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ABSTRACT: The first crystal structures of a dinuclear
iron(II) complex with three N1,N2-1,2,4-triazole bridges in
the high-spin and low-spin states are reported. Its sharp spin
transition, which was probed using X-ray, calorimetric,
magnetic, and 57Fe Mossbauer analyses, is also delineated
in the crystalline state by variable-temperature fluorimetry
for the first time.

Molecular electronics attained a rapid pace with the influx
of some of the finest switchable materials and foresees
harvesting them as prospective components in fabricating acces-
sories for information processing, data storage, sensors, etc.!
Single-molecule magnets (SMMs),” quantum dots,” thermo-
photoelectrochromic materials, and iron(II) spin-crossover (SCO)"
materials are at the forefront of this race. Not lagging behind, con-
temporary probing techniques such as optical imaging,* atomic force
microscopy,” transmission electron microscopy, scanning tunneling
microscopy,’ ellipsometry,® etc,, have inventively provided a wealth of
information in support of other routine spectroscopic techniques in
probing and understanding the process and dynamics of SCO solids,
nanoparticles, liquid crystals, and thin films.” The principle that is
technologically significant in iron(I) SCO is the possibility of ad-
dressing two distinct spin states involving d-electron relocation."
Designing a SCO material tagged with a fluorophore that could
sense or “feel” the SCO signal ripping through the molecular net-
work and thereby providing an opportunity to register the SCO
has been a long-lasting aspiration.'® Such a protocol would undoubt-
edly have prospects in the fields of biomarkers, drug delivery, biolog-
ical imaging, and thermometry."" Successful attempts have been
made by designing one-dimensional (1D) iron(II) SCO nanoparti-
cles including a fluorescent agent such as rhodamine 110" or 3-
(dansylamido) propyltrimethoxysilane.'> However, 1,2,4-triazole de-
rivatives are the best-suited molecular fragments for this purpose,* as
a fluorophore can be inserted at a remote position (N4) that is
unlikely to encounter direct metal ion contact, which otherwise could
have a deleterious effect of fluorescence quenching. It could be anti-
cipated that the fluorophore could display optical properties depend-
ing on its sensitivities to the diamagnetic low-spin (LS) and para-
magnetic high-spin (HS) states of iron(II) ions. This design followed
by synthesis led to N-salicylidene-4-amino-1,2,4-triazole (L1) [see
the Supporting Information (SI)], which belongs to the family of
photo- and thermochromic anil Schiff bases'* and was selected
because of its strong emission properties in the solid state.
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Figure 1. (a) ORTEP view of the asymmetric part of the unit cell of 1,
showing $0% probability displacement ellipsoids. (b) View of the crystal
packing along the a axis.

Upon reaction of L1 and Fe(NCS), in MeOH under a dry Ar
atmosphere, bright-yellow single crystals of the dinuclear com-
plex [Fe,(L1)5(NCS),]-4MeOH (1) were obtained (see the
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Figure 2. T vs T plot for 1. The inset shows both exothermic and
endothermic DSC peaks on cooling and warming. Photographs of 1
demonstrate thermochromic properties.

SI). Crystal structure analysis at 100(2) K showed the mono-
clinic space group C2/c. Crystal data and structural parameters
are given in Tables S1 and S2 in the SL The iron atoms in the
dinuclear unit are separated by 3.648(7) A (Figure 1) and
bridged by three bidentate L1 ligands through N1 and N2 of
the 1,2,4-triazole. The octahedral coordination sphere around
each iron atom is completed by two cis-isothiocyanato anions and
one monodentate N1-L1 ligand, affording an FeNy environment.

The average Fe—N bond length of 1.983(2) A is typical of LS
iron(II) ions." In the terminal and bridging L1, the C—O and
C=N bond lengths evidence the enol form of the ligand (Table
S2). Indeed, each terminal L1 presents a strong intramolecular
H-bond between the alcohol and the imine functions (Table S3).
The third bridging ligand presents a disordered conformation
(see the SI). These two significantly different conformations are
eased by a dense supramolecular network involving H-bonds and
m—7 stacking interactions (Table S4 and Figure 1b). This
network also promotes a steep spin transition (ST) curve, which
is supported by the absence of any crystallographic phase
transition (see Figure 2). Indeed, at 200(2) K, the C2/c space
group is retained, and the Fe---Fe distance is stretched to
3.966(8) A. The drastic increase in the Fe—N bond lengths [avg
2.180(3) A] is typical for HS iron(II) ions and is a signature of a
SCO. Moreover, the enol form of each L1 is preserved, as shown
by the C—O and C=N bond lengths'® (Table S2).

Magnetic susceptibility data of single crystals of 1 were recorded
over the temperature range 300—S K (Figure 2). At room tempera-
ture, the T product is 7.46 em® K mol !, which corresponds to
two noncoupled HS iron(II) ions. On cooling, ypT drops abruptly
between 161(1) and 138(1) K to 0.60 cm® mol ' K, indicating a
partly incomplete ST with a transition temperature (T} /,) of 150(1)
K. The decrease in T observed below 50 K is due to zero-field
splitting and weak antiferromagnetic coupling of the remaining HS
iron(1I) ions." The *"Fe Mossbauer spectrum at 77(1) K (Figure S1
in the SI) confirmed the incomplete character of the ST by showing
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Figure 3. Temperature-dependent emission spectra for 1 at 4™ =
350 nm for T = 80—259 K. The inset shows the fluorescence of 1 at
293 K produced by continuous irradiation at 254 nm.

with two quadrupolar doublets, one corresponding to the LS
state [isomer shift 6% = 0.513(1) mm s~ ' and quadrupole
splitting AEG = 0.150(3) mm s~ '] with a relative area fraction
A" =94(2)% and the other to the HS state of the same iron site
[0 =1.21(5) mm s}, AEI&S =2.95(9) mm s~ ') with A™ =
6(2) % (Table SS). The ST was fully confirmed by Mossbauer
spectroscopy on warming, leading to 100% HS species at
room temperature and T/, = 150(1) K, in perfect agreement
with the superconducting quantum interference device (SQUID)
data (Figure 2). The presence of a single iron site supports a ST
mechanism that proceeds in one step from [HS—HS] to [LS—LS]
pairs without an intermediate [LS—HS] phase. A first-order phase
transition was confirmed by differential scanning calorimetry (DSC)
over the ST range with T, = 155(1) K, corresponding well to
the T/, obtained in the SQUID and Mossbauer measurements
(Figure 2). The enthalpy and entropy variations' associated with the
ST are AH =86k mol ', AS=55.5(1) Jmol ' K™, and AS,, =
42.1(1) Jmol 'K,

A crystalline sample of 1 showed a reversible thermochromic
effect from bright-yellow at 298 K to deep-burgundy at 77 K
(Figure 2 inset), confirming a SCO as L1 retains its white color
down to 77 K."* Diffuse reflectance of 1 at room temperature
(Figure S2) showed an intense signal at ~390 nm attributed to
the enol form of L1'® along with an intense band centered
at ~410 nm attributed to the cis-keto form of L1 as well as a third
broad band from 630 nm to the IR region assigned to a metal-to-
ligand charge-transfer transition.

Comparative analysis of variable-temperature fluorescence
measurements of crystalline samples of L1 and 1 allowed
the energetic levels involved during light absorption and emis-
sion phenomena to be analyzed (Scheme S1 in the SI). Emission
spectra with A= 350 nm on 1 at 80 K (Figure 3) present a major
contribution (A« = 394 nm) attributed to the radiative de-
excitation of the excited enol* form (pathway A in Scheme S1).
At a higher temperature, a significant bathochromic shift
of ~20 nm in this emission band was observed (A, = 414 nm at
259 K) along with a second band at A,,,, & 510 nm attributed to
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Figure 4. Temperature dependence of A, enol* in the emission
spectrum of 1 (M), which follows yys derived from the SQUID data
(solid line).

radiative relaxation of the excited cis-keto* form, which is produced
through proton transfer in the excited state of the enol form of L1
(pathway B in Scheme S1). These two emission bands were
observed at A, = 444 and 526 nm for L1 (A, = 350 nm,
80—289 K), indicating a major impact of the coordination of iron
ions (Figure S3c).

Emission spectra of 1 were also recorded at A, = 400 nm (80 K)
and revealed a broad band at A,,,,, = 461 nm attributed to the
radiative relaxation of the cis-keto* form (Figure S3b). For L1, a
broad band was also noticed at ~493 nm at 80 K (Figure S3d)
with more than four nonresolved contributions attributed to
several molecular conformations.'” An increase in temperature
revealed a band at higher wavelength attributed to the emission
from a more stable and relaxed conformation of the cis-keto form
in L1, as discussed for N-(5-chloro-2-hydroxybenzylidene )aniline.'”

We selected the temperature shift of the wavelength emission
maximum of the enol* band (A, enol*) as a marker to deter-
mine whether the SCO event could be tracked by fluorescence.
As shown in Figure 3, a drastic jump of 20 nm was observed over
the temperature range 135—179 K, from ~395 nm below 150 K
to 415 nm above 200 K. Remarkably, such a dramatic increase
in the wavelength precisely follows the temperature dependence
of the HS molar fraction (yys) derived by SQUID measurements
(Figure 4). Thus, fluorimetry was successfully used to tracka SCO
in an iron(II) complex in the crystalline state directly for the first
time. The transition temperature, T),, = 157(1) K, is in good
agreement with the one obtained by DSC [Tyo = 155(1) K]. In
contrast to 1, the variable-temperature study of 4., enol* for L1
showed only a slow decrease of ~9 nm, presumably due to a slight
change in the strength of the supramolecular interactions induced
by the temperature change (Figure S4b).

Similarly, the SCO curve for 1 could be tracked by following
the temperature dependence of the wavelength emission max-
imum of the cis-keto* band (A, cis*). Indeed, a drastic modifi-
cation around T ,, was observed, in contrast to the almost stable
emission wavelength observed for L1 (Figure SS). Interestingly,
the fluorescence enhancement observed below T/, (Figure 3)

can be related to the increase of rigidity of the lattice as the ST
proceeds to the LS state.

In summary, we have presented the crystal structures of
a thermochromic dinuclear iron(II) complex bridged by three
N1,N2-1,2,4-triazole ligands in both its HS and LS states. This
dinuclear unit, which was known only within a pentanuclear
assembly in the HS state,'® can be considered as a suitable
structural model of the 1D 1,2,4-triazole iron(II) coordina-
tion polymers'? that have been intensively studied as promis-
ing switches for spintronics and magnetic device fabrication'**°
and whose crystal structure is still awaited.”" The abrupt change
in the magnetic properties of 1 results from the cooperative
manifestation of the ST process thanks to intra- and intermole-
cular interactions mediated by 1,2,4-triazole and supramolecular
interactions, respectively. This one-component system presents
fluorescence properties linked to an intraligand electronic transi-
tion that allow tracking of the ST curve in good agreement with
other physical methods. This analytical tool opens up an avenue
for probing techniques to track thermosensitive events in multi-
functional magnetic materials. This complex affords an unique
platform for future photomagnetic studies, namely, the light-
induced excited-spin-state trapping (LIESST) and ligand-driven
light-induced spin change (LD-LISC) effects,”” the latter being
potentially accessible through the formation of the trans-keto
form of the N-salicylidene ligand."®

B ASSOCIATED CONTENT

© Supporting Information. Experimental details for the
synthesis of 1; crystallographic data for 1 in the HS and the LS
states, including CIFs; photochemical pathways in the emission
spectrum; *’Fe Mossbauer spectra and data (77—300 K), diffuse
reflectance spectra for L1 and 1; and temperature-dependent
emission spectra for L1 and 1. This material is available free of
charge via the Internet at http://pubs.acs.org. Crystallographic
data can be obtained free of charge from the Cambridge Crystal-
lographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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