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a b s t r a c t

In molecular spin-crossover materials, the spin-state switching is strongly coupled with
changes in the structural degrees of freedom, which play a central role in the alteration of
functions andmechanisms of transformation from themolecular scale (bond lengths) to the
material scale (volume). This article reviews various techniques currently used, ranging from
microscopy todiffraction, to study the structural aspects related to spin crossover at different
physical scales. Some of the most important recent advances concern the resolution of
complex crystal structures, the determination of microstructures, the study of phase coex-
istence, temporal studies ranging from second to femtosecond, and the description of
multistep transition involving intricate ordering of molecules in different electronic states.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
r é s u m é
Dans les mat�eriaux mol�eculaires �a conversion de spin, la modification de l'�etat de spin est
fortement coupl�ee aux changements des degr�es de libert�e structuraux, qui jouent un rôle
central dans l'alt�eration des propri�et�es et dans les m�ecanismes de transformation, de
l'�echelle de la mol�ecule (longueur de liaison) �a l'�echelle du mat�eriau (volume). Cet article
passe en revue diff�erentes techniques utilis�ees actuellement, allant de la microscopie �a la
diffraction, pour �etudier les aspects structuraux fondamentaux li�es au changement d'�etat
de spin aux diff�erentes �echelles physiques. Les avanc�ees r�ecentes les plus marquantes
concernent la r�esolution de structures cristallines complexes, la d�etermination des mi-
crostructures, l'�etude de la coexistence de phases, les �etudes temporelles allant de la
seconde �a la femtoseconde et la description de transition multi-�etapes impliquant des
mises en ordre complexes de mol�ecules dans diff�erents �etats �electroniques.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction experimental observations of the nucleation and growth
mechanism were reported in individual single crystals,
The so-called spin-crossover (SCO) phenomenon corre-
sponds to the spin-state switching in metal ions [1], which
can be induced by temperature, pressure and light or other
external fields [2]. The associated change in the electronic
state between low-spin (LS) and high-spin (HS) states of the
metal is related to the population of antibonding orbitals.
This is responsible for the elongation of the bonds between
the metal and the ligand (FeeL). This structural change
represents the main reaction coordinate of the process [3].
At the macroscopic scale in the solid state, the trans-
formation of crystals translates up to macroscopic volume
expansion, due to the elastic interactions between its con-
stituent molecules. The spin-state switching driven by
temperature is mainly related to the higher entropy in the
HS state, which includes both electronic and vibrational
terms [4]. In addition to temperature, pressure can be used
to drive transformation as it favours the LS state of lower
volume [3]. Light, which can modify the electronic distri-
bution, can also be used for switching the spin state, because
of the important electronicestructural coupling in SCO sys-
tems, resulting in an efficient trapping of the photoinduced
spin state [5]. Because of the intimate coupling between the
electronic state and the molecular structure, additional
structural changes may involve symmetry breaking at the
intramolecular or intermolecular levels [3]. The connection
between the electronic and the structural degrees of
freedom is therefore central for understanding and con-
trolling SCO. In this article, we review some acquired basic
knowledge and recent progress in the field when investi-
gating SCO phenomena by various structural approaches
such as microscopy (TEM [Transmission Electron Micro-
scopy], STEM [Scanning Transmission Electron Microscopy],
AFM [Atomic Force Microscopy] and optical), diffraction
(PXRD [Powder X-Ray Diffraction], SCXRD [Single Crystal X-
Ray Diffraction ], ND [Neutron Diffraction] and ED [Electron
Diffraction]) or, in some cases, absorption (XANES [X-ray
absorption near-edge spectroscopy] and EXAFS [Extended
X-Ray Absorption Fine Structure]). These views provide an
understanding of the process from microscopic to macro-
scopic scales under different stimuli (T, P, hn,…) and over
different time scales from ultrafast molecular photo-
switching (100 fs), elastic lattice expansion (ns), laser heat-
ing (ms) or phase nucleation or relaxation (mses).
2. From microscopic to macroscopic

2.1. Structural analysis and methods

2.1.1. Real space imaging with microscopy
The SCO phenomenon in materials is associated with

colour and optical density changes due to different optical
absorption bands between LS and HS states, resulting from
coupled electronicestructural reorganization [7]. In
connection with magnetic studies, colour change consti-
tutes the easiest observation of SCO phenomenon in crys-
tals at thermal equilibrium and more interestingly under
light excitation, as initially reported from optical spectra [8]
and optical microscopy [9]. Since 2008 more detailed
with a spatial resolution approaching ~1 mm. Fig. 1 shows
typical images of the nucleation and growth process pre-
sented in a recent work during the thermally induced spin
transition [10], from which the propagation speed of the
interface was obtained (12e16 mm/s). In addition, a color-
imetric method can be used to decouple the contributions
of structural and electronic transformations involved in the
spin-state switching, both for thermo- and photoinduced
spin transitions [11].

By applying this technique in many materials (see [12]
and references therein for recent results), some common
trends or more sample-specific features related to macro-
scopic SCO in crystals were extracted. In these experiments,
the ~10 ms temporal resolution is limited by the camera.
Although this is too slow to observe the dynamics of
macroscopic transformations induced by a laser pulse,
optical microscopy can reveal the fast and important vol-
ume change related to the macroscopic change [13]. It
should also be emphasized that when the colour contrast is
not so pronounced, making optical microscopy observation
difficult, Raman imaging [14] can then allow the spatial
mapping of changes due to SCO in crystals.

These “light” observation techniques, performed with
conventional microscopes, have a limited spatial resolution
and cannot provide details of the transformation of nano-
crystals or nanoparticles. Then other methods with higher
spatial resolution and higher sensitivity come into play to
reveal global structural changes related to spin-state
changes. These include scanning probe microscopy
methods (AFM and SNOM [ Near-field Scanning Optical
Microscopy ]) [15]. In addition to the observation of SCO at
the atomic scale, afine control of the LSeHSphase boundary
motion was achieved with the AFM tip.

Electron microscopy was also used to observe the SCO
phenomena of single nanocrystals, in the time-resolved
mode [16]. This technique allows visualization of the
macroscopic structural dynamics of single nano-objects in
both real and reciprocal spaces. The techniques mentioned
above, mainly probing macroscopic changes, cannot pro-
vide intramolecular details of the SCO, which requires sub-
angstrom resolution. For that, diffraction, scattering or X-
ray spectroscopic techniques are required.

2.1.2. Reciprocal space analysis by X-ray, neutron and electron
diffraction techniques

Diffraction techniques of X-rays, neutrons and electrons
represent a fundamental tool for investigating structural
aspects during the transformation of materials with sub-
angstrom resolution [17]. In SCO materials, this allows for
watching intra- and intermolecular reorganizations coupled
with the change in the spin state. Awealth of information can
be extracted from diffraction patterns by following the po-
sitions of diffraction peaks, their intensities and their shapes
[3]. Diffraction comes from constructive interferences of the
waves (X-ray, neutron or electron) scattered by the consti-
tuting atoms in crystals. Because of their 3D periodic lattice

the intensity is scattered along vectors Q
!
, defined by the

variation in thewave vector between incident and diffracted



Fig. 1. (a) Typical observation by optical microscopy of the nucleation phenomenon in an SCO single crystal during the thermally induced spin transition. (b)
Corresponding thermal dependence of the HS fraction. (c) Temporal evolution of the HSeLS interface position. Reprinted with permission from [10]. Copyright
2017 American Chemical Society.
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$ c!¼ 0 and so forth). This condition for the
Bragg scattering gives rise to sharp peaks in the diffraction
pattern around the different nodes of the reciprocal lattice,
corresponding to integer values of the (hkl) coordinates. The
amplitude of thewave scattered on the Bragg peak, by all the
atoms of a unit cell, reaches

F
�
Q
!�

¼ FðhklÞ ¼
X
j

fj e� Q
!

$ r!i ¼
X
j

fj e�2ipðhxjþkyjþlzjÞ

fj is the atomic scattering factor of an atom j at position rj
in the unit cell. The diffracted intensity of a Bragg peak is
then
IðhklÞ ¼

���FðhklÞj2

Note that in practice the relation is I(hkl) ¼ kjF(hkl)j2,
where k reflects different experimental aspects going, for
instance, from the polarization of the X-ray beam to the
Lorentz factor but also integrating various aspects of the
sample itself, from the absorption coefficient to the surface
roughness of the crystal. Information about the distribution
of atoms within the unit cell is then distributed within the
structure factors of various nodes of the reciprocal lattice.
The spatial distribution of atoms or of electron density r(x,
y, z) and its symmetry in the real space (space group)
translates into the reciprocal space. For example, in the case
of a mirror symmetry perpendicular to the crystalline axis
b
!

in the crystal structure, any spatial density r follows this
symmetry r(x, y, z) ¼ r(x, �y, z). This gives the relationship
between different structure factors F(hkl) ¼ F(h � k$l). The
symmetry operators of the space group, which relate the
different symmetry-equivalent atomic positions in the unit
cell, translate in the symmetry equivalence of the in-
tensities of Bragg peaks with different (hkl). In addition,
nonprimitive unit cells or nonsymmorphic symmetry op-
erators (screw axes or glide planes) induce systematic ex-
tinctions: some specific combination of (hkl) gives zero
diffracted intensity. Information about the crystalline
symmetry is therefore also contained in the intensity of the
diffracted intensity in the reciprocal space.

Solving and refining a structure consist first of finding
the real lattice from the observed reciprocal lattice and
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then the space group and the atomic positions within the
unit cell, from the intensities of the Bragg peaks. Structural
refinement from single crystals or powder data is now
possible with many software packages. Crystallography
performed by X-ray, neutron or electron scattering is a
powerful approach for investigating SCO phenomena that
take advantage of spectacular recent technological leaps
[18]. Various sample environments allow us now to
perform crystallography studies of SCO induced by tem-
perature, pressure, light irradiation or external fields [3,19].
Cryostats can be used down to a few Kelvin, pressure cells
can be used up to hundreds of gigapascals, and light irra-
diation is easy with a cryostream. X-ray diffraction is per-
formed in many laboratories on single crystals down to
z10 mm or on powders in different forms. Synchrotron
sources offer much higher flux and also tunable X-ray
wavelengths. X-ray diffraction is, however, less sensitive to
light elements such as H. Neutron diffraction requires
usually larger crystals but is sensitive to H atoms, and large
sample environment can be used (cryostat, gas pressure
cell, and so forth) for combining diffraction and magnetic
inelastic neutron scattering, for example, [20]. Electron
diffraction can also be used and is generally more suited to
study very small (nanoscale) crystals [21].

2.2. Structural probe of SCO at various physical scales

Structural analyses using the above methods allow us
first to describe the consequences of the spin-state modi-
fications on the structural properties at all the physical
scales, from the metal environment (Å) to the crystal
packing (nm), the coherent domains (nmemm) and the
particles or single crystal (nmecm) scales (Fig. 2). Since the
early stages of SCO investigation, the structural properties
were thoroughly investigated, generating fascination and a
substantial literature including many review articles [22].
The structural modifications accompanying the SCO at the
level of the metal polyhedron are always spectacular,
although very similar from one compound to another.
These modifications are very well characterized nowadays
either experimentally by diffraction techniques [22] or
theoretically [23]. For instance in the case of the FeN6 co-
ordination sphere, the volume of the metal polyhedron
increases by about 25% from LS to HS. The volume
expansion results from the increase in the metaleligand
bond lengths and the deformation of the polyhedron.
The amplitude of the latter suffers, however, a large vari-
ation from one compound to another. Being only related to
the spin state, the expansion of the metal coordination
sphere is perfectly reversible. At upper physical cases, the
situation is much more complicated. The consequence of
the polyhedron expansion/reduction at the molecular and
crystal packing scales appears in contrast very dissimilar
from one compound to another and therefore is also
affected differently at the micrometric scale. The diversity
of behaviours encountered, almost each case appearing
specific, explains that structural analyses are undoubtedly
crucial approaches to describe any new SCO compound or
any novel design of a known SCO material. The structural
consequences of SCO are dependent on both the stimulus
used for switching and the sample form itself. In some
cases, different crystal packing adjustments have been
observed when the spin-state switching is induced by light
irradiation, pressure or thermal effects [3,24], whereas in
other cases pressure and temperature induced similar
structural switching [3,25]. In addition to this intricate
situation, it is clearly known that a crystalline powder can
react differently to spin-state modifications than its single-
crystal form notably because of the strain on the micro-
metric powder grains [26].

Metaleligand bond lengths are a straightforward probe
to structurally characterize the spin state. The contrast
between HS and LS for FeeN lengths (~0.2 Å), for instance,
is strong enough to highlight partial SCO and to obtain the
HSeLS ratio within a sample through diffraction tech-
niques, as illustrated by many examples [22,26]. Note,
however, that depending on the nature of the ligand there
can be significant discrepancies between the metaleligand
length modifications. Apart from these bond lengths, some
tools have also been defined to describe the distortion of
the polyhedron.

Among them, the distortion parameterS [22g,27] is now
routinely and widely used to probe the spin state in crystals
[22f,28e37]. Other parameters are also in use to finely
probe the spin state from the coordination sphere geome-
try, such as, for example, the trigonal twist Q parameters
[22f,22g,28e38], the length-distortion z parameter [4] and
the polyhedron volume, Vp [22d,22f,22g,27,36,39,40]. All
these structural tools (see Table 1) demonstrate that the
metal surrounding is always more regular and smaller in LS
than in HS, allowing an easy identification of the spin state
from structural data. At the molecular scale, the use of the
average root-mean-square deviation (RMSD) gives a
basic comparison of the molecular shape in the HS and LS
states.

Describing the unit cell modifications due to SCO looks
straightforwardly achievable using diffraction techniques
(X-ray or neutron). When cautiously performed, variable
temperature diffraction (single crystals, powder) is indeed
a powerful approach that provides an accurate view of the
unit cell modifications, very often showing a strong
anisotropy in SCO compounds, and can even afford thermal
expansion parameters [41]. Variable pressure and coupled
pressureetemperature experiments are rare and still cut-
ting edge in crystallography, but they always provide new
insights into SCO, revealing unexpected phase diagrams,
explaining unusual behaviours and allowing calculation of
fundamental values such as the bulk modulus [3,24,25].
Elsewhere, in the context of the structural analysis of SCO
materials, isostructural compounds showing no SCO are
sometimes investigated in parallel to decorrelate the effects
due to SCO from those due to the thermodynamic changes
[27,31,41]. It is then mandatory to compare unit cell mod-
ifications obtained with the same protocol. For instance,
the unit cell volume modification shown within a temper-
ature range is the sum of the SCO and the pure thermal
effects, the latter can even sometimesmask the pure switch
effects.

The packing modifications induced by SCO may some-
times be arduous to describe due to the number of inter-
molecular distances to be taken into account. In addition,
each compound or at least each family of compounds



Table 1
Probing the spin state from the structural analysis. Proposition of selected parameters that should be looked for a quick and straightforward structural
description of the spin state for the different physical scales. The example is taken for the SCO molecular compound [Fe(PM-AzA)2(NCS)2] known to exhibit
an SCO at 190 K.

FeN6 polyhedron HS at 290 K LS at 110 K

<FeeN> (Å) 2.154(2) 1.960(1)
The angle distortion, S (�) 82(1) 46(1)
The trigonal distortion, Q (�) 214 298
The length distortion, z (Å) 0.41(2) 0.09(1)
The polyhedron volume, Vp (Å3) 13.0(3) 10.0(2)
Molecular scale
Superposition of HS (green) and LS (blue) complexes
Maximum RMSD ¼ 0.441
Average RMSD ¼ 0.202

Unit cell changes from HS to LS (%)
Total (SCO þ thermal): Da; Db; Dc and DV �0.76; �1.48; �2.34 and �4.52
SCO only (corrected): Da; Db; Dc and DV �0.51; þ1.09; �2.32 and �1.59
Crystal packing
Intermolecular interactions shown by di vs de (Å) fingerprints

Crystal density 1.322 1.383
Coherent domain
Relative mosaicity 1.0 1.3

Structural data are extracted from [41]. See text and corresponding references for detailed explanations.
Reminder: S ¼ P12

i¼1j90� Fij, Q ¼ P24
i¼1ðj60� qijÞ, z ¼ P6

i¼1Fe� Ni � 〈Fe� N〉.

E. Collet, P. Guionneau / C. R. Chimie 21 (2018) 1133e1151 1137
deserves a specific description because the impact of SCOon
the crystal packing appears very different if not unique from
one compound to another. Some structural analysis tools
may be used to facilitate this aspect. Among them, the
Hirshfeld surface approach through fingerprint represen-
tations provides a new tool to summarize the intermolec-
ular interactions that could be used to easily locate the
intermolecular interactions that deserve to be scrutinized in
more details [40,42,43]. Interesting propositions to empir-
ically summarize the amount and diversity of intermolec-
ular interactions in the crystal packing of SCO compounds
into a simple data have been proposed and should be more
systematically used [22d,22k]. The basic and initial struc-
tural description of an SCO compound should contain at
least the above structural parameters; an example provided
inTable 1 clearly showshowtheHSandLSmaybeprobedby
distinct structural parameters at various physical scales.
Note that, thanks to modern crystallography, this descrip-
tion of theHSeLS structural properties is accessible not only
tovariable temperature conditions, as taken in this example,
but also under high pressure (HP) and light irradiation
conditions [3]. Furthermore, pioneering diffraction
methods also allow actual time-scaling investigations
[13,44] and structural analysis at upper physical scales
(coherent domains, nanoparticles, crystal) that necessitate
the combination of diffraction and microscopy methods.
Both aspects refer to the current challenges in the field of
SCO materials, as detailed in Section 3.

2.3. Structural view of the SCO mechanism and symmetry
breaking

The relative stability of the LS and HS states in SCO ma-
terials is balanced by the competition between the electron
pairing energy, the energy splitting between the t2g and eg
orbitals, which is modified by the structural reorganization,
and the entropy increase from LS to HS states [4]. At thermal
equilibrium, most of the SCO systems undergo a single-step
spin-state switching. We should emphasize that the asso-
ciated structural distortions listed above are usually totally
symmetric (do not involve a change in symmetry). Indeed,
the polyhedron surrounding the metal may be close to an
octahedron but does not have true octahedral symmetry in
any phase: the structural change often corresponds to a
relative distortion between LS and HS structures. In addition
to this intramolecular view of the process, the (elastic) in-
teractions between the molecules in the crystal can drive a
more or less cooperative spin-state switching. Weakly
interacting systems exhibit a crossover regime for the
change in the spin state. This is often called gradual con-
version because of the gradual evolution of the population of
HS and LS states. Systems with strong interactions exhibit a



Fig. 2. Schematic view of the SCO consequences on the structural properties at different physical scales of the material (left) including a reminder of the relevant
experimental techniques for the structural analysis (right). Crosses mean the corresponding method suits perfectly the physical scale whereas question marks
with numbers indicate that it is restricted to peculiar cases or narrow fields as explained: (1) powder diffraction can lead to fully reliable structural determination
only in very rare cases, (2) electron diffraction may give information on the surface composition, (3) when one (nano)particle only contains one coherent domain
then microscopies that give data on the particle morphology also inform on coherent domains, (4) in the case of contrasted colours between HS and LS, for
example, optical microscopy also gives information on the spin state at this scale. Figure freely adapted from [23d].
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first-order phase transition (often called discontinuous or
abrupt), with a discontinuous change in the population of HS
and LS states. The molecular volume change is responsible
for elastic interactions between molecules in crystals, and
these depend on the molecular reorganization and on mo-
lecular packing. Therefore, if the nature of the molecule is
important (ligand field, entropy, and so forth), its coupling
with the environment in the crystal is another important
parameter.

The role of intermolecular coupling is revealed when
comparing the response of polymorphs made of the same
molecule, especially when macroscopic volume and inter-
molecular (bond lengths or angles) modifications accom-
panying the spin-state conversion occur without symmetry
change. This is the case for [Fe-(PM-BIA)2(NCS)2]: the
orthorhombic crystal (BIA I) undergoes a first-order phase
transition with discontinuous volume change, whereas the
monoclinic crystal (BIA II) undergoes a crossover (Fig. 3).

The growth of long-range domains of HS and LS phases
was observed inside the thermal hysteresis of BIA I, through
the coexistence of the HS and LS Bragg peaks [4]. This phase
separation process is commonly observed in many first-
order phase transitions, including SCO materials. The
gradual thermal conversion of BIA II is associated with a
gradual shift in the Bragg peak in the reciprocal space
(Fig. 3). The very different molecular packing between the
two polymorphs results in stronger interactions in the case
of BIA I than BIA II, responsible for the change in the ther-
mal conversion regime from cooperative to crossover.
Strong similarities were also observed from the cooperative
point of view between behaviours at thermal equilibrium
(phase transition in BIA I vs crossover in BIA II) and those
under light irradiation: self-amplified (BIA I) versus quasi-
linear (BIA II) phototransformation, sigmoidal and phase
separation relaxation process (BIA I) versus exponential
and homogeneous one (BIA II).

Another example is the case of the monoclinic and
orthorhombic polymorphs of [(TPA)Fe(III)(TCC)]PF6 [45].
Both exhibit thermal crossover at very similar tempera-
tures. Contrary to BIA I and BIA II, which have different
molecular interactions, the [(TPA)Fe(III)(TCC)]PF6 poly-
morphs consist of similar cation layers alternating with PF6
anion layers. The layers are just packed differently in the
two polymorphs. The fact that the most important in-
teractions are intralayer explains the similar thermal
crossover in these polymorphs.

There are also few SCO crystals, which exhibit symmetry
breaking at thermal equilibrium or in the photoinduced
state [22j,46]. The symmetry breaking may involve a
change in the lattice due to molecular packing change (e.g.,
from orthorhombic to monoclinic), molecular distortion
due to ordering of ligand bonds, ligand bending and/or



Fig. 3. a) Packing of the molecules in the BIA I and BIA II polymorphs, with different intermolecular contacts. (b) Volume change characteristic of a first-order
transition (I) or crossover (II). (c) Bragg peak shape and position evolution during the thermal HS to LS switching for BIA I and BIA II. Adapted from [4].
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tilting of molecules on the lattice, motions of counter ions
or solvent molecules. Such intermolecular order is often
associated with the appearance of new Bragg peaks due to
the symmetry change for the nonsymmorphic space group
or change in the periodicity. The symmetry breaking can be
coupled with the change in the spin state, but it can also
occur at a different temperature. One famous example is
the [Fe(ptz)6](BF4)2 complex, for which the spin conversion
and the structural orderedisorder phase transition from R3
to P1 are in fact two distinct phenomena [47]. Another
example is the [FeH2L2�Me](ClO4)2, for which a ligand
ordering occurs below the SCO temperature [6]. LIESST
(Light-Induced Excited Spin-State Trapping) can also be
associated with symmetry breaking, as revealed by pho-
tocrystallography experiments. There are few examples of
materials for which the crystal structure of the metastable
photoinduced HS state differs from the one of the thermal
equilibrium HS state observed at high temperature (HT).
For example, in the case of [FeH2L2�Me][XF6]2, with XaP or
As [48,49], the cations are located on a twofold axis in the
HS state at HT. At low temperature (LT), the photoinduced
HS state corresponds to a different crystal structure and the
twofold axis is lost on some molecules, resulting in tripling
of the unit cell, which can only be probed by diffraction
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techniques. At LT, a low symmetry HS state can be favoured
compared to a high-symmetry HS state because of entropy
gain [50]. SCO materials have various competing false
ground states and some of them can only be reached under
nonequilibrium conditions by light irradiation. This is one
of the important aspects of the research developed in the
emerging field of photoinduced phase transitions and for
SCO materials, in particular, and diffraction techniques are
important to study symmetry changes related to the
appearance of functionality. Elsewhere, note that rare
evidence of HS/ LS transitions induced by heating, a kind
of reverse spin transition, was observed in some Co(II)
complexes and are probably related to phase transitions
[51].

2.4. Multistep phase transitions

In addition to single-step SCO, different types of two-
step thermally induced SCO between completely HS HT
and LS LT phases have been reported, with an intermediate
(INT) phase associated with a partial conversion from HS to
LS states. Four types of two-step transitions were reported
so far as summarized in Fig. 4. Type 1 corresponds to ma-
terials exhibiting molecular multistability, such as binu-
clear systems. The coupled bistability of the two switchable
intramolecular sites corresponds to three molecular states
Fig. 4. The four different ty
(LSeLS, LSeHS or HSeHS), balanced by temperature. The
two steps correspond to two crossover regimes from LSeLS
to LSeHS and from LSeHS to HSeHS and on the step there
is no order of the HSeLS or LSeHS molecular state [52].
Type 2 corresponds to materials for which the asymmetric
unit cell of the crystal comprises twomolecular sites (A and
B), which are not equivalent by symmetry. The molecular
sites on the different sublattices A and B have different
structures and therefore different ligand fields and each
site undergoes its SCO at its own temperature, resulting in a
global two-step SCO of the crystal [53].

Type 3 corresponds to mononuclear complexes, where
the INT phase results from symmetry breaking and a long-
range ordering of the spin state (HSeLS) as reported in
several Fe(II) [48,49,53e55], Fe(III) [56], Co(II) [57] and
Mn(III) [58] complexes. This is often associated with the
appearence of new Bragg peaks due to the change of
periodicity. Short-range HS/LS order may also exist before
the occurence of long-range order, giving rise to diffuse
scattering. Type 4 corresponds to a mixing of types 2 and 3,
where one sublattice undergoes a two-step SCO and the
other one a single step coupled with the one of the other
sites [59]. The elastic coupling between molecules medi-
ated by the lattice is at the origin of mechanical frustration,
generating stepwise conversions of the fraction of HS
molecules [54].
pes of two-step SCO.
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2.5. Established structureeproperty relationships

The previous sections describe how SCO modifies the
structural features of a compound, at any physical scale.
Conversely, it is well established that the structural char-
acteristics of the atomic architecture strongly influence the
SCO features such as temperatures (T1/2, T(LIESST)),
abruptness, hysteresis width, rate of conversion and even
the occurrence of the SCO itself [22]. As a result, estab-
lishing structureefunction relationships appears a major
aspect of the SCO field. The task proves difficult because any
parameter acting on atomic positions potentially acts on
the SCO features and candidate parameters are numerous.
For example, the SCO hysteresis width is extremely
dependent on supramolecular connections. The coopera-
tivity between the SCO metal centres that correspond to
the abruptness and hysteresis width of the transition is
directly linked to the efficiency of the communication
pathways between these centres through intermolecular
interactions. Consequently, any parameter affecting the
crystal packing strongly modifies the cooperativity. The
long-range elastic energy cost, due to the formation of an
interface between HS and LS phases of different lattice
parameters, is also an important aspect of the process.
Although well-defined orientations of the interface should
coincide to a minimization of its energy cost (Fig. 1), this is
difficult to analyze due to the multiscale aspect of elastic
interactions.

Structural analyses have clearly demonstrated how
deeply SCO depends on aspects like polymorphism
[22,29,31,45,60] as well as the presence of anions [22f,61],
solvents [36,62] and guest molecules [63] that contribute to
crystal cohesion through hydrogen bonding, aromatic pep
or van der Waals interactions. Variations in the nature of
the ligands present are also known to strongly impact SCO
characteristics [64]. The literature is full of examples for
which, starting from the same molecular substance, the
SCO features are finely or drastically tuned from tempera-
ture(s) to cooperativity and occurrence by playing on the
above aspects. The optimistic perspective is that it really
makes possible to design SCO materials with expected
properties (large hysteresis, full conversion and room
temperature SCO) by a skilful crystal-engineering
approach. In practice, this seems a hard challenge due to
the abundance of possibilities offered by molecular crystal
packing. In addition, thermodynamic parameters must also
be accounted for in this design process. The application of
pressure and the modification of temperature often induce
phase transitions in molecular materials, leading to intri-
cate (P, T) phase diagrams resulting from the synergy be-
tween SCO and pure structural transformations [3,22g,24].
In some unusual but beautiful cases, SCO may even
generate the coexistence of different INT structural phases
in the single crystal [65]. Besides, solvent or guest mole-
cules may be expelled from or absorbed within the crystal
packing due to the (P, T) modifications [32,63,66a,b], which
then complicates evenmore the overall structureefunction
panorama. On the other hand, this is part of the beauty of
SCO systems because it leads to materials sensitive to their
environment and able to detect the presence of small
molecules. Because of this complexity, proposing definitive
conclusions with universal value as regards to the structure
eproperty relationships in SCO materials seem to be out of
reach until now. However, when focussing specifically on a
family of compounds for which it is approximately possible
to edit one parameter at a time, structureeproperty re-
lationships may be evidenced. Although the number of
studies is innumerable, the harvest of practical learning is
relatively weak, but results converge. To date, it has been
clearly demonstrated that the strength, nature, direction
and number of intermolecular interactions account for the
temperature and abruptness of the thermal SCO, whereas
the photoinduced SCO is more likely predominantly linked
to the distortion of the metal coordination sphere
[22f,22g,38,40]: the larger is the distortion of the metal
coordination sphere at SCO the higher is T(LIESST). Extreme
distortions of the metal coordination sphere lead to the
highest known T(LIESST), and vice versa.

To guide the design of SCO materials on the basis of
these structural features, it may be useful to define general
tools to compare compounds but also to identify classes of
crystal packings. For instance, structural tools to estimate
the cooperativity of crystal packings have been proposed
[22k] and, in parallel, attempts to classify SCO compounds
as a function of their crystal packing have been made,
notably thanks to the investigation of polymorphism [22i].
When focussing on a series of compounds, it is sometimes
possible to extract a simple structural parameter that can
be used to make predictions, as recently demonstrated for
the occurrence of SCO anticipated from the length of an
interatomic distance in a specific family of mononuclear
compounds [67a,b]. Yet the structureeproperty relation-
ships is far to be fully elucidate in SCO materials.

2.6. Time scaling of photoinduced spin-state switching

More or less sophisticated techniques can be used to
perform time-resolved structural studies, depending on the
required time resolution. Conventional techniques allow
investigating structural changes on the time scale of sec-
onds or minutes, induced by temperature or laser irradia-
tion [24a,52,55d,66a,b]. Techniques with much shorter
time resolution are based on pumpeprobe methods, in
which a laser flash drives a photoswitching process and a
probe pulse (X-ray or electrons) visualizes the excited
structure after laser excitation [67a,b,68]. Over the past 15
years, tremendous advances in ultrafast X-ray and electron
science, with complementary spectroscopy, scattering, and
diffraction techniques, made possible the investigation of
ultrafast processes [69,70]. These ultrafast techniques can
deliver in the time domain new insight into the dynamics
of molecular systems, solutions, solids and biosystems.

Time resolution is limited by the duration of the probe
pulse, as optical laser pulses reach easily the 10 fs range.
Conventional X-ray sources can be equipped with a
chopper but the time resolution is then in the
microsecondemillisecond range. Large-scale facilities
provide more intense and shorter X-ray pulses. Synchro-
trons can generate 100 ps X-ray pulses that can be
shortened to 100 fs using the slicing technique [69]. X-ray
free electron lasers (X-FELs) can generate more intense X-
ray pulses of few femtoseconds' duration [71]. New
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electron sources can also generate electron pulses in the
100 fs range [21].

LIESST was discovered in SCO crystals more than 30
years ago [5,8] induced by weak cw light excitation. It is
more recently that the response of SCO materials to pulsed
laser irradiation was investigated. Nanosecond laser exci-
tation was used to induce permanent switching inside the
thermal hysteresis or to induce transient spin-state
switching outside [13,72,73], but dynamical processes are
limited by the relatively long pulse duration.

The use of femtosecond lasers to excite SCO crystals and
the use of ultrafast complementary techniques (optical
spectroscopy and X-ray) revealed the complex out-of-
equilibrium dynamics associated with three main steps
(Fig. 5) [74,75]. In step 1, the light pulse locally photo-
switches an initial fraction ofmolecules from LS to HS states
within ~200 fs. The associated molecular structural reor-
ganization, related to the FeeL bond elongation,was probed
by ultrafast X-ray and electron diffraction [21,75]. In step 2,
the internal lattice pressure due to HS molecular swelling
and lattice heating induces lattice expansion on the nano-
second time scale. As the HS state is then favoured on ac-
count of its higher molecular volume, an additional
switching towards the HS state occurs, increasing the HS
fraction up during this so-called elastic step (2). The laser
heating drives a “thermal” step (3). Here again, structural
studies sensitive to intra- and intermolecular re-
organizations play a key role for understanding the
Fig. 5. Schematic out-of-equilibrium dynamics in SCO crystals. The laser pulse locall
The molecular swelling and lattice heating induce lattice expansion driving cooperat
warms up the materials, allowing for thermal population of the HS state (zms, step 3
Chemistry.
dynamical transformation of these materials and the basic
mechanism behind photoinduced phenomena.

It is important to emphasize that during the initial
photoswitching process at the molecular level, the lattice
has no time to expand. This occurs only on the 100 psens
time scale, when a mechanical equilibrium is reached
within the crystal, because the photoswitchedmolecules of
higher volume exert an internal pressure on the lattice. This
drives a self-amplified molecular transformation, reminis-
cent of a feedback mechanism intrinsic to active media. For
SCO solids, the more the volume expands, the more mol-
ecules switch, and thus the more the volume expands.
Hence, the elastically driven response, resulting from the
simultaneous absorption of many photons, is greater than
the sum over individual responses of the constituent mol-
ecules. This is a direct manifestation of the cooperative
effects induced by a light pulse, where a single photon can
transform more than seven molecules [74,75].

van der Veen et al. [16] used time-resolved electron
microscopy and diffraction to visualize in real and recip-
rocal space the structural dynamics at the level of a single
nanocrystal. The experiment was performed on the
Fe(pyrazine)Pt(CN)4 SCO material, with a limited time
resolution (7 ns). Anisotropic thermal expansion on the
200 ns time scale was observed at the level of a single
particle. This was attributed to a temperature jump induced
by laser excitation, but it may result from the negative
pressure induced by the photoswitching.
y switches molecules from LS (blue) to HS (red) states (less than 1 ps, step 1).
ive elastic switching (znanosecond time window, step 2). The lattice heating
). Reprinted with permission from [74b]. Copyright 2017 The Royal Society of
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3. Recent results, perspectives and challenges

3.1. Challenging crystal structure determinations of SCO
compounds

X-ray crystallography is the leading technique for
structural analyses of materials. It is fascinating to see how
this science is currently undergoing a development cor-
responding to a technological leap that affects all aspects
from X sources to detection and analysis methods [18].
Consequently, innovative investigations become acces-
sible, including those targeting dynamics as detailed in
Section 3.3 but also, simply, the determination of crystal
structures previously considered not reachable. First, it is
now often possible to solve and refine the atomic positions
from intensity data sets collected on laboratory machines
using very small crystals (few micrometres) or powders;
yet, the latter is still challenging for low-symmetry mo-
lecular architectures. In the field of SCO, for example, this
has opened the determination of the crystal structures of
1D polymeric iron compounds based on the triazole
ligand. This family of materials has been known for de-
cades to be among the most promising SCO materials for
application [2,76], but it is only recently that the first
crystal structures were solved either on powder or small
single crystals [35,77]. Progress in X-ray crystallography
allows challenging SCO in the context of very large unit
cells [78], charging density approaches [79], problematic
twinnings [47], and aperiodicity [55j]. Sequential movies
based on structural determination all along the spin-state
modification make it possible to fully picture the SCO, far
beyond the simple determinations of the crystal structures
above and below the transition [41]. In parallel, one of the
current tasks in difficult crystal structure determinations
concerns HP. SCO on molecular compounds generally oc-
curs at pressure in the range of 0e20 kbar. The first
structural analyses of SCO compounds under HP were
performed a long time ago [25] but are still uncommon
although not rare [3,22g, 42]. The scrutiny of SCO crystal
structures under HP requires further methodological de-
velopments to combine HP, LT and light-irradiation ex-
periments; neutron diffraction being notably more
appropriate to this kind of combination [19]. The interest
in these combinations has been highlighted by magnetic
measurements [80] and by preliminary structural analyses
[81], performed in combined conditions. A rapid growth of
HP structural data for SCO compounds, including powder
or single crystal, can be predicted and is desirable to
seriously address fundamental questions relative, for
example, to the structureeproperty relationships under
HP and the determination of phase diagrams. In this re-
gard, it is clear that one of the most daunting challenges is
the exploration of charge density under HP, which is a
pioneering task in crystallography [82]. In all cases, diffi-
cult crystal structure determinations should be solved on
the basis of the whole panel of structural techniques
including electron microscopy, in particular, when the
diffraction volume of the sample is small, such as in
nanoparticles [83], or when the sample has a limited
crystalline order, as for SCO liquid crystals [84].
3.2. Microstructures in SCO materials

As demonstrated in Section 2, the SCO features are
closely linked to the atomic architecture, namely, the
crystal structure of the compound, but it is also strongly
dependent on the upper physical-scale properties of the
material. The morphology of the crystal, for instance, plays
a clear role in the spreading of the spin-conversion at the
scale of the crystal itself. This is well illustrated by recent
optical microscopy studies that allow a deep insight into
the phase transition mechanisms at the macroscopic scale
[14,85]. This approach is particularly efficient for investi-
gating light-induced SCOmechanisms in crystals [86] but is
limited to relatively large samples of few tenths of micro-
metres. When the SCO material is made of smallest
particles, down to nanoparticles, the scrutiny of the
morphologyeproperty relationship must be done by other
techniques. As a general matter of fact, it is well established
that the properties of nanocrystalline materials are shape
dependent [87]. The relation between the size and
morphology of SCO particles has started to be explored in
the case of the 1D coordination iron polymers based on
triazole using electron microscopy [16,88]. First, these
studies, which are still in progress, show the richness of the
SCO behaviours. The absolute values and the distribution
range of the sizes as well as the morphology of the nano-
particles affect the SCO features. For instance, the role of
nanoparticle size on the hysteresis width is clearly estab-
lished but the corresponding amplitude, limits and mech-
anism are still debated on the basis of electron microscopy
observations and theoretical considerations [89]. In addi-
tion, it has been clearly demonstrated that the synthesis
protocol influences the final size of the nanoparticles with a
clear impact on the SCO temperature [16,88,90]. In this
context, AFM approaches are also currently under devel-
opment to elucidate the role of the surface of the particles
on the SCO features as well on the functionalization of the
particles [91]. Another physical scale, however, has to be
taken into account. Nanoparticles or powder grains with a
particle size in micrometres, are built by a mosaic of
coherent domains, that is, the volume truly containing a
unique periodic atomic assembly. When the coherent do-
mains are large the sample is a single crystal, but if the
coherent domains are very small (<1 mm) then it is a
crystalline powder. A particle may contain from one to
millions of coherent domains, this number largely gov-
erning the so-called crystal quality of the sample. The Bragg
peak shapes in X-ray diffraction experiments, notably
powder X-ray diffraction, gives access to the size and
morphologies of the coherent domains [92]. The micro-
structure corresponds to the structural information at this
physical scale. The microstructure can be determined from
the shape of the diffraction peak. This is a well-known and
routinely used aspect in metallurgy but is quite new in the
field of molecular materials where methods have to be
adapted. Crystallographic studies at the physical scale of
the coherent domain size are still very rare in the SCO field,
although microstructure features are often argued to be a
potential key point to understand SCO anomalies and the
influence of crystal quality on SCO features is well known
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and was first demonstrated some time ago [93]. Pre-
liminary results in the SCO field have shown that in some
cases the size of the coherent domains is probably a more
relevant parameter than the size of the particle to account
for the SCO features [94]. In other cases, comparison be-
tween electron microscopy and powder diffraction data
clearly indicates that the crystal defects (crystal quality)
more than the crystallite size are responsible for the higher
cooperativity [95].

Microstructure determination can also be used to link
crystal packing to the particle scale (Fig. 6). One of the more
crucial questions that can be addressed with the above
techniques concerns the mechanical fatiguability upon SCO
cycles. Ageing of the SCO compounds has been observed
and is often linked to solvation or oxidation [96] but
investigation of the fatiguability is, strangely, a very rare
approach. Preliminary investigations based on X-ray
diffraction [97] or AFM [91] have confirmed that, in some
cases, a relatively low number of SCO cycles may strongly
alter the structural properties of the sample. In such cases, a
degradation of the atomic architecture is observed
reducing the coherent domain size. Elsewhere, micro-
structure becomes a key point when dealing with func-
tionalized SCO nanoparticles such as hybrid
nanocomposites for instance. The interplay between the
SCO nanoparticles and its environment, either a gel or a
coreeshell system, triggers the features of the conversion.
X-ray characterization is then of crucial importance,
although difficult to undertake and difficult to interpret, to
determine how microstructure influences the conversion
properties. Pioneering microstructure studies of encapsu-
lated SCO nanoparticles notably based on X-ray studies
completed by theoretical considerations have already
depicted a large diversity of situations showing the
complexity of the interaction between nanoparticles and
their environment at the microstructural scale. Dramatic
Fig. 6. View of the [Fe(Htrz)2(trz)](BF4) 1D SCO polymer (a) in powder form as seen
at the scale of coherent domains that are described (thanks to the shape of Bragg
chitecture scale as determined from the Bragg peak intensities. The structural inves
chains correspond to the long axis of domains and particles. Adapted from [90c,90
effects of microstructure in the case of an SCO compound
[98] and of the parent charge-transfereinduced spin tran-
sition materials [99] were clearly demonstrated. The
impact on the SCO features is not clearly established so far
but, in any case, systematic and large-scale investigations of
microstructure relationships are surely one of the current
challenges in the SCO field. To this aim, innovative methods
such as, for instance, pair distribution functions [100] or X-
ray ptychography [101] are very promising for accessing an
accurate multiscale structural description of nanosized
samples. The latter is an X-ray imaging that gives a high-
resolution 3D view of the microstructure including strains
in nanoparticles. The Pair Distribution Function (PDF)
analysis can be determined from the total scattering data,
using laboratory or synchrotron X-ray or neutron diffrac-
tion. The PDF allows getting microstructural and atomic
architecture information from the same exper-
imentdtherefore the same sampledin the case of bad
crystallinity, that is, from nanometre-sized coherent do-
mains to even “amorphous” particles. It allows us, for
example, to confirm that the crystal structure determined
for micrometric crystals remains the same for nano-
particles [77b]. Clearly, challenging the knowledge of the
microstructure scale is achievable but will require the
combination of many approaches.

3.3. Complex ordering phenomena

During the last few years, the stepwise transitions of
types 3 and 4, related to long-range order, were described
in more detail, based on advanced structural analysis
developed in the frame of the Landau theory of phase
transition [54,55]. The long-range spatially periodic struc-
tures of LS and HS states on the step result from the
competition between ferroelastic and antiferroelastic
coupling, also described in the frame of the ANNNI
with human eye, (b) in nanoparticles form as seen by electron microscopy, (c)
peaks in powder X-ray diffraction experiments) and (d) at the atomic ar-

tigation of the different physical scales allows us to show that the axis of the
d] and [96].
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(anisotropic next-nearest-neighbour interaction) model
[54]. The long-range HSeLS ordered structures form the
so-called spin-state concentration waves (SSCWs, Fig. 7)
[54,102]. This spatial modulation of the HS fraction gHS on
the different molecular sites in position r of the lattice is
simply described by themodulation of the HS population of
the molecular sites: gHS(r) ¼ gHS þ (h/2) � cos(Qc$r).

For two-step SCO, in the high-symmetry phases, the
molecular sites are equivalent and with the same HS pop-
ulation (in the LS phase gHS(r) ¼ 0 and in the HS phase
gHS(r) ¼ 1). When the SSCW forms on the step and the HS
and LS molecules alternate (e.g., along the crystalline c!
axis, Fig. 7), the doubling of the unit cell in the real space
induces the appearance of new Bragg peaks (at Q

!
c ¼

ð1=2Þ c!*
) into the reciprocal space. In the INT phase, the
Fig. 7. a) SSCW among molecular sites 1 and 2 schematically represented by gHS(r)¼
modulation is 2c, where c is the distance between sites 1 and 2, which are symm
diffracted intensity at Qc indicated by arrows (right). Below 135 K, the order is maxim
142 K, h ¼ 0. (d) Temperature dependence of the diffracted intensity at Qc, charac
average HS fraction is gHS ¼ 0.5 and the order parameter h
measures the amplitude of the wave, that is, the difference
in the HS population on sites 1 (HS) and 2 (LS). X-ray and
neutron diffraction can reveal the formation of an SSCW
through the spatial modulation of <FeeN> bond length
between crystalline sites in r.

There are more and more examples of systems under-
going multistep SCO (with more than two steps). The steps
correspond often to a partial and fractional conversion of
the average molecular state towards the HS state, where
long-range ordered HSeLS structures form. It is very
recently that the analogy with the Devil's staircase concept
was established [103], allowing for a simple, but mean-
ingful description, of the structure of the steps in terms of
the SSCW. The SSCW on each step is characterized through
gHS þ h � cos(Qc$r) on the plateau where gHS z 0.5. The periodicity of the
etry equivalent at HT in the high-symmetry phase. The SSCW gives rise to
umwith a strong diffracted intensity at Qc. (b) At 140 K, hz 0.125. (c) Above

terizing the formation of the SSCW. Adapted from [102].
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the value of the order parameters gHS (average HS fraction),
h (amplitude of the order) and Q (modulation wave vector
breaking symmetry).

Different spatial modulations of HS (þ) and LS (�) states
are shown in Fig. 8, where Q is locked onto a rational
number n/m. There are infinite steps between any two
steps, as there are infinite rational numbers lying between
any two rational numbers. This is the reason why such a
stepped sequence of phases is called the Devil's staircase.

The relative stability of the steps is governed by
interactions and temperature. The formation of such long-
range structures modulated by Q is revealed by diffraction
techniques through the appearance of new Bragg peaks in
the reciprocal space [48,49,54,103]. This modulation of the
structure modifies the periodicity in the real space. The
sequence of HS and LS molecules (e.g., identified by their
FeeN bond length) can then be found by solving the
structure in the supercell defined by Q.

Devil's staircaseetype phase transitions were theoreti-
cally constructed on theANNNImodel extension of the Ising
model. The step gHS ¼ 1/2 is the most likely to be observed
[104], and both the HSeLSeHSeLS and the HSeHSeLSeLS
sequences were reported in different SCOmaterials, as well
as other steps at gHS¼ 1/3 (LSeLSeHS) or gHS¼ 2/3 (HSeHS
eLS) corresponding to a unit cell tripling, as well as at¼ and
¾ ([3,48e58,103] and references therein).

In addition to the commensurate structures shown in
Fig. 8, the ANNNI model is known to form incommensurate
structures, where the modulation vector Q is incommen-
surate with the lattice. This feature is characterized by the
appearance of satellite reflections in the reciprocal space,
which cannot be indexed with the three basis vectors of the
reciprocal lattice. A fourth vector qi is required for indexing
the satellite peaks. The structure is therefore no longer 3D
periodic, but incommensurately modulated with respect to
the initial (a, b, c). Such structures can be refined in
dimension higher than three and the main feature is again
an SSCW with a period incommensurate with the one of
the lattice. Four-dimensional structure in SCO materials
were, for example, refined in the P1(a,b,g)0 and P211(0bg)
super space groups [55j,103]. Atomic coordinates are then
Fig. 8. Devil's staircase for SCO materials, the steps with T correspond to
fractions gHS ¼ n/m of HS (þ) molecules forming a periodic sequence with LS
(�) molecules along the modulation vector Q. Structure of the simplest
(thick segments) steps are represented. Adapted from [103].
described by their positions in the average 3D unit cell and
the modulation functions of these coordinates along the
fourth dimension coordinate x4.

In addition to these long-range periodic orders (in 3D or
higher dimension), for which new Bragg peaks appear due
to the new periodicity, short-range HSeLS orders were also
reported by X-ray diffuse scattering. The diffuse scattering
signal is spread out within reciprocal and its shape depends
on the spatial extension of the local order over different
cells. Local 1D HSeLS order is associated with diffuse
planes perpendicular to the stack, whereas diffuse ellip-
soids correspond to local 3D order [105,106].

3.4. Ultrafast studies of LIESST

The photoresponse of an SSCW to femtosecond light
excitation was investigated by time-resolved X-ray
diffraction and time-resolved optical spectroscopy [102].
The typical time scale for a molecular system to explore
different HSeLS configurations and to reach thermal
equilibrium, erasing the SSCW, is in the 100 ms range,
whereas the SSCW reforms within 15 ms. This is charac-
terized by the disappearance and reappearance of the
Bragg peaks associated with the spin-state order.

The most impressive and recent ultrafast structural re-
sults concern the real-time studies of the electronic and
structural dynamics behind LIESST, on the times cale of
elementary molecular motion. Understanding the
elementary processes allowing the structural trapping of
the electronic excited state is challenging because the
changes in electronic and nuclear configurations impact
each other and cannot be treated independently. In addi-
tion, the required time resolution of such experiments
must be of 100 fs or shorter. By combining femtosecond
optical spectroscopy and XANES, detailed understanding of
structural trapping during LIESST was provided in different
FeN6 SCO materials [71,107]. During LIESST, as already
mentioned, the main structural change is the FeeN bond
elongation. The latter combined with electronic reorgani-
zation is responsible for significant XANES changes be-
tween LS and HS states.

Extremely short X-ray pulses of the Linac Coherent Light
Source (LCLS) X-FEL at Stanford University were used to
study LIESST dynamics in Fe(bpy)32þ [71]. The femtosecond
transient XANES changes DI(t)/Ioff after photoexcitation
measured at different X-ray energies revealed ultrafast re-
organizations (Fig. 9). In the pre-edge region (7113.5 eV), X-
ray absorption is lower in the HS state than in the LS state
as eg states are occupied. At 7164 eV, the XANES change is
predominantly sensitive to molecular structure change.
XANES changes show signatures of the metal-to-ligand
charge-transfer state (MLCT) around t ¼ 0 fs and damped
oscillations, with 126 cm�1 frequency in the HS state due to
the activation of the breathing mode. This corresponds to
the in-phase stretching of the six FeeN bonds with almost
rigid ligands [71,107]. XANES studies revealed an important
dephasing of the structural dynamics in the MLCT state and
coexisting coherent and incoherent structural dynamics
accompanying LIESST (Fig. 10). The structural trapping of
the photoinduced state in the HS potential is then associ-
ated with the activation of the HS breathing mode, whereas



Fig. 9. (a) Time scans XANES change at different X-ray energies revealing
126 cm�1 oscillations. Red lines correspond to the global fit using the MLCT
lifetime tMLCT ¼ 120 fs, 265 fs oscillation period and 320 fs damping and
1.6 ps vibrational cooling. Orange lines represent the MLCT contributions. (b)
Fit for 7121.5 eV (top panel), showing the individual contributions of MLCT
and oscillating HS contributions. The model disentangles the electronic ki-
netic (MLCT and HS population, mid panel) from the structural dynamics
given by the time evolution of the FeeN distance r (bottom panel). The
exponential growth of the HS population from the MLCT INT state leads to
an average coherent oscillating trajectory (dark blue). Reprinted with
permission from [71].

Fig. 10. (a) Structural trapping during LIESST from LS to HS states along the
FeeN distance reaction coordinate r. The photoexcited MLCT decays towards
the HS state within 120 fs. r expands and coherently oscillates around the HS
equilibrium structure. The wave packet disperses within 330 fs and vibra-
tionally cools in the HS potential within 1.6 ps. Reprinted with permission
from [71].
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its fast damping avoids reversion towards the LS state.
These results explain the high quantum efficiency of LIESST.
Additional studies confirmed this point and show that INTs
shorter than MLCT allow enhancement of the structural
coherence in the HS potential [108].

Femtosecond X-ray scattering experiment at the LCLS X-
FEL was also performed on photoexcited [CoII(terpy)2]. The
scattering data revealed similar structural breathing of the
CoeN bond length arising from the displacive excitation of
a vibrational mode dominated by the symmetrical stretch
of all six CoeN bonds.

Femtosecond electron diffraction was also used on
single crystal to study LIESST dynamics in [Fe(PM-
AZA)2(NCS)2] [21], for probing the molecular motions and
tracking the ultrafast structural changes within the crystal
lattice in comparison to the thermal SCO behaviour [41].
For analyzing the formation of a photoinduced structure,
found to be similar to the thermally induced HS state, the
time-dependent changes in the intensity of the Bragg re-
flections were monitored. The global structural reorgani-
zation within the unit cell occurs within 2.3 ps, involving
FeeN bond-length distribution narrowing during intra-
molecular vibrational cooling. Three independent dynam-
ical groups of the structure were used to model the
structural dynamics upon photoinduced SCO, because of
the limited number of Bragg peaks measured.

These recent years have witnessed tremendous devel-
opment of ultrafast structural science with new data
acquisition schemes at synchrotrons (slicing, high repeti-
tion rate scheme) and the advent of X-FELs [70]. In addition
to diffraction, scattering and XANES, these ultrafast X-ray
sources have broadened the range of methods, comple-
mentary to structural ones, for investigating molecular
transformations. The combination of femtosecond resolu-
tion X-ray spectroscopies and scattering will be important
as it allows simultaneous probing of the electronic and
structural dynamics, from the interatomic bond to the
global reorganization all along the sample, which is of great
importance to go deeper in the analysis of LIESST.

4. Conclusions

This brief overview highlights the important role of
structural analyses in the understanding of the spin-state
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switching of molecular materials. Crystallography allows
for precise observation of molecular structures, down to
electronic density, and offers a harvest of information at
any physical scales in almost all external conditions. In
addition to the molecular view of the process, multiscale
aspects in space and time are of great importance to un-
derstand how materials respond to external stimuli,
because of the interaction between molecules mediated by
the lattice. The transformation spans from the reorganiza-
tion of the ion coordination sphere (down to the sub-
angstrom length and femtosecond time scales) to the
global reorganization of the crystal (up to the centimetre
length and second time scales). It is therefore important to
combine different types of structural studies, which can
provide detailed understanding of symmetry and/or sym-
metry change, and to combine them with theory to
construct relevant models or reveal unusual re-
organizations. Because of the paramount impact of
structureeproperty relationships, structural studies are
essential for better understanding, controlling and hope-
fully designing SCO materials.
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