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General Introduction

In recent years, molecular electronics and especially spin-crossover (SCO) materials have
attracted much interest because of their many potential applications such as information storage
and displays, or contrast agents for Magnetic Resonance Imaging.' The SCO phenomenon occurs
mainly in some first row transition metal complexes of d*-d’ electronic configurations.
Depending notably on the ligand field strength, these complexes typically exhibit a reversible
transition “High Spin (HS) <> Low Spin (LS)” under the influence of an external disturbance
(e.g. temperature, radiation, magnetic field, and/or pressure).'> Among the SCO materials, the
most studied examples to date are the Fe(Il) (d° configuration) complexes with an all-nitrogen
donor pseudo-octahedral environment ([FeNg] type), mainly constituted by nitrogen rich
heterocyclic rings; the latter classically display a transition from the paramagnetic high spin (HS)
state (S = 2, T 2¢) to the diamagnetic low spin (LS) state (S= 0, 4 1g), when the ligand field
strength is close to the electron pairing energy (denoted P). The specifics of a SCO behavior will
be mainly defined by the conditions required to trigger the spin transition (e.g. transition
temperature 75co) and by the degree of cooperativity, i.e. the degree of ‘communication’ between
the spin carriers in the material. In the eventuality of a high cooperativity, a hysteretic behavior
may arise and provide bistability (at both the HS and LS states) with the genesis of a memory
effect, where bistability is the capacity of a system to exist in the HS or LS state within a certain
range of an external perturbation (e.g. 7). Due to this magnetic bistability and memory effect that
depend on the history of the system, the materials that show SCO behaviour have been identified
as a viable class of applied materials, in particular for incorporation into displays and memory

. . . . 1
device units, or sensing devices.'”

In this context, the one dimensional triazole-based Fe" SCO materials of general formulae
[Fe(Htrz),(trz)](A)x and [Fe(Htrz)sax(atrz)sx](A)x-H,O (where Htrz = 4H-1,2,4-triazole, trz =
1,2,4-triazolato ligand, atrz =4H-1,2,4-triazol-4-amine, and A is mono (x = 1) or di (x=2) anion)
- with several derivatives displaying fairly abrupt spin transitions, and a tendency of wide

hysteresis around or above room temperature (See Scheme 1-2 and Figure 1) - have been widely



acknowledged as the most promising systems, and so extensively investigated for the last four
decades in the field of SCO research.! However, the influence of the various substituents at the
4™ position of the 1,2,4-triazole ring to fine-tune the SCO properties have remained surprisingly
unaddressed in a systematic/comparative way; the same observation can be referred to the impact
of atypical or more sophisticated anionic ligands on the switching characteristics, with
monoanions usually the standard sought-after candidates in most studies. Moreover, the lack of
highly refined crystallographic data for those systems (intrinsically due to the high reactivity of
the triazole ligands with Fe" salts which tend to favor the formation of amorphous powders)
remains a vital and long-lasting challenge in order to evaluate accurately and fine tune all the

structural factors utterly correlated to their outstanding SCO behaviours.
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Scheme 1. Schematic representations of a N4-susbtituted triazole molecule (left) and of the
model/reference 1D coordination chains formed through propagation of triple N1,N2-triazole
bridges connecting Fe" centers (right). The R substituent is depicted as large light grey spheres.
Colour code: Fe, purple; N, blue; C, dark grey.le

N-N E—g N—N
Q » /N -
N N QN»
H NH, R
4H-1,2 4-triazole 4H-1,2 4-triazol-4-amine

4-R-1,2,4-triazole
(trz) (atrz)

Scheme 2. Molecular structures of trz, atrz, and 4-R-1,2,4-triazole (where R = functional group).
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Figure 1. Magnetic thermal hysteresis of triazole-based system Fe(Htrz),(trz)](BF,s) (where yus
= magnetic susceptibility and 7 = temperature).'®

In this regard, the present work has focused primarily on the design and the magneto-
structural investigations of novel Fe" SCO systems based on 4-R-1,2,4-triazole ligands including
an alkyl spacer, with either (/) inorganic tetracyanometallates ([M(CN)4]*) or (ii) specific
flexible organic cyanocarbanions (tcnsR’)” ((tcnsR’)” = 1,1,3,3-tetracyano-2-thioalkylpropenide)
ligands (Scheme 3). Secondarily, an extensive effort has been specifically dedicated to tackle the
structural knowledge gap related to triazole-based Fe" SCO materials by systematically seeking
access to single crystals through deep crystallogenesis investigations. Ultimately, this work
aimed at methodically evaluating the impact of the functionalization of precursors 4-R-1,2.4-
triazole and atypical anions such as cyanocarbanion ligands and tetracyanometallates with the
establishment of magneto-structural correlations which are essential to understand the
physicochemical origin of the strong cooperativity in such striking materials, but also to

rationalize the tuning of the SCO properties.
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Scheme 3 : Examples of (a) 4-R-1,2,4-triazole derivatives, (b) Cyanocarbanions (tcnsR’)’, and

(¢) Tetracyanometallate(II) anions [M(CN)4]2'.

The structure of the manuscript has been defined as followed. The content of Chapter I
has been delineated to provide an overall background into the research field of SCO materials, in
adequation with the present work. This includes the definition, the description and the
characteristics of the the SCO phenomenon (with historical context and a focus on Fe'' SCO
systems), the subjective distinction of the factors controlling the nature of the spin transition, the
aims and strategy of the present work, and finally a brief overview of the experimental
techniques used for the characterizations of SCO materials. Then, the Chapter II is devoted to the
design and characterizations of a 1D Fe" SCO polymer based on functionalized triazole ligand 4-
(benzyl)-4H-1,2,4-triazole (bntrz) and tetracyanoplatinate [Pt(CN),]* anionic moiety (including
complete single crystal X-ray studies of both LS and HS states). The Chapter III deals with the
substitution of the [Pt(CN);]* anionic moiety by functionalized cyanocarbanion (tcnsR’)
((tensR’)” = 1,1,3,3-tetracyano-2-thioalkylpropenide anion) ligands combined with the same
bntrz triazole ligand that lead to atypical trinuclear and 1D systems. Finally, the Chapter IV is
related to the impact of different substituents at the 4 position onto 1,2,4-triazole ligand, with
two three dimensional (3D) polymers based on functionalized triazole ligand 2-(3-(4H-1,2,4-
triazol-4-yl)propyl)isoindoline-1,3-dione (phtptrz) and [Pt(CN)4]* anionic moiety.
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Molecular Switches and Spin-Crossover (SCO) Phenomenon

1. Spin-Crossover (SCO) Phenomenon: Principle and Origin

In the current state of molecular switch research, spin-crossover (SCO) is a unique
phenomenon that represents the paradigm of molecular bistability. The change of spin state from
high-spin (HS) to low-spin (LS) and vice versa, which occurs noticeably for some first row
transition metal complexes of d*-d’ electronic configurations under the application of an external
perturbation, can be referred to by a number of terms i.e. spin crossover, spin transition or spin
equilibrium. These LS<>HS spin transitions can be triggered through a variety of external stimuli
such as a change in temperature (7), application of pressure (p), irradiation with light (/4v), or in a
magnetic field (B). The occurrence of SCO is associated with the change of electronic structure
of the central ion and also the coordination sphere volume of the compound, with drastic changes
of the physical and chemical properties of the materials. The most spectacular effects are the
switching of the magnetic behavior (e.g. diamagnetic<>paramagnetic transition) and profound
modifications of the optical properties (e.g. thermo- or piezo-chromism), which have made such
SCO compounds very attractive because of their applied potential as switching devices and
sensors, and data storage or magneto-optical displays.'” While the deep understanding of the
interaction mechanisms that lead to the cooperative nature of the transition in crystalline solids
remains under intense discussion, the starting point of all the considerations at the heart of the
spin transition phenomenon is mainly attributed to the “elastic interaction” between the spin-
changing ions as a result of the deformation of the crystal (volume change of the lattice between
the low- and high-temperature phases), and elastic frustration accompanying the transition of the
ions from the LS to the HS state.” This volume change also leads to a change of the phonon
frequencies of the lattice. Thus, the larger volume of HS molecules induces elastic stresses in the
crystalline network, hence changing the probability of other molecules to switch to the HS state
by increasing the temperature. This elastic interaction between the molecules is commonly
described as the blend of two components: a short-range interaction, statistically distributed, and
a long-range interaction proportional to the average number of HS molecules per unit volume.

While the short-range interactions depend on shape and distance between neighbor molecules

12



and can be correlated to the existence of covalent bonds, the long-range interactions are purely of

elastic nature and are mediated by the lattice.**"

Regarding the historical context of SCO materials, the SCO phenomenon was discovered
by Cambi et al. in 1931 through the observation of anomalous magnetic behavior on a series of
dithiocarbamates Fe'" complexes.* The first Co" compound that showed SCO behaviour, namely
[Co(L),]1, (L= bis-(2,6-pyridindialdihydrazone ligand)), was presented by Stoufer ef al.’ in 1961,
followed by the discovery of the first Fe" SCO compound [Fe(phen),(NCS),] by Madeja and
Konig;® these first examples of Fe'' and Co" exhibiting drastic changes of their magnetic
moments as a function of temperature have been investigated extensively since the mid-1970s.”®
Only during the 1980s, however, was it realized that SCO compounds could be used as active
elements in memory devices.”” Indeed, in 1984, Decurtins ef al. discovered that for the
compound [Fe(ptz)s](BF4), (ptz = 1-propyltetrazole), a green light (A = 514 nm) switches the LS
state to the HS and that a red light (A = 820 nm) switches the system back from the HS state to
the LS state.'®"® The discovery of this LIESST (light-induced excited spin-state trapping) and
reverse-LIESST effects suggested that the SCO compounds could be used as optical switches.'
Although known for more than eight decades, the SCO materials have become most attractive in
recent years as they have allowed the design and synthetic versatility of early optical device
prototypes, the elaboration of SCO nanoparticles, supramolecular gels, thin films, dendrimers,
contrast agents for Magnetic Resonance Imaging and liquid crystals, as well as the electrical

addressing of SCO or the use of plasmons to detect SCO."

In general, the spin transition occurs for some first row transition metal complexes of d*-
d’ electronic configurations (CrH, Mn", Mn™, Fe', Fe", Co™, COH). These derivatives in an
octahedral symmetry can adopt two different electronic ground states according to the
occupation of the d orbitals split into the eg* and ty, subsets (Figure 1). When the energy
difference/gap between these orbitals A, is greater than pairing energy P (A, > P), the electrons
tend to follow the Pauli Exclusion principle and to occupy the orbitals of lower energy t, in an
anti-parallel fashion, and the configuration of the central metal ion is low spin (LS). In contrast,
when the ligand field splitting energy is less than the pairing energy of the electrons (A, < P),
this means that it becomes energetically more favourable for the paired electrons in the 75, to

overcome the energy barrier (A,) and occupy the eg* level; as a result, electrons are distributed
13



following Hund’s rule, and the metal complex adopts the high-spin state (HS). In-between these
limits of HS and LS, a situation where the crystal field energy and pairing energy have similar
values can occur; therefore, it can be seen there is a direct correlation between the two
parameters of P and A,, where for SCO to occur, the two must be of a similar magnitude (Figure
2).""° In the case of Fe' in a strong ligand field (P < A,), Fe' is in its LS state (t2g6, S = 0) while
in a weak ligand field (P > A,), an Fe' ion will reside in the HS state (tgg4 eg*z, S =2, Figure 2).

/ z z z \
v ' o’ Oc*-
| - | 9 Lo dpdz2
- = 14 -
W " x / N x y | X e A,
. LO000cx
d,, orbital d,, orbital d,, orbital E . S 1-2
z e Pt S ¢4
. 0o0oc--
y . y d dg d, d
) , xy z ez
v » o ; Average of 3d orbitals in 3d orbitals splitting in
LN~ X 3d orbitals in free ion Octahedral crystal field Octahedral crystal field
K d,z,zombital d,2 orbital /
(a) (b)

Figure 1. a) d-orbitals and their position in relations to bonding planes. b) Crystal field splitting

representation of the degenerate d-orbitals of a free ion and in an octahedral field.

e we o BT
Jrl‘ + 1Lt2g ﬁ;«' " 0 tng' H' 'H'

P>A, 8= P<A,
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v

Figure 2. Schematic representation of the SCO phenomenon: splitting of the d-electrons in the
eg* and 75, levels in a strong ligand field and weak ligand field corresponding to the relative P and

: II
A, parameters in a Fe de.
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Thus, spin transition occurs nearly exclusively with coordination complexes of 3d metal
ions. Indeed, this is not expected for 4d and 5d transition element compounds on the basis of
ligand field theory, because the strength of the ligand field increases notably (by ca. 50% from
3d to 4d and ca. 25% from 4d to 5d) relative to analogous 3d compounds, and is generally much
greater than the spin pairing energy; hence, virtually all 4d and 5d transition metal complexes

show LS behavior.'®

2. Thermal Spin-Crossover (SCO): Cooperativity and Bistability
2.1. Characteristics

Despite SCO compounds of Fe" centres not being discovered until around 1966, the
most studied examples so far are those based on Fe(I) (d® configuration), for which a
paramagnetic<>diamagnetic transition from the high spin (HS) state (S =2, °T 2¢) to the low spin
(LS) state (S= 0, ‘4 1) 18 observed with mainly temperature as external trigger, and so referred as
a thermal spin crossover.'” More precisely, the most common spin crossover compounds are
octahedral Fe" complexes with an all-nitrogen donor environment (FeNs type), mainly
constituted by nitrogen rich heterocyclic rings. Among the various ligand systems, the
salicylaldimines have been attractive and popular ligands for the synthesis of transition metal
complexes since they are easy to prepare and synthetically versatile.'® More recently, N5O, N4O,
and P4Cl,, P4S;, and N4S, coordinated systems have been also investigated, extending new
classes of SCO derivatives."”” In order for thermally induced spin transitions to occur, the
difference in the Gibb’s free energies for the two spin states involved must be in the order of
thermal energy, kgT.' An increase in temperature favors the HS state, while the low temperature

favors the LS state.

Besides the switching of the magnetic behaviour implicitely defined by the change of
spin state, the SCO phenomenon is also strictly correlated to strong modifications in the

structural and optical properties of the corresponding materials:' "’
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¢ Modifications of the structural properties related to SCO: Fe-L bond lengths and cell
parameters

The mechanism for SCO can also be described from a thermodynamic perspective since
there is a Fe-N bond length contraction accompanying SCO from HS to LS, with corresponding
values of approximately 2.1 and 1.9 A for Fe" systems, respectively. The ligand field strength of
a complex is correlated to the metal-ligand bond length and this is true for both the HS and LS
state of the same complex; consequently, it is possible to define the mean difference in metal-
ligand bond lengths between the HS and the LS state Aryy (Arpr = tus-rzs, with ryg and rzg the
metal-ligand bond length for the HS and the LS states, respectively, Figure 3). This means that in
a configurational coordinate diagram (Figure 3), the minima of the HS and LS potential energy
wells will be displaced (horizontally and vertically). So, it can be seen that for a SCO to occur,
the zero point energy difference between the HS and LS states (given by AE°y;, = E°ys-E°.5) has
to be within a thermally accessible range (Figure 3). When this situation is satisfied, all
complexes will occupy the LS state at very low temperatures, while the entropy driven
population of the HS state occurs at higher temperatures (the higher entropy associated with the
HS state is derived from electronic contributions from spin degeneracy and a vibrational
component). As such, the LS state is the quantum mechanical ground state, but at higher

temperatures, the HS state becomes the thermodynamically stable state.'®

Energy ST;_ HS
g

1Alg LS

- = o ————

Ar (LS/HS)

r{metal-ligand)

Figure 3. Potentials for the high-spin and the low-spin states along the most important reaction
coordinate for spin crossover, namely the totally symmetric metal-ligand bond length denoted
r(Fe-L).
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In addition to the modifications of the Fe-L distances, the structural evolution resulting
from the SCO can be also estimated via the determination of the distorsion parameters X and ©;
¥ is the sum of the deviation from 90° of the 12 cis-angles of the FeNg octahedron, while © is the
sum of the deviation from 60° of the 24 trigonal angles of the projection of the FeN¢ octahedron
onto its trigonal faces.”’ Furthermore, the Fe-N bond length contraction and distorsion
parameters accompanying the SCO from HS to LS are also correlated to a significant variation of
the cell parameters and the volume of the cell, while macroscopic repercussions on the
mechanical properties of the crystal are ultimately observed. In addition, these structural
modifications induce modifications of the vibrational properties of the metal complex eventually

impacting the optical properties of the material upon the transition.

# Modifications of the optical properties related to SCO: Thermochromism

Thermally induced SCO is accompanied by a change in the magnetic moment and color
(not always, but in many cases, with a distinction between liquid and solid state).* This eventual
change of color of SCO derivatives upon temperature is referred as thermochromism and is
generally attributed to d-d electronic transitions and/or charge transfer transitions (Metal to
ligand or ligand to metal charge transfer (MLCT/LMCT) depending on the configuration and
nature of the coordination complexes). As examples, some 1,2,4-triazole based coordination
complexes (e.g. [Fe(NH,trz);]Br,-H,O (NHatrz: 4-amino-1,2,4-triazole), solid state) exhibit a
spectacular reversible purple-white thermochromic transition upon heating-cooling with a large
hysteresis centered at room temperature. The thermochromic transition is related to the spin
crossover (SCO) from the low-spin state (LS, purple, S = 0, diamagnetic) to the high-spin state
(HS, white, S = 2, paramagnetic, Figure 4). Depending on the nature of the SCO derivatives,
other colors can be involved such as red (LS) to yellow (HS) or yellow (LS) to green (HS)
thermochromic transitions. As a result, this thermochromism defines a convenient preliminary
characterization method to eventually detect a spin transition. It should be added that
thermochromism accompanying SCO is of independent significance for practical applications
(Figure 4). The synthesis and investigation of thermochromic compounds is an important area in
materials chemistry® as these compounds could be used as thermochromic indicators and labels
in engineering processes and in the security industry among others. The SCO in complexes is
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also observed with changes in pressure, which allows their use as thermochromic pressure
sensors.”* In addition, SCO complexes demonstrate unusual photorefraction properties.”**
Changes in spin state are also accompanied by changes in the dielectric constant™ ** and

electrical resistance.?’

Figure 4. Left/middle: the thermochromic bistability of bulk [Fe(Htrz),(trz)][BF4] (Htrz: 1,2,4-

triazole; trz: 1,2,4-triazolate anion). Right: one of the prototype displays based on
[Fe(Htrz);-3.(atrz)s,][ClO4], (atrz: 4-aminotriazole) pseudo-alloys developed at ICMCB, CNRS

(France). 1

2.2. Cooperativity and Types of Spin-Transitions

A typical spin-transition curve is generally represented as a plot of the HS fraction (yus)
vs. temperature (7) (Figure 5). While there are a number of SCO shapes/profiles that can be
observed, the most important are those which display a degree of cooperativity associated with
the spin-transition, where cooperativity defines the degree to which the effects of a spin-
transition are conveyed throughout a crystal lattice. Thus, according to the strength of the elastic
frustration correlated to the cooperativity, the system may undergo first-order transition with
hysteresis, gradual, hysteretic two-step or multistep transitions, or incomplete transitions (Figure
5)3a3b

The most often encountered examples of transition curves are those which manifest in
gradual transitions from HS to LS (Figure 5 (a)). The gradual transitions are indicative of a low
degree of cooperativity between metal centres, while abrupt transitions (Figure 5 (b)) represent a

strong cooperativity; that is a high degree of ‘communication’ of the spin-transition through the
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crystal lattice, either via covalent linkers between metal centres or via intermolecular interactions

(e.g. Hydrogen bonds).

Interestingly, when cooperativity is especially high, hysteresis may result. The result of
hysteretic behaviour, associated with a spin-transition, and sometimes complemented by a
crystallographic phase change, has come to be identified as the most important aspect of the SCO
phenomenon. This is because hysteresis provides bistability (at both the HS and LS states) and
thus a memory effect is realised, where bistability is the capacity of a system to exist in the HS or
LS state between a certain ranges of an external perturbation. Using the example of temperature
induced SCO, this means hysteresis occurs between the range of 7;,(min) and 7;,(max), where
T, is the midpoint temperature defined as the point in which the fraction of HS centres exist in a
1:1 ratio with those of LS orientation. The 7),(max) is usually somewhat higher than 77/, and so
whether the system is HS or LS between these two points indicates its history and as a result, a
memory effect is observed (Figure 5 (c)). The hysteresis’ mechanism can be explained by the
quantum physics of phonons, which is beyond the scope of the present work; when focusing only
on the chemical and physical attributes of SCO complexes which display hysteresis, two main
origins can be proposed for the hysteresis: the first one implies a structural phase change in the
lattice, caused by a SCO occurrence, which results in a hysteresis as each ‘phase’ then follows its
own unique SCO path, and 7;, values for both phases are not the same; alternatively, the
intramolecular structural changes that accompany the transition may be imparted to adjoining
molecules by means of highly effective cooperative interactions between SCO centres, and then

resulting in a hysteresis.

Another type of transition frequently encountered is the multi-step transition (e.g. two-
step transition, Figure 5 (d)) where, as the sample is cooled, a reduction in the HS-fraction is
interrupted by a plateau. With further cooling, the crossover proceeds again and the
corresponding reduction in the HS-fraction is continued. This type of crossover has commonly
been observed for systems involving two distinct metallic centers, where the mechanism for
crossover bypasses an intermediate plateau (IP) that is usually associated with the HS-LS state.”®
Examples of two-step SCO will be described for 4-R-1,2,4-triazole based derivatives in chapter
[T and 1V.
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Figure 5. Main types of spin-transition curves: (a) gradual transition, (b) abrupt transition, (c)

hysteresis, (d) two-step transition, (e) incomplete transition.

Finally, a spin-transition in which the entire crystal lattice fails to crossover is called an
incomplete crossover (Figure 5 (e)). An incomplete crossover may occur as a result of a kinetic
effect, where conversion from the HS to the LS state upon cooling happens at a very slow rate.
As a consequence, a small portion of HS centres will contribute to the elevated susceptibility
value at cryogenic temperatures. A further explanation for incomplete crossover can be a result
of more than one unique Fe" site existing within a given complex. Sometimes, as for example in
the dinuclear complex [Fe,(pmat),](BF4)s.DMF (pmat = 4-amino-3,5-bis{[(2-pyridylmethyl)
amino|methyl}-4H-1,2,4-triazole), the HS-HS to HS-LS occurs at a T}, of 224 K, but the system
remains trapped in the HS-LS state, and further cooling fails to induce the transition to the LS-LS
state.”” As previously explained, the SCO property can manifest in a number of forms depending
on the degree of cooperativity within the system. The parameters influencing the degree of

cooperativity will be later introduced.
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3. Light-Induced Excited Spin-State Trapping (LIESST) Effects: LIESST and
Reverse LIESST

Besides the thermally induced spin-transition, the development of photomagnetic studies
has provided deeper insight and further means into the exploration of the mechanism of SCO,
with the possibility to control the HS and LS populations by irradiating with light of the
appropriate wavelength. This photophysical phenomenon has been termed “Light-Induced
Excited Spin State Trapping” (LIESST) effect and is associated to the irradiation into d-d or
metal-ligand charge transfer (MLCT) bands of the LS species in the UV-VIS range below the
thermal transition temperature that results in a quantitative population of the HS state with high
quantum efficiency, generating by the same a photomagnetic bistability. The subsequent
relaxation back to the LS ground state can then be followed by spectroscopic methods as a
function of temperature up to the thermal transition temperature. This LIESST effect was first
discovered in 1982 by McGarvey and Lawthers who reported that the equilibrium between the
spin states of Fe'' spin-crossover complexes in solution at around room temperature can be
photophysically perturbed via irradiation into the intense spin and parity allowed metal-ligand
charge transfer (MLCT) absorption bands of the LS species.'' This work was followed by the
discovery of the LIESST effect in solid state by Decurtins et al.'’ in 1984 on [Fe(ptz)s](BFs),
(ptz = 1-propyltetrazole) coordination compound which presents a phase change occurring at a

11-12
In a

spin transition temperature 77, of ca. 135 K with hysteresis’ width of ca. 7 K.
temperature-dependent study of the optical spectra of this compound, it was observed for the first
time that a LS to HS conversion in a solid state SCO compound could be quantitatively ‘trapped’
in the so-called “metastable-HS state” following irradiation of the material - as a single-crystal,
polycrystalline, or embedded in a polymer foil - with a green light (A = 514 nm). Soon after this
discovery (1986), Hauser reported the reverse process, using a near-infrared (A ~ 820 nm)
irradiation to convert the same [Fe(ptz)s](BF4), compound from its metastable photo-induced HS
state to the LS state.”® This so-called “reverse-LIESST” is another concept of photomagnetic
behaviour and involves the conversion of the metastable-HS back to the LS state following
irradiation of the SCO complex with a red laser. The findings of the LIESST and reverse LIESST

effects have opened the possibility of using spin-crossover materials as optical data storage or

processing devices, and also contributed to the growth of research in photomagnetism with early
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pioneering work from Giitlich,* and more recent work notably by Létard and co-workers.”' With
the aim to generate a light-induced metastable state stable around room temperature, Bousseksou
et al. have reported in 2005 a light-induced reversible spin transition in the SCO complex

[Fe(C4H4N) {Pt(CN),}] at room temperature, using a nanosecond pulse laser.*?

The LIESST phenomenon can also be defined on the basis of the ligand field theory. The
photophysical processes involved in the LIESST effect are depicted in the Jablonski diagram that
illustrates the electronic states of a molecule and the transitions between them (Figure 6). Thus,
the two potential wells for the LS and HS ground states are displaced due to the fact that the
[metal ion - donor atom] distance in the HS state is longer compared to the shorter bond distance
in the LS state (Figure 6). The green light (514 nm from an Argon ion laser) excites the LS state
('A1) by the spin-allowed but parity-forbidden transition to the 'T; and 'T, ligand field states
('A; — 'T1, absorption band), followed by two consecutive intersystem crossing processes
(ISC) to the triplet spin states *T| ,, and finally to populate the HS state “T, ('T;2 — *Ti2 — “T).
Two factors are favorable for the occurrence of a LIESST: (i) The spin triplet states °T,, are
placed energetically lower than the 'T; and 'T» ligand field states; (ii) The double ISC decay path
is favored by spin-orbit coupling and therefore faster than the direct decay path back to 'A;. The
decay of the T, state to the 'A; state is highly spin and parity-forbidden, and due to the
considerably larger M-L bond distance in the HS state as compared to the LS state, which builds
up an energy barrier between the potential wells of the two states, the lifetime of the metastable
LIESST state can be very long (e.g. on the order of days/weeks at temperatures below ca. 20 K
in the case of [Fe(ptz)s](BF4)2)'’; the long-lived metastable HS state is trapped until radiationless
thermal relaxation (heat is transferred to lattice vibrations) sets in by non-adiabatic multiphonon
processes. > Because an energy barrier exists between HS and LS states (due to metal-ligand
bond lengths Aryp and zero point energy difference AEy;) following irradiation, at low enough
temperatures there is not enough energy to overcome this barrier and the sample stays trapped in
the HS state. However, relaxation from the metastable-HS state to the LS state increases in rate as

the temperature increases.
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Figure 6. A Jablonski diagram for a Fe" compound showing the photophysical processes of the
LIESST and reverse-LIESST effects, after irradiations (laser excitations at specific wavelengths).
The states are arranged vertically by energy and grouped horizontally by spin multiplicity. Non
radiative (relaxation) transitions are indicated by squiggly arrows, and radiative transitions by
straight arrows. The vibrational ground states of each electronic state are indicated with thick

lines, and the higher vibrational states with thinner lines.

At elevated temperatures, the HS—LS relaxation is thermally activated as expected for
the large horizontal and the small vertical relative displacements of the potential wells of the two
states and the ensuing energy barrier between them (Figure 6). However, at low temperatures,
deviations from the classical behavior towards a temperature independent rate constant indicate
quantum mechanical tunneling in the shape of a non-adiabatic multi-phonon process. Moreover,
it has also been shown that the reverse-LIESST phenomenon can also been performed by optical
excitation into spin allowed d-d band with a relatively low quantum efficiency which eventually

allows to probe the LS—HS relaxation dynamics as a function of different external perturbations
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such as temperature, pressure or modulation of laser field probe. Referring to the reverse, the

tunneling mechanism for this transition from the Sng to the 'A, state is also shown in Figure 6.

In attempts to better understand the mechanism of LIESST, and in doing so potentially
decrease the rate (or increase the temperature) of relaxation from metastable HS to LS, Letard et
al** have created a database of LIESST information on a large number of SCO Fe" compounds
in order to identify trends within series of complexes. As such, the parameter 7(LIESST), which
consists of systematically measuring the limit temperature above which a photomagnetic effect
in a material is erased by warming the material from 10 K at a rate of 0.3 K min™', has been
created as a method of drawing comparisons between the LIESST behaviour of compounds (see
also paragraph 6.2.3 for experimental details). The 7(LIESST) provides the temperature at which
the metastable-HS state overcomes the energetic barrier between LS and HS and then begins to

relax to the thermodynamically more stable LS state (Figure 7).
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Figure 7. Schematic representation of the 7(LIESST) effect.
The value of the T(LIESST) can be defined as the minimum point of the dyT/6T vs. T
curve. The equation for determining 7(LIESST) is given below:

T(LIESST) = Tp-03 T), (1)

Linear correlations between T(LIESST) and 77, have been found with different 7, values

attributed to differently coordinated Fe' geometries, more specifically involving ligands with
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different denticity (e.g. monodentate (7 = 100 K), bidentate (7 = 120 K) or tetra-dentate (7 =
180 K) macrocyclic ligands). As a result, for a defined 7 line, the T(LIESST) decreases when
T, increases, and reciprocally. Moreover, the increase of 7(LIESST) is correlated to the stability
of the light-induced state, and also to the photo-induced bistability in time. The figure 8 shows
the highest T(LIESST) values for compounds displaying different coordination environments
from the library of known LIESST active samples located along a particular 7; line. While this
approach has been established for many SCO derivatives, interestingly there have been also
reported examples which do not follow the trend of 7(LIESST) in relation to their denticity; a
previous justification for this inconsistency has indicated that a given compound’s T(LIESST)
value may be affected by the flexibility of the ligands, in addition to the coordination

environment.

D 31 |
140 | ‘-f.'f. ii : i

120 | '!‘;3!.' .

-
L . s“ el 0 ]
& “'. Wi a4
100 FATE e T,=200K
y !
= T,=180 K
&
28
a 741
= 46 =
b | |
48 T,=150 K
—
239
20 - 12 7 =100 K Lol
i 1 i | i 1 L 1 ;‘: 1 i 1‘1
50 100 150 200 250 300 350

Thermal Spin Transition Ty, /K
Figure 8. Plot of T(LIESST) vs. T}, for a large number of LIESST-active SCO compounds,
showing T} lines and the denticity of the ligands comprising the first coordination sphere of the
LIESST-active SCO compounds associated with a particular 7, line. The grey area is

meaningless as 7(LIESST) must be less than or equal to 7},.>*
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4. Rational Tailoring of the SCO Behavior: Combinational Influences of

Chemical and Structural Factors

As mentioned earlier, there are a number of factors/parameters with significant influences
within the solid state of the lattice of a compound that govern a compound’s ability to show
SCO, and the ensuing properties. Although thoroughly interrelated, those factors can be

subjectively distinguished in two categories:

(i) The “chemical factors” which relate to the nature and the intrinsic characteristics and
properties of the building blocks constituting a SCO material, i.e. the metal ion (and eventual
metal dilution), ligand(s) and co-ligand(s), anion(s) as ligands or counter-ion, and solvent(s).
Another key parameter that can be defined as a “chemical factor” is the crystal engineering,
more precisely the chemical conditions (stoichiometry, concentration, nature/mixture of the
solvents, and crystallization techniques). The latter is of paramount importance in the
rationalization of the tuning of SCO materials, as it will pave the way for possible refined
structure/properties studies hardly conceivable without the access of single crystals suitable for

X-ray diffraction. All these “chemicals factors” will implicitly condition the “structural factors”.

(if) The “structural factors” recount the characteristics of the lattice arrangements of a SCO
material, and can be defined as consequences and implications of the “chemical factors”. The
latter include notably the dimensionality of the material, the specifics of the intra- and inter-
molecular interactions, and also the impact of polymorphism and lattice defects. The “structural

factors” will be the foundation to streamline a SCO behavior.

In fine, the rational tailoring of a SCO behavior implies the common approach that
consists in varying only one chemical factor within a compound (e.g. ligand modification or
anion substitution, or change of the crystallization conditions), and then comparing the overall
impact on the structural factors and the SCO properties.””™’ This systematic evaluation of the
combinational influences of the chemical and structural factors in SCO materials can be
undergone with the purpose to investigate and better understand SCO systems, but also to
optimize the properties accordingly to targeted applications; the latter comprises to either

maximise the cooperativity with hysteretic behavior and 77, close to room temperature, or to
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enhance the factors favoring the LIESST (and reverse-LIESST) effect(s) such as the flexibility
and the denticity of the ligand.

Similar to the challenge for Prussian Blue derivatives, the change of the chemical factors
can also be investigated to way in single-crystallinity hardly accessible in some SCO systems; as
an example, the 1D 1,2,4-triazole based derivatives have been studied for more than three
decades because of their highly applied potential with room temperature properties display, but
access to fully refined structure remains challenging task to date,”® making rather difficult to
undoubtly establish rational understanding of the properties. As will be detailed in the upcoming

chapters, the present work is positioned to start filling the knowledge gap in that matter.

4.1. Chemical factors: Composition of the SCO material
4.1.1. Nature of the ligand: Ligand substitution and/or functionalization

Beside the nature of the first row transition metal ions of d*-d’ electronic configurations
(CrH, MnH, Mnm, FeH, Fem, CoH, COHI), with Fe' the most prominent aspirant because of its
“flexibility” related to the SCO requisites (e.g. coordination geometries), the nature of the
ligand(s) involved in the coordination sphere will mainly dictate the eventuality of a SCO
behavior, and so will be a key factor - although not the only one - in defining the SCO
characteristics (e.g. Ty, cooperativity, thermal and light-induced specifics), and implicitly the
structural ones (see paragraph 4.2), of the resulting material. More specifically, the sub-criteria to

be considered about the ligand are multiple:

» The nature and number of the coordinating/donor atoms of the ligand, with a major

impact on the ligand field strength of the complex.

» The constraints and distortions factors - imposed by the geometry and/or the bulkiness of

the ligand in the coordination sphere - that will eventually favor the SCO phenomenon.

» The integration of selected free functional group(s), and/or the integration of nt-electronic

structure to the ligand, with a direct influence on the cooperativity through the eventuality
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of intermolecular interactions involving week bondings (e.g. H-bondings, =n-m

interactions, see paragraph 4.2).

» The denticity and the flexibility of the ligand, that could have notable effects on the
T(LIESST).

It is noteworthy to specify that the aforementioned sub-criteria defining the ligand should
mainly be considered jointly. Indeed, they are all interconnected and can hardly be assessed
independently in a systematic way. Nevertheless, the influence of the ligand can be evaluated in
some systems through either (7) ligand substitution or (ii) ligand functionalization, with the

purpose to define some trends in the optimization of the SCO properties:

(i) Ligand Substitution: the judicious substitution of one ligand by another distinct
analogue can generate, or alter the spin-crossover characteristics, and help to define the impact of
subtle changes in the structure of the ligand on the SCO behavior. Empirically, for mixed
complexes [FeL,L's,] (including two different ligands L and L'), the rule of “averaged
environment”, which states that 10Dq values of the complexes can be found approximately

through linear interpolation between 10Dg values for [FeL¢] and [FeL's], holds:*
10Dg([FeL,L'.,]) = n/6 10Dg([FeLs]) + (6-n)/6 10Dg([FeL's])  (2)

For instance, the system [Fe(py)s(NCS),] is high-spin at room temperature and does not
undergo a thermal spin-transition. The substitution of two of the pyridine (py) molecules by a
strong field 1,10-phenanthroline (phen) molecule gives [Fe(phen)(py)(NCS),] which does
undergo a thermal transition,”” as does the species in which the remaining two pyridines are
substituted [Fe(phen)>,(NCS),].*' As would be expected, Ty, for the former complex (106 K) is
lower than that for the latter (176 K). The replacement of the two thiocyanato groups by a
phenanthroline produces the totally low-spin complex cation [Fe(phen)s]*"; their replacement by
the strong field cyanide ion or the weak field chloride ion (acting as covalent ligands) produces

purely low-spin [Fe(phen),(CN),] or purely high-spin [Fe(phen),Cl,] derivatives, respectively.*'®

(if) Functionalization of the ligand.: a similar and even more refined approach consists in
finely modifying the ligand entity (and potentially affecting the ligand field strength) with

various functionalizations of the ligand. This concept has been notably illustrated in 1974 by
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Giitlich e al. with the series of [Fe(Y-phen)s]X, complexes.* The exchange of -H by -CH;
substituent, in either the 2™ or 9™ position of the three phen ligands, weakens the ligand field
strength due to steric hindrance (whereby the metal-donor atom distance is elongated) and the LS
behavior of [Fe(phen);]X, turns to a SCO behavior for the tris(2-CHs-phen) analogue complex. If
both the 2™ or 9" positions of the three phen ligands are substituted by -CHs, the steric hindrance
becomes even stronger and weakens the ligand field strength further, resulting in the HS
behavior of the tris[2,9-(CHj3),] analogue complex down to very low temperatures. For the
corresponding systems, it was found that a combination of steric hindrance (due to bulkiness),
and an electronic influence of the substituent on the basicity of the coordinating N-atom, are
responsible for the influence on the SCO behavior. The paramagnetic property of the complex
series (given by the molar fraction of HS molecules, yHS, at a given temperature) increases in the
following order Y = H < CH30 < CHj < CI. Moreover, the work revealed that a change of the
substituents at positions not adjacent to the coordinating N-atom in the phen ligand does not

influence the spin state in comparison to the unsubstituted [Fe(phen);]X, complex.

Thus, for the last eight decades, a wide variety of ligands - with different coordination
modes or denticity (mono-, bi-, tri- and tetradentate modes) - have been incorporated into SCO
materials. Depending on the nature of the metal ion, a number of donor atoms have also been
found to provide an appropriate ligand field for SCO to occur and these include S-donors (for
Fem), O-donors (for Fe'', Co", and Fe“), and the more common N-donors (for Fe, Fe", and
Co™).* But, in the case of Fe", the N-donors are commonly from pyridyl, azole (triazole) and

related groups as shown in scheme 1, often in combination with NCX (X= S, Se) unidentate

ligands.
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Scheme 1. Examples of ligands reported for SCO complexes.
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4.1.2. Nature of the anions

In many SCO systems, the nature of the anion can drastically affect the SCO
characteristics, noticeably with significant shifts of 77, or even the disappearance of the SCO
phenomenon. The main sub-criteria that have to be taken into account when assessing the

influence of the anion(s) are:

» The geometry of the anion, which includes the symmetry, but also the bulkiness (size,

volume).

» The charge of the anion, with the monoanions usually the standard sought-after
candidates in most studies, but also the possibility to incorporate more complex

dianions or polyanionic entities.

» The involvement of the anion in the lattice, i.e. the ability of the anion to form covalent
linkage or ionic bondings to the neighboring units (e.g. metal complex) in the structural

arrangement of a SCO material.

In the case of a SCO compound where the anion is directly coordinated to the metal
center, the modification of the structure of the anion (e.g. functionalization with different
substituents) can imply the variation of the ligand field strength and the SCO characteristics. This
has been illustrated by Triki et al. in 2008 with the series of [Fe(abpt),(A),] (abpt = 4-amino-3,5-
bis(pyridin-2-yl)-1,2,4-triazole, A = terminal monoanion N ligand with A = tcm™ = [C(CN)3]" =
tricyanomethanide anion; tcnome” = [(NC),CC(OCH3)C(CN),]" = 1,1,3,3-tetracyano-2-
methoxypropenide anion; tcnoett = [(NC),CC(OC,Hs)C(CN),]” = 1,1,3,3-tetracyano-2-
ethoxypropenide anion) complexes involving atypical polynitrile anions (Figure 9).2'* Thus, the
substitution of tcnome™ by tcnoet™ anion in the complex series, i.e. the replacement of -CHj3 by -
CH,CH3; functional group, is resulting in the appearence of a SCO behavior for the tcnoet
derivative, while the tcnome analogue remains in the HS state in the whole temperature range

(Figure 9).
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Figure 9. Illustration of the influence of the covalent anion in neutral [Fe(abpt),A,] complexes

(A = Terminal Monoanion N Ligand) on the SCO properties.*"

In ionic lattices (with cationic SCO complex units and non-coordinated anions), the anion
can nevertheless exercise a strong influence on the SCO behavior through cooperative
interactions. As examples can be cited the series [Fe(2-pic);]A; Solv. (2-pic = 2-
(aminomethyl)pyridine; A = CI', Br, I, or organosulfonate anions; Solv.: EtOH or MeOH), for
which the SCO characteristics depend strongly on the nature of the anion (Figure 10).**
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Figure 10. Illustration of the influence of the anion on the SCO behavior in the series [Fe(2-

pic);]JA2-MeOH (2-pic = 2-(aminomethyl)pyridine; A = various organosulfonate anions).**
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The last two illustrations, associated to the strong sway induced by polynitrile and
organosulfate anions on SCO properties, draw awareness to the rather unexplored aftermath in
the use of uncommon anions, in comparison with the usual and more popular monoanions such
as halides, BF4 or ClOy4". This facet has been decidedly addressed in the present work with the

use of atypical anions.

For some systems, it can be rather difficult or biased to isolate and discuss independently
the influence of the ligand and the one of the anion, as both parameters can display strong
influence. Thus, tables summarizing both influences can be more apt to comprehend specific
systems, such as the [Fe(4-R-1,2,4-trz);][A]x series of compounds based on the 1,2,4-triazole
ligand that will define the core of the present work, and will be further discussed (Scheme 2,
Table 1).'**** Indeed, the “magnetism” (so to say) of the [Fe(4-R-1,2,4-trz);][A]y derivatives
resides in the access to many synthetic variations, while maintaining a very similar chemical
environment for the Fe'' as well as the interactions within the coordination chains. Because of the
high sensitivity of the Tscoto small variations in the ligand-field strength around the Fe' ion,
slight modifications of the R substituent or the anion is then sufficient to tune the Tsco, while
possibly affecting the characteristics of the transitions (e.g. abruptness). Whilst maintaining the
same R substituent, the Tscp is usually found to increase with the bulkiness of the anion. This is
particularly well established with spherical anions, for which a near-linear relationship of Tsco
with the anion volume was found for both the atrz and hyetrz triazole ligands (Figure 11, Table
1). Fairly grippingly, it is possible to form [Fe(4-R-1,2,4-trz);][A]x compounds with assortments
of R or A. The mixed compounds then have intermediate Tsco, allowing a fine-tuning. This was

demonstrated with the [Fe(Htrz);_sx(atrz);x][ClO4], - H>O series. The R substituent also results in

variations in Tsco, although in a less predictable manner (Table 1).
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Scheme 2. Schematic representations of a 4-susbtituted triazole (left) and of the model/reference
1D coordination chains formed through propagation of triple N1,N2-triazole bridges connecting
Fe" centers (right). The substituent is depicted as large light grey spheres. Colour code: Fe,

purple; N, blue; C, dark grey.'*
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Table 1. Summary tables of (a) [Fe(4-R-1,2,4-trz);][A]x systems reported in the literature, with

the influences of the nature of the R substituent and the counter-anion on the Tsco;
trends in 7cT (T, = Tsco) for complexes of FelL;A, (L = n =1, 2) and [FesL¢(H,O0)s]A¢ with

different anions (ns: naphthalene sulphonate anion, tos: tosylate anion).

(a)

22a

' and (b)

(b)

Triazole!! Anion®! T Triazole!® Anion!! Tseo™
(Hurz),trz A Bl—:1 Cytrz 1o, 165-240
(Huz)trz B BF, BE, 180255
Hurz BF, a 290361
1o, 3417358 NO, (n=18) 270
PE, 269/279 CESO, 195-240
ByoH,, 2331246 R
atrz €10, 247249 p-alatrz CFSO;
BF, 2501260 et a0,
PE, 180 : BE,
CI /Br /I 270-316 PF
s SRS s
NO;, 3107347 1 /Br /1 285-314
ptol 279296 NO; 298/315
CH,S0; 2737288 ubs 100110
NH,PhSO; (0- m-, p-) 250-320 hyptrz ks 120/168
Ins 2297235 myetrz BE, 2401244
2ns 1297 10, 247/251
4OH-1ns 230/240 NO, 276/284
4NHx-Is 2231 CF:80s 2241230
60H-2ns 265/270 ptol 3701282
Spyropan 260-340 fatez BE, ;HZ
ReO; 225 CESO; 2741276
ByoHig NIA NO; 2074307
SiF” 2411255 ptol 263/268
MFEZ" (Ti. Zr. Sn, Ge) 179230 i BE, FS0L5K
Tak; 217 CES0, 2847309
y r\‘le (I:nHZnH ptol 226/238
N N N N
WAROREW <
N—N N=N N—N N—N
4H-12 4-triazole  triazolate 4-aminotriazole 4-alkyltriazole
(Htrz) (trz) (Cotr2)
OH OCHj

N

//
—N

4-(ethylpropionato)triazole

(palatrz)

HN
|

N
N—N SO5°

4-benzamidotriazole
(tba)

aminophenylsulfonate
(m-,0- or p-NHPhSOs3)
SOS OO
1-naphtalene sulfonate
R R=H, 1n9)

o}

(n=2: hyetrz; n=3: hyptrz) (mxetrz)

Hr}:/go _®—soa

N ptolylsulfonate

« (p«ol)
N— N

44ovmam\domazule

3-nitro-4-chlorobenzylsulfonate

(R=CI, ncbs)
31 nllrobenzylsuwona(e
RH.IBS) g0,

phtalene sulfonate 4 phialene sufonate R
(R=H, 2ns) (R OH, 40H-1ns)
hyd phtalene sulfonate 4 p sulfonate
(60H-205) (R=NH,, 4NH-1ns)
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Ligand R Abbreviation
1.2.4-Triazole H Hurz
1.2.4-Triazolate ion uz
4-Amino-1.2 4-triazole NH, NHatrz
4-Formylamino-1.2 4-triazole OHCNH fatrz
4-Methyl-1.2.4-triazole CH; mtrz
4-Ethyl-1.24-triazole CsHsy ettrz
4-(2"-Hydroxyethyl)-1.2.4-triazole HO(CH5)» hettrz
4-Propyl-1.2.4-triazole CH;3(CH,)y prirz
4-(3'-Hydroxypropyh-1.2 4-triuzole ~ HO(CH,)3 hprtrz
4-Isopropyl-1.2 4-triazole (CH;)»CH iprtrz
4-Butyl-1.2 4-triazole CH;(CHa)s butrz
4-Amyl-1.2 4-triazole CH;(CH,)y amtrz
4-Hexyl-1.2 4-triazole CH;3(CH,)s hektrz
4-Heptyl-1.2.4-triazole CH;(CH,)g heptrz
4-Octyl-1.2 4-triazole CH;(CH;), otrz
4-Octadecyl-1.2 4-triazole CH;3(CH,)y7 odtrz
4-(m-Methylphenyl)-1.2.4-triazole 3-CH3(CgHy) mmphtrz
4-(p-Methylphenyl)-1.2 4-triazole 4-CH3(CgHy)y pmphtrz
4-(m-Methoxyphenyl)-1.2 4-triazole  3-CH;O(CgHy) mophtrz
4-(2-Pyridyl)-1.2.4-triazole 2-Cs H:N pytrz
4-(4'-Nitrophenyl)-1.2.4-triazole 4-NO5(CgHy) nphtrz

7.1 [K] for different anions

[Fe(Huz)]A,

[Fe(NHatrz);]A,

[Fe(etirz);]As
[Fe(prtrz)s]As

[Fe(hettrz);]A,

[Fe(heptrz)z]As
[Fe(odtrz);]A

[Fes(iprtrz)s(H,0)6]Aq

BigH 2 (246) < ByaH a2 (263)
< ClO4 (266) < C1 (337) <
ReOy (342) < NOy (355) <
SiFs® (=380 with decomposition)
< BFy (397)

NCS (190) < ClOy (210) <
ZrFs (216) < ReQy (228) < 1-
ns (235) = 4-amino-[-ns (235) <
4-hydroxy-1-ns (240) < SiF
(254) < 6-hydroxy-2-ns (270) < |
(280) < Tos (296) < 2-ns (297) <
CH;SO: (299) < Br (312) <
BF; (335) < NO;3 (342) < (I
(355) = SO4% (355)

ClOy (155) < NO;5 (232) < Br
(275)

CFiS0; (140) < ClOy (149) <
ReO, (230) < Br (290)
3-Nitrophenylsulfonate (115) <
PFg (205) < BF, (225) < ClOy-
255 <1 (297) <Br 312) <
C1 (314) < NOy (315)

ClOy (180) < CF3S05 (208) <
BF, (221) < Tos (337)

ClOy 210y < CF3S0; (250) <
SiFs2 (310) < Tos (318)

Dy (164) < CF380; (187) <
BFy (194) < I (195) < Tos (242)
< Br (355)

~
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Figure 11. Left: Close to linear variation of Tsco for the series [Fe(atrz);][A], as a function of
the volume of spherical anions A. The case of A=NOs; is included to show its peculiarity.
Middle: Variation of Tsco for the pseudo-alloys [Fe(Htrz)s;.ax(atrz)sx][ClO4], as a function of the
pseudo-alloy composition x. Right: Variation of Tsco for the series [Fe(Cytrz);][BF4], as function

of the alkyl length . Empty/full symbols represent the Tsco upon cooling/warming,***

4.1.3. Nature of solvent molecules

In addition to the ligand and the anion, the variation in nature and/or numbers of the
solvate molecules of the materials, as well as the total absence of solvent molecules (e.g.
dehydration process), can dramatically influence the SCO properties. When evaluating the affect
of the solvent, its implication in the lattice has also to be ascertained with distinction between
coordinated and uncoordinated solvent molecules. As an illustration, the [Fe(2-pic);]Cl,-Solv.
with Solv. = EtOH, MeOH, nH,O (n = 1 or 2) were studied by Giitlich ef al. with Mossbauer
spectroscopy to explore the influence of the non-coordinated solvent molecules on the SCO
behavior.” The ethanol shows a rather steep transition near 115 K; the methanol shows a more
gradual spin-transition near 150 K; the monohydrate exhibits a very broad hysteresis loop with
transition temperatures 7;,,| = 200 K and 7,1 =~ 290 K; and the dehydrated sample exhibits no
SCO at all, but remains in the LS state. Likewise, in the 1,2,4-triazole derivatives, the SCO
characteristics of [Fe(ettrz);](NOs),'H,O and [Fe(ettrz);](Br),-2H,O (ettrz = 4-ethyl-1,2.4-

triazole) change upon dehydration, with a slight change in the first case in both the character of
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the transition and the transition temperature (with a 2 K increase in 7 1/2T), while the transition
turns gradual with a decrease in 7,1 of 52 K for the bromide complex (Figure 12).*® Moreover,
for the [Fe(NHxtrz);]Br,'nH,O (n = 0, 1.5, 3, 10) complexes, the SCO temperature decreases

with decreasing n (dehydration), and the transition becomes more gradual and incomplete.*’

54 54
0 Fe(etirz);(NO;),
B Fe(ettrz);(NO,), - H,0
4 o 44
= =i Fe(ettrz),Br,
m e 34
L 5 -
& &
— :L 2_
2_
Fe(ettrz),Br, - 2H,0
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Figure 12. (a) pesr vs. T curves for [Fe(ettrz);](NO3),-H,O and [Fe(ettrz);](NO3),; (b) pegr vs. T
curves for [Fe(ettrz);]Bro-2H,0 and [Fe(ettrz);](Br),.*

The loss/alteration of SCO behavior upon dehydration/desolvatation is commonly linked
to the existence of hydrogen bonding as the communication pathways for the cooperative
interactions propagating through the lattice as observed recently from our group in a series of
macrocycle based Fe, but the effect of solvent is not always consistent from one system to
another and is not readily predictable.*”** Indeed, contrary to many examples in which the loss of
solvent molecules is accompanied with a decline of the SCO behavior, Garcia et al.and Real et
al. have reported two distinct examples, in 1997 and 2012 respectively, for which the appearance

of the SCO properties are observed only in the dehydrated derivatives.*
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4.1.4. Metal dilution effect

The effect of metal dilution, into the lattice of SCO complexes presenting isostructural
species of Fe"', Zn", Cu" or Co" and others, has proved to be very significant in influencing the
nature of spin-crossover in solids.”® For instance, the elaborated investigations of the SCO
behavior in the mixed-crystal series {[Zn;xFex(bbtr);](ClO4),}.. using SQUID measurements
displayed that the SCO behaviour was strongly influenced by substitution of Fe" by Zn" (Figure
13).%° Thus, if the transition curve is abrupt for the original Fe"" compound, the spin transition
tend to become more gradual with decreasing Fe' concentration (i.e. increasing dilution), and is
shifted to lower temperatures; at high dilutions, the spin transition curve can resemble the
thermal spin transition occurring in liquid solution.'**>! The origin of such influence lies in the

increase of the distances between spin-crossover centers with the decrease of their interactions.

Cooling Heating
Ths X = 0.02
) =+ x=0.10 =
- x=021 -
v x=0.38
4 x=048
. o+ x=068 -+
" - x=084 -
. J) - x=1.00 -~
' [ ' I ' I ' \
50 100 TK] 150 200

Figure 13.Thermal spin transition curves for the mixed crystal series {[Zn;xFex(bbtr);](ClO4)2}
(x=0.02,0.10, 0.21, 0.38, 0.48, 0.68, 0.84, and 1) obtained from optical absorption spectroscopy

in cooling and heating mode (temperature sweep rate: 0.1 K/min).”
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Ultimately, all those ‘chemicals factors’ are also decisive in the obtention of single-
crystals suitable for X-ray diffraction, which is the keystone for structure/properties correlations.
In that regard, the crystal engineering conditions (stoichiometry, concentration, nature/mixture of
the solvents, and crystallization technique) can be also considered as a chemical factor; indeed,
they can have a dramatic input in some SCO systems, with singular crystal phases that can be
obtained from the exact same starting precursors, but using different crystallization conditions.*™
Besides, in the 1D 1,2,4-triazole based series, the seek for single-crystals remains conspicuously

a challenge that the present work has started to tackle in Chapter II.

4.2. Structural factors: Consequences and implications of the chemical factors

As previously emphasized, the strict influence of the chemical factors onto the SCO
characteristics are intricate to clearly evaluate because a change in the composition of a system
usually implies modifications in the structural arrangement while both factor in any resulting
SCO behavior. In other words, the clear-cut impact of any chemical factor could be only strictly
evaluated for derivatives that display the same structural arrangements/packings (e.g.
isostructural derivatives), with a minority of examples to date. Among the main ‘structural

factors’, we can define the following ones:
4.2.1. Intra- and Inter-molecular interactions

The intra- and inter-molecular interactions between SCO centers are directly related to
the nature of metal centers, the ligand(s), anion(s), and also crystal solvent(s). For instance, the
well known 1-D [Fe(4-R-1,2,4-trz);][A]x derivatives display high degrees of cooperativity
allegedly mainly arising from covalent linkers (N1-N2) between Fe'' SCO centres, but inter chain
interactions will also play a part.'** Indeed, each metal center in the 1-D chain is believed to
perceive its adjacent neighbours via changes in the metal-donor bond length and lattice volume.
However, in the case of mononuclear complexes, this mode of transmission is not possible,
meaning there must be further interactions, operating between complexes, and responsible for
cooperative crossover. These intermolecular modes of transmission of cooperativity have been

found to include hydrogen bonding and n-it stacking effects.?'***>* Thus, in the crystal lattice of
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mononuclear systems, hydrogen bonds or n—r interactions between defining units are believed to
play a decisive role in defining the character of the spin-transition. The importance of hydrogen
bonding for the spin-crossover behavior of the [Fe(pic);]Cl, system was investigated through the
effect of isotopic exchange (H/D and "*N/"°N) in various positions of the ligand and the solvent
molecules.” In a variety of polymeric triazole systems, the crystal water was found to influence
substantially the abruptness of the spin-transition, whereas the loss of it resulted into gradual
transition.® Among the most illustrative examples of the impact of n— interactions can be cited
the series of compounds [Fe(L),(NCS),] (L=1,10-phenanthroline (phen), and dipyrido[3,2-
a:2’3’-c]phenazine (dppz)), and [Fe(abpt)(A).] (abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-
triazole, A = terminal monoanion N ligand).*'**” In the first series, the crystal packing analysis
shows an important number of C---C contacts, with an emphasis in the dppz derivative leading to
an abrupt transition with large hysteresis (~ 40 K); in the abpt series, Triki ef al. have established
a correlation between the configuration of the m—m interactions (frontal or sideways) and the
corresponding magnetic properties of the SCO derivatives, with the sideways interactions
seemingly unfavorable to SCO.*' These observations evidenced that the SCO properties of
materials are highly correlated with the nature and the extent of their intra- and inter-molecular

interactions.

4.2.2. Dimensionality

The SCO phenomenon in monomeric complexes associated with the cooperativity and its
rationalization in terms of effective intermolecular interactions, has led to the conclusion that
enhancement of abruptness could be achieved by the use of bridging ligands capable of linking
covalently the SCO centers. Consequently, it has been assumed some trends between the
hysteresis effect (7sco, width and abruptness) in the spin-crossover derivatives and the
dimensionality of the materials.”®> For instance, it has been reported that the increase of the
dimensionality from trinuclear to polymeric structures for some 1,2,4-triazole based materials
shifts the transition to higher temperature, and increases the abruptness of the transition with the
appearance of large hysteresis (up to ca. 60 K).”**%%® Other examples include the series

[{Fey(NCS),(u-bpypz):} Xn (X = monodentate pyridine molecules (n=2)," bridging 4,4’-
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bipyridine (n=1),"* p-bpypz = 3,5-bis(pyridin-2-yl)pyrazolato)) for which the increase of the
dimensionality, respectively from dinuclear complexes to 1D system, leads to the appearance of
a magnetic hysteresis loop in the latter compound at higher temperature. Meanwhile, the first
reported two-dimensional spin-crossover coordination polymer [Fe(btr),(NCS),]-H»O displays a
strong cooperative spin-transition centered at around 134 K, with a broad hysteresis loop of ca.
21K width. Finally, the reported spin-crossover compound [Fe(btr);](ClO4),, with a three-
dimensional network of covalent bonds between spin-crossover centers, shows a two-step

transition with a hysteresis loop of 3 K.

Although relevant to discuss the dimensionality factor within specific series of SCO
derivatives, it remains rather hazardous and fortuitous to undoubtly extrapolate general trends
between dimensionality and SCO behavior, with many counter-examples already reported. As an
illustration, Galan-Macaros et al. have reported in 2015 an anionic trinuclear complex with the
formula (Me,NH,)s[Fes(pu-L)s(H2O)s] (L = 4-(1,2,4-triazol-4-yl)ethanedisulfonate which exhibits
spin transition with memory effect that matches the remarkable features of triazole based
coordination polymers.®® Ultimately, the dimensionality can be a tricky structural factor to
estimate, while the nature of the intra- and intermolecular interactions is positioned as a more

reliable structural factor when assessing SCO behaviors.

4.2.3. Polymorphism

When polymorphism exists as a result of difference in crystal packing, it is called
packing polymorphism. A polymorphism can also result from the existence of different
conformers of the same molecule in conformational polymorphism. In pseudopolymorphism, the
different crystal types are the result of hydration or salvation; this is more correctly referred to as
solvomorphism. The effect of polymorphism on the spin-crossover behavior is known since the
first studies on the classical system [Fe(L),(NCX),] (where L = phen (X= S, Se) or 2,2’-bipy
(X=S)) by Konig and co-workers in the sixties, with numerous systems reported and structurally
characterized ever since.®”*® The comparison of the crystal structures of the polymorphs showed
that the differences in the spin-crossover behavior are generally attributed to crystal packing

effects and crystal structure-induced modifications of the complex geometry. For example, the
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extensive investigation of the SCO behavior in the two polymorphs (1a and 1b, Figure 14) of the
mononuclear iron(I) complex [Fe(bpmen)(NCSe),] [bpmen = N,N’-dimethyl-N,N'-bis(2-
pyridylmethyl)-1,2-ethanediamine] showed that 1a undergoes a cooperative two-step SCO with
thermal hysteresis, whereas 1b remains HS over all temperatures (Figure 14).69 The origin of
such influence depends on the coordination orientation of the NCSe ligand, which plays an

important role in stabilizing the two polymorphs in different spin states.
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Figure 14. Variable-temperature magnetic susceptibility studies of the two polymorphs of the
complex [Fe(bpmen)(NCSe),] : 1a and 1b. Data recorded in both cooling and heating modes at a

.
scan rate of 2 K min™.%

4.2.4. Lattice defects

The different synthetic procedures (crystallization techniques) as well as the mechanical
treatments of the samples (e.g. ball milling, crushing in mortar) have been shown to influence
strongly the spin-crossover behavior.”” The origin of these effects stems from crystal quality
considerations, in particular crystal defects (e.g. point defects, dislocations and volume defects)
introduced during the crystallogenesis or the sample preparation that often increase the residual
HS fraction in the low temperature region, and tend to make the spin transition curve more
gradual.”’ The size of the crystalline particle has also been reported to play a role.”* In any case,
the sample preparation for physical characterizations of a SCO compound is very crucial and

should be measured with great care.
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5. Aims and Strategy of the Present Work

In the perspective of the present work, the focus has been primarily defined on Fe'
sytems based on 4-R-1,2,4-triazole ligands in combination with polynitrile anions, either organic
or inorganic (e.g. [M(CN)4* (M=Ni, Pt and Pd)). The specifics about the corresponding

precursors will be reviewed hereafter while also explaining the aims and strategy.
5.1. Selection of the ligand: 4-R-1,2,4-triazole ligands (Rtrz)
5.1.1. Impact of the substituent on the coordination mode of Rtrz ligands

As previously introduced, the 1,2,4-triazole-based systems such as [Fe(4-R-1,2,4-
trz);][Alx (4-R-1,2,4-trz=4-substituted-1,2,4-triazole, and A = mono- or di-valent anion) are a
unique class of materials in the field of SCO research, with several derivatives displaying fairly
abrupt spin transitions and a tendency of wide hysteresis that can be as large as 50 K around
room temperature.”'* The quintessence of 1,2.4-triazole systems resides in their chemical
flexibility and versatility; thus, systematic variations - of the substituent on the triazole, the
anions and the solvate molecules - have been investigated to ‘fine tune’ the SCO behaviour of the
resulting materials, while the compounds usually maintain spin transition properties of relevance.
Indeed, the 1,2,4-triazole (trz) entity and its derivatives are versatile ligands for transition metals
as they contain two or more binding sites, can adopt various coordination modes, and can be
rationally functionalised. The possible binding modes of triazole ligands, as well as their steric
effects and their electronic  properties, can be significantly altered by
substitution/functionalization of the ligand, most notably (but not only) on the N4 position.
Various substituents on the N4 position of 1,2,4-triazole have been reported to date, but it has to
be noted though that most of the substituents used so far have similar compositions (e.g. either a
-CH,- or -NH- group) for the part closest to the N4 atom.”> On the other hand, monodentate
coordination of 4-R-trz ligands by just one nitrogen atom has been also reported in several
examples, mostly involving aryl substituents and leading to discrete derivatives (Scheme 3).”* In
this regard, the influence of the functionalisation of the trz ligands on their coordination modes is
of paramount magnitude to fine-tune the SCO properties, but remains surprisingly unadressed in

a systematic way, with the present work looking to tackle the issue.
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Scheme 3. Coordination modes of 4R-1,2,4-triazole ligands.

5.1.2. The “quest” for single crystals with highly refined crystallographic data: 1D and discrete

systems.

In many cases, the structural backbone is constructed through the bridging ability of the
N1,N2-1,2,4-triazole ligand donors usually forming highly stable complexes, typically oligo- or
polynuclear compounds in the powdered form, with crystalline samples involving triple-triazole
bridged p-N1,N2 (FeNg) coordination environments notoriously difficult to form.” In fact,
isolated single crystals ( of 1D [Fe(4-R-1,2,4-trz);][A]x complexes suitable for X-ray diffraction
was not reported until 2011 by Guionneau ez al. (Figure 15);’® while the quality of the data does
not meet typical diffraction standards, the structure of the 1D [Fe'(NHatrz);](NOs),.2H,0
derivative remains nevertheless the first unambiguous evidence of the chain-like polymeric
nature. The SCO behaviour of the compound shows a highly cooperative transition with a
thermal hysteresis of 32 K (7,1 = 342 K and 7},;| = 310 K). The structure of the complex was
only collected at one temperature, 120 K, where the complex is in the LS state; structural data at
higher temperature were not reported, possibly as a result of the rather poor quality of the

crystalline sample as mentioned by the authors. The structure tends to reveal the likely source of
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the highly cooperative nature of the spin transition, whereby the chains interact via direct
hydrogen bonds of the amino groups with an adjacent chain, and through a network of hydrogen
bonds involving both the lattice nitrate ions and water molecules. However, the low refinement is
further requiring the access of highly refined crystallographic data in order to assess accurately
all the structural factors implicitely correlated to the SCO properties, more precisely to the
hysteretic behavior with 7}/, close to room temperature. This also clearly defines one of the main

objectives of the present work.

Figure 15. 1D polymeric chain of complex [Fe(NHatrz);](NOs),.2H,0; (Right). Colour code: Fe
(pale blue), N ( blue); C (grey). The solvent molecules have been omitted for clarity.”®

When it comes to the SCO triazole based materials, the emphasis has been historically
centered on the 1D compounds that tend to display more interesting SCO features, in comparison
with the discrete derivatives such as dinuclear and trinuclear derivatives. However, this
assessment and reasoning took a hit in 2015 when Galan Mascaros et al. reported an anionic
trinuclear complex with the formula (Me,NH;)¢[Fes(u-L)s(H2O)s] (L = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate) which exhibits spin transition with memory effect that matches the
remarkable features of triazole based coordination polymers (Figure 16).° Indeed, in the [Fes(u-

L)s(H20)s]® polyanionic moiety, as the dimethylammonium salt, only the central Fe*" displays
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spin transition as it stays in its LS state at room temperature, and cooperative thermally induced
spin transition occurs above room temperature for the central Fe position in the trimer with the
appearance of memory effect, a large hysteresis cycle (>85 K), and remarkably slow dynamics.
This allows easy quenching of the metastable HS state via gradual cooling (5 K.min'l). Once it is
trapped, the HS state remains metastable. The thermal energy is not able to promote relaxation
into the low-spin ground state below 215 K, with a characteristic 7(TIESST) = 250 K (Where
TIESST is temperature-induced excited spinstate trapping), i.e. the highest temperature ever

observed for a thermal trapping of an excited spin state in a switchable molecular material.
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Figure 16. y,T vs. T plots illustrating the easy excited-state trapping and record high

T(TIESST)in a spin crossover polyanionic Fe'' trimer of the material (Me,NH,)e[Fes(u-
L)s(H20)5].%

Athough involving anionic sulfonated 1,2,4-triazole ligand as building block instead of
the usual neutral Rtrz ligands reported to date, this derivative and its striking properties is
positioned in contradiction with the “empirical” consensual belief that the chain structure is
implicitely required to access hysteretic behavior at high temperature in triazole based SCO
materials; indeed, this derivative remains hitherto the only example of trinuclear entity which

66,77 . 78
**" and dinuclear

displays such remarkable SCO properties, with most of the trinuclear
derivatives typically exhibiting lower degree of cooperativity (e.g. gradual transitions) at low
temperatures. Thus, the limited number of triazole based trinuclear systems reported to date
typically suffer a lack of refined crystallographic data, with usually only the central metal center
displaying spin equilibrium and gradual transitions at low temperatures.”’ Although with usually

more abrupt transition implying two metal centers, the same applies to the not many dinuclear
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derivatives.”® Ultimately, based on the results obtained with the material (Me,NH;)¢[Fes(p-
L)s(H20)¢] and the overall manifest deficiency in unswerving structural information in triazole
systems, the definite key factor(s) contributing to the hysteretic behavior close to room
temperature has(have) yet to be clearly addressed, and remain(s) an open question/challenge that
will shape the red line between the different chapters of the present work.

In due course, the overall “fascination” for the 1,2,4-triazole based derivatives runs
beyond their relative chemical stability, robustness and the display of molecular-scale magnetic
and thermochromic switching capabilities around room temperature, and the subsequent applied

potential (e.g. early optical devices prototypes,’®”

contrast agents for Magnetic Resonance
Imaging,* as well as the electrical addressing of SCO or the use of plasmons to detect SCO™),
with the elaboration of multifunctional materials in various types such as nanoparticles,82
supramolecular gels,” thin films,** dendrimers,*” and liquid crystals.* Indeed, the first methods
to craft SCO nanoparticles involved the reverse micelle technique, which leads notably to the
synthesis of [FeH(4—NH2—trz)3](Br)2'3HzO'O.03(surfactant) derivatives with Lauropal used as
surfactant.®” About the latter, the study showed the occurrence of spin crossover in 69 nm
spherical nanoparticles that exhibited room temperature thermal hysteresis. The nanoparticles
size could be controlled depending on the water/surfactant ratio, and ranged from 30-120 nm.
This work was later patented by Létard®® and co-workers, while the research groups of Mallah™

and Coronado’ have also developed similar nanoparticles with modifications and distinct

observations.
5.2. Selection of the anion: Organic and inorganic polycyano anions
5.2.1. Atypical organic cyanocarbanions: Impact on SCO behavior

The SCO derivatives with FeNg coordination environments frequently fall within one of
the two most common types: (i) [FeL\]JA, compounds with cationic complexes [FeL,]*", where L
is a neutral N-donating ligand that can be mono-, bi- or tridentate (the denticity x would
accordingly vary from 6 to 3 and 2, respectively), and A™ is a non-coordinated anion, and (ii)
[FeL(A,], where L is a neutral ligand that can be mono-, bi- or tetra-dentate (the denticities x and
y would vary accordingly), and A™ is a N-donor ligand such as NCS’, NCSe", dca” (dicyanamide

anion), and tcnq (tetracyanoquinodimethane radical anion). In this context, previous work from
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Triki et al. has shown that the atypical polynitrile ligands are very efficient building blocks to
access magnetic architectures ranging from discrete complexes to 1D, 2D and even 3D
structures.”’ In most of the compounds, they have displayed a high flexibility and versatility with
the ability to act as multi-bridging N-donor ligands between two or more metal ions, leading to a

rich variety of geometries (and symmetries).”'*

Since the cyanocarbanion ligands (Scheme 4)
can be easily tuned by chemical substitution or electrochemical reduction/oxidation, the
coordination attributes of the polynitrile anions have been considered for investigations in the
present contribution to tune the ligand field strength, and so to evaluate their influence on the
SCO behavior in a new series of Fe'" derivatives based on Rtrz ligands. Besides their ability to
directly link to metal centers, those anions can also be involved in supramolecular interactions in
the resulting materials. As will be further explained in the next chapters, the combinations of

polynitrile anionic N-donor ligands (Scheme 4) with the Rtrz ligands have proved to favor novel

SCO complexes of type (ii).
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Scheme 4. Examples of organic polynitrile anionic ligands.”
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5.2.2. Extension to inorganic polycyanometallate anions: Planar tetracyanometallate anions

Certain Hofmann-type frameworks incorporating Fe'' with polyanionic [M(CN)4]* (with
M= Ni, Pt and Pd) moieties have already been shown to display cooperative SCO behaviour,”
with the first such framework incorporating axially-bound pyridine coordinated to the Fe
centres.”® Moreover, the first SCO pillared Hofmann framework that has been reported is
incorporating pyrazine as the pillar between adjacent Fe centres in the metal cyanide layers
(Figure 17), and has also been the major subject of research into the dynamic interplay between

the SCO and host-guest function.””*®

Figure 17. The 3D porous structure of {Fe(pz)[Pt(CN)4]}. Atom codes: Fe (red), Pt (pink), N
(orange), and C (blue).”

These Hofmann-type frameworks have a variety of desirable structural features for the
study of SCO. The metal cyanide layer has a high degree of structural integrity, and with a
suitably rigid choice of pillar ligand would produce a framework that is robust to de-solvatation
and re-solvatation with minimal impact on the underlying structure. The FeNg coordination
sphere is appropriate to create SCO behavior for Fe", and the co-metal and pillar ligand provide
means to directly modify the ligand field strength. The choice of pillar ligand can also alter the
shape and size of the framework pores, which combined with a guest-dependent effect, could
give rise to new and interesting SCO behaviours. Consequently, and as an extension to the more
flexible organic polynitrile N-donor anions, the more rigid polycyanometallates anions, most
notably the tetracyanometallates anions, have been considered for the design of the SCO

materials reported here. It is also noteworthy to clearly distinguish the difference in geometry
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(symmetry, bulkiness, size, volume), and eventually in charge (monoanions for some polynitrile
anions, and dianions for the tetracyanometallates) that will be addressed in the discussion of the

resulting materials.

5.3. Aims and Strategy

While wittingly concessing the prospect to subtly fine-tune the SCO behaviour of triazole
based materials by varying the nature of the 4-substituent on the triazole ligand, and also the
choice of the anion, the present work has focused primarily on the design, synthesis and physical
properties of new Fe" SCO systems using carefully selected 4-R-1,2,4-triazole ligands, with

either specific flexible polynitrile or rigid tetracyanometallates anionic ligands (Scheme 5).
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Scheme 5. Selective examples of (a) 4-R-1,2,4-triazole derivatives, (b) Polynitrile anions
(tensR)’, and (c) Tetracyanometallate(IT) anions [ M(CN)4]* selected for the present work.
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The preliminary and time-consuming step of this project included the development and
optimization syntheses of the starting precursors, more precisely the synthesis of the 4-R-1,2,4-
triazole ligands (with R = phenyl, alkyl, phtalimide), and the sulfur based organic
cyanocarbanion ligands (tcnsR with R = methyl, ethyl, propyl) (Scheme 5). Regarding the 4-R-
1,2,4-triazole ligands, the choices of the N4 substituents in the present work have been
determined based on the recent developments in 1,2,4-triazole research (e.g. the 1D, di- and tri-
nuclear trz SCO materials, as well as the first reported 1D Fe' crystal structure) dedicated to the
systematic evaluation of the incorporation of different substituents at the 4™ position onto 1,2,4-
triazole (using notably the modified Bayer synthesis), with variations in the length, the
aromaticity, the nature of the functional groups, the bulkiness, the charge, and also the bonding
ability (e.g. hydrogen bondings) of the subsituent(s)."” As examples, previous studies performed
on 4-substituted-1,2,4-triazole derivatives have noticeably included the 4-amino-1,2,4-triazole
(atrz), 4-n-alkyl-1,2,4-triazoles (Cy-trz),” 4-(2'-hydroxyethyl)-1,2.4-triazole (hyetrz) and 4-(3'-
hydroxypropyl)-1,2,4-triazole (hyptrz),” 4-(1,2,4-triazol-4-yl)ethanesulfonate (settrz) and 4-
(1,2,4-triazol-4-yl)ethanedisulfonate (dsettrz),’® and N-(4H-1,2.4-triazol-4-yl)benzamide (tba),'®
which lead to a broad range of SCO materials, but with a customary lack of refined structural
data rendering the studies of the properties rather incomplete. In the strategy from the group, all
the selected 4-R-1,2,4-triazole ligands for the present work are systematically including an alkyl
spacer at the 4™ position between the triazole moiety and the terminal functional group of the
substituent. This decision has been initially motivated by careful comparison of the SCO
properties of 4-R-1,2,4-triazole systems, and also by a previous work from Garcia et al.
suggesting the influence of the alkyl spacer in SCO materials composed of either 4H-1,2,4-
triazol-4-yl-propionate (BAlatrz) or ethyl-4H-1,2,4-triazol-4-yl-acetate (aGlytrz), with one

carbon difference between the two.'"!

After meticulous compilation of all those studies, we came
to the conclusion/suggestion that it could be preferable to incorporate an alkyl spacer in the
nature of the substituent on the 4™ position of the triazole in order to (/) maintain as much as
possible the electronic “integrity” of the triazole moiety, and so (ii) to limit the possible
alteration of the terminal group of the substituent on both the coordination mode (and the ligand
field strength) and the SCO characteristics of the triazole moiety. On the other hand, the choice

of the organic cyanocarbanion has been driven by the extended local expertise in the synthesis

and the use of such flexible ligands, with the more rigid tetracyanometallates intervening as a
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comparative tool to evaluate the impact of the charge, the rigidity and the geometry of the anion
on the resulting materials. Moreover, due to their chemical flexibility, the polynitrile anions can
be functionalized with the possibility to rationally modulate and evaluate different functional
groups in the efficient development of SCO covalent networks. In the end, the selected 4-R-
1,2,4-triazole ligands have been combined with either anionic organic polynitrile derivatives or
tetracyanometallates to design new Fe" SCO complexes with various dimensions ranging from
polynuclear, 1D up to 3D crystalline lattices, with the establishment of correlations between the
crystal structures, the SCO characteristics, and the nature of the substituents for the triazole
ligands as well as the nature of the polynitrile anions. The novel SCO materials have been
classified in the upcoming chapters based on the nature of the building blocks and the subsequent
dimensionality of the structures. Thus, the second chapter concerns the first accurate single
crystal investigations, at both LS and HS states, of a novel 1D polymeric triazole-based
system.'®” The third chapter focuses on trinuclear systems where the intermolecular interactions
between the building units are of critical significance for the SCO properties, while the fourth
chapter will refer to 3D derivatives. It is noteworthy to specify the ‘breakthrough’ of the present
work from a structural aspect, as all the SCO materials presented hereafter have been obtained as
single crystals and fully characterized by X-ray diffraction. Thus, with very limited structural
data currently available about the triazole based materials, the systematic access to extensive
structure/properties studies could expand the knowledge about SCO behaviours, and allow some

rationalization in a consistent way.
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6. Experimental approach of spin crossover materials
6.1. Crystallogenesis of SCO derivatives: The “royal” synthetic pathway

In order to rationally investigate spin crossover materials, the crystallogenesis represents
the keystone for the establishment of structure/properties correlations, as many structural studies
of SCO systems are thwarted by a lack of apposite crystals. In order to have refined structural
information via X-ray diffraction techniques, suitable crystals - notably in “quality” and in “size”
- must be produced reproducibly from the synthetic route. In this context, the aim consists in
defining crystallization conditions that could favour the growth of single crystals (i) of good
“quality”, i.e. single domain with limited defects (point defects, line defects, 2D or 3D defects),
(i) of suitable “size” for single crystal X-ray diffraction studies, i.e. with minimum requirements
of ca. 0.2 - 0.4 mm in at least two of the three dimensions of the crystal, and (ii7) ultimately, with
enough mechanical resiliance upon repeated SCO switching cycles to allow for refined
crystallographic investigations of both LS and HS states, as the latter remains an actual challenge
for most of the SCO systems. Besides the influence of the “Chemicals factors” previously
enlightened (see section 4.1), the targeted characteristics of the crystals can be influenced by a
number of factors during the crystallogenesis. Indeed, as briefly exposed hereafter, the crystals
can be notably subjective to the nature of the crystallization solvent(s), the number of nucleation

sites, the mechanical disturbances, and time.

» Solvent. If possible, the solute should be moderately soluble in the chosen
crystallization solvent(s). If the solute is too soluble, and/or in the eventuality of

supersaturated solutions, this will often result in small crystal size.

» Nucleation. A smaller number of nucleation sites, i.e. sites at which crystals begin to
grow, will usually result in fewer crystals, each of larger size. Conversely, many
nucleation sites will result in a smaller average crystal size, which is not favourable. In
many recrystallizations, the ambient dust in the laboratory provides numerous nucleation
sites and may initiate interfering crystal growth. Consequently, it is important to
minimize dust or other extraneous particulate matter in the crystal growing vessel

(cleaning procedure).
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» Mechanics. Mechanical disturbances - such as vibration(s) or frequent movement(s) - of
the crystal growing vessel may lead to smaller and/or poor quality crystals. Thus, the
minimum of disturbance is required during the crystal growth; the latter implies to not
grow crystals next to a vacuum pump for example, nor to move the vessel everyday to
check if/how the crystals are growing. Preferentially, the set up should be in a “quiet”

place for most of the time.

» Temperature and Light. The choice of the temperature (e.g. low temperature or
ambient temperature) and the temperature stability during the crystallogenesis may
impact radically the crystal growth, while the absence of light could help the

reproducibility of experiments for some systems.

» Time. The time of crystal growth is implicitly related to the system, but also to
mechanical parameters such as the type of crystallization technique and vessel (size and
shape). The concentration of the starting precursors will impact the time of growth as
well. Last but not least, multiple phases can be obtain in the same system (e.g.
polymorphs) within the same set up, with thermodynamics and kinetics involved, but
also pH evolution or redox processes which could favor one phase or another; in that

context, time could be a decisive factor in the selectivity between the phases.

Distinctly from the “Chemicals factors”, if a sample is not of sufficient quality, it may be
necessary to use a different crystallization technique. The commonly used crystallogenesis
techniques include notably solvent evaporation, slow cooling of the solution, solvent/non-solvent
diffusion, vapour diffusion and sublimation, and many variations on these themes (e.g. gels,
different shapes of diffusion tubes). The choice of technique may be also driven by the amount
of sample required, or the amount of starting materials available. Among those techniques, the

most popular is arguably the solvent diffusion (Layering Technique).

> Solvent Diffusion (Layering Technique). This method is applicable to mg amounts of
materials which are sensitive to ambient laboratory conditions (air, moisture). Typically,
a solution of dissolved solute(s) (e.g. Fe(Il) salt and a co-ligand) in a solvent S1 is placed
in a sample tube, and then a second less dense solvent S2 - miscible with S1 and

containing another solute(s) (e.g. counter-anion building block) - is carefully dripped
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down the side of the tube using either a pipette or a syringe, so that S1 and S2 form
discreet layers. This usually implies a difference of the density of the solvents (S2 < S1),
and a great care in creating the solvent layers. At this stage, the choice to put one of the
solute either in S1 or S2 (bottom layer or top layer, if the solute is soluble in S1 and S2)
can be critical in the obtention and/or the quality of the crystals. The narrower the tube,
the easier it is to build up the layer (with the involvement of capillary forces), with three
to five millimeter glass tube an excellent vessel to use for this crystal growing technique.
Ultimately, the single crystals form at the boundary where the solvents slowly diffuse
over a period of time that could be minutes or hours up to weeks or months depending on

the systems and conditions.

In the present work, multiple crystallization techniques have been deeply investigated,
with the solvent diffusion (Layering Technique) providing the most suitable crystals for X-ray
studies. In order to rationalize the crystallogenesis of a specific system, the investigations have
been conducted systematically and methodically with careful variations of the conditions - i.e.
choices of crystallization technique and vessel, the combinations of solutes and solvents S1 and
S2, the nature and concentrations of the building blocks (e.g. counter-anions) - in order to
quickly converge to the optimum conditions. Taking into account the well reported difficulty to
obtain single crystals in triazole based SCO derivatives, it is noteworthy that all the systems
presented in this manuscript have been systematically and successfully obtained as single
crystals suitable for X-ray studies, and that the crystallogenesis of theses systems has been
significantly time-consuming. In perspective, it has been observed that the crystallogenesis
conditions are extremely system dependant; in other words, the crystallization conditions for two
similar systems can be radically different as no obvious trend could be defined from one system

to another.

N.B.: As previously described in section 4.2, the “Chemical factors” such as the nature of the
Fe(II) salt and the nature of the counter-anion can have a dramatic impact on the success of the
crystallogenesis procedure. Consequently, if the compound is ionic, and is not giving suitable
crystals with a given counterion or Fe(I) salt, a metathesis reaction to change the counterion or
the Fe(II) salt can be considered (after verification that the ion used for the metathesis does not

react with the ion of interest). The crystal quality can be habitually improved upon the use of a
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different counterion. The ions of similar size tend to pack together better and subsequently give
better crystals, with eventual impact on the physical properties of the crystal. For example, the
sodium salt of a compound might be hygroscopic, but the tetramethyl ammonium salt might not
be or at least, less so. When selecting possible counterions, the avoidance of ions which contain
large non-rigid groups (like tetrabutyl ammonium), and the use of ions which have very limited
conformational flexibility, is often suggested, but again these parameters are highly system

dependant.

6.2 Detection and Characterization techniques of the SCO Behaviour: A Multi-tool approach

As previously mentioned the spin transitions are associated with profound changes,
predominantly in the optical, vibrational, structural and magnetic properties. These molecular
changes allow to detect the occurrence of thermal SCO and monitor the temperature dependence
of a SCO via various physical methods, primarily magnetic susceptibility measurements, X-ray
crystallographic  studies, optical and vibrational spectroscopy, and heat-capacity
measurements.''” These experimental techniques are typically combined as a “Multi-tool”
platform/approach to detect, investigate and quantitatively characterize the occurrence of spin
state conversions for Fe'' complexes. A brief description of these techniques, in the context of

SCO materials, is provided hereafter.

6.2.1 Vibrational spectroscopy

The Infrared absorption spectroscopy is actively used for SCO materials since the bond
strength between the Fe" center and its ligands change significantly from one spin state to the
other. Indeed, the thermal spin transition from HS to LS states is associated with depletion of
charge in the anti-bonding e,* orbitals, and simultaneous increase of charge in the lower lying
slightly bonding t,, orbitals upon lowering of the temperature. This results in strengthening the
metal-donor atom bonds and can be observed in the vibrational spectrum recorded in the far-
infrared (FIR) region between ~50 and ~500 cm™, i.e. where the central metal-donor atom

stretching frequencies of transition metal compounds generally appear.'™ With temperature-
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dependent FIR or Raman spectroscopy, the vibrational bands characteristic of the HS and the LS
species can be readily recognized as those with decreasing and increasing intensity, respectively,
on cooling of the sample.105 Although little used, the spin state conversion curve yysvs T can be
also derived by plotting the normalized area fractions of characteristic HS or LS bands as a
function of temperature. Thus, the typical systems [Fe(phen),(NCS),] and [Fe(phen),(NCSe),] in
which the C-N stretching bands of NCS™ and NCSe' are seen as a strong doublet near 2060-2070
cm™ in the HS state; upon cooling of [Fe(phen),(NCS),] below the transition temperature (175
K), this doublet decreases in intensity, favoring the appearance of a new doublet at 2100-2110

194 One has also found that certain vibrational

cm™, which obviously stems from the LS state.
modes of lattice constituents, such as non-coordinating anions or solvent molecules,
interconnecting the spin state changing metal complexes via hydrogen bonds, van der Waals or
other interactions, can influence spin state changes at the metal centers and can therefore be used
to study SCO phenomena; as an example, it has been established for the SCO compound
[Fe(ptz)s](BF4), that certain B-F vibrations of the tetrafluoroborato anion show temperature-

dependent intensity in agreement with results from magnetic measurements. '

6.2.2. Crystallography: X-ray diffraction techniques

Thermally induced SCO is usually accompanied by a change in the magnetic moment and
color.® This thermochromism is generally attributed to d-d electronic transitions and/or charge
transfer transitions (Metal to ligand or ligand to metal charge transfer (MLCT/LMCT) depending
on the configuration and nature of the coordination complexes). As a result, this
thermochromism defines a convenient preliminary characterization method to eventually detect a
spin transition; in context, the camera of the X-ray diffractometer is typically used to collect
crystal images upon repeated switching cycles (cooling and warming cycles). The latter also
allows estimating the 7., and easily evaluating the mechanical resilience of the crystal in the

eventuality to study the crystal in both LS and HS states.

The single crystal structure determination of SCO compounds is of paramount
importance in the resolve of structure-properties correlations, and has been a salient research

challenge in the field of SCO materials. The correlations between structural features and the SCO
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characteristics may aid the design of materials with specific physical properties such as abrupt
spin transitions near room temperature. Therefore, studies for which single crystal X-ray
diffraction data could not be obtained - such as the highly studied 1D-1,2,4-triazole Fe' systems
- are frequently found to be at a disadvantage and rather incomplete when assessing the
properties from a structural perspective. In that context, X-ray diffraction technique can be
engaged to deduce the structural evolution of the compounds upon the SCO by notably accessing
the evolution of the metal-ligand distances and bond angles, the cell parameters, and implicitly
the overall structural deformations/distorsions with temperature. Indeed, a spin transition from
HS to LS is accompanied by a contraction in metal-donor bond lengths. These changes in bond
lengths are the results of de-population of the anti-bonding e, orbitals (into non-bonding ty,), as
such the bonding orbitals of the incoming ligand can approach the metal ion more closely, and
correspondingly the metal-donor bond length contracts.'® Consequently, X-ray diffraction can be
used to confirm the existence of a spin transition through the determination of bond lengths and
angles above and below the transition temperature, and define whether the transition is
associated with a change in crystallographic space group. As examples, the compiled
crystallographic data on [Fe"(NCS)y(L)a]-type systems confirmed the changes in metal-donor
bond distances with spin crossover, going from an average Fe"' HS Fe-N length of ~2.1 A to Fe"
LS length of ~1.9 A, with changes in N-Fe-N angles that have also been found to correlate with
the spin state of a SCO complex;'®’ this implies modifications (distorsion parameters) in the
octahedral coordination geometry surrounding the metal centre, and a change in cell volume can
be detected. This means that variable temperature X-ray crystallography may be used, not only to
determine or confirm the spin state of a complex, but also to potentially map the SCO behaviour
via single crystal structures or unit cell parameters at variable temperature, in order to notably
evaluate the effects on the cooperativity. By detecting the SCO behaviour using variable
temperature X-ray crystallography, a number of distorsion parameters associated with SCO has
been defined and determined, some examples of which include the trigonal twist angle (Oncs)
developed by Marchivie er al.,'® and the “angular Jahn-Teller parameters 6 vs. ¢ developed by
Halcrow for HS Fe" forms;109 for the octahedral distorsion parameters X and @,107b z
corresponds to the sum of the deviation from 90° of the 12 cis-angles of the FeN6 octahedron

while ® is the sum of the deviation from 60° of the 24 trigonal angles of the projection of the
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FeN6 octahedron onto its trigonal faces.'’”

Beside the development of these various parameters
obtained from crystal structure data that have created a better and more systematic understanding
of SCO from a semi-quantitative point of view (with the possibility to rationally compare
different systems), there are also a number of more qualitative analyses which can be obtained
from a crystal structure that have provided insightful information into the origins of SCO
behaviours. For instance, crystallography studies have revealed supramolecular networks of
hydrogen bonding or specific orderings of m-stacking with information about how the
intermolecular interactions in a structure can influence its magnetic properties; this has been
particularly useful in the case of polymorphism in which minor structural variations within the
complex can induce drastic changes in the magnetic behaviour. Furthermore, structural analyses

have been found to shed light on the mechanisms of multiple-step spin crossovers, with variable

temperature structural data being collected above, below and at the intermediate plateau(s).

When referring to the present work, single crystal X-ray data have been systematically
collected for all the original compounds reported in this manuscript, with LS and HS studies

thoroughly undergone for the resilient enough crystals.

For complexes in which single crystal structural data cannot be successfully collected and
solved, the alternative often resides in powder X-ray diffraction (PXRD) technique. A common
method, particularly used for 1,2,4-triazole based complexes, consists then in collecting single
crystal structural data on analogous complexes and use these to simulate and compare with the
PXRD data of the studied material;''® while these comparisons are usually only qualitative, they
often provide a good indication of the cell parameters and packing arrangements of the SCO
material. A similar approach can sometimes be used for complexes in which a very small change
to the ligand is made; as examples, the comparison between PXRD patterns of complexes
[Fe'(L),(NCX),] (where X = S, Se, BH3) - obtained at different temperatures - provided plots of
cell axes lengths or volume vs. 7, as these revealed the spin transition in a similar way than
susceptibility vs. T plots. Such data can also confirm the occurrence of structural phase

11
changes.
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In summary, both single crystal and powder X-ray diffraction techniques can yield
detailed structural insights into the SCO phenomenon and have been extensively used within the
field.

6.2.3. Magnetic and Photo-Magnetic Measurements

From the beginning of SCO research, the SCO behaviour has been mostly and primarily
investigated using the magnetic susceptibility measurements. Indeed, the magnetic susceptibility
of a compound is measured as a function of temperature, y7, and has been the most specific
characterization method for SCO materials. The magnetic susceptibility (y»7) is a value that
represents the degree of magnetisation of a sample in an applied magnetic field. As the spin
transition occurs from HS to LS, with decreasing temperature, the evolution of the magnetic
susceptibility is measured. The different number of unpaired electrons in the HS and LS states -
e.g. with four unpaired electrons in the strongly paramagnetic HS state and no unpaired electrons
in the diamagnetic LS state in the case of Fe" - is readily signalized by a drastic change in the

xumT product; the latter can be then calculated by using the following equations:
adT = yusT . yus+ yus(1-T). yus = & [S(S+1)/7.997] (3)

Where ypus is the molar fraction of HS molecules, and yys and yis refer to the magnetic
susceptibilities of the sample in the pure HS and LS states, which can be measured at sufficiently
high and low temperatures, respectively, in the case of a complete spin state transition. This

equation (3) can be also converted to the magnetic moment (LL.s) via the equation (4).

Ue = 2.828. v (xmT) in Bohr magneton, ygunits  (4)
also, 1, j/.,Z = g2,S(S+ 1) where for ‘spin only’ g =2.0

The SCO curve yus vs T can be readily obtained with these quantities. One can also derive
the effective magnetic moment ;= 2.83.\yuT and plot it as a function of temperature 7.'*'"
However, because of certain complications, e.g. orbital contributions and zero-field splitting
effects, it has become rather common to study the SCO behavior by plotting the yus vs T function

rather than the magnetic moment z.;vs T.
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As a result, the expected spin-only value of HS Fe", with S = 2, g = 2.0, corresponds to a
o of 3.01 cm’ K.mol™". Accordingly, the LS Fe" which should have no contribution to
paramagnetism, and should present a y,,7 value equal or close to 0.0 cm®.mol™.K; however, in
reality, the LS Fe' shows a small positive y4T value due to second order spin-orbit coupling
which induces temperature independent paramagnetism.'® The magnetic susceptibility
measurements for this project have been performed at ICMCB (Institut de Chimie de la Matiere
Condensée de Bordeaux) with the use of a Superconducting Quantum Interference Device (or
SQUID), a sensitive instrument which may be used to measure magnetic susceptibility values
between 400-2 K. The preparation of dry, stable samples for magnetic susceptibility
measurements involves placing the sample in a small plastic capsule, often in a small amount of
paraffin mull to avoid “torquing” of the sample in a magnetic field, which can give rise to
anomalous results for the anisotropic Fe'' HS state. The samples which contain solvent in their
crystal lattice need to be measured with care, so as to ensure samples are measured in their

solvated state.

Referring to photo-magnetic studies (LIESST or reverse-LIESST effects), the
characteristic Ty gsst is commonly determined via the following procedure: after slow cooling at
low temperature (e.g. 10 K), the sample ion in the LS state is then irradiated with a green laser
(514nm, T4, =11 1¢ absorption band); as a result, the y)7 value is found to increase rapidly, and
usually after a delay of approx. one hour, a photo-stationary limit is reached. The light irradiation
is then switched off, and the temperature is increased at a typical rate of 0.3 K.min™ while the
magnetic susceptibility is measured. At low temperatures, the HS— LS relaxation is controlled by
the tunneling process up to ca. 40 K, and therefore the kinetics is very slow with respect to the
time scale of the experiment. Indeed, the time required to record the data up to 40K is
approximately three hours. Above ca. 40 K, the system reaches the thermally activated domain,
and the HS—LS relaxation becomes increasingly more rapid. As a result of this behavior, y)T
remains nearly constant as 7 increases from 10 K up to 40 K, and then drops rapidly. In fact, a
slight increase of y)I is usually observed between 10 to ca. 20 K, owing to the zero-field
splitting within the spin quintet HS state. The dy,7/dT vs. T plot shows a minimum at a
temperature that is defined as the 77;z557 value; at this temperature, the light-induced information

is erased in the SQUID setup.
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6.2.4. Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry (DSC) is a very sensitive technique to probe the
molecular motions and intermolecular interactions in the degree of short-range or long-range
order in the condensed states of matter. Consequently, it is a very powerful tool to detect and
study phase transitions, and to further characterize and better understand SCO materials.'"® The
SCO derivatives as solids are molecular-based materials experiencing thermally induced phase
transitions in which a change in the electronic state is strongly coupled with lattice
transformations.'™'*!® Thermodynamical parameters of the SCO materials such as the changes of
enthalpy AH=Hpys-Hs and entropy 4S=Sys-Srs provide valuable information regarding the SCO
properties, in particular cooperative interactions and the order of the spin transition. For SCO
materials, the enthalpy changes AH = Hys-Hys are typically 10 to 20 kJ.mol”, while entropy
changes A4S= Sys-Sis are on the order of 50 to 80 Jmol LK. The thermally induced SCO
phenomenon is an entropy driven process because the degree of freedom is much higher in the
HS state than in the LS state, which reveals the lower distances between the vibrational levels in
the HS state as compared to the LS state. Relatively 25% of the total entropy loss when going
from HS to LS is of magnetic origin, viz. it results from the switch in spin states, AS = R[In(2S +
Das - In(2S + 1)z5] = 13.4 K .mol™, and the extensive part originates from the variations in the

intramolecular, and to a much lesser extent, intermolecular vibrations.®*¢

The first detailed calorimetric study by Sorai and Seki on [Fe(phen),(NCX),] (X =S, Se)
in 1972 proved the presence of strong cooperative intermolecular interactions with the
observation of sharp heat capacity peaks.*® For qualitative information regarding the enthalpy
change 4H, the entropy change A4S, the transition temperature 7;,, and the occurrence of
hysteresis, DSC measurements performed down to liquid-nitrogen temperatures are sufficient in

most cases.114

6.2.5 Other techniques

There are various other methods and techniques to characterize a spin transition. Among

those additional techniques can be mentioned the Extended X-ray Absorption Fine Structure
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(EXAFS) that is used to obtain structural information of SCO systems, particularly when it is not
possible to obtain appropriate crystals for X-ray diffraction. Also, the X-ray absorption near edge
structure (XANES) is employed to infer geometry and oxidation states of SCO samples. The X-
ray emission spectroscopy (XES) provides a detailed element-specific picture of the local
electronic structure around a given atomic site. The emitted radiation is dominated by the decay
of valence electrons of the excited atomic center; in the case of highly oriented systems, angular-
dependent XES enables the separation of states of different symmetry of the involved orbitals.
The Nuclear Forward Scattering (NFS) is a powerful technique that is capable of assessing
hyperfine interactions in condensed matter. The Inelastic Neutron Scattering (INS) is used to
study atomic and molecular motion as well as magnetic and crystal field excitations; it
distinguishes itself from other neutron scattering techniques by resolving the change in kinetic

energy that occurs when the collision between neutrons and the sample is inelastic.

Moreover, paramagnetic temperature-dependent NMR spectroscopy can be used to
determine the magnetic susceptibility of a compound, especially in solution. However, the
temperature range of this method is limited to the cold and boiling point of the solvent. The
experimental NMR setup is known as the Evans-method,'"> which compares the absolute shifting
of the nuclei in a paramagnetic solution with a diamagnetic reference by using an external
reference signal. For some complexes, the SCO in solution can be directly evaluated by
interpretation of the temperature-dependence of their "H NMR chemical shifts, rather than

interpreting the susceptibility.''®

Finally, the M6ssbauer spectroscopy is a useful spectroscopic analysis for iron containing
compounds due to its abilities to provide information on the spin state and oxidation state, as
well as providing information which may help to indicate the molecular structure of a
material."®"!” The two most important parameters obtained from Mdssbauer spectroscopy are the
isomer shift o, and the quadrupole splitting AEQ as those two values differ significantly between
Fe" HS and Fe' LS states.'"® Because °’Fe Mdssbauer spectroscopy for iron compounds gives
information on the respective mole fractions of the different spin states, and oxidation states in a
system (from peak areas), it can be used, for example, in determining whether a compound
which shows a reduction in susceptibility with temperature is undergoing SCO or if exchange

coupling is occurring.''®
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New Synthetic Strategy for the Design of New One-Dimensional
Fe(Il) SCO Coordination Polymers based on Functionalized
Triazole Ligands: Reliable Structural Investigations including the

First Structural Studies of the High and Low Spin States

Introduction

The magnetic spin change associated to the spin-crossover (SCO) phenomenon represents
a paradigm of bistability at the molecular level which is of current interest because of potential
applications in the development of new generations of electronic devices such as non-volatile
memory, molecular sensing and displays.'” The SCO phenomenon is especially observed in Fe'
complexes in which the paramagnetic high spin state (HS, S = 2) can be switched reversibly to
the low spin state (LS, S = 0) by several external stimuli such as temperature, pressure or light
irradiation.® A huge effort has been devoted to the understanding of the transition mechanisms
using inter alia crystallographic tools.”® The minimum requirements for the latter involve the
determination of the crystal structures in both LS and HS states to comprehend the structural
parameters at the molecular and inter-molecular scales. While some systems were deeply
investigated due to their remarkable switching properties, the absence of any detailed and
punctilious structural information has precluded the definite understanding of these exciting
properties. This is particularly the case of the so-called “triazole family”, more specifically
coordination polymer chains of general formula [Fe(4-R-trz),(trz)](X), where 4-R-trz is a
functionalized 1,2,4-triazole ligand and X a counter-anion, which display bistability with wide
hysteresis loops around or above room temperature.”!! Although known for few decades, the
major lack of high quality single crystals with complete structural data for those materials
prevent any deep magneto-structural correlations which are of paramount importance for (i) the
understanding of the origin of the thermal hysteresis loop, and (ii) the control of the transition
temperature. Indeed, a deep knowledge of the structural data is required to evaluate notably the
effects of the rigid triple W, »-trz bridges and/or the characteristics of the intramolecular contacts

on the propagation of the elastic interactions. Owing to the great and intensifying attention given

82



to these materials, scarce crystallographic investigations have been recently attempted. Among
them, the structural characterizations of the HS and LS states of the [Fe(Htrz),(trz)](BF4)
derivative, using distinctively high-resolution synchrotron X-ray powder diffraction combined
with Raman spectroscopy'” or X-ray diffraction data from high-quality crystalline powder,"
have been reported. While the 1D chain structure was proven for both HS and LS states, the
rather limited quality of the diffraction patterns could not provide highly precise structural data
suitable for deep magneto-structural correlations. In the same time, a single crystal of the parent
Cu" compound [Cu(NH,trz);](NO3),.3H,O has been finely investigated by Garcia et al. to
parallel with the crystal structure of the [Fe(NH,trz);](NOs), for which only nano-sized thin
crystallite needles (120-330 nm) could be prepared. However, the powder diffraction pattern of
the latter did not fully fit to the diffraction pattern observed for the single crystals of the Cu"
compound.'® Besides, the lone single crystal structural study proving the presumably 1-D
character of [Fe(NHatrz);](NO3),.2H,0 was only reported in 2011 by Guionneau et al.'*
However, as clearly stated by the authors, the very low diffraction pattern induced essentially by
the sub-micrometric size (> 20x1x1 um3) of the crystals and the damages due to the X-ray beam
during the data collection led to a rather low quality of the structural data which did not allow an
accurate detailed discussion of the polymeric chain structure. In addition, the study, performed at
120 K, concerned only the LS state of the sample since the damages caused on the crystals when
warming over room temperature have hindered data collection for the HS state. Ultimately, those
recent examples clearly expose the challenge to access refined structural data in both spin states
in order to fully apprehend and rationalize the conspicuous SCO properties in the Fe'/trz

systems.

In the last few years, some Fe"' systems based on functionalized triazole ligands (4-R-trz)
and different counter-anions have been reported.” However, the majority of the involved counter-
ions are rather standard monoanions, while the functional groups (R) of the triazole molecules
are essentially narrowed to linear or branched alkyl or alkoxylated chains.” Recently, we have
extended this synthetic approach to combinations of triazole ligands and anions which were not
used so far within the “triazole family”. Among them, triazole ligands involving rigid aryl groups

with an alkyl spacer (Scheme 1), assuring the electronic integrity of the triazole motif, coupled
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with more sophisticated anions such as polycyanometallates or organic cyanocarbanions which

display very diverse sizes, geometries and charges, have been investigated (Scheme 2).'>'¢
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Scheme 1. Triazole ligands involving rigid aryl groups with an alkyl spacer.
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Scheme 2. Examples of the organic cyanocarbanion and polycyanometallate ligands.
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In this ongoing work, we have realized at an early stage that this chemical approach
tends to improve unprecedentedly the size, the quality and the robustness of the single crystals of
the resulting original Fe'/R-trz systems. Ultimately, this synthetic strategy should allow the
access to single crystals of novel SCO cooperative materials, which is essential to understand the
origin of the unparalleled cooperativity observed in those 1D coordination polymers. In
combination with the selected bntrz ligand (see Scheme 1), the initial choice of the rigid
tetracyanoplatinate (II) anion has been carefully defined based on (i) the ability of the anion to
form covalent linkage or ionic bonding to the neighboring units (e.g. metal complex) in the
structural arrangement of a SCO material, and (ii) the bias to obtain single crystals with this
anionic moiety. Thus, the present work reports the synthesis, structural and magnetic
characterizations, as well as the first accurate single crystal investigations of both HS and LS

states of the new triazole-based SCO Fe" 1-D polymer [Fe(bntrz);][Pt(CN)4].H,O (1).
Results and Discussion

1. Syntheses and infrared spectroscopy of [Fe(bntrz);][Pt(CN),].H,O (1)

The synthesis of the 4-(benzyl)-1,2,4-triazole (bntrz) triazole derivative was inspired
from previously reported procedures, with slight but impactful modifications (Scheme 3)."”"® In
summary, the bntrz ligand has been obtained by reaction - under reflux - of formic hydrazide and
triethyl orthoformate with benzylamine (molar ratio: 1/1.2/1) in methanol solvent under nitrogen
atmosphere. After removal of the solvent under reduced pressure, the resulting pale pink solid
was recrystallized from methanol-ether solvent mixture. Finally, the resulting product was
filtered and washed with ether to obtain a white crystalline powder in satisfactory yield (ca.
60%). When compared to the precedently reported protocols,'® the recrystallization of the
product in methanol-ether or ethanol-ether as a purification step instead of a chromatography
procedure, have allowed for a notable simplification of the synthesis. The resulting bntrz ligand

has been characterized by 'H and *C NMR spectroscopy (see experimental part).
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Scheme 3. Synthesis of the triazole derivative 4-(benzyl)-1,2,4-triazole (bntrz).

Single crystals of the coordination polymer [Fe(bntrz);][Pt(CN)4].H,O (1) have been
synthesized via diffusion technique in a fine glass tube (3.0 mm diameter) by layering an ethanol
solution of the bntrz ligand onto an aqueous solution containing both K,[Pt(CN)4)].xH,O and
Fe(BF4),.6H,0 salts. The colorless single crystals of compound 1 were collected as needles after

three weeks, and dried in air at room temperature.

The coordination polymer [Fe(bntrz)s;][Pt(CN)4].H,O (1) has been characterized by
infrared spectroscopy (IR), superconducting quantum interference device (SQUID) magnetic

measurements, differential scanning calorimetry (DSC), and X-ray diffraction (XRD).

The infrared spectrum of 1, recorded on single crystals sample at room temperature, and
the ones of the initial precursors - i.e. the bntrz molecule only and the K;[Pt(CN)4].xH,O salt -
are provided in the experimental part. In the IR spectrum of the bntrz molecule only, the band
assigned to the ring torsion of the 1,2,4-triazole motif is observed at v = 638 cm’!, with the vey
stretching vibration at 1534 cm™, and the N-N stretching band at vy = 1031 ¢cm™; in compound
1, these characteristic bands of the bntrz moiety are all blue shifted at 644 em™, veew = 1551 em’
! and vy = 1026 cm’, respectively (see experimental part).' These latter values confirm the
coordination of the iron to the 1,2,4-triazole ring of the bntrz ligand in 1. Referring to the
characteristic intense C-N stretching bands v(cx) observed at 2129 and 2119 cm™ in 1 assigned to
the [Pt(CN)4]* anionic units, they tend to suggest the presence of both uncoordinated and
coordinated nitrile groups, but ultimately the values are very similar to the ones observed in

Ko[Pt(CN)4].xH,0 (2133 and 2122 ecm™) and do not allow doubtless interpretation on the
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coordination character of this organic ligand in compound 1. In the low frequency region (200-
400 cm™), the band observed at 277 cm’™ is attributable to the Fe-N stretching vibrations and in
agreement with the frequency values reported in the literature for Fe(Il) centers in HS state, and

with the further reported structural data.*

2. Magnetic properties

The magnetic susceptibility (},,) of 1 was measured over the temperature range 2-300 K
on a set of single crystals. The ,,T versus T plot (where T is the temperature) is displayed in
Figure 1. In the high-temperature region, the y,,7 value (3.45 cm’.K.mol™) is consistent with a
HS (S = 2) configuration of the hexacoordinated Fe" ions. Upon cooling, the %, 7 remains
constant down to a temperature value of ca. 240 K, then sharply decreases to ca. 0.0 cm®.K.mol”
! indicating the presence of a complete sharp HS to LS first-order spin transition (7}, = 242 K).
However, no significant thermal hysteresis effects were detected after the warming mode, at the

value of the temperature scan rate of 0.4 K.min™.

35

7o T /7cm?® K mol!

O'O_ I I I T I
0 30 100 150 200 250 300
T K

Figure 1. Thermal variation of the y,,T product for [Fe(bntrz);][Pt(CN)4].H,O (1) recorded at a

scan rate of 0.4 K.mn™! in a settle mode.
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As expected, this abrupt SCO transition is accompanied by a reversible thermochromic
transition as clearly shown by the crystal images depicted in Figure 2, with an exceptional

resilience of the present crystal upon repeated switching cycles without notable alteration.

Warming

€

296K 275K 220K 225K 207K 170K

Cooling
Figure 2. Crystal images of polymer 1 showing the clear thermochromism from purple to

colorless for the LS and HS states, respectively.

3. Differential scanning calorimetry

In parallel to the magnetic studies, the SCO behavior of the 1D coordination polymer 1
has also been investigated by differential scanning calorimetry (DSC) over the temperature range
of 200-260 K, on both warming and cooling modes with a temperature scan rate of 2 K.min™.
The corresponding heat capacity temperature profiles are displayed in Figure 3 and the relevant
thermodynamic parameters are reported in Table 1. In warming mode, an endothermic peak is
observed at 7,1 = 243.5 K, while an exothermic peak is recorded at 7. = 241.1 K in cooling
mode. These peaks correspond to a first-order phase transition associated with the SCO behavior

of 1, with a hysteresis loop width of 2.4 K.
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Figure 3. Differential scanning calorimetry profiles of [Fe(bntrz);][Pt(CN)4].H,O (1) recorded

with a temperature scan rate of 2 K.min™; (Blue line: cooling mode; red line: heating mode).

The presence of a weak hysteresis in the DSC measurements while it was absent in
magnetic measurements can be reasonably attributed to the difference of temperature scan rates
(2 K.min™ vs. 0.4 K.min™, respectively). Furthermore, the phase transition has been found to
occur with an enthalpy and entropy changes of 4H = 16.87 kJ.mol" and 45 = 69.61 J.K™'.mol,
respectively. These values are in good agreement with those reported in the literature for similar

SCO compounds.*!

Table 1. Thermodynamic parameters for [Fe(bntrz);][Pt(CN)4].H2O (1).

T.(K) | 4H (kJ.mol')) | 45 (J.K " .mol™”
241.1 16.906 70.089
2435 16.834 69.135
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4. Structural investigations in both high spin (HS) and low spin (LS) states

Based on the magnetic and calorimetric studies, the crystal structure of 1, defined in the
triclinic space group, has been determined at 296 K (HS state, colourless crystal), and at 120 K
(LS state, purple crystal). The crystal data and structural refinement parameters, Fe-N bond
lengths (A) and N-Fe-N bond angles (°), and average Fe-N distances and distortion parameters of
[Fe(bntrz);][Pt(CN)4].H,O (1), at 296 K and 120 K, are depicted in tables 2-4, respectively. An
in-depth examination of the unit cell parameters, at these two temperatures, indicates the absence
of any structural phase transition within the studied temperature range. The molecular structure

of the cationic Fe"' complex [Fe(bntrz);]*" is depicted in Figure 4.

Figure 4. View of the cationic chain [Fe(bntrz);]*" in 1: linear chain running along the a axis.
Codes of equivalent positions: (a) 1-x, -y, 1-z; (b) = -x, -y, 1-z. Colour code: Fe (green), N (blue)
and C (grey); (Hydrogen atoms have been omitted for clarity).
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Table 2. Crystal data and structural refinement parameters for compound 1.

Colour Colorless purple
Temperature / K 296(2) 120(2)
Empirical formula C;1HyoFeN;0Pt C;1HyoFeN;;0Pt
Formula weight /g.mol” 850.61 850.61
Wavelength / A 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic
Space group P-1 P-1
alA 7.8931(2) 7.4945(2)
b/A 14.5363(4) 14.2896(4)
c/A 14.6867(4) 14.8234(4)
o/° 94.860(2) 95.640(2)
B/ 103.461(2) 101.855(2)
v /° 94.187(2) 92.943(2)
Volume / A3 1625.42(8) 1541.93(7)
Z 2 2
Deye / g.cm™3 1.738 1.832
Abs. Coef. / cm1 6.20 5.052
F(000) 836 836
Crystal size / mm’ 0.27 x 0.03 x 0.03 0.27 x 0.03 x 0.03
20 range / © 6.82 - 54.00 6.62 - 54.00
Refl. collected 20278 19471
Unique refl. / Rint 6993 /0.0640 6654 /0.0672
Data / restr. / N, 5345/0/432 5305/432
“R1/°WR2 0.0367/0.0832 0.0342/0.1010
‘GooF 1.035 1.100
APrmax/ min / €A™ 1.270/-0.992 1.507 / -1.899
CCDC No. 1492971 1492972
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The structure of 1 is built from two crystallographically independent Fe" sites, Fel and
Fe2, and two [Pt(CN)4]* anions located on inversion centers, and three bntrz ligands and one
solvent water molecule located on general positions. The three bntrz ligands act as [,-bridging
mode (W »-bntrz bridges) leading to the regular chain structure running along the [100] direction

(Figures 4 and 5).

Figure 5. View of the cationic chain [Fe(bntrz);]*" in 1: projection of the chain along the [100]
direction. Colour code: Fe (green), N (blue) and C (black); (Hydrogen atoms have been omitted
for clarity).

The Fe-N bond lengths and N-Fe-N bond angles, at 296 K and 120 K, are gathered in
Table 3. The average Fe-N distances and distortion parameters for both spin states are listed in
Table 4. The two crystallographically distinct Fe' ions (Fel and Fe2) adopt similar and very
regular FeNg octahedral geometries, as demonstrated by the unusually low values of £ and ©
parameters (Table 4).?2 Thus, it is worth noting that the distortion of the octahedrons is higher in
the LS state than in the HS state, conversely to what is generally observed. While more

pronounced for Fel compared to Fe2, this unusual effect confirms that 1-D triazole systems tend
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to adopt rigid and regular coordination spheres,'® but also indicates that the Fe' environment is
more constrained in the LS state. The average values of the Fe-N distances for Fel and Fe2, at
296 K (2.190(3), 2.189(3) A) and 120 K (1.991(4), 1.998(4) A) (Table 4), are in agreement with
the presence of HS and LS states, respectively. The latter observation is consistent with the
presence of a complete HS/LS SCO transition, as revealed by the magnetic and the calorimetry

(DSC) studies.

Table 3. Fe-N bond lengths (A) and N-Fe-N bond angles (°) of [Fe(bntrz);][Pt(CN),].H,O (1), at
296 K and 120 K.

T (K) 296 ( HS state) 120 (LS state)

Fel-N1 2.179(3) 1.988(3)
Fel-N4 2.210(3) 2.000(4)
Fel-N7 2.182(3) 1.985(3)
Fe2-N2 2.176(3) 1.998(3)
Fe2-N5 2.195(3) 2.001(4)
Fe2-N§® 2.195(3) 1.994 (4)
N1-Fel-N7 91.08(12) 91.30(14)
N1-Fel-N7@ 88.92(12) 88.70(14)
N1-Fel-N4 89.28(12) 88.32(14)
N1-Fel-N4® 90.72(12) 91.68(14)
N7-Fel-N4 90.57(12) 91.09(14)
N7®-Fel-N4 89.43(12) 88.91(14)
N2-Fe2-N8 89.50 (12) 89.47(15)
N2-Fe2-Ng8® 90.50(12) 90.53(15)
N2-Fe2-N5® 91.04(12) 91.58(15)
N2-Fe2-N5 88.96(12) 88.42(15)
N8-Fe2-N5 90.99(12) 89.01(16)

N8®-Fe2-N5 89.01(12) 90.99(16)

Symmetry transformations used to generate equivalent atoms: (a) 1-x, -y, 1-z; (b) = -x, -y, 1-z
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Table 4. Average Fe-N distances and distortion parameters of [Fe(bntrz);][Pt(CN)4].H,O (1).

T (K) 296 ( LS state) 120 (HS state)

Fe'" Fel Fe2 Fel Fe2
(dren) 1 A 2.190(3) 2.189(3) 1.991(4) 1.998(4)
2/0/° 10/23 10/26 16 /40 13/33

Spin state HS HS LS LS

322 is the sum of the deviation from 90° of the 12 cis-angles of the FeNg octahedron; °®®? is the sum of
the deviation from 60° of the 24 trigonal angles of the projection of the FeNy octahedron onto its trigonal
faces.

In order to understand how the crystal structure is affected by the SCO transition, the
temperature dependence of the lattice parameters of a single crystal of 1 was measured in the
range 200-280 K. As clearly depicted in Figure 6, the evolution of the unit cell parameters (a, b,
¢) reveals significant anisotropic changes at the transition temperature (ca. 242 K), more
precisely a contraction upon heating for the ¢ parameter paralleled with positive expansions
occurring simultaneously in the ab plane. The amplitude of the anisotropic expansion is much
more pronounced along the a axis, proving that the major structural change accompanying the

SCO transition in the overall structure arises along the 1D chain.
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Figure 6. Thermal evolutions of the lattice parameters (a, b, ¢) and unit cell volume for 1,
showing the anisotropic changes (expansion along a, b and contraction along ¢ axis) upon SCO

transition.
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Unlike what has been observed for the parent compound [Fe(Htrz)(trz)](BFs),"* the careful
examination of the shortest inter-chain contacts (m-stacking, hydrogen bonding and Van der
Waals contacts) in 1 reveals that direct interchain interactions are quasi inexistent. However, the
presence of significant hydrogen bonding occurring along the [102] and [-111] directions

connects the chains in the ¢ and b directions respectively, leading to an overall 3D packing

(Figures 7-8).

(b)

Figure 7. Intermolecular hydrogen bonding contacts in 1 (a) along the a direction and (b) along

the b direction.(Hydrogen atoms and benzyl groups of the triazole have been omitted for clarity).
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Figure 8. Intermolecular hydrogen bonding contacts in 1 (a) along the a direction. Shortest
contacts (A): N11...01 = 2.944, O1...N12 = 2.995 at 296 K; N11...01 = 2.888, O1...N12 =
2.883 at 120 K. (Hydrogen atoms, side chains of the triazole have been omitted for clarity).

These interactions are more pronounced in the LS state than in the HS state. This
observation may explain the more constrained iron geometry along the chain in the LS state. Due
to the triclinic symmetry of the crystal lattice, the inter-chain distances do not exactly match the
Fe-Fe intermolecular distances, but are shorter because the chains are slightly shifted from each
other in the a direction (Figure 9). It follows that the inter-chain distances are different along the
b and c directions. Thus, in the LS state, they are shorter in the b direction (14.2708(4) A)
compared to the ¢ direction (14.5072(4) A), while in the HS state, we observe the opposite
tendency, since the inter-chain distances along the b direction (14.4975(4) A) are bigger than
those observed along the c axis (14.2832(4) A), leading finally to very similar distances in the LS
and the HS states but inverted with respect to a and b parameters (Figures 10-11).
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Inter chain distance

Figure 9. View of 1 showing the inter-chains distance along the b direction and the shift of the
chain in the a direction (Hydrogen atoms, side chains of the triazole and anions have been

omitted for clarity).
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Figure 10. View of 1 along the (100) direction showing the inter-chains distances in the b and ¢
direction at 296 K in the HS state (Hydrogen atoms, side chains of the triazole and anions have

been omitted for clarity).
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Figure 11. View of 1 along the (100) direction showing the inter-chains distances in the b and ¢
direction at 120 K in the LS state (Hydrogen atoms, side chains of the triazole and anions have

been omitted for clarity).

These observations indicate a significant motion of the chains that corresponds to a
gliding along the a direction as the chains shifts increase during the LS to HS transition
(0.3287(4) A and 0.3736(4) A for b and c directions, respectively). This structural rearrangement
of the chains may be responsible of the smaller unit cell volume change at the transition than the
parent compound [Fe(Htrz),(trz)|(BF4) (5.4% vs 11.5%)." Such capability of structural breathing
was not observed in [Fe(Htrz),(trz)](BFs) and may explain the (i) unusual crystal quality of
compound 1 and its (ii) exceptional reliability and mechanical robustness to repeated LS to HS

transition cycles.
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Conclusion

In conclusion, we have prepared and characterized a new triazole-based
[Fe(bntrz);][Pt(CN)4].H,O (1) salt exhibiting an abrupt spin transition with a transition
temperature of ca. 242 K. The cationic [Fe(bntrz);]*" complex displays a polymeric chain,
similar to that reported for the Fe" triazole-based systems exhibiting magnetic bistability around

"4 The present study clearly evidences the starring roles of the

or above room temperature.
ligand substitution and counter ion changes to prevail over the implicit crystallogenesis issue in
the Fe'/trz systems, with the association of bntrz ligand and [Pt(CN)4)]*" anion leading for the
first time to robust single crystals of high quality and relatively considerable size (up to 0.45 x
0.04 x 0.04 mm”®) that withstand the LS/HS first-order spin transition. Distinctively from other
1D Fe'/trz systems for which the origin of the strong cooperativity remains strictly indefinite
because of the lack of structural information, the characteristics of complex 1 led us to single
crystal X-ray data collections of high-quality, allowing highly refined structural characterizations

of both high and low spin states, and the thermal evolution of the lattice parameters.

The polymeric chain structure of 1, crystallographically determined at 296 K and 120 K,
is built from two different Fe" centers for which the average values of the Fe-N distances are in
agreement with the complete HS/LS spin transition revealed by the magnetic data. The thermal
variation of the lattice parameters shows anisotropic changes at the transition temperature, and
proves that the most pronounced structural changes occur along the 1D covalent chain. The
intermolecular inter-chain contacts occur through hydrogen bonding via the [Pt(CN)4]* anions
leading to an overall 3D arrangement. The absence of a wide hysteresis loop in 1 clearly reveals

that the strong short-range ”Fe"-(Rtrz);-Fe'”

interactions along the chain are not sufficient to
drive the existence of the metastable states at the origin of thermal hysteresis, and confirms that
the overall long-range interactions should play a crucial role to promote significant elastic strains
which stabilizes the spin state changes. The exceptional resilience of the present crystals upon
repeated switching cycles is most likely due to the anisotropic expansion/contraction of the unit
cell upon SCO transition, which allows the existence of a mismatch free HS/LS interface

resulting from the capability of the “Fe"-(Rtrz)” chains to glide from each other and
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accommodate the structural modifications despite the sharp transition. This observation is similar
to that of the spin-crossover single crystals [{Fe(NCSe)(py).}2(m-bpypz)] (with py = pyridine
and bpypz = 3,5-bis(2-pyri-dyl)pyrazolate) recently reported by K. Boukhedadden et al .2 In this
context, we are currently investigating by optical microscopy the response of a single crystal of 1
upon thermal SCO transition in order to visualize the nucleation, the growth, and the propagation
of HS and LS domains accompanying the first-order transition.”* The observation of the
orientation and the dynamics of the HS/LS interface should allow for a better understanding of
the role of the anisotropic changes of the lattice parameters on the exceptional resilience of this
material. On the other hand, we are also currently exploring other systems exhibiting similar
chain, but with different crystal packing to enhance/control the interchain interactions and
produce hysteretic features. In fine, the aim is to establish thorough and systematic magneto-
structural correlations which are essential to understand the physicochemical origin of the strong

cooperativity in such striking materials, but also to rationalize the tuning of the SCO properties.
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Experimental section

1. General considerations

All the starting reagents were purchased from commercial sources (Sigma-Aldrich,
Across, Fisher Scientific, Alfa Aesar and Merck) and used without further purification unless
otherwise stated. Deuterated solvents were purchased from Sigma-Aldrich and Cambridge
Isotope Laboratories. Dried solvents were prepared by refluxing for one day under dinitrogen
over the appropriate drying agents (calcium hydride for acetonitrile, dichloromethane, hexane;
magnesium and iodine for methanol; sodium for ethanol, and molecular sieves for DMF), and
then degassed before use. Solvents were stored in glass ampoules under argon. Alternatively,
they could be obtained from a solvent purification device (MBRAUN). All glassware and
cannula were stored in an oven (>373 K). When appropriate, the reactions were carried out under

argon or nitrogen by using a dual manifold vacuum/argon line and standard Schlenk techniques.

2. Synthesis of triazole ligand: 4-(Benzyl)-1,2,4-triazole (bntrz)

The 4-(benzyl)-1,2,4-triazole (bntrz) ligand was synthesized by modifying a previously
reported method (see scheme 1).'” A solution of triethyl orthoformate (12 mL, 72 mmol) and
formylhydrazine (3.6 g; 60 mmol) in 50 mL of freshly distilled anhydrous methanol was refluxed
for 4 hours. Then, the benzylamine (6.6 mL, 60 mmol) was added to the solution under nitrogen
atmosphere, and the mixture was further refluxed for 24 hours. After removal of the solvent
under reduced pressure, the resulting white solid was dissolved in 100 mL of methanol and ether
in 2:8 volume ratios. The resulting solution was kept in a freezer for 2 days. Finally, the product

was filtered and washed with ether to obtain a white crystalline powder (Yield: 5.7 g, 60 %).
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Figure 12. '"H NMR (300 MHz, CDCl;, 298 K) of bntrz. 'H NMR: J, 5.07 (s, 2H, CH,), 7.06-
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Figure 13. °C NMR (300 MHz, CDCls, 298 K) of bntrz. '>°C NMR : §, 48.8 (Ar-C-N), 127.4
(Ar-C), 128.7 (Ar-C), 129.1(Ar-C), 134.1 (Ar-C), 142.7(N-C=N).
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Figure 14. Infrared Spectrum of bntrz. IR data (v, cm'l): 3129w, 3084w, 3029w, 2972w, 1679w,
1534w, 1519w, 1496w, 1454w, 1379w, 1365w, 1338w, 1207w, 1181m, 1074w, 1031w, 1001w,
975w, 957w, 891w, 841w, 816w, 768w, 711s, 690m, 638m, 615w, 578w, 460w.

3. Single-crystals preparation of complex [Fe(bntrz);][Pt(CN)4].H,O (1)

Single-crystals of 1 were prepared by slow diffusion, in a fine glass tube (3.0 mm
diameter). An aqueous solution (5 mL) of K,[Pt(CN)4)].xH,O (0.1 mmol, 37.7 mg) and an
aqueous solution (5 mL) of Fe(BF4),.6H,O (0.1 mmol, 33.7mg) were mixed with stirring; the
white turbid was formed from the resulting solution after 1 hour. Then, an ethanol solution (3
mL) of triazole ligand (0.3 mmol, 47.7 mg) was carefully layered onto the above solution with
addition of a small amount of solvent between the two solutions to slowdown the diffusion.
White needle colorless crystals of 1, suitable for X-ray analysis, were formed and collected after
three weeks (Yield 53 %, 45.1 mg). Anal. Calcd for C3;HyoFeN30Pt: C, 43.7; H, 3.4; N, 21.4 %.
Found: C,44.1; H, 3.4; N, 21.7 %.
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Figure 15. IR Spectrum of the single crystals of [Fe(bntrz);][Pt(CN),].H,O (1) (4000-400 cm™).
IR data (v, cm'l): 3418br, 3054w, 3013w, 2119m, 1608w, 1551m, 1496w, 1496w, 1444w,
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Figure 16. IR Spectrum of the single crystals of [Fe(bntrz);][Pt(CN)4].H,0 (1) (650 to 35 cm™).
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Figure 17. IR spectrum of K,[Pt(CN),]. xH,O. IR data (v, cm™): 2133m, 2122s.
4. X-ray Crystallography studies

Crystallographic studies of the single crystals of 1 were performed at 296 K and 120 K,
using an Oxford Diffraction Xcalibur k-CCD diffractometer equipped with a graphite
monochromated Mo Ka radiation (A = 0.71073 A). The full sphere data collections were
performed using 1.0° w-scans with an exposure time of 150 and 200 s per frame, and 60 and 80 s
per frame for 1 at 296 K and 120 K, respectively. The corresponding structures were solved by
direct methods with the SHELXS program and refined on F* by weighted full matrix least-

squares methods using the SHELXL program.”

All non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were calculated and therefore included as isotropic
fixed contributors to Fc. All other calculations were performed with standard procedures

(WINGX).”® Crystallographic data and structural refinement details are provided in Table 2.

105



5. Physical measurements and characterizations: spectroscopy, DSC and magnetic studies

'H/"3C - NMR spectra were recorded on Bruker AMX-300 spectrometer, and the spectra
were referenced internally using residual proton solvent resonances relative to tetramethylsilane
(0 = 0 ppm). Infrared (IR) spectra were collected in the range 4000-35 cm” on a FT-IR
BRUKER ATR VERTEX70 Spectrometer. DSC measurements were performed on a DSC-
1/LN2 Mettler Toledo calorimeter setting the heat flow scan rate at s = 2 K.min"'. Magnetic
measurements were performed with a Quantum Design MPMS-XL-5 SQUID magnetometer in
the 2-300 K temperature range with an applied magnetic field of 2 Tesla and scan rate of 0.4
K.min"' on single crystals of compound 1. Elemental analyses were performed at the “Service de

microanalyse”, CNRS, 91198 Gif-sur-Yvette, France.
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Trinuclear Fe(Il) Complexes Based on Functionalised Triazole and

Cyanocarbanion Ligands with Unique Complete SCO Behaviour

Introduction

Among the molecular switchable materials, the spin crossover (SCO) materials are
particularly of interest, notably because of their potential applications in the development of new
generations of electronic devices such as memory, molecular sensing and displays." When the
spin pairing energy is close to the splitting energy,'” a SCO transition between the high-spin
state (HS, S =2, T 2¢) and low-spin state (LS, § = 0, 4, ¢) can be induced by different external
solicitations such as temperature, pressure, magnetic field and light irradiation.” To date, Iron
(IT) metal complexes involving [FeNg] octahedron coordination spheres have been the most
studied SCO compounds. Among the few systems exhibiting remarkable SCO behavior, the
binary systems based on the 1,2,4-triazole ligands still remain among the most promising
materials for future electronic devices since some of them, such as the coordination polymer
chains of general formulae [Fe((NH,-trz);](X), and [Fe(Htrz),(trz)](X) (NH-trz = 4-amino-
1,2,4-triazole, Htrz = 4-H-1,2,4-triazole, trz = 1,2,4-triazolato, X~ = standard monoanions),
display wide hysteresis loops around room temperature.® However, the current and longstanding
challenge to obtain single crystals of such coordination polymers make difficult to access
structural data at the molecular and inter-molecular scales which are essential to understand and
fine tune their SCO characteristics such as the origin of their strong cooperativity (see Chapter
II). Alternatively, new polynuclear triazole-based SCO complexes, involving similar structural
features - i.e. triple N1,N2-triazole bridges based on functionalized 1,2,4-triazole, similar Fe(II)
environments, and/or chain sections - are currently extensively studied.”® Such polynuclear
systems could assist the modeling of the SCO characteristics of the 1D chain polymers. In this
context, several trinuclear triazole-based SCO complexes have been reported, with an archetypal
linear molecular structure in which the Fe(II) centers are bridged by substituted 1,2,4-triazole

ligands (see Scheme 1 and Table 1).”*
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N=/
4-ethyl-4H-1,2,4-triazole
(ettrz)
NN
N=/
4-propyl-4H-1,2,4-triazole
(prtrz)
NN\

N=/
4-isopropyl-4H-1,2,4-triazole
(iprtrz)

— OH
N
N=/
2-(4H-1,2,4-triazol-4-yl)ethanol
(hettrz)
S)
O
NN 0
N=/
2-(4H-1,2,4-triazol-4-yl)ethanesulfonate
(settrz)
©
N\ /o
0§ 0
N =\ S\:O
I N O
N/ ©

2-(4H-1,2,4-triazol-4-yl)ethanedisulfonate

(dsettrz)

Scheme 1. Examples of functionalized 1,2,4-triazole ligands reported in the literature for

trinuclear Fe(IT) SCO complexes.”™
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4-(4-nitrophenyl)-4H-1,2,4-triazole
(nptrz)
N=\ —
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N~ N7
2-(4H-1,2,4-triazol-4-yl)pyridine
(2-pytrz)
NN g >
N\ N—N
~  HO
(E)-2-((4H-1,2,4-triazol-4-ylimino)methyl)phenol
(Hsaltrz)

(E)-N-(furan-2-ylmethylene)-4H-1,2,4-triazol-4-amine
(furtrz)
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Table 1. Trinuclear Fe(Il) SCO complexes with triple N1,N2-triazole bridges based on

functionalized triazole ligands reported in the literature.”™

u §/N—R Trinuclear complex SCO behavior / T, Ref.

NN S

|L§/N [Fe3(prtrz)é(ReO4)4(H20)2](ReO4)2'HZO gradual / T1/2:1 85K 5a

0
';W\N_N//—@ [Fe;(furtrz)s(ptol),(MeOH),](ptol)s-4(MeOH) gradual / T;,,~170 K 5b
N~/

NN [Fes(pytrz)s(H,0)4](NO;3)6 Gradual / T,,=208 K 6a

| N \ /

N

[Fes(pytrz)s(H20)4](ClO04)s HS 6a

[Fes(pytrz)s(H0)4](Br)s HS 6a

N\ one [Fes(meoptrz)s(H,0)4](BF,)s: 2H,0 HS 6b

N~/

[Fes(meoptrz)s(H,0)s](Tos)s 4H,0O gradual / T;,=245 K 6b

[Fes(meoptrz)s(H,O)s](Tos)s gradual / T;,=330 K 6b

V\N_N//_@ [Fes(hsaltrz)s(H,0),(EtOH),](C10,)¢-2EtOH HS 7a
N=/ oft

NN OH .

ILQ/N [Fe3(hetrz)6(H20)6] (CF3SO3)6 gradual / T1/2—290 K 7b
Ei/\NJ [Fe3(ettrZ)G(H20)6](CF3SO3)6 abrupt/ T]/ZZZOS K Tc
hllf\N [Fe;(iprtrz)s(H,O)6](Tos)s-2H,O gradual / T;,=242 K 7d
N~/

[Fe3(iprtrz)6(H20)6](CF3SO3)6 gradual / T1/2=185 K 7d
N=\
N NO2 [Fes(nptrz)s (H,0),(EtOH),](ptol)s-4EtOH gradual / T;,=148 K Te
/O@ . .. .
N =0 spin transition with
ﬁyNI b [Fes(settrz)s(H,0)q].5H,0 Toa(D35T K. Ton(l) 343K | 82
O\ 00 . .. .
0= 9 spin transition with
TANfs\zoe (MezNHz)(,[Fe3(dSCttI‘Z)G(Hzo)G] T,/Z(T)ﬂlOO K, TI/Z(l«) =310K 8b
N~/

Tos = p-toluenesulfonate; ptol = p-tolylsulfonate.
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The polynuclear triazole-based systems can be categorized in two different families: (7)
the complexes involving neutral functionalized 1,2,4-triazole ligands, which typically display a
gradual SCO behavior with a transition temperature in the range 150-330 K (Table 1);>” and (if)
the second family composed of few recent examples based on anionic triazole ligands such as the
4-(1,2,4-triazol-4-yl)ethanesulfonate (settrz’), and the 4-(1,2,4-triazol-4-yl)ethanedisulfonate
substituted triazole molecules (dsettrz”) (Table 1).* Referring to the latter, two series have been
reported; the first one concerns complexes of formula [Fes(settrz)s(H,0)6]'nH,O (n = 8) based on
the monoanionic ligand settrz’, with the derivative displaying a gradual SCO behavior at 150 K,
and a hysteretic transition above room temperature (7;,(1) = 357 K, T;,(]) = 343 K) when
partially dehydrated (n = 5).* The second series is composed from the unique SCO trinuclear
anionic complex (Me;NHs)e[Fes(dsettrz)s(H,O)6] that exhibits a large hysteretic cycle above
room temperature (7;,2(1) = 400 K, 7;,(]) = 310 K) and a temperature of relaxation, Trgsst, of

240 K which is the highest temperature observed in a switchable molecular material.*°

However, in all those complexes, only the central Fe(Il) ion shows a SCO behavior, while
the two terminal ones coordinated to two or three water molecules (or other oxygenated solvent
molecules and/or anions) remain in the HS state (Table 1).® Thus, such complexes can be
viewed as mononuclear SCO complexes in which the single active center displays similar
environment than that described for the 1D chain polymers. In addition to deepen the knowledge
of the local environment of the Fe(Il) active center, the investigations of larger SCO molecular
discrete complexes, such as “true” trinuclear systems with three SCO Fe(Il) centers, could be
critical to better understand the origin of the cooperativity in such striking 1D systems. In this
context, we have extended this polynuclear synthetic approach to combinations of new
functionalized triazole ligands such as those depicted in Scheme 2, and cyanocarbanions
(Scheme 3) which can act as co-ligands through their N-donor nitrile groups. The strategic use of
the latter N-donating based-ligands resides in preventing or limiting the formation of
“Fe(Il)/1,2,4-triazole” polymeric chains while favoring the coordination of the terminal sites of
the polynuclear species by nitrogen groups which are more appropriate for the SCO activity. The

present work reports the synthesis and full structural and magnetic characterizations of the first
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example of triazole-based SCO Fe" trinuclear neutral complex [Fes(bntrz)s(tcnset)s] (2)

exhibiting a complete one-step spin transition above room temperature.

N=\ N=\
{ N ! N
O S
/ /
Z P

4-benzyl-4H-1,2 4-triazole 4-(furan-2-ylmethyl)-4H-1,2,4-triazole ~ 4-(thiophen-2-ylmethyl)-4H-1,2,4-triazole
bntrz) (furmetrz) (thiometrz)

Scheme 2. Molecular structures of the triazole ligands bntrz, furmetrz and thiometrz.

s~ 7 SJ ; sf )

NC.__~._-CN NCrxON NC.__\_-CN

1 1 \I( |
CN CN CN CN CN CN

(tcnsme) (tcnset) (tcnspr)”

Scheme 3. Examples of functionalized cyanocarabanions of general formula (tcnsR’)’, with R’=
-CH3, 'CH2'CH3 and -CHQ-CHQ-CH3.

Results and Discussion

1. Syntheses and spectroscopic characterizations

The 4-(benzyl)-1,2,4-triazole (bntrz) molecule has been prepared as discussed in chapter
II, i.e. by the reaction of formic hydrazide and triethyl orthoformate with benzylamine in
methanol solvent under nitrogen atmosphere (see Scheme 4).” The resulting pale pink solid was
purified using recrystallisation from methanol-ether solvent mixture to obtain a white crystalline

powder of bntrz with a yield of 60% (see details in Chapter II).
0 .

N
HN. L
H + O \\ Methanol (Dry)
Reflux, 24 h

Scheme 4. Synthesis of the triazole based ligand 4-(benzyl)-1,2,4-triazole (bntrz).

Iz
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The two step synthesis of the potassium [1,1,3,3-tetracyano-2-thioethylpropenide] salt
K(tcnset) (II, Scheme 5)) has been inspired from previous work from our group, and further
developed and optimized in the context of the present study which involves notably the
systematic variation of different alkyl substituents on the sulphur atom (see Scheme 5).'° In the
first step, the intermediate molecule 2-[bis(ethylthio)methylene]lmalononitrile (I) has been
synthesized by the reaction of alkyl halide and potassium 2,2-dicyanoethene-1,1-bis(thiolate),
with the latter formed in sifu by mixing malononitrile, potassium carbonate and carbondisulphide
(see Scheme 6).'*® Then, the resulting yellow oil has been purified by using flash column
chromatography to obtain a pale green solid of (I). In the second step, the potassium [1,1,3,3-
tetracyano-2-thioethylpropenide] salt K(tcnset) (II) has been prepared in ethanol by the reaction
of the corresponding 2-[bis(ethylthio)methylene]malononitrile (I) with malononitrile in the

1% After refluxing the reaction mixture for 1 hour, the

presence of potassium tertiary butoxide.
final solution has been cooled down to 4 "C, which lead to the formation of a white crystalline
powder of potassium [1,1,3,3-tetracyano-2-thioethylpropenide] K(tcnset) (IT), without further
purification needed. Finally, the resulting salt has been characterized by 'H and “C NMR

spectroscopy (see experimental part).

o

i) K,CO;4 < EN Ls
CN i NC S V) b
{ ) CS, > < CN NCWCN &

e - N ( N !
CN iii) TBAB NC S vi) -BuOK C'N C'N

iv) RX < Ethanol

DMF
X=1,Br | 1

Scheme 5. Synthesis of the potassium salt of [1,1,3,3-tetracyano-2-thioethylpropenide]
K(tcnset).

0 ®

CN i) K,CO NC S K
2 3 > <

CN i) CS, ©.®

DME NC S K

Scheme 6. Synthesis of the potassium 2,2-dicyanoethene-1,1-bis(thiolate) in situ.
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The single crystals of the complex [Fes(bntrz)s(tcnset)s] (2) have been synthesized using
diffusion technique in a fine glass tube of 3.0 mm diameter by layering a methanol solution of
the bntrz ligand onto an aqueous solution containing both K(tcnset) and Fe(BF4),.6H,0 salts.
The pink colored single crystals of the complex 2 were collected and dried in air at room
temperature, and successfully characterized by infrared spectroscopy (IR), magnetic studies,

differential scanning calorimetry (DSC), and single crystal X-ray diffraction (XRD).

The infrared data analyses have been performed on single crystals of 2 at room
temperature to ascertain the coordination modes of (tcnset) anion and triazole ligand to the Fe'
metal centers in complex 2. The infrared spectra of the bntrz molecule only and the K(tcnset) salt
are provided in the experimental section as references (Figures 8 and 14, respectively). In the IR
spectra of complex 2 (Figures 15-16), the absorption bands observed at 2233 and 2191 cm™ are
assigned to the vc-y stretching vibrations from the (tcnset)” anion. Those absorption bands are
distinct from the stretching vibration modes observed for the potassium salt K(tcnset) (2189 cm”
", which indicates the presence of both coordinated and uncoordinated nitrile groups in the
complex 2, in agreement with the further single crystal structure determination (see crystal

structure analysis).

For the triazole based ligand bntrz, the band assigned to the ring torsion of 1,2,4-triazole
atv =638 cm'l, and the vc-y stretching vibration at 1534 cm'l, are all shifted upon complexation
to 640 cm™ and 1550 cm™, respectively. Those values confirm the coordination of the triazole to
the Fe' centers.!! Finally, the bands observed at 212, 239, 300 and 366 cm’ are assigned to the
Fe-N stretching frequencies, and reveal the presence of Fe(Il) metal centers in both high spin

(HS) state and low spin (LS) state at room temperature.''
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2. Magnetic properties

The magnetic susceptibility (},,) for 2 was measured over the temperature (7) range 2-
380 K on a single crystal sample. The thermal variation of the y,,7 product is displayed in Figure
1. At 380 K, the y,T value (9.48 cm’.K.mol™) is consistent with three isolated HS (S = 2)
hexacoordinated Fe(Il) ions. Upon cooling, the %, T decreases gradually down to a temperature
value of ca. 320 K. Below this temperature; it sharply decreases to ca. 0 cm®.K.mol™ around ca.
250 K, indicating the presence of a sharp and complete HS to LS SCO first-order phase transition
at ca. 318 K. Upon warming and cooling at a scan rate of 1 K.min™ in settle mode, no thermal

hysteresis effects were detected.
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Figure 1. Thermal evolutions of the },,7T product in the 2-380 K range (@), and of the average
Fe-N distances (™) around the critical region (280-345 K, 7}, = 318 K) for [Fe;(bntrz)s(tcnset)s]
2).
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3. Calorimetric studies

The SCO properties of the complex [Fe;(bntrz)s(tcnset)s] (2) has been also investigated
by differential scanning calorimetry (DSC) over the temperature range 290-340 K, on both
warming and cooling modes with a temperature scan rate of 2 K.min™ at ambient pressure. The
heat capacity profile for 2 shows symmetrical and well-separated peaks associated with a
complete spin transition (Figure 2). An endothermic peak is observed on warming at 7,17 = 318.7
K while an exothermic peak is recorded on cooling at 7. = 317.5 K. Those peaks correspond to
a first-order phase transition with a hysteresis loop width of 1.2 K. This phase transition occurs
with values of enthalpy and entropy changes in agreement with three Fe(II) metal centres, i.e. AH
= 54.08 kJ.mol™ and 4S = 170.00 J.K'