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Short- vs Long-range Elastic Distortion: Structural Dynamics of a
[2x2] Tetrairon(ll) Spin Crossover Grid Complex Observed by
Time-Resolved X-Ray Crystallography

Jose de Jesus Velazquez-Garcia,*? Krishnayan Basuroy,? Darina Storozhuk,® Joanne Wong,? Serhiy
Demeshko,? Franc Meyer,? Robert Henning® and Simone Techert?

Spin crossover complexes (SCO) are among the most studied molecular switches due to their potential use in displays,
sensors, actuators and memory components. A prerequisite to using these materials is the understanding of the structural
changes following the spin transition at out-of-equilibrium conditions. So far, out-of-equilibrium studies in SCO solids have
been focused on mononuclear complexes, though a growing number of oligonuclear SCO complexes showing cooperative
effects are being reported. Here, we use time-resolved pink Laue crystallography to study the out-of-equilibrium dynamics
of a [2x2] tetranuclear metallogrid of the form [Fe'"sLMe](BFs)a- 2MeCN ([LM¢]- = 4-methyl-3,5-bis{6-(2,2’-
bipyridyl)}pyrazolate). The out-of-equilibrium spin state switching induced by a ps laser pulse demonstrates that the
metallogrid exhibits a multi-step response similar to that reported for mononuclear complexes. Contrary to the mononuclear
complexes, the metallogrid shows two types of elastic distortions at different time scales. The first is a short-range distortion
that propagates over the entire Fes grid complex during the ps time scale, and it is caused by the rearrangement of the
coordination sphere of the photo-switching ion and the constant feedback between strongly linked metal ions. The second
is a long-range distortion caused by the anisotropic expansion of the lattice during the ns time scale, observed in
mononuclear materials. The structural analysis demonstrates that the long-range prevails over the short-range distortion,
inducing the largest deformation of both the entire grid and the coordination sphere of each metal ion. The present study
sheds light on the out-of -equilibrium dynamics of a non-cooperative oligonuclear complex.

Introduction

Spin crossover (SCO) solids of 3d4-3d’ transition metal
complexes are an archetype of switchable molecule-based
materials, able to switch between two states termed high spin
(HS) and low spin (LS) through the application of external stimuli
such as temperature, pressure or light irradiation.!= This spin
switch leads to a change in magnetic, mechanical, electrical and
optical properties accompanied by a structural reorganisation
from the coordination polyhedron to the macroscopic scale.5’
This structure-property relationship is infallible at the heart of
the SCO research field, and therefore, much effort has been
devoted to its study at equilibrium and out-of-equilibrium
conditions.

The out-of-equilibrium dynamics in solids of mononuclear SCO
complexes have been studied by a combination of time-
resolved pump-probe optical spectroscopy and X-ray diffraction
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measurements. These studies have demonstrated a multi-step
response to an fs laser pulse at particular time scales, namely
photoinduced, elastic and thermal switching, occurring in the
ps, ns and us regime, respectively.812 The initial step
corresponds to a local photo-switching from LS to HS via
intersystem crossing through metal-to-ligand charge transfer
excitation, which is accompanied by a structural reorganisation
at the molecular scale. Here, the photo-switched fraction of
molecules is proportional to the laser excitation density: one
photon switches one metal centre from the LS to the HS state.
The second step, known as the ‘elastic step’, is associated with
an additional conversion to the HS state and the volume
expansion of the lattice at the material scale, which is not
instantaneous and requires propagation of strain waves!? at the
speed of sound (~2000ms-1). Finally, a third increase in the HS
fraction is triggered on the us time scale by an increase of the
average temperature of the crystal due to heat diffusion in what
is known as the ‘thermal step’.14

In spite of the progress made to understand the fundamental
mechanisms that drive the switching dynamics of SCO solids,
most of these studies have been limited to mononuclear
complexes. The time scales and the structural reorganisation for
oligomeric complexes in solid state are still unknown. This type
of complexes is appealing because the strong linking between
metal centres by rigid ligands can produce an elastic

communication between them, which can lead to
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Figure 1 a) Molecular representation of the [FeﬂLWsﬂ]w grid. Fe(A) ions are in LS state and
Fe(B) ions are in HS states. Counter ions, solvent molecules and hydrogen atoms are
omitted for clarity. b) Pyrazole-bridged compartmental ligand HLwe. ¢) Schematic
representation of the 2HS-2LS to 3HS-1LS transition in the FE4 grid. LS and HS ions are
shown in green and red, respectively.

intramolecular cooperativity between connected metal
centres.>1® [2x2] Metallogrids are examples of oligonuclear
complexes, where metal ions and four ditopic ligand strands
give a matrix-like structure with up to four potentially
addressable sites arranged in a square®?5, This type of
complexes is appealing because they have the potential to
exhibit intramolecular cooperativity through the strong linking
of metal centres. For example, [2x2] metallogrids based on the
R-3,5-bis{6-(2,2'-bipyridyl}}pyrazolate ligand family (R = H, Me,
Br denotes the substituent at the pyrazolate-C* position) have
demonstrated an elastic communication between the four
sites since the geometric and electronic changes
associated with each spin transition have a knock-on effect on
the electronic states of the neighbouring metal centres.?6-2°
Other SCO grids in mixed-spin state showing other features such
as multistability have been reported by Ruben et al.3° and Oshio
et al.’®?, among others2022.23,

In a previous work, we reported the structural changes
accompanying the thermal and light-induced spin crossover
(SCO) of the [2x2] tetranuclear metallogrid of the form
[Fe'sLMe,](BF4)s-2MeCN (LM = 4-methyl-3,5-bis{6-(2,2’-
bipyridyl)}pyrazolate), here called FE4 (Figure 1).3! In solid state,
FE4 crystallises in the C2/c space group, and the asymmetric
unit cell at 100K contains only half of the molecule, with two
crystallographic-symmetry-independent metal ions, one in LS
state, Fe(A), and one in HS state, Fe(B). The other vertices
necessary to form the grid are generated by symmetry. The
material exhibits a gradual thermal phase transition from a 2HS-
2LS configuration below 250K to a 3HS-1LS configuration above
this temperature (Figure 1c). Our previous multi-temperature
crystallographic analysis revealed the elastic communication
between metal centres since the LS —HS transition, which

metal
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occurs at only one metal ion, has a strong effect on the
distortion of the coordination environment of adjacent metal
ions and over the entire grid. We also postulated that this elastic
responsible for the
rearrangement of the metallogrid upon light excitation. The
latter result contrasts with what has been observed in time-
resolved studies of mononuclear SCO complexes, which present
a single reorganisation upon excitation.®19 However, our
previous study focused only on the photo-induced step. The
structural modification during the wave propagation (elastic
step} and thermal homogenisation (thermal step) remains
unknown. Therefore, the aim of this contribution is to discuss
the structural dynamics of FE4 from the photo-induced step to
the thermal step. We show how mononuclear and oligonuclear
complexes follow the same multi-step process after light
irradiation with a ps laser pulse. However, the metallogrid
shows two types of elastic distortions at different steps of the
out-equilibrium process: a short-range distortion taking place
during the photoinduced step and a long-range distortion that
prevails during the elastic step.

communication was continuous

Methods

Synthesis and Steady State Spectroscopy

The complex grid FE4 and its ligand HLMe were synthesised
following the procedures reported in the literature.?? UV-vis
and FTIR spectra at room temperature have been reported in a
previous publication and they will not be discussed here.31

Time-Resolved Pink Laue Crystallography

Time-resolved intensity data were collected at the BioCARS
station at the Advanced Photon Source, Argonne National
Laboratory, IL, USA. TRXRD data were collected at an undulator
setting of 15 KeV with a Rayonix MX340-HS detector. Pulses
from a Ti:sapphire laser tuned to 390 nm wavelength were used
as a pump source and set perpendicular to ¢-rotation axis. The
time delay between the laser pump and the X-ray probe was set
by varying the arrival times of the picosecond laser pulses with
respect to the synchrotron X-ray pulses. Delay times (dt)
between the laser pump and the probe were varied from 100ps
to 100 us. Two additional reference measurements were taken,
one at the negative delay time (dt<0)} of -200ps and the other
without any laser excitation, the so called ‘static’ data set. Laser
power was set at 2.0 (mJ/mm?)/pulse. Below fluences of 1
(mJ/mm?}/pulse no light-induced changes were observable.
Since, in some compounds, the thermal step is only observable
when the laser-induced heat increases the temperature beyond
the SCO transition temperaturell, crystallographic data were
acquired at 220K to ensure the thermal transition at us time
scale. This is 30K below the thermal phase transition
temperature, which prevents transition due to any accumulated
heat during the laser-OFF/ON cycle.

The recorded data sets for all time delays covered a 180° scan
with 1° step. Laser-OFF and laser-ON frames were collected in
immediate succession to minimise the effect of long-range
fluctuations in the beam’s position or intensity. The OFF/ON
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cycle pump-probe cycle was repeated five times for each frame
to allow for subsequent statistical background estimation and
filtering of the intensities. A new crystal was used for each time
delay to prevent effects of degradation. Crystals used in this
study had approximate dimensions of 90x120x50 pum3.

The pink Laue diffraction images were processed with the
software package Precognition/Epinorm32, using variable
elliptical integration for all time delays. After integration, two
methods were used during the wavelength normalisation and
data reduction. In the first, the laser-OFF and laser-ON data sets
were scaled together, but the repetitive and symmetry-related
reflections from both data sets were merged separately. These
data sets were used to obtain the photodifference maps for the
elastic and thermal steps. In the second method, the same
procedure was followed except for replacing the laser-OFF with
the ‘static’ data set. The procured reduced data sets were used
to obtain the structural models at each delay time. For all data
sets, initial models of the crystal structures were first obtained
with the SHELXT-201433 program and then refined using the
SHELXL-201434 program within the Olex235 software package.
Thermal ellipsoid plots (50% of probability) for all time-resolved
data sets are provided in ESI (Figures S1-S21).

In previous work, photodifference maps the
photoinduced step were rather noisy. To avoid this, the LaueUtil
tool kit3637 was used to obtain the photodifference maps for
delay times between 100ps and 700ps. A more detailed
procedure for data treatment with Precognition/Epinorm and
LaueUtil is given by Velazquez-Garcia et al.38

our for

Modification of the Coordination Environment

The Octadist3? program was used to determine the <Fe-N>bond
length and the trigonal distortion parameter, describing the
octahedral coordination environment of the metal centres in
each compound. The trigonal distortion parameter, ©, is the
sum of the deviations from 60° of the twenty-four N-Fe-N
angles, six per pseudo three-fold axis, measured on a projection
of opposite triangular faces of the {FeNs} octahedron,
orientated by superimposing the face centroids (see Figure
S22).

Estimation of the High Spin Fraction (Xus)

It is very well known that the SCO is accompanied by structural
modification on the {FeNs} coordination sphere,®%0-%3 for
instance, the deformation of the polyhedron and changes of the
average metal-ligand distance. From LS to HS, the {FeNeg}
octahedron becomes less regular, while the <Fe-N> bond length
expands by approximately 0.2 A; the latter varies depending on
the concerned ligands. In the case of FE4, the asymmetric unit
contains only half of a molecule, and the <Fe-N> of the
transiting atom Fe(A)} encompasses information of the atom
that undergoes SCO and the atom that remains in the LS state.
Consequently, the maximum bond length expansion is expected
toreach ~ 0.1 A.

In the time domain, the increase of <Fe(A)-N> is due to an
increase in population of the HS molecules. Therefore, the

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 a) Time-delay dependence of A<Fe(A)-N> associated with the variation of the
HS fraction, AXHZ. b) Time dependance of the isotropic thermal factor, ABopop-
Photoinduced (Pl), elastic (ES) and thermal (TS) steps are shown in blue, green and red,
respectively. c) Crystallographic images of the 800ps data set, showing a deformation of
the Bragg peaks between the laser-OFF and laser-ON.

variation of the HS fraction was estimated from the time
variation of the <Fe(A)-N> according to19:

< Fe(A) — N > (dt > 0)—< Fe(A)—N > (dt <0) A< Fe(A) — N >

B, 5=
# < Fe(A) — N >,5—< Fe(A) = N >4 014

where A<Fe(A)-N> is the variation of the average metal-ligand
bond length of atom Fe(A) at delay times dt>0 with respect to
the refence measurement dt<0. <Fe(A}-N>us and <Fe(A)—N>s
are the average metal-ligand bond lengths of Fe(A) at the 3HS-
1LS and 2HS-2LS configurations, respectively. Since the value of
<Fe(A)}-N>ys is unknown, the value of the denominator was
replaced by the maximum bond length expansion expected for
the Fe(A} ion.

An alternative way to estimate the variation of the HS fraction
is to use the X-ray structure factors as performed in our previous
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work31, However, the accuracy of that method is largely limited
by the approximation resulting from structure factor
corrections through the Debye-Waller factor.1® Moreover, our
previous method included a rough estimation of the structure
factor of the pure HS state, since it was not possible to obtain
from the multi-temperature study. Though inaccurate, this
method provides an estimation of the variation of the HS
fraction. Since the average bond lengths show a clear and
steady change, the variation of the HS fraction was obtained
from the temporal evolution of <Fe(A}-N>.

Analysis of Temperature Differences due to Laser Exposure

An estimate of the temperature difference between the laser-
ON and laser-OFF data sets was obtained from the photo-
Wilson plot*45, The plots for all data collected are shown in
Figures S23-526. The slope of the plot corresponds to twice the
average Debye-Waller factor (2ABON-OFF) associated with the
isotropic atomic motion (For more information see the
temperature difference section in ESI.). Therefore, measuring
AB between laser-ON and laser-OFF data sets provides an
estimate of the temperature increase due to laser exposure
through the associated increase in thermal motion. Values of
ABON-OFFx(Q indicate a non-detectable global heating of the
sample, while values greater than zero suggest an increase in
temperature of the crystal.

Results
Photoinduced, Elastic and Thermal steps

The time evolution of Xus after laser irradiation (Figure 2a)
demonstrates a three steps response similar to that reported
for mononuclear complexes.®12 At first, the local photoinduced
switching of Fe(A) ions from LS to HS state is shown from 100ps
to 700ps through the temporal evolution of Xus (Figure 2a). At
this stage, the LS—>HS transition is performed without energy
exchange with the environment as observed in the time-delay
dependance of the isotropic thermal factor, ABON-OFF, in Figure
2b. The observed rise of AXus to ~ 7% indicates an
instantaneous increase of the HS fraction in the first 100ps (time
resolution of the experiment) and an almost complete
relaxation to its original state around 700ps. As the material has
mostly returned to its ground state configuration, the second
increase of ~15% in the HS fraction, between 800ps and 800ns,
is then mainly related to the expansion of the crystal volume
due to lattice heat. The temperature increase due to laser
exposure can be easily detected by the increase of ABON-OFF,
while the volume expansion can be observed by the
deformation of the Bragg peaks in the reciprocal lattice from
800ps (Figure 2c). Finally, the laser induced heat gives rise to the
thermal step and an additional ~10% increase of the HS fraction
observed on the us time scale. A comparison of the isotropic
thermal factor obtained in the time domain, ABON-OFF=0.22, with
that previously obtained at thermal equilibrium, AB250K-
220k=0,21, allows for estimating the corresponding temperature
increase after us delays to ~30K.

4| J. Name., 2012, 00, 1-3
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Figure 3 a) Thermal difference Fourier maps of FE4 between 260 and 250K. b-h)
Photodifference maps of FE4 along the b axis. Isosurfaces (green positive, red negative)
and delay times are shown on each figure. Arrows give approximate directions of the
electron density shift. The symbol O indicates an outside and inside of the plane electron
density shift, while O symbols indicate only out-of-the-plane electron density shifts.

Photodifference Maps

The structural reorganisation upon excitation is illustrated in
the photodifference maps*¢*° of the form FONyus — FOFF s based
on all independent reflections with I/o(l} > 3 (Figure 3). To
highlight the displacement of the Fe ions, isosurfaces are drawn
between #0.028 and 0.33 e A3. The molecular response on
excitation at any time is observed by the shift of electron
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Figure 4 Time-delay dependence of a) <Fe(B)-N> and b) the variation of the trigonal
distortion parameter, A®, of both the Fe(A) and Fe(B) ions. Photoinduced (Pl), elastic
(ES) and thermal (TS) steps are shown in blue, green and red, respectively.

density of the Fe(A) and Fe(B) ions. A thermal difference map5°
of the form F260K,,. — F250K . obtained in our previous work3! is
placed in Figure 3a as a
reorganisation at equilibrium conditions. The photodifference
maps show the different structural responses of the FE4 grid at
each step of the out-of-equilibrium process. During the
photoinduced step (Figures 3 b-c), the maps illustrate the
continuous reorganisation of the grid caused by rearrangement
of the coordination sphere of the transiting ion and the constant
feedback between strongly linked metal ions, as reported
previously31, It is worth noting that the smallest shift in electron
density during this step occurs at 600ps, since most of the
photo-switched metal centres have relaxed to their original
state at that delay time. After that, the elastic step takes place
and strain waves propagate through the crystals, which induces
a shift in the electron density toward the direction of the
propagating wave. Since the crystals used have anisotropic
shapes, the propagation of the strain waves takes different
times along different crystallographic axes. Figures 3f and 3g
illustrate the propagation of waves along the ¢ and a axes at
800ps and 100ns, respectively. Finally, the temperature
homogenisation over the crystal in us regime results in the
thermal population of the HS state and a structural change
comparable with that obtained at equilibrium conditions.
Consequently, the electron density shift of the photodifference

reference of the structural
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map (Figure 3 g) resembles that observed in the reference
thermal difference map of the thermal spin transition.

Structural Reorganisation at the Atom Site

The temporal evolution of the average Fe—N bond length of the
transiting metal ion Fe(A) follows the same trend as the change
of the HS fraction, since the latter was estimated from the
former. Therefore, upon excitation, the <Fe(A})-N> expands
three times due to the increase in the HS population at
photoinduced, elastic and thermal steps (Figure 2a). Figure 4a
shows that a similar trend is observed in the temporal evolution
of <Fe—N> of the non-transiting metal ion Fe(B). However, the
change is smaller than that seen for the Fe(A) ion. Since the
Fe(B)ion remains in the HS state throughout, the changes in the
bond lengths are considered as a knock-on effect from the
structural reorganisation of the grid after the spin transition in
the Fe(A} ion.

The variation of the trigonal distortion parameter in the time
domain for both Fe(A) and Fe(B) is shown in Figure 4b. The
figure shows a significant fluctuation of A®, in particular for the
Fe(B) ion, during the photoinduced step, while a sharp
distortion at 1ns with slow relaxation up to 1us is observed
during the elastic step. The first is attributed to the continuous
rearrangement of the grid upon excitation and the second to
the propagation of strain waves and the anisotropic expansion
of the unit cell. Finally, the coordination environment of both
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Figure 5 Time dependence of the Fe - Fe distances in FE4 grid: a) Fe(A)-Fe(B) and Fe(B)-
Fe(A), and b) Fe(B)-Fe(B) and Fe(A)-Fe(A). Photoinduced (Pl), elastic (ES) and thermal
(TS) steps are shown in blue, green and red, respectively.
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metal ions slightly rearranges during the thermal step, showing
smaller changes in the value of AO.

Molecular Rearrangement

An important aspect to consider during the out-of-equilibrium
dynamics of oligonuclear complexes is the geometrical
rearrangement of the metal centres. The FE4 grid forms a
parallelogram, defined by the four iron ions. As seen in Figure 5,
the shape of the quadrilateral changes constantly during the
photoinduced step. In particular, the Fe(A)-Fe(A) and Fe(B)-
Fe(B) distances continuously fluctuate during the first 700ps
after light irradiation. This suggests a constant rearrangement
of the grid upon excitation as noted previously. During the
elastic step, a sharp contraction of all the Fe-Fe distances by
0.01 A or more at 1nsdelay timeis attributed to the propagation
of strain waves and the anisotropic expansion of the lattice.
After this distortion, the grid slowly recovers its original
dimensions between 100ns and 100us after light excitation.

Discussion

As it happens in the mononuclear Fe' and Fe'! complexes, the
out-of-equilibrium dynamics in the [2x2] metallogrid FE4
feature different consecutive steps at particular time scales,
namely the photoinduced, elastic and thermal steps, occurring
in the ps, ns and us regimes, respectively (Figure 6a). 812 In the
first step, the absorption of light at molecular level locally
switches a fraction of the molecules, changing one of the Fe'
ions from a LS to HS state. Here, the initial reorganisation of the
molecule takes place as it is discussed below. Then, the related
molecular swelling and the lattice heating induces an internal
pressure and generate a nonlinear wave, resulting in lattice
expansion and crystal deformation at the material scale. Such
pressure front induces an over-compressed region followed by
a depression, which favours the LS - HS switching and leads to
asecond increase in the AXyg in the ns time domain.8 In the third
step, a third increase in the AXys in the us time scale is triggered
by the average temperature increase of the sample due to heat
diffusion. Here, the temperature is homogeneous within the
sample and the reciprocal lattice recovers its initial shape.
Finally, an additional step comes from the recovery to thermal
equilibrium with the sample environment (cryostat). This step is
typically achieved in ms regime.

The main difference between the out-of-equilibrium dynamics
is the
appearance of a short-range elastic deformation during the
photoinduced step in the latter material. Similar to the
mononuclear complexes, the LS - HS photo-switching in
metallogrids also occurs in less than 15 ps, as shown by the
studies in solution.5! Nevertheless, in FE4, the iron ions are
strongly linked and the reorganisation of the {FeNeg}
coordination sphere of the transiting ion, concomitant to the
spin  flip, short-range elastic distortion that
propagates through the whole grid as reported in our previous
work31 (Figure 6b). Here, such distortion is not only observed in
the constant shift of electron density in the photodifference

of mononuclear and oligonuclear SCO complexes

triggers a
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Figure 6 Schematic representation of a) the out-of-equilibrium process in SCO
complexes, b) the short-range distortion in FE4 and c) long-range distortion in FE4. Green
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and red spheres represent LS and HS Fe ions, respectively. Half-red half-green spheres
represents the transiting metal centre in two crystallographically identical sites.

maps but also in the abrupt variation of the trigonal distortion
of the Fe(B)} ion and the continuous fluctuation of the Fe(A)-
Fe(A) and Fe(B)-Fe(B) distances during the photoinduced step.
However, since FE4 shows only bi-stability between the 2HS-2LS
and the 3HS-1LS configuration,?”-31 it remains unknown if the
short-range distortion can trigger intramolecular cooperativity
in other oligonuclear complexes with multi-stability.

One of the questions left open in our previous study was the
possible coupling during the elastic step between the short-
range distortion, created by the molecular
rearrangement of strongly-linked metal ions, and the long-
range lattice distortion, caused by the propagation of strain
waves. In this work, we do not observe any coupling between
both types of distortions. Once the lattice starts its anisotropic
expansion, the long-range distortion prevails over the short-
range one, causing all metallic ions to move in the direction of
the propagating strain waves (Figure 6c). Therefore, we
conclude that the long-range elastic distortion is dominant
during the elastic step and this persists until the thermal step
takes place in the us regime. However, the strong linking of
metal ions has an important effect during the elastic step. The
distortion of the lattice induces a significant change in the
coordination environment of all metal ions, which is amplified
by the large size of the molecule and the strong linking between

molecular
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metal ions, as observed by the largest variation of the trigonal
distortion parameter of Fe(A) and Fe(B) and the significant
change in the Fe-Fe distances at dt=1ns. This effect could be
beneficial for other types of grids with multi-stability. Since the
distortion of the coordination environment of the metal ion
favours the HS state, the large distortion during the elastic step
could trigger the transformation of more than one metal ion
within the grid, i.e. intramolecular cooperativity. However,
further studies are necessary to understand the effects of the
elastic distortions in different types of oligonuclear SCO
complexes.

Finally, the heating of the lattice by the laser flash, associated
with an increase of the Debye-Waller factor, is accompanied by
the thermal population of the HS state, which occurs on the us
time scale. Although a variation of ABON-OFF has been detected
since the beginning of the elastic step, the photodifference
maps and the variation of <Fe(A)-N> suggest that the long-range
elastic deformation prevails over any temperature change.
Therefore, it is only in the us time scale when the temperature
increase predominates over the distortion, leading to a
molecular arrangement comparable to that obtained at
equilibrium conditions.

It is useful to note that in our previous work3?1, we observed the
structural changes in the FE4 grid during the first 5ns after light
irradiation. The structural response was observed mostly
through photodifference maps with some support of a rough
estimation of the structural changes and the variation of the HS
fraction. The low temperature, 100K, slowed down the thermal
effects (elastic and thermal step) and helped to preserve the
photo-switched molecules for up to 2ns after light irradiation,
compared with the approximately 700ps of this work. However,
the low number of time points taken and the low repetition per
time point during the data collection didn’t allow to determine
with precision the beginning of the elastic and/or thermal steps.
Therefore, the method during data collection of the current
work was set to one crystal per dt with high repetition (5 laser-
ON/OFF). This allows to calculate with greater precision the
structural changes after laser irradiation and determine the
three main steps of the out-of-equilibrium process.

It is also worth noting that the present study has been limited
to a bi-stable [2x2] metallogrid, whose thermal transition from
a 2HS-2LS to a 3HS-1LS configuration shows no cooperativity.
Further investigations are necessary to determine the structural
dynamics of other oligonuclear complexes with different
geometries and that show multi-stability and cooperativity. A
detailed analysis of the out-of-equilibrium dynamics of more
complex SCO compounds, especially during the first two steps,
would provide the key factors to design new SCO materials with
tailored properties.

Conclusions

A prerequisite to successfully use materials with bi- or multi-
stability is our understanding of the physical mechanism
involved in the transformation induced by a short laser pulse.
Therefore, out-of-equilibrium studies on solids have been
performed for different Fe' and Fe'"' SCO complexes.8-12
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However, such studies have been limited to mononuclear
complexes, despite the recent progress in the synthesis of
several polymetallic and oligomeric SCO complexes. In this
paper, we present the out-of-equilibrium dynamics of a [2x2]
metallogrid triggered by a ps laser flash. The dynamics of the
FE4 grid follow the same sequence observed for the
mononuclear complexes, described by three consecutive steps
(i.e. photoinduced, elastic and thermal steps) at characteristic
time-scales (ps, ns, and us, respectively). Contrary to the
mononuclear materials, two types of elastic distortions take
place at different steps of the process. During the photoinduced
step, a short-range distortion appears from the continuous
molecular rearrangement of the grid triggered by the LS>HS
photo-switching of only one metal ion. The second is a long-
range distortion, which corresponds to the anisotropic
deformation of the lattice taking place during the elastic step.
This distortion prevails over the first one, and it induces the
largest change in the coordination environment of all metal
ions. Although the results of this work reveal the structural
dynamics of an oligonuclear Fe'!' SCO complex, further research
is needed to understand the effects of strongly linked metal ions
in out-of-equilibrium processes, in particular, during the first
two steps. The understanding of these effects is a key feature
to establish the foundation of how to control the properties of
SCO materials with bi- and multi-stability.
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