,2,4-triazol-5-yl)-6-(1H-pyrazol-1-yl)pyridine. 4Cl exhibits a remarkably wide stable ST hys-
teresis loop ca. 60 K wide embracing room temperature (TI/2 = 308 K and Tﬁ/z = 248 K). Detailed struc-
tural, calorimetric and spectroscopic investigations, including X-ray diffraction with Rietveld analysis,
Raman spectroscopy, and photoluminescence, reveal the crucial role of subtle structural changes within
the crystal lattice in driving the cooperative spin transition. The DFT energy framework analysis highlights
the interplay of balanced stabilizing and destabilizing intermolecular interactions that contribute to the
observed hysteresis. Furthermore, the fluorescent properties of 4Cl exhibit distinct changes in emission
intensity and wavelength upon spin state switching with emission color change from sky blue in the high
spin state to violet in the low spin state. The compound is the first example of the spin transition com-
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Introduction

Six-coordinated Fe" spin transition (ST) complexes, reversibly
switch between the paramagnetic high-spin *T,, [HS, ty'e,” (S
= 2)] and the diamagnetic low-spin 'A;g [LS, t;.°e,” (S = 0)]
states by the action of thermal and/or pressure gradients, light
irradiation, electric fields and analytes. The internal two-elec-
tron transfer involved between the t,, < e, orbitals is strongly
coupled with a change of the Fe" ionic radius, being ca. 0.2 A
smaller in the LS state. This structural mismatch between both
spin states is in the background of the cooperatively leading to
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pound with bistable fluorescence response at room temperature.

the occurrence of hysteretic behavior (memory effect) in the
magnetic, calorimetric, optical, electrical and elastic properties
in appropriate ST complexes." These features have made Fe"
ST complexes an excellent platform to afford new advanced
materials particularly attractive for potential applications such
as displays, sensors, actuators, information storage, thermal
management and spintronics.”> For practical reasons, the bist-
ability window should be centered around room temperature
(RT) and enclose or even exceed the operating temperature of
the device. Both conditions severely limit the number of useful
ST complexes available. The main reason is that the design of
such complexes with predetermined transition temperature and
hysteresis width, and especially with an additional function,
remains an elusive task due to the inherent synthetic difficulties
associated with the control of supramolecular interactions in
the solid state.® In spite of this, hysteresis loops wider than 40 K
have been described for a few mononuclear® and polymeric® Fe""
ST complexes. It is worth noting that most of these referred
mononuclear complexes are made up of planar tridentate
ligands of the bispyrazole-pyridine type which apparently facili-
tates molecular packing suitable for the cooperative trans-
mission of the structural changes during the ST event.
Combination of hysteretic transition with a second property
such as electric conductivity, magnetic,” or nonlinear optic
response® is also actively studied by the community.
Particularly, fluorescence combined with the ST provides a
type of functional materials which enable sensitive detection
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of spin-state changes through the emission wave-length.® A
possible application in magneto-optical switching or thermos-
sensors can benefit from a possibility to probe the local
change by monitoring the emitted wavelength and/or emission
intensity upon the ST event down to the molecular scale.

Achieving a strong coupling between luminescence and the
spin states in a single system presents a significant challenge,
as it is difficult to keep desired ST properties, usually comple-
teness and bistability (hysteresis), and yet achieve interplay
with the luminescence. To this end, the two main strategies
are used to achieve the coupling of the properties, consisting
in combining mechanically, by inclusion, or by grafting fluo-
rescent species and ST materials or, alternatively, synthesizing
ST complexes with fluorescent ligands.'® Although several
known fluorophores (dansyl, pyrene, anthracene, chlorophyll
etc.) were successfully tested in such hybrid ST systems, includ-
ing nanoparticles," thin films,'> metal-organic frameworks,"®
the interplay between the two events is usually weak, resulting
in minor variations in fluorescent intensity.

Already the very first studies on fluorescent ST complexes
revealed applicability of ligands as fluorophores'* and substan-
tiated later by theoretical studies.'> Despite the native ligand
fluorescence can be quenched in both HS and LS states or no
synergism between the fluorescence and ST properties can be
observed in this case,'® the ligand usually bears an essential
flexibility for chemical modification as can be varied to
balance the structural constraints and facilitate the occurrence
of the both phenomena with required -characteristics.
Achieving a fixed ratio between the fluorophore and chromo-
phore [FeNg)], and also a fixed but adjustable distance between
the two by the ST transition, afforded a few systems with
evident coupling of the phenomena in molecular,>*****'” and
polymeric complexes.’*'® In contrast to the coupling described
above, the fluorescent variation is not only changing the inten-
sity, but also the wavelength of the fluorescent band with a
change of the coloration of emitted light.>*>

While the rational design of ligands that integrate intrinsic
fluorescence with cooperative ST behavior holds promise, the
number of known complexes exhibiting bistable fluorescence
response remains limited,’*'** with none operating at RT. In
this context, we recently reported on neutral mononuclear Fe"
ST complexes, [Fe"(L),]°nMeOH (n = 0-2), based on asymme-
trically substituted large planar ionogenic ligands L, contain-
ing the R-(1H-1,2,4-triazol-5-yl)-6-(1H-pyrazol-1-yl)pyridine
coordination core with R = 3-methoxyphenyl™ or 2-fluorophe-
nyl*® (see Scheme 1) with distinctive cooperativity. In general,
this type of complexes favors a similar molecular packing in
which it is possible to systematically explore specific R substi-
tuents for the capability to induce appealing cooperative ST
phenomenologies. Our studies have found that with 4-chloro-
phenyl substituent (Scheme 1) the Fe'' complex is hysteretic
with a 60 K wide loop and is additionally fluorescent, emitting
sky blue or violet light depending on the spin state, visible to
the naked eye. To the best of our knowledge, this is the first
instance of an ST compound exhibiting bistable fluorescence
at room temperature.
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R=-4_)-o

Z 4-chlorophenyl!

4CI-2MeOH: HS
4Cl: T, = 248/308 K

S i R=--- R= ---
QN N O}R
g | N OMe F
N 3-methoxyphenyl 2-fluorophenyl
3MeO-2MeOH (A): LS 2F-2MeOH:
3MeO 1.4MeOH (B): T, = 296 K Tipt =285/293 K
3MeO (BYes): T, = 312K 2F: HS

3MeO (C)*: Ty, = 255/360 K
*The space group of all the compounds is Pbcn, except for

3-MeO (C), which belongs to the P2,/c space group.

Scheme 1 Structural formula of the [Fe'(L),]° complexes with the
pyrazol-pyridine-triazolate core and the peripheral R = 3-methoxy-,
2-fluoro- and 4-chloro-phenyl substituents. Additionally, the respective
spin states or transition temperatures are indicated (see the text for
details).

Results
Synthesis

The synthesis of the complex proceeds from an Fe' salt and
the ligand L = 2-(3-(4-chlorophenyl)-1H-1,2,4-triazol-5-yl)-6-(1H-
pyrazol-1-yl)pyridine, that affords a highly crystalline sample
of the solvate [Fe"L,]-2MeOH, (4Cl-2MeOH), which was charac-
terized via single crystal diffraction analysis (vide infra).
Complete desolvation, taking place by gently heating this
sample at 400 K, irreversibly affords desolvated 4Cl, whose
thermal analysis (see Fig. S1f) demonstrates remarkable
thermal stability (up to 600 K). 4Cl has been characterized
through elemental analysis and Rietveld refinement from the
experimental powder X-ray diffraction (PXRD) data (vide infra).

Magnetic, photomagnetic and optical reflectance
measurements

The magnetic properties of the 4Cl-2MeOH and the desolvated
complex 4Cl are depicted in Fig. 1 as the product yyT vs. T,
where y\ is the molar magnetic susceptibility and T is the
temperature. The temperature scan rate was 2 and 0.3 K min~!
for 4C1-2MeOH and 4Cl, respectively. For 4Cl1-2MeOH the yyT
value is ca. 3.28 cm® K mol™" and remains practically constant
in the temperature interval 300-50 K indicating that the Fe"
centres are in the HS state. The slight decrease below 50 K is
associated with the zero-field splitting. Similarly, the y\,T value
of 4Cl, ca. 3.38 cm® K mol™, remains constant in the interval
350-260 K. When cooling below 260 K, y\T drastically drops to
attain a value ca. 0.1 cm® K mol™ at around 228 K. Both
extreme values are consistent with the HS and LS state of the
Fe" ion, respectively. In the heating mode, the yuT versus T
profile does not match the cooling mode defining a hysteresis
ca. 60 K wide. The characteristic temperatures, T\ and 7 of the
strong cooperative ST calculated as the maximum of the
S(ymT)/ST vs. T function are 248 K and 308 K (T2 = 278 K),

This journal is © the Partner Organisations 2025
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Fig. 1 Magnetic, photomagnetic and optical reflectance properties of
compounds 4Cl-MeOH and 4Cl; the inserted graph shows the ymT vs.
time saturation curve during the LIESST irradiation.

respectively. The stability of this remarkably wide hysteresis
loop was confirmed by performing 8 cycles at 4 K min™"
(see Fig. S2+).

As 4Cl is highly thermochromic and exhibits a color change
from brown in the LS state to yellow in the HS state (see diffuse
reflectance spectra in Fig. S31), the coloration change can also be
used to monitor the thermal evolution of the spin states ratio
during the ST.*' The normalized optical reflectance (OR) followed
as the function of temperature is overlaid with magnetic data in
Fig. 1. The determined characteristic temperatures, T.(OR) =
247 K and T/(OR) = 309 K perfectly coincide with the values
obtained in magnetic measurements. Optical images of 4Cl,
taken at room temperature in both spin states clearly demon-
strate the thermochromic effect caused by the ST (vide infra).

Photogeneration of the metastable HS* state from the LS state,
the so-called light induced excited spin state trapping (LIESST)
experiment,”” was performed at 10 K irradiating a microcrystalline
sample of 4Cl with green light (A = 532 nm). The sample under-
goes quantitative (100%) LIESST effect with y\T saturating to a
value of ca. 2.81 cm® K mol™". Subsequently, the light was
switched off and the temperature increased at a rate of 0.3 K
min~" inducing a gradual increase in yyT reaching a maximum
value of 3.36 cm® K mol ™" in the interval of 10-39 K. This increase
in ymT reflects the thermal population of different microstates
originating from the zero-field splitting of the HS* state. Above
39 K, ymT decreases rapidly upon heating until it joins the ST
thermal curve at ca. 92 K, indicating that the metastable HS* state
has relaxed back to the stable LS state. The corresponding T7gsst
temperatures, evaluated as 8(yyT)/5T,> is 90 K.

It was demonstrated that a linear correlation between the
ST equilibrium temperature Ty, and Ty gsst generally holds for
different types of Fe'' complexes. In particular, for complexes
with tridentate ligands, the two physical quantities can be
related by the empirical formula: Tygsst = To — 0.3T4/,, Where
To = 150 K.>* The calculated value T, = Typsgr + 0.3T4, for 4Cl
is close to this, being equal to ca. 173 K.

This journal is © the Partner Organisations 2025
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Raman spectra

To have a deeper insight into the nature of the ST in 4Cl, vari-
able temperature Raman spectroscopy was performed. Fig. 2
displays the LS (225 K) and HS (325 K) normalized spectra in
the interval of 400-1680 cm™" (1 = 532 nm, 0.01726 mW). This
vibrational window is dominated by synchronized deformation
modes of the rings of the ligands. There are two significant
vibrations which display drastic changes upon spin conver-
sion. The peaks at 1012 and 1381 cm™" are characteristic of
the HS state and attain a maximum intensity at 325 K,
however, they vanish at expense of the appearance of a peak at,
respectively, 1032 and 1366 cm ™" associated with the LS state
where attain a maximum intensity (see Fig. 2). These Raman
spectra are consistent with those reported for other related Fe"
ST complexes with similar tridentated bispyrazolyl pyridine
ligands.**?°

An attempt to track the thermal evolution of the character-
istic HS/LS Raman vibrational has failed due to the high sensi-
tivity of the compound to the laser irradiation which tends to
distort the hysteresis loop (Fig. S4a—ct). For an intensity of 1%
(0.0173 mW) the main features of the ST, i.e. average character-
istic temperature, 73" ~ 280 K and strong cooperativity, are
reasonably well reproduced. However, the characteristic temp-
eratures observed for the heating/cooling branches are shifted
ca. 20 K below/above with respect to the hysteresis loop
observed from y\T vs. T plots, thereby defining these selected
markers a hysteresis loop 20 K wide. When the power is
increased till 10% (0.1957 mW), T2 =~ 250 K, is more narrowed
and significantly shifted to low temperatures. Finally, for a
power of 25% (0.4286 mW) the compound does not experience
ST remaining HS. Incomplete HS-LS transformation was
detected when using a 633 nm laser (10% 0.6249 mW) (see
Fig. S57).
It is worth noting that the intensities of the Raman spectra

strongly influenced by the fluorescence emission
(vide infra). Indeed, a dramatic decrease intensity of the

are
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Fig. 2 Raman spectra of 4Cl in the HS/LS state (325/225 K; red/blue).
The inserted plots correspond to the magnification of the characteristic
peaks at 1012, 1032 and 1366 cm™ which markedly change with the
spin state.

Inorg. Chem. Front,, 2025, 12, 4583-4596 | 4585


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00856e

Open Access Article. Published on 03 June 2025. Downloaded on 7/23/2025 5:18:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

spectra baseline takes place when cooling from 275 to 265 K
reflecting the change of optical properties upon HS to LS state
switch. The reverse change in the baseline (i.e. luminescence)
occurs when heating from 285 to 295 K (see Fig. S67).

Calorimetric properties

The thermal dependence of the heat capacity at constant
pressure, AC,, for 4Cl was monitored through differential
scanning calorimetric (DSC) measurements recorded at 10 K
min~" (see Fig. 3). The average enthalpy AH and entropy vari-
ations AS (=AH/T.) (with T. being the temperature at the
maximum/minimum of AC,, vs. T plot) associated with the exo-
and endo-thermic peaks are, respectively, 17.4 k] mol™" and
62.0 J K™* mol™. These AH and AS values are consistent with
the occurrence of a cooperative complete ST, in particular, AS
is significantly higher than expected from electronic consider-
ations (spin degeneracy only: 'A; — °T, transition, AS®'®°" =
RLn(5) = 13.4 J K' mol™). The remaining entropy variation
(62.0-13.4 = 48.6 ] K™ mol™) accounts for the crystal and
molecular vibrational modes involved in the ST process.*® The
T = (T% + T1)/2 = (262 + 303)/2 = 282.5 K obtained from DSC
data agree reasonably well with that, 278 K, obtained from
magnetic measurements. It is important to remark that, in
this case, the maximum/minimum of the DSC vs. T plot
reflects, respectively, to the onset of the sudden drop (cooling)/
rise (heating) of the y\T curves (Fig. 1). Consequently, the sep-
aration between the peaks in DSC is 40 K while the hysteresis
width calculated through the derivative of y\T, 60 K, is mark-
edly larger. However, it is important to remark that the com-
bined plot y,T — AC, vs. T (Fig. S7t) clearly shows the consist-
ency between both measurements.

Crystal structure

Structure of 4Cl-:2MeOH. The single crystal structure of
4Cl-2MeOH was measured at 293 K where the crystal adopts
the orthorhombic Pbcn space group. Relevant crystallographic
data are summarised in Table S11 and Table 1 gathers selected
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Fig. 3 Differential scanning calorimetric DSC plot as a function T in the
cooling (blue)/heating (red) for 4CL.
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Table 1 Selected bond lengths and angles as well as geometrical para-
meters involving the [FeN¢] coordination core of 4Cl-:2MeOH and 4Cl

Bond lengths/A 4Cl-2MeOH 4Cl (HS) 4Cl1 (LS)
Fel-N1 2.233(6) 2.342(5) 1.962(6)
Fel-N2 2.144(5) 2.118(5) 1.928(6)
Fel-N3 2.136(5) 2.147(5) 1.906(5)
(Fe-N)¥ 2.171 2.202 1.932
Bond angles/®

N1-Fel-N2 72.0(2) 76.9(2) 79.0(3)
N1-Fe1-N3 92.1(2) 82.1(2) 94.1(2)
N1-Fe1-N1' 93.9(3) 99.3(2) 83.8(2)
N1-Fel-N2' 103.3(2) 104.9(2) 100.4(3)
N1-Fel-N3' 147.3(2) 152.9(4) 158.7(4)
N2-Fe1-N3 75.3(2) 76.6(4) 80.6(5)
N2-Fel-N2' 173.4(3) 177.3(3) 179.1(4)
N2-Fe1-N3' 109.1(2) 101.8(4) 100.0(5)
N3-Fe1-N3' 99.9(3) 108.91(19) 95.3(2)
Geometrical parameters

@[° 148 150.4 101.3
0/° 486 390 292

al® 87.8 100.1 85.8

pl° 23.6 23.1 10.9

bond lengths and angles as well as the most relevant geometri-
cal parameters concerning the [Fe"'Ng] octahedral site. Fig. 4
displays the molecular structure together with the atom num-
bering. The average bond length (Fe-N)® = 2.171 A, the sum
of the deviation from 90° of the 12 cis N-Fe-N angles of the

12
coordination core @ = )" |¢; — 90| = 148° at 293 K and the tri-
1

24
gonal distortion parameter, @ =Y |0; — 60| = 486°, 6; being
1

the angle generated by superposition of two opposite faces of
the octahedron, are consistent with the HS state observed from
magnetic data. The dihedral angle, a, between the average
planes defined by the pyrazole-pyridine-triazole (pptr) rings of
the two ligands is 87.8°, furthermore the 4-Clph moieties
display an angle § = 23.6° with respect to the average pptr
plane.

Like the previously described homologous complexes,
the molecules display a conical shape with a smaller part
(“head”) defined by two pyrazole (pz) rings and two longer
divergent “tails” ending at the 4-phenyl (ph) groups attached
to the triazole ring of the tridentate ligands linked by the Fe"
ion. The head of every molecule fits the cavity generated
between the tails of the next neighbor molecule defining
columns running along b. In each column, two consecutive
complexes define a rectangular void characterized by a Fe---Fe
distance of 10.101 A, which corresponds to the cell parameter
b (Fig. 5a). The molecules of neighboring columns laying in
the same a-b plane, stack along a-direction filling the rec-
tangular void, from both sides, through the pyridine moieties,
consequently two adjacent 1D columns are shifted b/2 rela-
tively to each other (Fig. 5b).

In addition, two methanol molecules per complex partially
fill the remaining voids running along b axis. The packing of
two consecutive supramolecular layers is shown in Fig. 5c.
This supramolecular arrangement facilitates the occurrence of

19,20

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00856e

Open Access Article. Published on 03 June 2025. Downloaded on 7/23/2025 5:18:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

Fig. 4 Molecular structure of the coordination environment of
4Cl-2MeOH showing the atom numbering of the asymmetric units (the
MeOH molecules have been omitted).

short contacts (see Table S271), smaller than the sum of the
corresponding van der Waals radii (2.9 A), between the pyra-
zole (head) and 4Cl-Ph (tail) rings belonging to consecutive
molecules within the column, d(H2---C15) = 2.760 A. In
addition, the methanol molecules strongly interact via hydro-
gen bonding with the triazole rings d[N5---O1] = 2.794 A and
are involved in two short contacts, d[O1---H5] = 2.485 A and d
[01---H3] = 2.401 A, with the pyridine and pyrazole rings,
respectively of adjacent chains belonging to the same layer
(Fig. 6a). An additional short contact, d[H1---N6] = 2.362 A
takes place between the pyrazole and triazole rings, respect-
ively of the adjacent chains belonging to the same layer
(Fig. 6b). Consequently, in a layer all complexes are intercon-
nected through a dense network of short supramolecular inter-
actions. In contrast, no relevant contacts occur between mole-
cules belonging to two adjacent layers which stack along c.

View Article Online
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(b)

Fig. 6 Intermolecular interactions within the same column (a) and
between adjacent columns of the same layer (b) of 4Cl-2MeOH (for sim-
plicity only one of two interactions filling the rectangular void).

Fig. 5 Crystal packing of 4Cl-:2MeOH: (a) Three consecutive molecules defining a column along b-axis. (b) superposition along a of two adjacent
1D columns, shifted b/2 relatively to each other. (c) Unit cell showing the stacking along c two adjacent layers laying parallel to the a—b planes.

This journal is © the Partner Organisations 2025
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Structure of 4Cl. The structure of the desolvated compound
was refined by Rietveld analysis from high-quality powder
X-ray diffraction data obtained for both, HS and LS states, at
290 and 100 K, respectively (see Fig. S8%). The loss of the two
methanol molecules takes place without change of space
group, which is retained whatever the spin state adopted by
the Fe(u) centres. The corresponding structural parameters are
in Table S31 and selected bond-lengths, angles and geometri-
cal parameters of the coordination core for the HS/LS struc-
tures are gathered in Table 1. Upon desolvation, the most
remarkable structural change is observed in ¢ parameter (HS),
which decreases by 11.07%. Furthermore, an additional
decrease in ¢ of 13.32% occurs upon HS-to-LS transformation.
In terms of unit cell volume variation corresponds to AV™S =
63.91 A® (Z = 4). The obtained (Fe-N)*/®/0/a/f} parameters,
2.202 A/150.4°/390°/100.1°/23.1° and 1.932 A/101.3°/292°/
85.8°/10.9° are consistent with the HS and LS states, respect-
ively, in perfect agreement with the magnetic properties. It is
relevant to remark the important synchronized scissor-like
movement experienced by the two ligands wrapping the Fel
centres, Aa"5™ = 14.3°, and the simultaneous rotation of the
phenyl group, A™™ = 12.2°, when moving from the HS to
the LS state (see Fig. 7a). Obviously, these intramolecular
changes have an important impact in the intermolecular inter-
actions and hence in the cooperativity.
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The supramolecular organization of the desolvated form is
very similar to that of the solvated one (Fig. S9t). However, the
molecules belonging to adjacent layers are now much more
packed in c-direction, for the desolvated form. In the HS state,
there are two short contacts between the pyrazole and 4Cl-ph
(tail) rings of consecutive molecules within the columns
[d(H2---C11/C15/C16) = 2.846/2.845/2.736 A]. Similarly, the
short contact between the pyrazole and triazole rings of two
molecules of adjacent chains belonging to the same layer
[d(H3---N5) = 2.401 A] is also observed. However, both types of
contacts are slightly more relaxed than those observed for the
solvated compound. Despite this, as expected, the short con-
tacts increase in number in the LS state. For example, between
the pyrazole and 4Cl-Ph (tail) rings in the same column (d
[H2---C12/C13/14/15] = 2.868/2.664/2.612/2.790 A) and in adja-
cent columns d[C3---H12 = 2.549 AJ; d(N3---H3/H5) = 2.480/
2.685 A but they are not substantially shorter than those
observed for the solvated species (Fig. 7b-d). Table S4} con-
tains detailed information about supramolecular contacts for
the desolvated form.

Energy framework analysis

Energy framework analysis is a convenient visual tool for ana-
lyzing the interaction energy within molecular crystal struc-
tures and correlating with the ST properties arising from these

Fig. 7

(a) Minimized overlay showing structural changes due to the ST between the LS (brown) and HS (orange) spin states of the 4Cl molecule; (b)

and (c) Intermolecular interactions between two consecutive molecules of the same column in the HS and LS states, respectively, and (d) between

two consecutive molecules of adjacent chains.
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structures.”” The method assumes the representation of inter-
molecular interactions in the form of cylindrical bonds
between the centroids of neighboring molecules, the radius of
the cylinder being proportional to the value of the interaction
energy, which takes into account the contributions of electro-
static, polarization, dispersion and exchange-repulsion inter-
actions calculated by quantum mechanical methods on the
basis of a suitable molecular wave functions. Initially created
as a tool to understand the mechanical properties of crystals,
energy framework analysis has found its application in ST
research as well for understanding structural changes and
resulting ST behavior.

A further development of the method is the analysis of the
energy difference framework (EDF) calculated for the frame-
work in the LS and HS states. This allows the mapping of
changes in interactions with the immediate neighbors, consid-
ering 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 identi-
fication of the molecule-molecule contacts that is the most
affected on transformation and provides insight into the path-
ways of the ST cooperativity.'>?**® The constructed EDF of
4Cl, calculated using B3LYP/6-31G(d,p) wavefunction, features
a three-dimensional character, with larger amplitudes of stabi-
lizing (negative, in the range —0.9 to —7.9 kJ mol™") inter-
molecular changes localized within the supramolecular layers
formed by stacking molecules and destabilizing (positive,
6.7 k] mol ") changes localized between the layers (Fig. 8 and
Table S51). The simultaneous presence of significant stabiliz-
ing and destabilizing lattice energy changes is attributed to

Fig. 8 A fragment of the crystal packing of 4Cl in the HS state superim-
posed on the differential energy framework, constructed using the
values from the Table S5, column “AE(total)(HS—-LS)", showing negative
intra-layer energetics (red cylinders) and positive inter-layer energetics
(green cylinders) due to the lattice changes during the ST event.
Cylinder thickness is proportional to the absolute value of the inter-
action energy.

This journal is © the Partner Organisations 2025
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more cooperative ST transitions, whereas smaller changes are
associated with less cooperative ST transitions as it was
demonstrated in reported studies."®****?° Correspondingly,
the hysteretic behavior of 4Cl is attributed to the presence of
balanced energy changes of opposite sign.

Photoluminescence emission

The temperature dependence of the photoluminescence emis-
sion spectra of 4Cl has been recorded under a LED excitation
of 275 nm (0.8 pW mm™?) in the heating and cooling modes
with a scan rate of 5 K min™". Fig. 9a displays the evolution of
the emission spectra in the wave-length interval 300-800 nm
in the heating mode. At 200 K, in the LS state, three different
bands appear at 396, 530 and 610 nm. Upon heating, the
intensity of these bands decreases due to thermal quenching
until ca. 300 K. From around 300 to 350 K the luminescence
increases to decrease again from 350 K. This unexpected
increase of the emission bands near the temperature interval
where the ST takes place in the heating mode has been pre-
viously related to the lower absorption properties of the ST
compound in the HS state in the visible range
(Fig. 9a).20@&405613@bd30 1n the cooling mode, the same
phenomenon is observed: the photoluminescence signal is
recovered when decreasing the temperature as thermal
quenching is reduced except in the 100-200 K. This is again
associated to the ST taking place during cooling in that temp-
erature interval and the ensuing recover of the LS state d-d
absorption bands in the visible range which overlap with the
emission. The thermal dependence of the normalized photo-
luminescence intensity in the heating mode shows a reason-
ably good agreement with that of the HS molar fraction
obtained from magnetism (Fig. 9b). However, in the cooling
mode, although the intensity of the photoluminescence starts
to decline once the LS state attains 100% population (cooling
branch of the hysteresis), the results differ significantly.

In addition to the intensity change, it is worth noticing that
the thermal evolution of the fluorescence spectra shows a shift
of the maxima towards higher/lower energies upon cooling/
heating, which takes place only during the ST (see Fig. 9a).
This is also illustrated in Fig. S101 where an enlarged represen-
tation of the emission thermal dependence for the heating
and cooling modes in the 380-500 nm interval is shown. The
thermal variation of the wavelength maximum at 440-390 nm,
shown in Fig. 10, features very similar characteristic tempera-
tures to those observed for the intensity change (Fig. 9b),
although in the former case the transition is more abrupt. The
change in radiation can be observed with the naked eye, as
shown in Fig. 10, and is bistable at RT in accordance with the
ST bistability of the compound.

Discussion

Here we have investigated a new neutral mononuclear
[Fe"(L),]° complex with L being a ionogenic tridentate ligand
based on the R-(4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl)pyri-
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for 4Cl. The photographs of a sample demonstrate distinct coloration
and emission colors corresponding to the two spin states at RT.

dine donor core and R is the peripheral substituent 4-chloro-
phenyl. Its methanolate form, 4Cl-2MeOH, is HS at all temp-
eratures, a fact that strongly contrasts with the homologous
solvates of the two first members of this family of compounds,
which differing in R = 2-(5-(3-methoxyphenyl)) (3MeO-2MeOH)
or 2-(5-(2-fluorophenyl)) (2F-2MeOH), display ST behaviour
near room temperature.'>*® At first sight, this fact can contra-
dict with the remarkable similarity of their crystal packing.
However, it is well known that the lack or presence of ST criti-
cally depends on subtle structural and electronic differences in
the crystal packing due to, among others, by polymorphic var-
iants, solvents, counterions or, as in the present case, by a R
substituent in the organic ligand. In the present case, the Cl
substituent located in 4-position of the peripheral phenyl
moiety seems to favour the much tighter packing between the

4590 | /norg. Chem. Front., 2025, 12, 4583-4596

molecules of the same layer, a fact that locks the HS state in
4Cl-2MeOH, since the switch to the LS state, which is pre-
vented in this case, is usually accompanied by an even closer
packing of the molecules. The loss of the methanol molecules
seems to relax the crystal packing, a fact reflected on the trigo-
nal distortion of the coordination octahedron, @, which
decreases by ca. 20% for the HS state of the desolvated 4Cl.
Despite this, the a angle defined by the two independent pyri-
dine-triazole-pyrazole cores, attached around the Fe" ion,
increases almost 8% for the HS state in 4Cl with respect to
that of the methanolate form. Upon HS — LS change, the
characteristic scissor-like movement, Aa™™5 involves a
decrease of 14.3°, which is around 7-10 times larger than that
found for the complexes 2F-2MeOH and the not annealed des-
olvated phase of 3MeO (phase 1B). This structural modifi-
cation could be the reason of the much wider hysteresis loop
observed for 4Cl. In this respect, it deserves to be mentioned
that the annealed phase of the fully desolvated 3MeO (phase
1C) features a negative Ao = —8.3° with o' = 76.9°, mark-
edly smaller than o = 85.2°. This opposite behaviour in
Aa™™ has been rationalized by an additional concurrent
lock-unlock “latch-like” mechanism induced by the extended-
bent flipping conformations of the group MeO-ph which
favours the occurrence of a 105 K wide hysteresis loop exhibi-
ted by 3MeO (phase 1C)."

The T%" values obtained from magnetism, optical density
measurements,
However, the maximum/minimum of ACp in the cooling/

and calorimetry are perfectly consistent.

warming modes take place just at the onset of the sharp
decrease/increase in y\T giving an apparent hysteresis 20 K
narrower, however, it is important to remark that the hysteresis
is well reproduced when considering the temperatures at
which AC, joins the zero value in the cooling and heating
modes, namely, when the total heat required by the ST has
come into play (Fig. S7).
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Due to thermal quenching, the fluorescence emission of
4Cl decreases/increases markedly as temperature increases/
decreases in the temperature range 15-400 K. However, this
general monotonous behaviour is interrupted by the ST event
in a different fashion depending on what spin state is being
populated (Fig. 9). Thus, in the heating mode, the fluorescence
emission starts to increase from 300 K and reaches a relative
maximum at ca. 350 K once the LS — HS transition is com-
pleted. The characteristic temperatures at which this emission
increase takes place, display a small mismatch with respect to
the thermal dependence of HS molar fraction deduced from
the magnetic behaviour in the heating mode. In the cooling
mode, the emission starts to gradually decrease from ca.
250 K, the onset of the HS — LS transition according to the
magnetic properties, but this decrease extends to a much
wider temperature interval and attains a minimum at ca.
100 K making the mismatch with the corresponding HS molar
fraction much larger. This behaviour is also reflected on the
bathochromic/hypsochromic  shift of the fluorescence
maximum at 390-430 nm upon heating/cooling. A possible
explanation for this behaviour relies on two concurrent oppo-
site effects taking place over the fluorescence emission: on one
hand, it decreases with the increase of the LS population upon
cooling but, on the other hand, it tends to simultaneously
increase as the temperature decreases, thereby resulting in the
apparent progressive thermal delay of the HS — LS event upon
cooling. An equivalent effect should be expected for the LS —
HS event in the heating mode, but it seems to be significantly
smaller as the thermal delay is much smaller. In this respect,
marked differences between the characteristic ST temperature
and that at which the change of photoluminescence takes
place, have been recently reported. For example, the mono-
nuclear compound (Fe(L),)(ClO,), (L is a pyridinecarbaldehyde
rhodamine 6G hydrazone ligand) displays, upon heating, an
abrupt ST at 7' = 343 K, while ca. 70% of the associated
photoluminescence increase takes place gradually bellow this
temperature in the interval 300-343 K.* The opposite occurs
for the octanuclear cage (FegLg)(BF;);6:CH3OH (L = N-(ethene-
1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(1-(1H-imidazol-
4-yl)methanimine) which undergoes a quite symmetric and
relatively gradual ST in the temperature interval 250-150 K
with T/, ~ 190 K. For this compound the increase of PL associ-
ated with the population of the HS state is shifted ca. 60 K
above Tm.ls” A similar behavior has been observed for com-
pounds [Fe(tpe-abpt),(SeCN),]-4ADMF (tpe-abpt: (4-(1,1,2,2-tet-
raphenylethene))-N-(3,5-bis( pyridin-2-yl)-4H-1,2,4-triazol-4yl)
methanimine)),’”” [Fe"(BPND){Ag(CN),},]-3CHCIl; (BPND =
N,N'-bis(4-pyridylmethyl)-1,4,5,8-naphthalene diimide)*** and
[Fe"(tppe)Au(CN),]ClO4nSolv (tppe = tetra-(4-pyridylphenyl)
ethene).'*?

Furthermore, as the measurements were conducted under
continuous irradiation, we cannot rule out the possibility of
local heating of the sample. Magnetic measurements per-
formed in darkness or under microscope lamp for optical
density measurements reveal the same intrinsic behavior with
identical position and width of the ST hysteresis. However,
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when subjected to high energy irradiation (UV for the fluo-
rescence) or laser beam exposure (green laser for Raman scat-
tering), significant modulation of the loop is observed. In this
respect, the literature describes a light-induced perturbation of
thermal hysteresis (LiPTH), which shifts the ST towards lower
temperatures. This phenomenon, characterized by Mossbauer
spectroscopy on a bulk sample®! and optically on single crys-
tals,> was attributed to photothermal heating, whereby the
compound absorbs light, generating local heat altering the
actual temperature of the sample. It is evident that the surface
of the sample experiences the greatest impact, and namely the
surface response is registered using the fluorescence method.
We believe that both the change in absorption and the surface
heating effect contribute to the HS fluorescence response. This
results in an initially continuous transition, followed by a
sharp drop to the LS upon cooling, accompanied by a signifi-
cant thermal lag compared to the magnetic/optical response.
At higher temperature, where the reverse transition to the HS
state occurs, the system exhibits minimal impact from
irradiation. Worth to note, in a recent publication on two-
dimensional ST metal-organic frameworks [Fe"(PNI),{Ag
(CN)z}2] (PNI = N-(4-pyridylmethyl)-1,8-naphthalimide) with
40 K wide ST a similar lag in fluorescent signal variation on
cooling is reported, while absent on heating.'* This behavior
may suggest a nonlinear change in effect across the tempera-
ture range, warranting further investigation with compounds
with huge hysteresis as the reports on the LiPTH focused on
compounds with thermal loops 10 K wide.***?

In summary, a new neutral mononuclear complex incorpor-
ating a pyrazole-pyridine-triazole coordination core has been
synthesized. In its desolvated form, the complex exhibits
highly cooperative ST behavior with a hysteresis 60 K wide
loop. Concurrently, the complex displays room-temperature
two colored fluorescence, directly correlated with the ST state.
To the best of our knowledge, this represents the first instance
of a ST compound exhibiting hysteretic thermochromism and
bistable correlated fluorescence properties encompassing
room temperature. The additional readout channel provided
by the fluorescent response under UV irradiation offers a
promising avenue for developing novel fluorescent probes
capable of detecting and quantifying changes in temperature,
pressure, or the presence of specific analytes that can induce a
spin state transition. Studies of novel ST-fluorescent systems
are currently ongoing in our laboratories, and the results will
be presented in due course.

Experimental section
Materials

All chemicals and solvents were purchased from commercial
sources and used without further purification. The ligand L
was synthesized by the Suzuki cross-coupling reaction from
the commercially available precursors similarly to the pre-
viously reported method."®
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Synthesis of complexes

4Cl-2MeOH ([FeL,]-2MeOH) was produced by layering in standard
test tube. The layering sequence was as follows: the bottom layer
contains a solution of [FeL,|(BF,), prepared by dissolving L
(100 mg, 0.310 mmol) and Fe(BF,),-6H,0 (52 mg, 0.160 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 pl
of NEt; was added dropwise. The tube was sealed, and yellow
plate-like single crystals appeared in 2 weeks (yield ca. 70%).
Elemental analysis calcd for C;4H,5Cl,FeN;,0,: C, 53.49; H, 3.70;
N, 22.02. Found: C, 53.54; H, 3.81; N, 22.73.

4Cl ([FeL,]) was prepared by a short heating 4Cl-2MeOH up
to 400 K or by leaving the crystalline sample in air for
30 minutes. Elemental analysis caled for Cz;,H,oCl,FeNy,: C,
54.96; H, 2.88; N, 24.03. Found: C, 54.71; H, 2.54; N, 24.38.

Physical characterization

Variable-temperature magnetic susceptibility data (15-20 mg)
were recorded on samples at variable rates between 10-400 K
using a Quantum Design MPMS2 SQUID susceptometer oper-
ating 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™"). After reaching
the saturation of susceptibility, the sample was heated up at
the rate 0.3 K min™". The raw data were corrected for a diamag-
netic background arising from the sample holder. The result-
ing magnetic signal was calibrated by scaling to match values
with those of bulk sample. Differential scanning calorimetric
(DSC) measurements were performed on a Mettler Toledo
TGA/SDTA 821e under a nitrogen atmosphere with a rate of
10 K min~'. The raw data were analyzed with the Netzsch
Proteus software with an overall accuracy of 0.2 K in the temp-
erature and 2% in the heat flow. Thermogravimetric analysis
(TGA) was performed on a Mettler Toledo TGA/SDTA 851e
instrument, in the 290-1200 K temperature range under a
nitrogen atmosphere at a rate of 10 K min~". Elemental CHN
analysis was performed after combustion at 850 °C using IR
detection and gravimetry by means of a Perkin—-Elmer 2400 series
II device. Single crystal X-ray diffraction data of 2F were collected
on a Nonius Kappa-CCD single crystal diffractometer using
graphite mono-chromated Mo K, radiation (4 = 0.71073 A). 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 F* using SHELXL-2014.>* Non-hydro-
gen atoms were refined anisotropically and hydrogen atoms were
placed in calculated positions refined using idealized geometries
(riding model) and assigned fixed isotropic displacement para-
meters. The system for monitoring the ST by optical reflectance
consisted of a LINKAM DSC600 thermal stage operating at 5 K
min™" scan rate, a binocular microscope with a digital camera.
Image processing was performed using Image] software. Raman
spectra were recorded at 293 K using a HORIBA LabRAM HR
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Evolution equipped with a laser beam with adjustable wavelength
and power and a 50x lens to focus the beam and a
LINKAM DSC600 thermal stage. The bulk material was placed
directly on a glass slide and measured. All spectra, collected
between 100 cm™* and 1800 cm™, were normalized to facilitate
their comparison.

High resolution powder X-ray diffraction patterns were col-
lected at room temperature, at the I11 beamline of the
Diamond Light Source synchrotron (UK), using a wavelength
of 0.826844 A. The sample was loaded into a borosilicate capil-
lary and mounted on a spinning goniometric head, to reduce
the possible preferential orientation effects. Measurements
were performed in a 20 continuous scan mode, in a 0.001°
step size, using the multi-analysing crystal (MAC) device. Raw
data was acquired within a 0-150° 26 range, although the final
refined ranges were 2.75-47°, corresponding to a resolution of
1.03 A. The crystal structures of 4CI(LS) and 4CI(HS) were
solved and refined by means of the Rietveld method using
Topas Academic 6 software (https:/www.topas-academic.net/).
Final Rietveld plots are given in Fig. S8,1 while crystallographic
and refinement parameters are summarized in Table S3.}

CCDC files, 2424238 (4Cl-2MeOH), 2416066 (4Cl, HS) and
2416064 (4Cl, LS)T contain the supplementary crystallographic
data for this paper.
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