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Résumé

Le travail de theése a pour objectif principal d’étudier la dynamique ultrarapide de
photocommutation de matériaux magnétiques. Ces composés sont des systémes moléculaires
bistables possédant deux configurations €lectroniques et structurales distinctes. Deux types de
composés ont ét¢ étudiés dans le cadre de ces travaux de recherche. Le premier type de composé
concerne des systémes a transition de spin dont le champ de ligand est non-octaédrique. Ce
systéme présente deux états de multiplicité de spin différents, nommés Haut Spin (HS) et Bas
Spin (BS), il peut transiter entre ces deux états sous 1’effet d’une perturbation extérieure comme
la température, la pression ou la lumiére. Le mécanisme de commutation de 1'état BS a I'é¢tat HS
sous irradiation lumineuse est connu sous le nom de Light Induced Excited Spin State Trapping
(LIESST). Le deuxiéme type de composé étudi¢ est un Analogue du Bleu de Prusse. Ce systéme
présente un transfert de charge, entre deux centres métalliques li¢ a une transformation entre
deux états magnétiques. Cette transformation peut aussi étre induite sous I’application d’un

champ extérieur (lumiére, pression ou température).

Le développement de nouvelles sources laser femtoseconde permet de photocommuter de
facon ultrarapide (~ 100 fs) I’état de ces différents types de systemes et d'étudier les processus
de commutation photoinduits qui s’accompagnent d une séquence de processus physiques hors
équilibre thermodynamique durant lesquels différents degrés de liberté de ces systémes vont

évoluer vers un nouvel équilibre.

Afin d’étudier les processus élémentaires, nous avons utilisé différentes techniques
ultrarapides pompe-sonde, basées toutes sur le principe de stroboscopie : un pulse initial excite
le systeme dans un état voulu (pompe) et un autre pulse le sonde a différents temps de facon a

reconstruire 1I’évolution de I’état du systéme suite a cette excitation initiale (Fig. 1).
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Figure 1: Schéma du principe de la méthode pompe-sonde.



Une partie des résultats présentés repose sur les mesures de spectroscopie optique ultrarapide
réalisées sur la plateforme laser femtoseconde de I’Institut de Physique de Rennes. Ces mesures
permettent de suivre la variation de 1’absorption optique du composé avec une résolution
temporelle de I’ordre de la centaine de femtosecondes. Cette technique est particulierement
sensible aux changements électroniques et elles permettent de déceler la formation d’états
excités transitoires générés durant le processus de photocommutation et nous renseigne sur la

présence d’une éventuelle dynamique cohérente.

Afin de mieux comprendre 1’aspect structural et électronique impliqués dans ce processus
de transformation ultrarapide, il nous a fallu compléter les mesures optiques femtoseconde par
des mesures d’absorption de rayons X (XAS) résolues en temps. Pour cela, nous avons
développé et réalis¢ des expériences de XAS sur la ligne de lumiere ID0%b a 1’European
Synchrotron Radiation Facility (ESRF, Grenoble). Celles-ci nous ont permis de suivre
I’évolution du systéme apres 1’excitation avec une résolution temporelle de 100 ps. Nous avons
¢galement effectué des expériences de XAS femtoseconde au X-ray Free Electron Laser (X-
FEL) LCLS de Stanford. Il s’agit du premier Laser a €lectron libre qui délivre des impulsions
de rayons X extrémement intenses avec une résolution temporelle de 30 fs. Ces expériences
nous ont permis d’avoir une signature de la dynamique électronique et structurale sub-

picoseconde du processus de transition de spin et de transfert de charge.
- Systemes a transition de spin non-octaédriques

La premiere partie de ce travail de thése porte sur I’étude la photocommutation ultrarapide
dans des matériaux a transition de spin. Nous nous sommes particuliérement intéressés a la
classe de systémes moléculaires non-octaédriques a base de Fe(Il) : Fe''(pap-5NO»), et
Fe(L222N5)(CN)2. Ces systémes offrent de nouvelles possibilités pour contrdler par la lumiére
et donc mieux comprendre I'effetLIESST grace a leurs basses symétries moléculaires, donnant
acces a différents types d’états électroniques -bandes MLCT (Metal Ligand Charge Tranfer) et
d-d intenses-. Ces études se concentrent sur la nature de la dynamique structurale cohérente et
le role des états intermédiaires dans la décohérence. L'objectif est de mieux comprendre
comment la durée de vie et le nombre d'états intermédiaires peuvt affecter la cohérence
structurale. Cependant, en raison de la symétrie presque octaédrique des systemes FeNg, la
transition d-d est trés faible ou interdite, Pour cette raison, le LIESST a été principalement

¢tudié sur des échelles de temps femtoseconde avec des excitations MLCT.



Pour mieux comprendre la cohérence structurale liée a 1'effet LIESST, nous avons directement
comparé (sur la méme molécule) les différents schémas d'excitation impliquant des
intermédiaires possédant de temps de vie plus ou moins longs. En d'autres termes, la réduction

du nombre d'intermédiaires ou de leur durée de vie devrait contribuer a accroitre la cohérence.
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Figure 2 : Comparaison des processus LIESST avec I’excitation MLCT et d-d

La figure 2 compare deux chemins possibles de LIESST de 1’état BS vers 1’état HS sous la
photo-excitation MLCT ou d-d. La dynamique femtoseconde observée dans les systémes de
basse symétrie est trés similaire a celle de systémes octaédriques FeNg. L'effet LIESST est
associé a l'activation et I’amortissement rapide du mode de respiration moléculaire : comme les
orbitales anti-liant sont peuplées, cela augmente la distance d'équilibre Fe-Ligand et picge le
systéme dans le potentiel HS comme démontré dans d'autres systémes (Cammarata et al., 2014;

Bertoni ef al., 2015; Aubdck & Chergui, 2015; Marino et al., 2016; Consani et al., 2009).

Nos résultats montrent qu’en réduisant la durée de vie des intermédiaires par rapport a

l'excitation MLCT, I'excitation d-d permet transition LS>HS plus rapide et préserve la



cohérence de la respiration structurale lorsque la coordonnée de réaction moléculaire Fe-Ligand

est activée et amortie pour piéger I'état HS.
- Systémes a transfert de charge (Analogue du Bleu de Prusse)

Les Analogues du bleu de Prusse sont des systémes prototypes constitués de réseaux cubiques
formés de cations métalliques reliés entre eux par un pont de cyanure (CN). Nous nous sommes
intéressé a I’étude de la dynamique structurale et électronique dans le compose CsCoFe(CN)e.

11

Ce systéme est formé essentiellement de paires diamagnétiques Co'ss)Fe'lss), qui peuvent étre

M gs) par irradiation lumineuse a trés basse

convertie en paires paramagnétiques Co'\s)Fe
température de fagon persistante et a haute température de fagon transitoire. Ce changement
d’état magnétique est piloté par le transfert d’un électron du Fe vers le Co et la transition de
spin autour du Co (BS—>HS), Malgré la grande variété d'études scientifiques dans ces derniéres
décennies, par exemple avec de ’optique (Armett et al., 1995), de la diffraction de rayons X
(Moritomo ef al., 2009) et d’absorption de rayons X (Cafun ef al., 2012), le mécanisme de la
commutation n'est pas encore compris. Le transfert de charge conduit-il la transition de spin de
spin ou vice versa ? L'image physique est compliquée par le fait que beaucoup de bandes

d’absorptions sont théoriquement prévues s'étendant d es excitations de transfert de charge aux

excitations €lectroniques sur les métaux.

Pompe=2.33 eV
Sonde=2.9¢eV

a) AL DL LR P LT B B e UL b) !
=650 fs

Sonde =7131 eV

3

fa

AOD (x100)
[,5]

100 x AI/T --
=

' '
kE 1 4
-2 PR SN V TO  NO S T TT S T  NAT SHO S S T T T S T

_1 1 1
0 1 z 3 4 5 ~05 0.0 0.5 1.0 1.5 2.0

dt (ps) dt(ps)

Figure 3: Réponse de CsCoFe(CN)sa une excitation femtoseconde 530nm pour différentes longueurs
d’onde de sonde.

Nos résultats ont montré que le processus est li¢ a une photo-excitation initiale d-d centrée
sur le Co et dont l'intensité n'est pas nulle dans la plage 530-560 nm, comme confirmé par

calculs TD-DFT. Nos mesures optiques femtosecondes mettent en évidence un processus ultra-



rapide accompagné d'oscillation cohérentes. Les expériences XAS picoseconde, réalisées aux
seuils de Fe et du Co, mettent en évidence le transfert de charge et la transition de spin =200 fs

apres excitation par impulsion laser a 530 nm.
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General Introduction

The current challenge in the science of bistable molecular materials is to control the physical
properties (magnetism, conductivity ...) which can change under an external perturbation such
as pressure, temperature and light. For that, it is necessary to understand at the scale of the
molecule and at atomic motion timescale, how these physical properties evolve under the effect
of a stimulation. That is fundamental step for the development of new technologies, such as the
storage of information on a single molecule which can lead to a very high density of information

stored in a nanostructures.

The objective of this thesis is to study the ultrafast dynamics of photoswitching in
photomagnetic materials, using complementary techniques in order to follow in real-time the
electronic and structural changes after laser pulse excitation. Here we used x-ray powder
diffraction, optical pump-probe and time resolved x-ray absorption. These techniques are
particularly useful because they make it possible to detect the formation of transient excited
states generated during the photo-switching process, informs us of the presence of a possible
coherent dynamic and intermediate states, follow local structural changes at the femtosecond

and picosecond scale.
During this thesis, we studied the photoswitching of two types of system:

Spin crossover materials: Two compounds are studied, the first is nanocrystals of Fe'(pap-
5NO2), complex which presents a first order transition at 297 K from the low spin (LS) to high
spin stat (HS). The second is Fe(L222Ns)(CN)2 complex, this system possesses an stable
photoinduced HS state below ~110 K.

Charge transfer materials: the other system studied is the nanocrystals of CsCoFe(CN)s
Prussian Blue Analogues (PBA) which present a magnetic transition from diamagnetic to
paramagnetic state at 10 K under light irradiation. This transformation involved two processes,

charger transfer from Fe to Co sites and spin transition Co(LS) to Co(HS).
This manuscript is divided into four chapters:

The first chapter: is devoted to the very brief presentation of the thermal and photo induced
phase transition and the ultrafast studies carried out by several research groups, of the dynamics

in different spin crossover and charge transfer materials.



The second chapter: will be a description of experimental techniques used during my thesis
(x-ray diffraction, femtosecond spectroscopy, time-resolved x-ray absorption). A detailed
description of the x-ray absorption experiment which we developed at IDO9b beamline at ESRF,
will be presented in this section. We will detail the physical principles and the technical details

of each experimental set-up and the methods of data analysis.

The third chapter: is devoted to the study of ultrafast photoswitching in spin-crossover (SCO)
materials. Part of this work was recently published (Zerdane et al., 2017). We introduce the
main work carried out on ultrafast dynamics in SCO materials. Then we will discuss how the
electronic and structural properties evolve with temperature. In a second step, we will present
our optical pump-probe measurements, which will be interpreted using the DFT and TD-DFT
calculations. We will then explain the elementary mechanisms of the ultrafast transition and the

role of the intermediate state.

The fourth chapter: aims to investigate the ultrafast dynamics in charge transfer materials.
For this purpose we have studied the nanocrystals of CsCoFe(CN)s Prussian Blue Analogue
(PBA). We will present our pump-probe optical measurements and x-ray absorption. Part of
this work was also recently published. We will propose an interpretation of the photoinduced

switching processes based on theoretical and experimental results.



Chapter 1

Photomagnetic Materials






1.1 Thermal and photo induced phase transition

In the family of bistable materials, many molecular systems in solids can exhibit two stable
states, possessing different physical properties. In such materials, it is possible to switch from
one stable state to another by an external stimuli such as a variation of pressure, temperature
and light (Sato et al., 2007). This bistabily driven by light is well experienced in spin and spin-
crossover materials (Halcrow, 2013) from low to high spin states or by a charge transfer
materials for example (Kahn, 1993; Nasu, 1997; Giitlich et al., 1994; Ohkoshi et al., 2001).
Another kind of bistable materials present a transition from insulator to metal, such as the
(EDO-TTF)PF6 (Figure 1.1 a), for which it has been proved experimentally that the metallic
state can be induced not only by the temperature but also by light irradiation (Chollet et al.,
2005; Gao et al., 2013). Another interesting organic system can present other type of transition,
such as the transition from neutral paraelectric to the ionic ferroelectric phase, which the case
for TTF-CA (Figure 1.1 b). This organic compound undergoes thermal transition at 81 K, which
can also be photoinduced (Collet et al., 2003; Koshihara et al., 1999). One important point is
that these thermal and photoinduced changes of electronic states are accompanied by structural
changes such as symmetry breaking or distortion, which allow trapping of the thermal or
photoinduced state. In addition, cooperative interactions between molecules is at the origin of
a nonlinear behavior as a function of the external stimuli (Sato et al., 2007; Bousseksou et al.,

2011, Bertoni et al., 2016).
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Figure 1.1: Schematic representation of the structure and the electronic changes accompanying the
phase transition in: a) (EDO-TTF),PFs compound (Chollet et al., 2005) and b) TTF-CA compound
(Collet et al., 2003).



1.2 Ultrafast phenomenon

In the field of ultrafast molecular physics, ultrashort time scales range from several tens of
femtoseconds to several hundred picoseconds. To follow and solve the mechanisms at this time
scale, it is necessary to use instruments based on ultrafast optics, because instruments based on
the electronics are too slow. The invention of femtosecond lasers, based on the mode lock
coupled with crystals Titanium doped Sapphire, allowed to go towards these characteristic
times. The invention of the Chirped Pulse Amplification made it possible to combine short
pulses with intense photo-excitation. These amplified femtosecond laser systems have thus
rapidly established themselves as a mean of pumping excited states of matter and then probing
their evolution in order to study the mechanisms related to photo-excitation. This technique is
based on the stroboscopic principle, which helped to visualize the dynamics of macroscopic
systems with an exposure time of few milliseconds (Muybridge, 1872; Marey, 1882) (Figure
1.2 left). One of the areas emerging with this technological advance is femtochemistry, for
which Ahmed H. Zewalil received the Nobel Prize in 1999 (Zewail, 1988; 2000). The aim of
the femtochemistry research area is to study the dynamic of the transient states of chemical
reactions. In particular, one of the pioneering experiments in femto-chemistry was the study of
the dissociation of Sodium lodide (Nal) after a photoexcitation (Mokhtari et al., 1990) (Figure
1.2 right).

Potential energy (V)

Internuclear distance (A)

Figure 1.2: (Left) Sequence snapshots of Pelican in fly by E.J.Marey in 1882. (Right) Schema of the

dynamic of the electronic wave packet created in the Nal dissociation (Mokhtari et al, 1990)



The characteristic time of the physical and chemical phenomena involved in each process
depend strongly on the nature of the phase (gas, solid, liquid). We can distinguish two types of
process: thermal and non-thermal. For the thermal processes, the time characteristic exceeds
hundreds of picoseconds which are governed by the thermal motions of atoms and molecules,
such as lattice vibration and the heat activation process of heat diffusion. The non-thermal
processes are ultrafast, such as the electronic and atomic motions. These processes appear after
an ultrashort pulse excitation which can bring the system from a stable state to the other out-of-
equilibrium state where many different degrees of freedom can be involved (Cailleau et al.,
2010). In the case of condensed matter, the interactions are very strong and can extend to short
distances therefore the associated times are small. For example, in the well-known case of
Bismuth (Sokolowski-Tinten et al., 2003; Fritz et al., 2007; Johnson, 2013), the distance
between the two atom which composes the elementary unit cell can be perturbed by light.
During the interaction of light with electrons, the energy deposited in the electronic sub-system,
which rapidly thermalize. This transient electronic temperature and electronic distribution
around the Fermi level modifies the equilibrium structure and part of the energy is transferred

into lattice by generation of optical phonon around the new equilibrium position.

timescales

- Electronic motions
10%s @ Vibrational state

ultra-fast molecular
; : switching (local) . m
atomic motions {V}=
10725 | optical phonons m

lattice thermalization

10°s @ acoustic phonons )
domain wall motions Volume relaxation t~ ¢/ v,
Configurational arrangement

. . e | 1
heat diffusion {o}={0;,0,105; ...Ox)

10°¢ .
5 9 &thermal expansion

thermal switching

thermalization recovery of thermal equilibrium (r = C/K)

-3 A 3
10%s € with sample environment

l1s @

Figure 1.3: Characteristic timescale of different consecutive physical processes (Cailleau ef al., 2010).



1.3 Spin Transition and Charge Transfer materials
1.3.1 Spin Crossover phenomenon

The spin crossover (SCO) phenomenon was observed for the first time in 1930 in Fe(III)
dithiocarbamate complex (Cambi & Gagnasso, 1931). A significant magnetization change in
SCO complexes was observed as a function of temperature, which means that the electronic
states in the Fe(Ill) ion changed. The SCO attracted the interest of scientists in the field since
1964, when Baker and Bobonich synthesized the first SCO complex (Baker & Bobonich, 1964).
Then in 1967 Koenig and Madeja performed extensive magnetic and Mossbauer spectroscopy
to study these complexes and explained the nature of thermal induced spin transition from the
low spin (LS) to the high spin (HS) in the first Fe(II) SCO complexes (Koenig & Madeja, 1967).
In 1982, it was found that a green light (530 nm) transforms the spin state from LS to HS at low
temperature, this phenomenon is called the Light Induced Spin State Trapping (LIESST)
(McGravey & Lawthers, 1982) observed in an Fe(II) complex in solution. They showed that by
irradiating this complex using a nanosecond optical laser with a wavelength lies within the
metal-to-ligand charge-transfer (MLCT) band, the system can be transferred into the HS state.
Then the LIESST effect was observed in solid state in the compound [Fe(ptz)s](BF4). for the
first time in 1984 (Decurtins et al., 1984). Now it is well known that the pressure and the

magnetic field can also be used to switch the spin crossover systems (Giitlich ez al., 1994).
Ligand Field Theory

The ligand field theory is an extension of crystal field theory, which was proposed by the
physicist H. A. Bethe in 1929 (Bethe, 1929), and modified by J. H. Van Vleck in 1935. This
theory allows to explain the interaction between a central metal ion the ligands linked with this
metal ion. It was developed to explore the properties of complexes (magnetic, spectral,
coordination ...). It is based on quantum mechanical description of the metal ion, which focused
onthe s, p and d orbitals. The ions around the central metal ion are considered as point charges.
The figure 1.4 shows an example of representation of the five degenerate d orbitals, the lobes
in this case represent the total electron probability. Where the lobes are lie in-between the x and
y axes for dxy, in-between the x and z axes for dx; and in-between the y and z axes for dy,. The
dx2y2 orbital lie on the x and y axes and for d, there are two lobes on the z axe and there is a

donut shape ring lie on the xy plane around the two lobes.
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Figure 1.4: Representation of the 3d orbitals (Chemistry LibreTexts, Chap 2.5, 2017).
Case of octahedral complex

In an isolated atom, the energy levels of the five 3d orbitals are degenerate. Under the effect
of a spherical electric field, the orbitals are destabilized by a quantity AE. Now, if the cation
(central atom) is placed at the center of an octahedral environment, the six ligands will create
an electrostatic field whose influence on the five 3d orbitals of the cation will depend on the
orientation of these. In this case, the five orbitals are therefore no longer equivalent to the
ligands. The dxy, dx, and dy, pointing between the ligands are stabilized . An electron occupying
one of these orbitals undergoes a lower repulsion by the ligands, so the energy of these orbitals
is lowered. The dx y» and d»» orbitals are directed straight to the ligands and are destabilized.
An electron occupying one of these orbitals undergoes a stronger repulsion of the ligands so the
energy of these orbitals is increased. The three lower energy orbitals are collectively referred

to as tz¢ and the two higher energy orbitals as e, (Figure 1.5).
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Figure 1.5: Electronic configuration of the Fe(Il) ion according to its environment.

In the case of SCO octahedral systems, the crystal field splitting is denoted Aoct which plays
an important role in the electron spin state of a coordination complex. It can be affected by
several factors such as the nature of the metal ion, the charge and the ligand field strength which
determines the electronic structure of 3d* -3d’ transition metal ion (Giitlich and Goodwin ;
2004). This configuration makes it possible to have access to two configurations according to
the intensity of the interactions between the ligands and its orbitals: The tzs*es”> configuration
corresponds to a small splitting of t2; (non-bonding orbital) and e, (anti-bonding orbital) levels.
In this case, the ligand field is weak. The SCO system is paramagnetic and the total spin is 2,
which called high spin state (HS). The t2,%¢, configuration corresponds a large splitting of the
tog and eg levels. In this case, the ligand field is strong. The SCO system is diamagnetic with a

total spin equal to zero, which called low spin state (LS).

The strength of the ligand field depends both on the distance between the metal cation and
the ligand, and on the nature of the ligand. For an uncharged ligand, this ligand field is expressed
as: Aoct = p /r°. With p the dipole moment and r the distance metal-ligand, of the iron-ligand
bond In the HS state, the e; orbitals are occupied and lead to an extension of the Metal-Ligand
distance with respect to the LS state. The spin state transition is therefore accompanied by an

increase of the volume of the molecule (Giitlich ez al., 1994).
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1.3.2 LIESST and reverse LIESST effect

In Fe spin crossover complex. It was demonstrated that the LS is converted in to HS state by
light irradiation at low temperature (< 50 K) (Decurtins et al., 1985). It has been shown that the
system studied, initially in the LS (singlet, 'A,) state, could be changed by irradiation at 514
nm in the HS metastable state attributed to the HS (quintet, >To,) state with a long lifetime at
10 K. The mechanism proposed by Hauser involves two successive intersystem crossing
(Figure 6.1). The irradiation in the absorption band of the LS populates the excited level 'T;.
The system then relaxes non-radiatively to the intermediate triplet state *T;, and from this
intermediate state to >T> where it remains trapped because of a large variation of the metal-
ligand distance, this mechanism is called Light Induced Excited Spin State Trapping (LIESST).
This mechanism is based on the fact that the direct conversion from 'A; into °T; is forbidden
and that the passage through triplet intermediate state seems necessary. Hauser has
demonstrated that the photo-conversion from °T, into 'A; is possible (Hauser, 2004), by
irradiating the molecules at HS with a different wavelength. The passage from the HS to the LS
can be realized either by non-radiative direct relaxation from °T> to 'A; or by irradiating the
absorption band of the HS of the transition >T> to °E. In this last case, the system relaxes towards

to the LS via an intermediate triplet state 3T;. This phenomena is known as reverse-LIESST.
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Figure 1.6: Mechanism of the LIESST and reverse-LIESST proposed by Hauser (Hauser, 2004).



Once irradiation is stopped, the system recovers the thermal equilibrium in the LS state.
Depending on the temperature, the mechanisms involved during the relaxation process can
differ and the lifetime of the metastable HS state varies from ms to several days. At very low
temperatures, the thermal energy does not allow overcoming the potential barrier between the
two states and the relaxation mainly occurs through quantum tunneling effect. At higher
temperature, thermal energy allows passing the barrier through a classical vibrational process

and molecules relax on s-ms time scale (Hauser, 2004).

By using photocrystallography at the Cristal beamline of the Soleil synchrotron, we have
studied the complex relaxation from the photoinduced high-spin phase (PIHS) to the low spin
phase of the bimetallic 2D coordination spin-crossover polymer [Fe[(Hg(SCN)3)2](4,4 bipy)2]n.
During the thermal relaxation, commensurate and incommensurate spin-state concentration
wave's (SSCW) form. However, contrary to the steps forming at thermal equilibrium, associated
with long-range SSCW order, the SSCWs forming during the relaxation from the PIHS phase
correspond to short-range order, revealed by diffuse X-ray scattering. This work published in
Acta cryst. B is not in direct connexion with the topic of this thesis focussing on ultrafast

processes and is therefore attached in the annex (Mariette et al, 2017)
1.3.3 Ultrafast LIESST in Spin Crossover materials

In 1992, the group of Hendrickson observed for the first time the ultrafast intersystem crossing
(ISC) in Fe(Il) complexes (McCusker et al., 1992), but the photoresponse observed was limited
by the experimental time resolution (~50 ps). Since the development of femtosecond lasers and
the electronic detection systems, several groups tried to explore the ISC at femtosecond
timescale. The ultrafast ISC in Fe(II) complex in solution was studied by The group of M.
Chergui, using the ultrafast femtosecond fluorescence upconversion spectroscopy, they
proposed a whole mechanism of photoswitching LS/HS, according to the relaxation cascade
'A12>3MLCT->3T,>'A; (Figure 1.7 right), with three characteristic lifetimes, 120 fs, 960 fs,
and 665 ps, obtained from the kinetic traces at the three characteristic wavelength (Figure 1.7
left). The first was interpreted as the decay of the MLCT, the second as the population time of
the °T, (HS) state and the third as the decay time to the ground state (Gawelda, Cannizo et al.,
2007). Other experiments were performed by the same group, in order to follow the structural
changes of Fe(Il) complex. The use of picosecond x-ray absorption allowed to measure the
elongation of the bond Fe-ligand by 0.2A after passing from LS to HS (Gawelda, Pham et al.,
2007).
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Figure 1.7: (Left) Time traces of AOD change at selected wavelengths. (Right) mechanism of
photoswitching (Gawelda, Cannizo ef al., 2007).

The same experiment done with femtosecond x-ray pulses (Bressler et al., 2009), reported a
description of population mechanism of HS state, which was identified as a *MLCT to°T
cascade bypassing the triplet state of the ligand field. It was found that the decay time (150 f5s)
of the MLCT to °T relaxation, is associated to the period of Fe-Ligand stretch band vibration.
Another time resolved x-ray absoprtion study around the L-edge of iron, presented a similar

description of the photoswitching mechanism Fe(Il) SCO in solution (Huse et al., 2012).

The study of Consani el al., 2009, reported the first observation of the coherent vibrational
coherence in Fe(Il) complex in solution, which was interpreted as vibrational wave packets. In
this study, only one coherent mode of low frequency (128 cm™) is identified and attributed to
ligand vibrational mode. These oscillations are observed in the kinetic traces of the transmission
change at several probe wavelengths (Figure 1.8), using the pump/UV continuum probe

spectroscopy).
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Figure 1.8: Time trace of transmission at selected wavelength in [Fell(bpy)s]** (Consani et al., 2009).

Other studies of the LIESST effect were performed in solid state SCO materials (Lorenc et
al., 2012, Bertoni et al., 2012, Collet et al., 2012), in which the spin crossover complex is based
on Fe(III) with a different electronic configuration of LS (S=1/2) and HS (S=5/2) states instead
of Fe(Il) complex LS(S=0) and HS(S=2). These studies evidenced a very similar
photoswitching mechanism to the one reported in previous studies (Consani e/ al., 2009;
Gawelda, Cannizzo et al., 2007; Gawelda, Pham et al., 2007 ). It was found that the process of
the photoexcitation includes two mains steps. The first corresponds to the relaxation from
MLCT to HS with decay time of 200 fs (11, Figure 1.9.left), which is in agreement with the
early studies in Fe(Il) in solution. The second step corresponds to the vibrational cooling with
a longer time constant (12 = 500-800 fs), which is associated to the dissipation of excess energy
to lattice (Bertoni ef al., 2012). At longer timescale (above Ins), a thermal and elastic processes
were observed by time resolved optical and x-ray diffraction (Lorenc ef al., 2012). It was
reported that after the ultrafast transformation of a certain fraction of HS molecules, the volume
of the system increases (step 2, Figure 1.9.right) allowing relaxation of pressure, which

triggered a nonlinear amplification of HS fraction (step 3, Figure 1.9.right).
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Figure 1.9: (Left) Kinetic traces at short timescale of OD change in Fe(IIl) complex nanocrystals at
selected wavelengths (Bertoni et al., 2012). (Right) Kinetic traces at long timescale of transmission

and lattice parameter changes in Fe(III) (Lorenc et al., 2012)

Another system based on Fe(II) spin crossover in solid state was investigated using the time
resolved femtosecond optical and x-ray absorption (Cammarata et al., 2014 Bertoni et al.,
2015). These studies revealed the activation of two coherent vibrational modes upon the MLCT
excitation, the first activated mode (113 cm™) corresponds to the breathing mode which is
characterized by a stretching in phase of the Fe-ligand bonds, and the fast damping of this mode

allows an efficient trapping in the HS state. The second activated mode (85 cm™) corresponds

to the bending phonons which is the distortion in the ligand-Fe-Ligand angle (Figure 1.10).
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Figure 1.10: Schematic representation of the photoswitching pathway (Cammarata ef al., 2014).
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A study (Zhang et al., 2014) in Fe(Il) complex with femtosecond x-ray emission

spectroscopy, clearly identified a short passage via triplet intermediate state (°T), and proposed
the sequential relaxation model: *MLCT 93T95T, with 150 fs time constant for MLCT

decay and 70 fs time constant for triplet decay. A more recent study (Aubock and Chergui,
2015), using the pump/probe transient spectroscopy with a time resolution of 40 fs, was reported

that the °T state is populated in less than 50 fs, and the photoswitching process proposed is very
similar to the one previously described (1’3MLCT 95T) (Bressler et al., 2009, Consani et al.,

2009; Huse et al., 2012; Gawelda et al., 2007). According to this study (Aubock and Chergui,
2015), two oscillating modes at 127 and 157 cm™! were observed at selected wavelength, and
interpreted as activation of coherent wave packet due to the change of the angle N-Fe-N, which
is induced by the high frequency of C=C elongation mode (1668 cm™), This study points out
the fact that the time resolution of the previous study (150 fs FWHM, Zhang ef al., 2014), does
not allow detection of the short lifetime of the 3T intermediate state. A recent study (Lemke et
al., 2017), using femtosecond x-ray absorption spectroscopy, with time resolution <30 fs,
clearly demonstrated that the coherent vibrational wave packet corresponds to the breathing
mode and the lifetime of the MLCT is 120 fs, and underline the important role of the dephasing

in the intermediate states in the structural decoherence.
1.4 Charge Transfer Materials

Some charge transfer materials which are made of metallic sites of different chemical nature,
present an interesting physical properties. Light, Temperature and pressure can trigger a metal-
to-metal charge-transfer process (MMCT) which can be accompanied by electronic
configuration changes and also structural reorganization trapping of new electronic state on
each metal center (Robin, 1962; Herrera et al., 2008). Prussian Blue Analogues (PBA) are
prototype systems made of cubic networks of metallic ions linked by cyanide bridge, the first
PBA in solid state was discovered in Berlin at the beginning of the 18th century, which consists
of two iron metals with the formula Fe"s[Fe'(CN)¢]s. It was found that this system crystallizes
in a face-centered cubic (fcc) with space group Fm3m (Buser et al., 1977). Others compounds
of PBA, are obtained by replacing the metal ion by other metal atoms (cobalt, manganese,
copper, nickel). The nature of metal affects strongly the physical properties and their evolution

11

under external stimulations. For example, the Mn'"Fe!'! PBA presents a bistabilty between two

states (ferromagnetic and antiferromagnetic) induced by a charge transfer under light irradiation
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or variation of temperature (Figure 1.1.a, Tokoro et al., 2008). The Fe''Cr'"! compound, presents
thermal and photo induced spin transition between two states without charge transfer: LT phase
with Fe''(LS)Cr™(LS) state and HT phase with Fe''(HS)Cr'"((LS) state (Ohkoshi et al., 1999).
Another example of PBA, is the CoFe compound which coupled the two processes, charge
transfer and spin transition (Figure 1.1.b, Sato et al,. 1996), that kind of system is formed
essentially of diamagnetic pairs Co(LS)Fe'(LS) at very low temperature which can be
converted to paramagnetic pairs Co'(HS)Fe'(LS) by light irradiation. This process is so-called

Charge Transfer Induced Spin Transition (CTIST).
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Figure 1.11: Variation of the magnetization as function of temperature and light irradiation in PBA: a)

in RbMnFe[(CN)s] nanocrystals (Tokoro et al., 2008) and b) in KCoFe[(CN)e] (Sato et al., 1996).

In the literature, the studies of the charge transfer dynamic in PBA nanoparticles, are
essentially based in the time resolved Raman and Infrared spectroscopies. The group of J. C.
Owrutsky carried out IR visible pump — IR visible probe measurements in Fe'"4[Fe'(CN)s]s
nanoparticles. It was found that upon 800 nm excitation and probing at 800nm, the
photoresponse of the system is characterized by a transient peak and a relaxation with two time
constants (9 ps and 185 ps). Upon IR excitation and probing at 800 nm, they observed two steps,
one was a bleach with time decay of 19 ps and other relaxation step was an absorption with

time decay of 370 ps (Figure 1.12).
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Figure 1.12: Time scan change of OD in Fe'y[Fe(CN)s]; nanoparticles (Weidinger et al., 2011)

An ultrafast study of the dynamic in RbMn[Fe(CN)g] microcrystals (Asahara et al., 2012) was
performed by visible pump and IR probe spectroscopy. This study reported the transient
behavior of the CN vibration after optical excitation between the low temperature (LT) phase:
Fe'"CN-Mn'" to the photoinduced phase high temperature (PIHT) phase: Fe-CN-Mn" in
rubidium manganese hexacyanoferrate at 4 K. by following the photoinduced change of the CN
stretching vibration modes after an optical pulse excitation at 532 nm (Figure 1.13), which are

sensitive to the valence states of the adjacent metal ions.

18



(b) RS Eaaa) RREEN EZAAIR LN RIS B R L R R R

0.05 — ;
50 ps > 22000m’
0.04 -
6 2140 cm”
10 ps
2130 cm’’

0.03

g
=
o
% + S
% 3 2120cm”
+ 002 1 = & “i -
e e 2110 o’
3 g -
? A
0.01 —i N 3r 2100cm_
[u]
0 ps é -1
5 2086 cm
z o
0.00 = ’-
1k 2028 cm’' _|
-0.01 I~ -1 ?
NERE N 1
IIIIIII1IIIIIII.II IIIIIIIIII 0 |IIIIIIIIIIIIPIIIIII+
2250 2200 2150 2100 2050 2000 -2 0 2 4 6 8 10
Wave number (cm'1) Time (ps)

Figure 1.13: (Left) Absorption spectrum change in the Mid-IR region after pulse excitation at 532 nm
and simultaneously under CW irradiation at 400 nm. (Right) Time traces AOD change at selected

wavelength indicated by black segment line in the figure at left (Asahara ef al., 2012)

A recent study (Johansson et al., 2016) of the ultrafast dynamic in V-Cr PBA at ambient
temperature and at 50 K. they combined the time-resolved femtosecond magneto-optical
Faraday technique and the TD-DFT calculation. The results obtained from this study, revealed
a multi-step dynamic of charge and spin change upon the LMCT (ligand-metal charge transfer)
excitation, it was found that the E state of the Cr was populated from the change in the super-
exchange interaction (Figure 1.14.right), in less than 250 fs with vibration cooling of 0.78 ps

(at 50 K) and 1.1 ps (at 300 K).
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Figure 1.14: (Left) Time trances of the transmission change at selected wavelength of probe and as
function of temperature and external magnetic field. (Right) Schematic representation of the charge

and spin dynamic in V-Cr PBA (Johansson ef al., 2016).

1.5 Goal of this research project

The goal of the PhD work is to lay the foundations for physical properties light-control
(magnetic, optical...) of molecular-based materials using the ultrafast and coherent response at
ultrashort time-scale. This project at the physics-chemistry interface may have direct
consequences for the development of new light-driven based technologies if we can understand
how to control the proprieties of photoactive materials. This requires advanced experimental
analysis and especially ultrafast structural science, as molecular reorganization play a key role

in the stabilization of the photoinduced state.

The experimental developments will be presented in chapter 2 and will be used for
understanding universal and specific aspects of these processes. These will be applied to

investigate materials showing different origin or behaviour associated with photo-magnetism:
Spin-Crossover materials studied in chapter 3

Prussian Blue Analogues studied in chapter 4.
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Chapter 2

Experimental techniques and data analysis methods
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During my thesis, I used several experimental techniques to characterize the switching of the
physical properties in photomagnetic materials and their evolution under light irradiation and
temperature. In this chapter, I will detail the physical principle, the experimental conditions
(acquisition data, detection) and the data analysis methods. I will begin by describing the x-ray
diffraction and femtosecond optical pump-probe experiments, which were performed at IPR
(Rennes, France). Then, I will describe the time resolved x-ray absorption spectroscopy, which
we developed at ID09 beamline at ESRF synchrotron (Grenoble, France), by recalling the main
concepts of this technique. Finally, I will briefly describe the first hard X-ray free electron laser
Linac Coherent Light Source (LCLS, USA), in which, we have performed some x-ray

absorption experiments, with high spatial and temporal resolution at the XPP beamline.
2.1. Probing of structure and electronic state in photomagnetic systems

The compounds that we have studied possess modular electronic and structural properties
under the effect of light, temperature. To characterize their physical properties, we use several
techniques. Such as the x-ray powder diffraction, which allows the extraction of structural
information (the space group and lattice parameter). Also, the stationary optical absorption in
UV-vis spectral region which gives a global assessment about the absorption bands and the
evolution of their relative intensity and position as a function of temperature or light irradiation.
For the ultrafast dynamic study, we use the femtosecond optical pump-probe spectroscopy to
study the evolution of the electronic properties. I will first present two techniques, the x-ray

powder diffraction and the optical pump-probe.
2.1.1. X-ray powder diffraction and data analysis

The x-ray diffraction (XRD) is a powerful method used to identify the nature and the structure
of the crystallized matters. The principle of XRD is based on the scattering of an
electromagnetic radiation with a wavelength of the order of few angstroms. The radiation is
elastically scattered by a crystalline sample and exhibits constructive interferences (diffracted
ray). The positions of the diffraction peaks are described by a simple formula, called Bragg's

law, expressed as: n A =2 dnii sin(0)

Where n is a positive integer (order of reflection), A is the wavelength of the x-ray, dnk is the
interplanar spacing which is the distance between two adjacent planes of atoms with the same

Miller indices (hkl) and 6 is the scattering angle (Figure 2.1).
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Reflected X-ray

Incident X-ray

Figure 2.1: Schematic representation of the Bragg’s law.

The intensity (Ink) of the diffracted peaks are determined by the arrangement of atoms in the
crystal, which is proportional to |Fuk|?, where Fnu is the structure factor, which sums the result
of scattering from all atoms in the unit cell, to form a diffraction peak from the (hkl) planes of

atoms, is expressed as:

j=n

— —2mi(hxi+kyi+lz;
Frja = ije (hxj+k yj+lzj)
Jj=1

Where x;, y; and z; are the atom positions within the unit cell, the atomic scattering factor f;

quantifies the efficiency of x-ray scattering at any angle by the electrons in each atom.

The powder XRD measurements were performed using the 4-circle diffractometer (XCalibur
Oxford Diffraction) equipped with a two-dimensional CCD camera (Sapphire 3). The X-ray
wavelength is the Ka of molybdenum (A = 0.71073 A) and the diffractometer is coupled to a
nitrogen cryostat (Oxford diffraction) for temperature studies above 80 K or a helium-jet
cryostat (Helijet Oxford diffraction) for very low temperature studies (~ 15 K). A continuous
laser was used to study the LIESST effect at low temperature (Figure 2.2.b). Similar
measurements were performed at Cristal beamline at Soleil synchrotron using the intense

monochromatic x-ray beam at the wavelength A = 0.5134 A (Figure 2.2 a).
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Figure 2.2: Photography of the x-ray diffraction setup, a) At Cristal beamline at Soleil synchrotron, b)

At laboratory of IPR . ¢) Schematic diagram of the x-ray powder diffraction set-up.

In the transmission geometry as represented in the Figure 2.2.c, the random orientation of
nanocrystals produces a large number of Bragg peaks, grouped in centred circle around the

point 6 = 0, called Debey-Sherrer rings.

The 2D images were recorded using CrysAlis software (Oxford-diffraction Ltd) and were
reduced in to 1D curves (azimuthal integration) using the python based open source library
“PyFAI” (Kieffer & Karkoulis, 2013). These curves contain a Bragg reflections of nanocrystal
and the background of the scattering of the polymer matrix (Figure 3.2). To remove it, I used a
recent python library called “Dual-tree” developed by the Siwick research group (René de
Cotret et al., 2017; Galloway et al., 2009; Kingsbury, 1998). In this way, I could follow the

structural changes in nanocrystals, as presented in chapters 3 and 4.
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Figure 2.3: Representative X-ray diffraction pattern obtained with the nanocrystals of PBA at Cristal

beamline (Soleil synchrotron).
2.1.2. Femtosecond optical pump probe spectroscopy

An important part of the work carried out during my thesis concerns the study of ultrafast
phenomena in photomagnetic systems. In particular, one of the most widely used methods for
this purpose is the so-called pump-probe spectroscopy technique, in which two optical pulses
separated by a variable time delay are used to induce and to examine the time-dependent
processes that occur after photoexcitation. The first pulse is the pump pulse which triggers the
transition of the ground state into metastable state (Figure 3.2). The second pulse is the probe

pulse, which probes the response of the system after a certain time interval after the start of the

transition.
A & Pump
‘ Probe
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Figure 2.4: Schematic representative pump-probe principle.

With the increase of this interval and consequently the progression of the transition, the
response of the system to the probe pulse varies. By sweeping the time delay dt between the

pump and the probe pulses, it is possible to reconstitute the entire evolution of the transition.
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As far as the time scales accessible by the pump-probe experiments are concerned, the temporal
resolution is usually limited by the time duration of the probe pulse and the time delay between
the two pulses; the latter contribution can easily be neglected for the optical data discussed here
(as both pulses are generated by optical splitting of a single one). The extension of the scanning

window, on the other hand, sees its ultimate limit imposed by the repetition period of the laser

pump.
Femtosecond laser

The laser set-up used during my thesis consists of a femtosecond oscillator (Mira, Coherent),
two regenerative amplifiers (Legend USP, Legend Elite), and four Optical parametric
amplifiers (Topas, Coherent) delivering wavelengths from IR to UV region. The laser is placed
in a temperature controlled hutch with a clean air, this avoid the instabilities due to the

temperature fluctuation and avoid the deposition of dust on the optics.
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Figure 2.5: Schematic representation of femtosecond laser source at IPR.

The source of the femtosecond pulse begins with a continuous wave (CW) delivered by Verdi
which pumps the Ti: Sapphire oscillator cavity with 4.5 W power at 532 nm. At the output there
is a train of pulse with 76 MHz repetition rate with the following properties : all pulses are
centered at 800 nm wavelength and have 40 nm bandwidth, which translates to pulse duration
of 35 fs in Fourier transform limit. These pulses have low energy (~ 6 nJ) and by consequence
are not suitable for pump probe experiments. The outgoing beam from the oscillator is split in

two beams. One is sent to the amplifier Elite (~ 3mJ, ~ 80fs) and the second beam is sent to the
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amplifier USP (~ 2mlJ, ~ 60fs). The both outgoing beams from the amplifiers have a rate
repetition of 1 kHz.

The principle of the amplifier is based on the technique called Chirped Pulse Amplification
(CPA) developed by Mourou in 1985 (Strickland et Mourou, 1985). to amplify a very low
energy pulse at the output of the oscillator, it is first necessary to stretch temporarily in order to
obtain a longer pulse (order of a few hundred picoseconds), for this, a grating pars are used to
introduce spatial dispersion, thus typically permitting stretching factors of as much as 10* inside
the laser cavity. Then, the stretched pulse can be amplified with a high-energy pump lasers
called optical pumping. Once amplified, the intense pulse is compressed temporally and it
became again a femtosecond pulse. The simplified diagram in the Figure 2.6 summarizes these

different steps of generation of intense pulse femtosecond.
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Figure 2.6: Schematic representation of CPA principle.

The amplified femtosecond laser was again splitted and sent in TOPAS to generatepulses at
desired wavelength (from 280 to 2500 nm). The generation of these different wavelengths is
based on several non-linear optical processes; by mixing the signal, idler and fundamental
beams. To filter unwanted beams propagating through the OPA, we used a band pass filters

(CVI). For reducing the power of the beam, we used a neutral density filters.
Optical pump-probe set-up

The time resolved set-up consists of two monochromatic wavelength and a Lockin-In

detector. The probe laser at rate repetition of 1 kHz was splitted in two parts, one goes directly
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on photodiode 2 which serves as reference intensity and the second part passes through the
sample, then goes on photodiode 1(Figure 2.7). The photocurrents of reference and transmission
are sent to the Lock-in amplifier (phase sensitive detection system, model SR 830 and triggered
by the frequency of 500 Hz) which record the phase and the intensity of the differential signal.
The pump beam at rate repetition of 500 Hz was overlapped spatially with the probe beam in
the sample. The delay stage used to control mechanically (With a micrometric resolution) the
time delay between the pump and probe pulses. When the sample is in the form of nanoparticles
in solution, we used a magnetic stirrer, to circulate the solution at near laser spot. This system
is more or less effective in certain conditions (low-viscosity solution, low rate repetition and

the intensity of the pump laser).

Photodiode 1
Transmission

Reference

Lock-in
amplifier

Photodiode 2
] Magnetic stir bar
4
Topas 1 1 kHz / Delay line
1kHz j 500 Hz I
Topas 2
I Al

Chopper

Figure 2.7: Schema of the monochromic pump (red) and probe (green) setup.

To record the time change of the visible spectrum after pulse excitation, we used the
femtosecond white light spectroscopy with supercontinuum generation (Alfano, 2006). This
set-up is similar to the one described previously. In this technique, the outgoing laser (800 nm,
1 kHz) from the USP amplifier is slowed down to 500 Hz by a mechanical chopper phase locked
to the laser and attenuated to weak intensity using a neutral density filters. It sent to sapphire
crystal which generate a supercontinuum and after re-collimation it was split into two parts: the
one used for the reference is sent directly in the coupler (fiber collimator) and the one used for

the transmission signal was focused on the sample and finally occur on the second coupler. The
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ratio between them was checked before each experiment. The pump beam outgoing from the
TOPAS at 1 kHz is slowed down to 500 Hz then to 250 Hz. Both beams were spatially and
temporally overlapped on the sample (Figure 2.8). The detection system used to record the
spectrum of the reference and signal, is consists a CCD camera (PIXIS 100) and a spectrometer

(SpectraPro 25001).
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CCD
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Chopper Chopper
Topas 4 I |
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Figure 2.8: Schema of the pump-white light experiment.

2.2. Development of time-resolved X-ray absorption experiment at

ID09B@ESRF

X-ray Absorption spectroscopy (XAS) is a powerful tool for probing the matter at the atomic
scale, this technique allows the extracting of the both electronic and atomic structure
information (spin state, oxidation state, ...), at many different environment (solid, solution,
gas), it turns out to be a selective local probe and allow to determine the environment close to
a well-defined type of atom. One of the main advantages of this technique over structural
diffraction techniques is that the long-range atomic periodicity in the sample is not required.
This technique requires a very special light source: Indeed on hand it must be sufficiently
intense and secondly energy must varies continuously, in order to scan an area of several
hundred of electron volts around the absorption edge. However, in the field of X-rays, it turns

out that only the synchrotron radiation sources meet these requirements. Since the emergence
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of the field of the Photo-Induced Phase Transition (PIPT), several pump-probe time-resolved
X-ray experiments are developed to explore a hidden state of matter under nonequilibrium
conditions. In the same context, we have developed a new time-resolved time resolved x-ray

absorption at ID09 beamline at ESRF which will be described in this section.
2.2.1. X-ray absorption principle

The X-ray absorption spectroscopy (XAS) is a method used for following the change of the
absorption coefficient of a sample as a function of the energy of the incident beam. The physical
phenomenon at the origin of the variations of this coefficient is the absorption of a photon x,
followed by the ejection of an electron from the core-level in the absorbing atom. The Figure
2.9 represents a conventional absorption spectrum, in which three regions are distinguished: the
pre-edge, edge and oscillation (Chergui & Collet, 2017). These different regions resulting from
the same physical phenomenon, the boundaries are not basically defined. The pre-edge and the
edge region, which extends up to about 50 eV after the absorption jump, are called XANES (X-
ray Absorption Near Edge Structure). The oscillations part is called Extended X-Ray
Absorption Fine Structure (EXAFS), this region that can extend up to 1000 or 2000 eV above
the edge. These oscillations result when the atom studied is in a molecule or in a crystal, the
wave scattered by the surrounding atoms. There is then interference between the outgoing wave
from the central atom and this same wave, after scattering by the neighboring atoms. These

interferences, sometimes constructive and sometimes destructive.

The energy scanning is carried out in the vicinity of an absorption edge (E=hv) of the atom
whose environment it is desired to study. When the energy of the photons is less than that of
the edge studied (Eo), the absorption is low and the absorption coefficient then shows a
monotonic decrease. There may be electronic transitions to discrete states in this region. The
variations in absorption in this zone are therefore related to the electron structure of the atom
or molecule. When the ionization energy is reached, a sudden increase in the absorption
coefficient is observed. An electron from the core-level is then ejected to the continuum, called

a photoelectron. Its kinetic energy is Ec = E-Eo, where E is the energy of the photon.

31



E..
e unoecupied
arbitals.

XANES

2P, (La)
arbitals 2P.s (L)

accupied

25 (L) !
N Y 5K 0.0 EXAFS
-
=
E -0.5
%-
=
2 -1.04
-
-1.54 )
Pd-foil: Pd K-edge

242 244 246 248 250 252 254
E / keV

Figure 2.9: Example of XAS spectra around the the Pd K-edge and the principle of XANES and
EXAFS (Grunwaldt & Baiker, 2005).

The Beer-Lambert law allows to express the intensity transmitted through the sample as a
function of the incident intensity and the absorption coefficient, expressed as: [ = I, e ™™~*.
Where u is the absorption coefficient, x is the thickness of the sample, / incident intensity and
Iy is the transmitted intensity. When the absorber element is in too small amount, the jump
absorption is indistinguishable. One can avoid this problem by measuring the intensity of the
fluorescence emitted by the irradiated sample. This radiation is due to the de-excitations of the
ionized photo atom and can be expressed as follows: Ir = g¢ Iy (1 —e™™%), where & is the
fluorescence yield. Measurement of fluorescence cannot be done after the sample, as for
transmission, since the transmitted intensity would mask the fluorescence. The detector is
therefore placed at an angle of 90° with respect to the incident beam (Figure 2.10) to lower any
elastic contribution. The incident intensity and the intensity emitted by fluorescence gives us

access to the absorption coefficient of the sample.
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Figure 2.10: Schematic representation of a transmission and fluorescence configuration.
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2.2.2. Synchrotron Radiation

Synchrotron radiation is an electromagnetic radiation emitted during acceleration of a high-
energy charged particle (Veksler, 1944; McMlillan, 1945), which will be stored in storage rings
with significantly improved performance. The introduction of insertion devices in the storage
ring such as undulators and wigglers increases considerably the brightness of radiation, which
can be used to study the material in different phases: solid, liquid or gas, under several
conditions like pressure, temperature and light. In order to obtain wavelengths of the order of a
few tenths of angstroms essential for certain researches in physics, biology, chemistry, etc.,
higher energies are necessary. The high energy (> 6 GeV) will automatically involve wider
circles of storage rings, which will also allow to place several experimental stations. It is the
case of the European Synchrotron Radiation Facility (ESRF) which produces one of the most

intense synchrotron radiation.

The basic principle is due to Maxwell's theory of electromagnetic waves. This theory makes
it possible to calculate all the quantities concerning the radiated electromagnetic field. The
power radiated by a particle along a circular trajectory of radius p is given by the following

formula:

2 2 2.4
p_2eichy!
3 p?
Where c is the speed of light, e is the charge of the particle, f = c/v (v: is the speed of particles)

andy = E [ ez = / iR (E is the energy of the particle and mc? is the rest energy).

From these formulas, we can extract the following information: The radiation is more important
for the light particles (at fixed energy and radius of curvature). The synchrotron radiation is a
phenomenon related to the centripetal acceleration in the accelerators of electrons or of
positrons. It will be very low in the proton or heavy ion accelerators. Only relativistic particles
will radiate a consistent power (B = 1, y >> 1). Figure 2.11 shows the shape of the emission in
the two extreme cases of a very low particle velocity, or comparable to the velocity of light:
while the radiation is approximately isotropic for a slow particle. The field radiated by a
relativistic particle, by the effect of the Lorentz transformation is picked up for a portion of

trajectory seen by the observer in a vertical opening cone V.
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Figure 2.11: The emission by a charged particle subjected to a centripetal acceleration.

ESRF is a 3™ generation synchrotron source, produce a high quality of hard x-ray ranging
from 5 to 100 keV with a very high collimation (~ mrad), a high quality, high spatial and
temporal stability and small source size (~ 100 pm). The mains steps to generate the synchrotron

radiation (Figure 2.12):

First step: the electrons are emitted at the start of the “linac”, grouped in the form of packets
and then accelerated progressively up to 200 MeV by electric fields to a speed very close to that
of light. Second step: the electrons then pass into the “synchrotron booster”, a 300-meter ring
in which they make several thousand turns, gaining a little more energy each turn. As soon as
they reach their final energy, 6 GeV - in just 50 milliseconds - they are sent to the storage ring.
Third step: “The storage ring” with circumference of 844 meters, is the place where the
electrons circulate at the speed of light, in a tube under the ultra-vacuum (~ 10® mbar). During
their travel through the ring, electrons pass through different types of magnets: bending
magnets, undulators and focusing magnets. They undergo acceleration and lose energy in the

form of an electromagnetic radiation called "synchrotron light".
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Figure 2.12: Schema of ESRF and beamline stations. (http://www.esrf.eu/about/press-room/intro-esrf-

journalists)

The bending magnets force the electrons to change direction. These magnets also serve as
synchrotron light sources which is emitted tangentially to the curvature of the electron beam,
and is directed towards the "beamline". The undulators are magnetic structures formed of small
magnets of alternating polarity (Figure 2.13). The beams of light they produced have a million
times more intense than the beams from the bending magnets. They have brightness and
coherence properties close to lasers. The Focus magnets, also called magnetic lenses, are used

to concentrate the electron beam to make it as thin as possible.
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Figure 2.13: Schema of the insertion devices in a segment of the ESRF.

(http://www.esrf.eu/about/synchrotron-science/synchrotron)
2.2.3. 1D09b beamline description

The beamline ID09b is a modular station experimental beamline, designed for time-resolved
resolved measurements ultrafast structural changes in macromolecular crystallography and in
liquids (Wulff et al., 2003; Guérin et al., 2004; Thee et al., 2005; Kong et al., 2010). The unique
feature of this beamline resides in the white light beam which can be used in time-resolved

Laue diffraction on macromolecules.
X-ray source

The x-ray pulses delivered from ESRF have a time duration from 50 to 100 ps. The 16-bunch
mode (16 bunches of electron in the storage ring, separated between them by 176 ns) is used
for our experiment. This x-ray pulses leave the insertion devices at the beginning of the
beamline, are formed spatially (slits, toroidal crystal focusing) and spectrally (primary slits,
monochromator, mirror) before entering the experimental booth. The Figure 2.14 shows a

schematic drawing of different main components an ID09B beamline at ESRF.
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Figure 2.14: (a,b,c,d) Photography of main component at ID9b beamline, (c) Schematic drawing of the

X-ray source.

Before entering in the optics hutch, the beam is reduced by a primary slits by removing the
diffusion around the central cone. The two choppers are used to reduce the average power by a
factor of 5600 for the 16-bunch mode accepting a train of non-attenuated pulses at 1 kHz. The
fist chopper is the Heat-load chopper, is in the optics hutch. It chops the white beam into 50 pus
pulses. The average power is reduced to 7.5 % of the incoming power. The second chopper, is
the high-speed chopper, is placed in the focused beam. It is synchronized with the heat-load
chopper. It chops the pulses a second time, down to the single pulse level. The pulses that escape
the two choppers are very intense, only attenuated by the reflectivity of the mirror and the
acceptance of the slits. When the storage ring is run in timing mode 16-bunch the bunch spacing
is 176 ns. That is long enough for the high speed chopper to isolate single X-ray pulses. The
exposure time is then dramatically lower than the chopper open window, 100 ps compared to
280 ns. A millisecond shutter upstream the high-speed chopper gates the CCD detector i.e. it
controls the number of pulses in the exposure. The water-cooled monochromator is composed
of two parallel crystal separated by a fixed orthogonal distance of 10 mm, designed to operate
between 4.9 and 39.6 keV. The second optical element is a platinum coated toroidal mirror. It
is placed 33.1 m from the source and it works at a fixed incidence angle of 2.772 mrad. The

mirror focuses the radiation 22.4 m downstream.
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Figure 2.15:Schema to isolate single X-ray pulse (Cammarata ef al., 2009)

The magnetic sequence at ID09b beamline is formed by a combination of two undulators,
U27 and U17 with a magnetic field periods of 27 and 17 mm, respectively. The emission
spectrum depends on the undulator gap (by changing the vertical distance between the
magnetics), the Figure 2.16 shows the energy emitted from the undulators which covers a wide
spectral ranging from 6 to 30 keV. As part of our experience, we worked at different energies

6,7 and 16 keV.
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Figure 2.16: Undulator spectra as function of the gap on ID09b (Wulff, IDO9b).
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Femtosecond laser source

The main research areas of the beamline include laser induced processes in liquids and solids
occurring in the picosecond temporal domain. In particular, the time-resolved scattering and
diffraction have been successfully applied for studies on recombination of small molecules in
solution as well as transient acoustics and phase transitions in crystals. Experiments of that kind
require the laser pump pulses of very short duration (fs and ps). The ultrashort laser system
(Figure 2.17) at ID09B is based on a standard Micra femtosecond oscillator, that is phase is
locked to the synchrotron RF/4 and produce a very weak (~ 3nJ per pulse) ultrashort (70 fs)
pulses with a repetition frequency of 88 MHz at wavelength of 800 nm, and a Ti: sapphire
multipass chirped pulse amplifier (CTA). The incoming weak pulses from the oscillator are
amplified in the CTA which is configured to emit pulses of 100 fs duration with an energy of a
single pulse of 1.5 - 2.5 mJ. Before amplification, it is necessary to stretch in time the pulses
using a pair of gratings, because the high peak power pulse (1 TW/cm-2) can cause damage and
nonlinear absorption to several optical elements in the amplifier, including the pockels cell and
the Ti: sapphire crystal. Then, the pulses are amplified in the Ti: sapphire crystal cavity, pumped
with a green laser and exits after compression. The last stage, used a non-linear methods to
generate a variety of wavelengths. On ID09B the wavelength of the femtosecond radiation can
be tuned over a wide wavelength range, from UV to far IR, the optical parametric generator and
amplifier called the TOPAS (Light Conversion). The typical tuning curves of the TOPAS
covers the wavelength range from 240 nm to 2600 nm with conversion efficiency of up to 20%.
Additionally the second (400 nm) and the third (267 nm) harmonics (SH and TH) of the 800

nm Ti:sapphire radiations are generated with efficiencies of 50% and 25% respectively.
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Figure 2.17: Schema of laser source on ID09b.
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2.2.4. Experimental set-up

The aim of our work at ID09b beamline was to develop time resolved X-ray absorption
spectroscopy (TR-XANES) using the x-ray beam and the femtosecond laser described in the
previous sections. The idea is to follow the x-ray fluorescent signal after optical pulse excitation
at wanted K-edge of the metal compound. The temporal overlap of the X-ray/optic pulses is
measured with the GaAs detector which is sensitive to the both radiations with a precision of
25 ps and the time delay between the both pulses is controlled electronically. At the overlap
position, the optical pump and the X-ray probe have respectively a pulse duration of 150 fs and
100 ps, with a focal area of 120 x 350 um and 60 x 120 um. The same was excited in quasi

collinear geometry (angle between x-ray and laser beam of ~10°)( Figure 2.18).

The samples is circulated via a closed loop system through a 0.5 mm capillary tube and the
speed flow is adjusted by the peristaltic pump (Gilson Minipuls-3) for having a fresh sample
for every new X-ray and laser pulse. The detector is mounted close to the sample (~ 3 cm)
perpendicular to the X-ray propagation direction to minimize the collection of elastic photon
scattering. In this geometry the active window covers a solid angle of ~ 0.74 sr (5.89 % of 4m).
We used a Pin diode to measure simultaneously the transmission (scattered X-ray) in order to
correct the final fluorescence signal (Intensity fluctuation, the long decay of the current after

each refill).
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Figure 2.18: (left) Schema diagram of the time-resolved XANES. (Right) Photography of the set-up at
ID09b beamline.
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2.2.5. Detection and data acquisition

The 2D detector used during our development of the TR-XANES at ID09B beamline is a
MAXIPIX (Multichip Area X-ray detector based on a photon-counting PIXel array) 2x2
detector (Ponchut ef al., 2011), developed by ESRF. It is based on the Medipix-2 photon-
counting readout chips (Llopart et al., 2001). This detector is best suited for the TR-XANES
experiment because of their high spatial resolution with 516 x 516 pixels of 28.4 x 28.4 um?
size, high frame rate up to 1.4 kHz, noiseless detection, high dynamic and it can operate on a
wide range of X-ray energies (from 5 keV to 25 keV) which is limited by the absorption efficient
of the silicon sensor (100% at 8 keV, 68% at 15 keV, 37% at 20 keV). The data acquisition is
controlled by the existing Linux workstation on ID09b. The images was collected by setting the
time delay between the X-ray pulse and the laser pulse to a fixed values and a scanning of
energy of the x-ray photon. Also, a scan times until some hundreds nanosecond were recorded

at fixed energy.
2.2.6. XANES experiments at the ID09 beamline of the ESRF

During the development of the TR-XANES experiment, we checked different configurations
of the set-up such as acquisition parameters (integration time, threshold) and we developed the
macros that can drive the experiment and the data acquisition. Finally, we optimized the
experimental set-up to find the optimal parameters such as detector-sample distance and angle,
x-ray and laser alignment, thickness and concentration of the sample. As test sample we used
the aqueous solution of [Fe'i(bpy);]**, which was studied extensively in the literature by TR-
XANES (Lemke et al., 2013; Van Kuiken et al., 2016; Bressler & Chergui, 2004; Lemke et al.,
2017).

As we mentioned before, we used an aqueous solution of [Fe'(bpy)s;]*" to improve the
parameters of data collection and reduction. The results obtained from this analysis are in good
agreement with the literature. The figure 2.19 shows the XANES spectrum recorded at room
temperature at laser off and at 500 ps after laser excitation at 530 nm, the difference in x-ray
absorption between the laser-excited sample and the unexcited sample shows an increase in
absorption at 7123 eV. At this energy, we recorded a time scan of the signal as a function of
laser pump/x-ray probe time delay which shows the kinetic relaxation and the fit with a single-

exponential decay with a time constant of 618(29)ps, comparing with the values obtained in the
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literature: (665ps, Van Kuiken et al., 2016). I then used time-resolved XANES at ID09 ESRF
for investigated charge-transfer process in CsCoFe PBA (Chapter 4)
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Figure 2.19: a) XANES profiles at LS and HS state of aqueous solution of [Fe''(bpy);]**. b) Time scan

recorded at 7123 eV (circles) upon 530 nm excitation.
2.3. X-ray Free-Electron Laser Radiation

The generation of the Free Electron Laser (FEL) radiation is based on the process called Self-
Amplified Spontaneous Emission (SASE) (Kondratenko & Saldin, 1980; Bonifacio et
al.,1984). This radiation covers a wide bandwidth (from VUV to x-ray) with ultrashort pulse
duration of a few femtoseconds. Several FELs are already operational in the world in the
domain of x-ray, such as the first soft X-ray FEL (FLASH) at Hamburg in 2005, which delivers
a radiation from 5 to 44 nm (Ackermann et al., 2007). Then, the Linac Coherent Light Source
(LCLS) in 2009 at Stanford Linear Accelerator Center (SLAC), which operates in the
bandwidth 1.2 - 22 A (Emma et al., 2010), and the SACLA in Japan in 2011 (Ishikawa et al.,
2012). New FEL in the X domain are under construction or operational, such as the European

X-FEL in Germany, the PAL FEL in Korea (PAL FEL) and the SwissFEL in Switzerland.

The FEL radiation is the fourth generation, because of their brightness which is greater by a
factor of 10'° than the synchrotron sources (Figure 2.20) with a short pulses (few tens of
femtosecond). This radiation can be used in several field of science (physics, chemistry,
biochemistry), to study the structure and time-resolved function of single molecules, to make
movies of the chemistry reactions, perform 3D imaging and dynamical studies of the biological

compounds and characterize the transient states of matter created by radiation.
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Figure 2.20: (Left) Aerial photography of LCLS at SLAC (https://portal.slac.stanford.edu/) , (Right)
Peak of brightness as function of energy of conventional lasers, synchrotron and x-ray free electron

lasers (Ullrich ef al., 2012)

Unlike the synchrotron radiation generated by the relativistic electrons in the storage ring in
which the electron bunch is stored and used over and over, each bunch contains ~ 10° electrons
which emitted spontaneously as incoherent photons (Figure 2.21), in the X-FEL, the storage
ring is replaced by a linear accelerator, that allows compression of electron bunch used once.
The coming electron bunch from the linear accelerator travels through a very long undulator
line, (at LCLS, the undulator is made up of 33 undulators segments with a length of 3.4 m each).
The X-FEL radiation is generated at the beginning of undulator by SASE. The electrons
subjected to the magnetic fields of the undulator, oscillate and emit synchrotron radiation. Then,
this radiation interacts gradually with electrons whenever they progress in the undulator an
exchange of energy and an order inside the bunch occurs, some electrons lose energy and are
slowed down, others gain energy and they find themselves in front of the bunch, which becomes
density-modulated along the longitudinal direction at the wavelength of the x-ray light, and the

emission is coherent. The light wave is then amplified as it progresses in the undulator.
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Figure 2.21: Schematic of comparison between a synchrotron radiation and FEL.

Ours TR-XANES measurements were performed in the X-ray Pump Probe (XPP) beam
station of LCLS (X-FEL). We used the coherent x-ray laser emitted from the undulators with a
pulse duration of few tens femtosecond. The set-up was very similar to the one developed at
ESRF (ID9b, Grenoble). The idea was to combine two femtosecond lasers x-ray and optical to
follow the electronic and the structure change after optical pulse excitation, by collecting the x-
ray photons of fluorescence (Figure 2.22). The detection system is consisting of ePix camera,
developed at SLAC (Dragone ef al., 2014), this detector provides a high dynamic range and a
low noise (Blaj ef al., 2015). The ePix camera was placed at 90° respect to x-ray beam direction
to collect the x-ray fluorescence photons. The PIPS diode was also placed at 90°, to recorded
simultaneously the intensity of x-ray, that help in the reduction data, to improve the quality of
the signal. The solution samples is circulated via a closed loop system through a 30 pm capillary
tube and the speed flow is adjusted by HPLC pump. The sample chamber filled with helium
gas, to avoid the unwanted scattering from the air. The detectors are placed close to the sample

chamber.
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We used femtosecond XANES to investigate LIESST in a spin-crossover molecule (chapter 3)

and also to investigate charge-transfer process in the CsCoFe Prussian blue analogue (chapter

4).
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Figure 2.22: Schematic representation of the set-up at XPP (LCLS).
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Chapter 3
Coherence and dynamics upon d-d vs MLCT light-induced spin
state trapping
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This chapter discusses the electronic and structural dynamics accompanying light-induced
excited spin state trapping (LIESST) and in particular on the dependence of the structural
coherence observed under different excitation mechanisms. We will begin by presenting the
current state of the art of experimental and theoretical understanding of LIESST. The advent of
femtosecond pulsed lasers has opened a new way to induce and explore the ultrafast
photoswitching phenomena in spin crossover materials. This out-of-equilibrium process,
involving coherent dynamics, strongly differs from thermal equilibrium transformations driven
by temperature and pressure for example, during which the dynamical processes are hidden in
a statistical average. We will start by introducing here the different mechanisms proposed for

LIESST in different studies to explain the elementary process involved.

Then, we will focus on our new results on a particular system (Fe''(pap-5NOz2)2 spin-
crossover complex) which offers the possibility of a deeper understanding of LIESST thanks to
its lower symmetry, providing access to different types of initially excited electronic states.
These studies, partially published in Chemical Science (Zerdane, Wilbraham et al., 2017) focus
on the nature of the coherent structural dynamics and the role of the intermediate states for its
decoherence. The goal is to better understand how the lifetime and the number of the
intermediate states can affect the dynamical coherence. Experimental measurements of the
magnetic, spectral and structural properties, performed by M.L. Boillot (ICMMO), will be
presented in this section. We will then present the femtosecond optical pump-probe studies I
performed. TD-DFT and DFT calculations on this compound, performed by I. Ciofini’s group
(ENSCP), are also introduced and help interpreting the experimental results in terms of
structural and electronic dynamics related to modulation of optical properties of Fe'l(pap-
SNO2),. The last part of this chapter shows extension of this work to more complex
[Fe(L222Ns)(CN)2] SCO molecule of lower symmetry, for which the change of spin state is
associated with a change of coordination. It was synthesized by G. Chastanet’s group and TD-
DFT calculation were performed by S. F. Matar. On the experimental side, I combined here fs

optical spectroscopy, fs XANES at LCLS X-FEL to study LIESST in this system.

3.1. Ultrafast LIESST dynamics in iron spin-crossover

The LIESST effect is a process which is able to switch molecules between different spin states

and it is the heart of the intensive development directed towards photomagnetism in spin-
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crossover materials (Sato, 2003). Understanding the process and the role of the intermediate
states is crucial for the development of photochemistry and photophysics of coordination
compounds, especially systems based on iron, ruthenium, copper, cobalt, chromium or
manganese (Juban & McCusker, 2005; Iwamura ef al., 2011). LIESST is intensively studied in
Fe''Ng spin-crossover compounds, for which the Fe ion experiences an almost octahedral
ligand-field. At low temperature the ground state is low spin (LS, S=0, t2s %, °L?), where L
refers to unoccupied ligand orbitals. At high temperature the high spin state (HS, S=2, tg *e

21% of higher-entropy is favoured.

The photoinduced states are long-lived at low temperature, and Descurtins and Hauser
discovered that the LIESST and reverse LIESST can be induced by weak continuous laser
excitation (Decurtins et al., 1984, 1985; Hauser, 2004). The photochromism in crystals
associated with conversion between LS and HS states can be directly observed by optical
spectroscopy. But since the LS and HS states have different electronic configurations and
structures, a wealth of technique can be used to characterize the transformation, including
magnetism, X-ray diffraction, Raman or IR spectroscopy (Halcrow SCO Book 2013). The
photoinduced HS state has a “long” lifetime up to a characteristic temperature T(LIESST),
above which the fast relaxation towards LS state makes the observation of LIESST difficult
(Létard, 20006).

The LIESST and reverse LIESST processes can be transiently generated above T(LIESST)
in spin-crossover solids (Bertoni et al., 2012; Marino et al., 2014; Cammarata et al., 2014; Field
et al., 2016) (Figure 3.1a) or for LS molecules of Fe'' complexes in solution. Various ultrafast
techniques were used to investigate the process, including optical and x-ray pump-probe
techniques (Gawelda ef al., 2007; Lemke et al., 2013; Aubdck & Chergui, 2015) (Figure 3.1b).
These studies investigated the lifetime of the MLCT state and the change of electronic state.
More recently it was shown that the structural trapping process in the HS potential is associated

with the activation and damping of the Fe-ligand breathing mode (Lemke et al., 2017).
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Figure 3.1: a) optical reflectivity (OR) and transmission/reflectivity (OT/OR) change of the SCO
[Fe(phen)>(NCS),] crystal (Cammarata et al., 2014). b) optical transient absorption of aqueous
[Fe(bpy)s]*" (Aubdck & Chergui, 2015).

At short time scale (fs and ps), an important energy is deposited by the few eV photon (a
photon at 500 nm has an energy of ~ 2.5 eV) absorbed by the molecule, and the vibrational
cooling to the bottom of the HS potential takes several picoseconds via coupling with the
surrounding environment (crystalline lattice or solvent). To better investigate this vibrational

cooling process, infrared experiments are required in order to probe small energy levels (Wolf

et al., 2008).

A recent study carried out by the group of Kelly Gaffney (Pulse Institute, SLAC) has
evidenced the LIESST involves a short passage via a >T; state. This result has been achieved
by time-resolved X-ray emission spectroscopy (TR-XES) in an iron (II) spin crossover. The
sensibility of this technique to 3d spin state (which results from the exchange between the
electrons of the orbitals 3p and 3d) allowed to clearly identify the spin state of the different
intermediates between the LS and the HS state (Zhang et al., 2014) (Figure 2.3). While the
presence of MLCT was not surprising, the presence of a further state (*T;) was somewhat
unexpected since it had been ruled out based on previous studies (Bressler et al., 2009). The

proposed sequence of states was thus:

150 fs 70 fs
MLCT — 3T, — HS
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Figure 3.2: Schematic representation of ultrafast x-ray emission detection of spin crossover dynamics
(Zhang et al., 2014). From left to right: fluorescent emission de-excitation schema, Fingerprint of each

state during the photo switching and a schematic process of dynamics during the ultrafast LIESST.

As mentioned previously, the HS photo excited state created after the MLCT excitation, is
characterized by a change in the structure and the electronic state. To follow these changes
during the photo switching LS/HS, the x-ray absorption near edge spectroscopy (XANES) is a
powerful tool to probe directly the atomic core. A first study performed by Chergui et al, using
the slicing technique at synchrotron, it was considered as the first proof that the HS state has
been formed within few hundreds femtosecond. Moreover the authors claimed that their
experimental results were incompatible with the passage through a triplet state. The relatively
poor time resolution and low signal/noise ratio however make these claims somewhat uncertain.
More recently, similar experiments (on the same molecule) have been performed at LCLS X-
FEL (Lemke et al., 2013, 2017). Figure 2.2 shows the important gain with X-FEL (right)
compared to slicing (left) studies: the signature of the transient MLCT is observed and the

structural changes clearly evidenced and accompanied by coherent oscillations.
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Figure 3.3 : Time resolved XANES around the Fe-K edge of the aqueous [Fe(bpy);]**. a) From
(Bressler et al., 2009) and b) from (Lemke et al., 2017).

The recent study performed by Lemke et al, of the LIESST mechanism in Fe(II) systems upon
MLCT excitation, was performed with 25 femtosecond time resolution. It revealed key features
of the intersystem crossing, mainly in terms of change of electronic states and structures, as

summarized in Figure 3.4.
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Figure 3.4: Schematic process of LIESST upon MLCT excitation.

The MLCT—HS conversion occurs through MLCT—>T and *T—HS conversions of about
120 and 70 fs respectively. On the theoretical side, different approaches were used to describe

the process. Theoretical electronic-structure calculations used time-dependent approaches to
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provide intersystem-crossing rates in agreement with these experimental reports (Sousa et al.,

2013).

In addition to the description of the sequence of electronic state, the structural dynamics is
another important aspect, as the HS state is structurally trapped in the HS potential through
expansion of the FeNg core. The electronic population of anti- bonding e, orbitals moves the
equilibrium molecular structure towards longer Fe-L bonds within = 170 fs. A more
phenomenological theoretical study explained how this electron-phonon coupling activates the
breathing of the Fe-L bonds (Van Veenendaal ef al., 2010), which was observed by different
techniques sensitive to the change of the ligand field such as XANES (Lemke ef al., 2013,
2017), or optical spectroscopy (Bertoni et al., 2015).

This breathing mode corresponds to the activation and damping — in the HS potential
(Cammarata et al., 2014; Bertoni et al., 2012; Marino et al., 2014)— of the average Fe-L
distance, which is the main structural reaction coordinate, elongating from = 2.0 (LS) to = 2.2
A (HS). Because of the relatively long MLCT and T decays, the HS population occurs on a
timescale approaching the half- period of the molecular breathing, inducing important structural
dephasing. Consequently the amplitude of the signal oscillations is reduced, as explained by
(Lemke et al., 2017). The fast damping of the molecular breathing is due to dissipation of energy
towards other modes such as ligand bending also observed by optical spectroscopy, whereas
the vibrational cooling of these photoinduced states occurs typically within 2 ps. However,
except the papers mentioned above, the resulting coherent structural dynamics accompanying
LIESST, its decoherence and the role of intermediate states and their lifetime are still poorly

described in the literature (Consani ef al., 2009; Aubock & Chergui, 2015).

A further proof of such interpretation could come from a direct comparison (on the same
molecule) of different excitation schemes that involve more or less long intermediates. In other
words reducing the number of intermediates should help increasing coherence. However,
because of the almost octahedral symmetry of FeNg systems, the d-d photoexcitation (from tzg
to eg) 1s very weak or prevented by much more efficient CT excitations. For this reason, LIESST
was mainly investigated at femtosecond timescales with MLCT excitations (t2g e, °L1).
However, Hauser has shown that both MLCT and d-d excitation can be used in some SCO
materials to photoinduce the HS state or to measure HS — LS relaxation rates (Hauser, 1991).
Juban and McCusker have also shown in Cr-(acac); that *A> — 2E conversion dynamics differs

upon “T, or *MLCT excitation (Juban & McCusker, 2005). In the following, we have
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investigated LIESST in Fe(Il) SCO materials, with intense MLCT and d-d bands for

understanding better how structural coherence can be enhanced during LIESST.
3.2. Investigation of the Fe''(pap-5NO>); spin-crossover

During my thesis, we studied the LIESST dynamics in the Fell spin crossover material
Fe''(pap-5NO.),, characterized by a low symmetry (Cz) FeN4O, core. This compound was
synthesized and characterized (magnetic and spectral properties) by the team of Marie-Laure
Boillot at ICMMO (Iasco et al., 2015). The DFT and TD-DFT calculations were performed by
the team of Ilaria Ciofini at ENSCP. I performed the experimental study of the ultrafast

dynamics by using the femtosecond optical spectroscopy set-up available at the IPR.
3.2.1. Physical properties: Magnetic, Structural and Spectral

In the SCO Fe(pap-5NO2), complex, the central iron ion is linked to the four nitrogen and

two oxygen atoms (Figure 3.5).

O

Figure 3.5: Chemical representation of the structure of Fe(pap-5NQO.), molecule.

The SQUID measurements of the magnetic susceptibility show the conventional thermal
conversion from LS to HS, which is characterized by a 1st order transition with a thermal
hysteresis centered around 297 K (width AT= 26 K, Figure 2.1). The measurements were
performed on nanoparticles dispersed in polymer film, which we have been used for optical fs
spectroscopy. Compared to measurements performed on bulk samples, the films of
nanoparticles show at low temperature a different ymT value, related to a fraction of
paramagnetic residue and assigned to the presence of crystalline defects trapped in HS state

(xus ~ 0.15). The photomagnetic behavior derived from LIESST is similar to the one reported
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for the bulk with a 750 nm excitation. LIESST was also observed by illuminating the sample

with 532 nm (20 mW cm-2) and 750 nm (15 mW cm™).
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Figure 3.6: Temperature dependence of ymT determined with the sample of Fe(pap-5NO>)..

We were interested in studying the SCO Fe(pap-5N0O3): in the nanoparticles phase with a size

of = 1000 x 170 nm which have a good size dispersion as estimated via TEM (Figure 2.3). The

particles size does not affect much the magnetic behavior of the transition from LS to HS expect

a change in the width of hysteresis (Gudyma et al., 2017) and the fraction of the photoconverted

molecules in nanoparticles is more important than for single crystal due to the good penetration

of laser through the nanoparticles (Bertoni et al,. 2012; Tissot et al,. 2011), improving so the

quality of the photoresponse detected. At the picosecond time scale, the size does not contribute

in the dynamic of photo switching as the process is located at the molecular level. Size effects

appear at nanosecond time scale, where elastic cooperative effects come into play (Bertoni et

al., 2016).
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Figure 3.7: Histograms showing the particle size distributions of Fe''(pap-5NO.) nanocrystals.
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The brown green films of particles appear homogeneous at the sub-millimetric scale (Figure
3.8 left) they were characterized by variable temperature measurements CARY 5000 UV-vis
double beam spectrophotometer equipped with the Eurolabo variable temperature cell 21525
KBr windows and Specac temperature controller 20120. The temperature dependence of the
electronic and structural configuration is reflected in the optical density measurements, which
show the different absorption band at 100 K (LS) and 440 K (HS). During the thermal LS to
HS transition, the optical density around 800 nm decreases and increases around 500 nm (Figure
3.8 right). There is also an interesting feature provided by an isobestic point at 620 nm which
indicates the same optical density of the LS and HS. Also, at the near infra-red region, there is
another absorption band around 1000 nm and an isobestic point around 970 nm (Figure 3.8
right insert). The important optical density change, between LS and HS, is very useful for
performing time resolved optical studies, as the polymer matrix of PVP (polyvinylpyrrolidone),
which embedded the nanoparticles, does not absorb much in the visible and NIR region. In
addition, since the nanoparticles in the polymer matrix are oriented randomly there is no light

pump or probe beams polarization effect.
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Figure 3.8: (Left) Microscope photographs of PVP polymer film containing homogeneously dispersed

nanocrystals deposed on the glass substrate. (Right) Thermal variation of the optical density.

Structural study and crystallography of this compound in the form of single crystals was
carried out by lasco et al. (Iasco et al., 2015). They were able to solve the LS (100 K) and HS
(320 K) structures. Like all spin crossover systems studied previously, the LS to HS transition
is accompanied by an increase in volume of the unit cell, which is mainly due to an elongation

of the Fe-ligand bond (Bréfuel et al., 2010; Lorenc et al., 2009). For both spin states, the unit
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cell is monoclinic and the space group C2/c is preserved during the thermal conversion.
Important structural changes are the strong elongation along the b and a axis and the increase

of the f angle.

The structural changes of Fe''(pap-5NOz), nanocrystals, dispersed in the polymer PVP was
characterized by x-ray powder diffraction. Different patterns were collected as function of
temperature from 150 K to 420 K with step of 10 K, using the Xcalibur diffractometer (A =
0.71073 A) at IPR. At high temperature, the superposition of the experimental powder
diffractogram and the one calculated from the single crystal, shows the same position of the
Bragg reflections which characterized the monoclinic structure. At 150 K, the positions of the
hkl reflections change because of the change in the lattice parameter (Figure 3.9). The diffuse
background is due to the scattering of the PVP film. The position of (200) reflection as function
of temperature indicates clearly a volume change associated with the phase transition centred
around 300 K, which is close to the values found from the magnetic measurement. The
difficulty for reproducible thermal cycling may be due to the PVP property; the heating at

certain temperature, the adsorption of the nanoparticles can affect the processes of SCO.

1.0 - B

—150K
— 420K
= Calculated (320 K)
=
S
é 0.630 (200)
= 0.625
= - Up
= 06201 _pown
2 7 0615
Z ~ 0.610
0.605
L I 1 I 0.600
0.5 1.0 1.5 2.0 2.5
4 150 200 250 300 350 400
QA T(K)

Figure 3.9: (Left) X-ray powder diffraction of the LS (150 K) and HS (420 K) and one calculated at
320 K. (Right) Trace of the 200 reflection position as function of temperature.

3.2.2. DFT and TD-DFT calculation

To better understand the electronic and structural properties in spin crossover systems, DFT
calculations help determining with reasonable accuracy the energy levels and the optical
absorption bands in different spin states: 'A1, *Ti et °T> (De Graaf & Sousa, 2010). For the
Fe''(pap-5NO,)2, an UV-vis and NIR absorption spectra were simulated by convoluting with

Gaussian functions centred at the calculated wavelength for each transition. The full width at
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half- maximum value for the Gaussian functions was set to 0.45 eV. Figure 3.10 shows the
vertical absorption spectra calculated for the LS, HS and 3T electronic states. Concerning the
LS equilibrium geometry, for which singlet-to-singlet excitation energies were determined, two

main absorption bands are computed at 500 nm and 749 nm.
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Figure 3.10: Calculated absorption spectra.

From inspection of the highest-contributing molecular orbitals involved in these transitions
(Figure 3.11), it can be seen that, despite contributions from both metal and ligand centred
orbitals, the transition centred at 500 nm has an MLCT character and is hereafter labelled
MLCTys. Similarly, the transition centred at 749 nm has a d-d character and will be referred to
as d-dis. Notably, this transition exhibits a small, but non-zero, oscillator strength (0.018 au),
underlining that the reduced symmetry of the coordination environment from On, which is more

usual for FeNs systems, to C; for this FeN4O2 system.
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Figure 3.11: Characteristic orbitals of hole and particle for LS, HS and T states obtained by TD-DFT.

Consequently, the d-d transitions that are no longer completely forbidden. The character
assigned to these transitions is further validated by inspecting plots of the difference in density
between the ground and excited states (Figure 3.12). In contrast to Figure 3.11, these plots
consider all determinants which form each excited state rather than just those with the largest

coefficient.

MLCT, d-d,

Figure 3.12: Density difference plots between ground and excited states for MLCTrs and d-dis
excitations. Dark (light) blue zones indicate areas which increase (decrease) in electronic density upon

excitation.
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3.2.3. Ultrafast LIESST in Fe''(pap-SNO:): spin-crossover

For tracking LIESST dynamics in real time we used an optical pump-probe method with 60
fs time resolution (RMS) presented in chapter 2 on LS Fe'l(pap-5NO.). crystals embedded in a
thin PVP film, spin coated on a glass substrate. This allows easy manipulation of samples with

homogeneous dispersion at sub-millimetric scale.
3.2.4. Time-resolved optical studies

The optical pump probe measurements were performed at 100 K in the visible and NIR
spectral regions. The repetition rates of the pump and the probe are 500 Hz and 1 kHz
respectively. To avoid the degradation of the samples under the pump pulse irradiation, the
excitation fluence is set to 4.0 +/- 1 uJ.mm™. In the Figure 3.13, we show the time scan of the
optical density after 730 nm wavelength excitation and probing at different wavelength around

the isobestic point 970 nm.
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Figure 3.13: Time resolved of milli-OD change upon 730 nm excitation at in the 920-1100 nm range,
at 100 K.

In all these measurements, the evolution of OD is accompanied by oscillations in phase,
whose sign and amplitude depend on the probing wavelength. Given the previous results
obtained in different SCO materials, it is natural to attribute these oscillations to the global shift

and oscillation of the d-dus band with the Fe-L elongation. Time traces at 980 and 1000 nm
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show signatures of the intermediate state, but are also affected by the proximity of the isobestic
point, which shifts in time during the vibrational cooling, as observed in other SCO crystals.
The signal of these time traces therefore changes sign between 100-500 fs (hot HS state) and

after 5 ps (vibrationally cool HS state). Below 940 nm oscillations are more difficult to observe.

In order to assess the modulation of the ligand field through the d-dus gap with respect to this
breathing mode, 30 structures were generated as a projection along the normal mode, assuming
a harmonic mode. For each structure the energy of the d-dus band was vertically re-computed
with TD-DFT (Figure 3.14). The deformation lies between changes in Fe-N (axial) from 2.074
to 2.172 A and Fe-N (plane) from 2.144 to 2.307 A and Fe-O (plane) from 1.967 to 2.074 A.
On the x-axis, 0 corresponds to the equilibrium while negative (positive) values indicate shorter

(longer) Fe— L distances. The frequency of the breathing mode was calculated at 84 cm™.
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Figure 3.14: Modulation of A¢ (d-dus splitting) with respect to a harmonic structural deformation
corresponding to the breathing mode of the in phase stretching of the Fe—N and Fe—O bonds and

calculated at 84 cm™.
3.2.5. Role of intermediate states in the phenomenological model

To fit our experimental optical pump probe data, we used a phenomenological model already
used to interpret time resolved X-ray absorption data on similar SCO system (Lemke et al.,
2017). In this model, we will consider two cases of mechanism of relaxation. The first case,
describes the relaxation in HS stat from one intermediate state denoted as INT. The second

describes the relaxation from MLCT to HS state, passing through the INT state (Figure 3.15).

62



INT transient MLCT transient

MLCT MLCT
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LS

Figure 3.15: Schematic representation of phenomenological models of relaxation mechanism.
a) Case of the intermediate INT transient

In this case, the relaxation mechanism, can be expressed as follows:

TINT

INT ——— HS
The contribution of the INT state which decays with a time constant 7;y7 is given by:
Sint(t) = Avr X Pryr ()
Where Avris the amplitude of the INT population used as source of HS molecules, is given by:
Pt (t) = IRF(£) ® [exp(~t /7, ) x HD) |

Where @ is the convolution operator, /RF(?) is the instrument response function assumed to

be Gaussian, and H(?) is the Heaviside function are given by:

1 2 0if t<O
IRFt=—eX(_t/ >&Ht={.
() O-IRFVZT[ p 20—12R’F () 1 lf tZO
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Figure 3.16: Plot of INT population which is obtained by convoluting a decreasing exponential with a

Gaussian function representing the Instrument Response Function (IRF)
The signal due to the oscillation from HS state is described as:
SHS(t) = [AHS + Aosc COS(vaosct) exp(_t/Tosc) + AVC exp(_t/TVC)] X H(t)

Where Ans is the signal due to the final HS state after cooling, Aosc is the amplitude of
oscillation, 7, is the damping of the oscillation of frequency vos.. Avc and tyc are the amplitude
of the signal and the time scale of the vibrational cooling. In this case, the INT state is the
source of molecules in the HS state, the szs is convoluted with the Pr(2) to give rise to the part

of the signal due to the HS state Sws(?) :

Sus(t) = Pyt () & sus(t)

= Pinr(t) @ i [Aps + Aose COS(ZWVugct) exp(—t/tosc) +  Aycexp(—t/tyc)] X H()

,_,7

HS signal Triplet population LS = HS difference Oscillating contribution Vibrational cooling

—

Figure 3.17 : Plot of Sus(t) and the different parts which contributed in the signal. The dashed line

represents the HS before convolution with Pinr(t) .

The global signal Sg(z) to fit experimental data including the signal of the INT state S7(z) is

given by the following relation :

Sc(t) = Sinr () + Piyr(t) & sys(t)
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A longer INT state results in two main effects on the coherent oscillation: apparent dephasing
towards higher time delay after photoexcitation and reduced amplitude due to dephasing of the

molecules during the T to HS intersystem crossing (Figure 3.18).
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Figure 3.18: Plot of Sq(t) signal at different lifetime of triplet state. The dashed lines represent the
INT signal Sint(t).

b) Case of the MLCT transient

In this case, the relaxation mechanism, can be expressed as follows:

TMLCT TINT

MLCT INT HS

The contribution of the MLCT state which decays with a time constant zazcr is given by:
Surcr(£) = Amrer X Pyper(t)
Where Apicr is the amplitude of the MLCT.
Pyrer(t) = IRF(t) ® [exp(_t/TMLCT) X H(t) |
The contribution of the triplet INT state which decays with a time constant 77 is given by:
Sint = Avr X Piyr ()

Where Avr and Pivrare the amplitude and population, respectively of the INT state, where Pvr

is given by the following expression:
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Pinr(t) = IRF(t) @ [(TML fin (exp( _t ) —exp (_—t)> X H(t) ]

cr — TINT) TMmLCcT TINT

In the case, the INT state is the source of molecules in the HS state, the sys is convoluted with

the Pivr(?) to give rise to the part of the signal due to the HS state Sxs(?) :

Sus() = Pyt () & sus(t)

The final global signal Sg(2) to fit experimental data including the signal of the INT state Sivr(?)
and MLCT state Suzcr(?), 1s equal:

Sc () = Surcr (@) + Sint(8) + Piyr(8) @ sys(t)

Here again longer intermediates, including now MLCT and INT states, results in apparent
dephasing towards higher time delay after photoexcitation of the oscillation and reduced

amplitude due to dephasing of the molecules during the intersystem crossings.
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Figure 3.19 : Plot of Sg(t), Smrcr(t) and Sinr(t).
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3.2.6. Ultrafast Photo-response at MLCT and d-d excitation

Following theoretical calculations and experimental OD measurements, we studied the
photoresponse of Fe(pap-5NOz) to d-d and MLCT excitation. We performed two different
types of measurements with the pump wavelength set to 530 nm for MLCT excitation and to
730 nm for d-d excitation. We used similar laser excitation fluences in both cases: 4.0(1)
pJ.mm2 at 530 nm and 4.2(1) pJ.mm? at 730 nm. Time-resolved OD change measurements
were performed at selected wavelengths to track the photoswitching dynamics. The
femtosecond optical pump-probe experiments were configured in NIR-transmission geometry
with a quasi-collinear configuration of pump and probe beams. The sample temperature was
controlled with a liquid nitrogen cryostream set for all experiments at 100 K, where the system

is LS and the HS-to-LS back relaxation occurs within less than 1 millisecond.

Several studies in the field of femtosecond pump probe spectroscopy have shown that in some
experimental conditions (laser pulse duration, pump power density, angle between the pump
and probe beam, wavelength of pump and probe...), the photo response may contain others
signal from the substrates or the solvent such as to Two-Photon Absorption (TPA), Stimulated
Raman amplification (SRA) and Cross-Phase Modulation (CPM) (Lorenc et al., 2002; Aubdck
& Chergui, 2015). It is therefore important to check the existence of such artefacts and remove
any unwanted signals generated during the transient absorption measurements with
femtosecond resolution. For each experiment on the sample deposited on the glass substrate,
we checked possible CPM signal, by performing measurements with the same conditions
(overlap, position, lasers power) on the glass substrate. This made possible to find accurately
the time zero (pump-probe overlap, Figure 3.20). The amplitude of the CPM is negligible
compared to the real signal from the sample and sometime an increase the laser power by a

factor of 2.5-12 to observe weak CPM, has been necessary.
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Figure 3.20: Time scans with and without the sample on the glass, showing weak cross-phase

modulation.
MLCT excitation

The Figure 3.21 shows the OD time traces probed at 960, 1020, 1500 nm, after femtosecond
pulse excitation of LS state of Fe(pap-5NO2); at 530 nm, i.e. in the MLCTLs band. The OD
increase at 1020 nm and decrease at 960 reproduce the optical fingerprints characteristic of the

LS — HS switching obtained with steady state spectra (Figure 3.10).

The time traces also indicate an intermediate signal, better seen at 1500 nm within the first
100s fs, and damped coherent oscillations at 960 and 1020 nm. These features are very similar
to the ones reported for ultrafast optical studies of LIESST in Fe''Ng molecules in solution or
in crystals (Cammarata et al., 2014; Bertoni et al., 2015; Aubdck & Chergui, 2015; Marino et
al.,2016; Consani et al., 2009). This is due to the local nature of the process in solids underlined
some years ago (Bertoni ef al., 2012) confirmed by a direct comparison of the dynamics of

Fe(bpy);*" in solution and in crystal (Field et al., 2016).
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Figure 3.21: Time scans at 100 K of relative milli-OD change upon MLCT excitation at 530 nm.

Time- resolved analysis in spectral regions were HS and LS species absorb almost equally
(such as 1500 nm) allows an isolated observation of the dynamics of the intermediate state(s)
involved during the spin-state photo-switching. For photoexcitation at 530 nm, such
intermediate states (INT) can include the initially photoexcited singlet *MLCT state (t2g"ec’L})
and '°T (d-d ligand-field states, tog°es'L°) on the pathway towards the HS potential.

The TD-DFT calculation (Figure 3.10 and Figure 3.11) of the triplet spin state indicates a
characteristic absorption band around 1200 nm. This band corresponds to an electron transfer
from the ligand L to the metal M and therefore this 1200 nm band of the °T state has a LMCT
character and is referred to as LMCTj3t1. As we could not compute the absorption spectra for the
'T and 'MLCT states, we shall use LMCTsr as an approximate global signature of these
intermediates using the following qualitative points: since the orbital energy levels are similar
for the 'T and T states, the LMCT;t band of the 'T state should also be centred at around 1200
nm. Additionally, the initial 'MLCT state resulting from excitation of the LS state at 530 nm,
should also have a similar low energy LMCT band due to the partial occupation of its tzg-like
orbitals. As we see from the LMCTjst state obtained from TD-DFT calculations, these low-
energy optical transitions for T and "*MLCT states have no analogue in either the LS or HS
species, even though the tail of the d-dus band extends up to 1500 nm. Experimentally, the
optical absorption of LS and HS states is very low, but quite similar, around 1500 nm due to
the broadening of the bands. Data around the isobestic point at 970 nm (Figure 3.13) are

strongly affected by coherent oscillation and vibrational cooling. The transient absorption peak
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measured at 1500 nm globally includes the OD signature of intermediates states (**MLCT and
T).

An exponential fit of the data probed at 1500 nm, taking into account our 60 fs RMS
instantaneous response function, indicates that the initial MLCT decays toward the HS state
within tmrer =188 (10) fs. A slower component tvc =2.8 (5) ps is also found and attributed to
vibrational cooling, as already observed in other SCO materials. (Cammarata et al., 2014,
Bertoni et al., 2015; Marino et al., 2016). The time-resolved OD data at 960 and 1020 nm show
similar features associated with an initial peak and a slower change accompanied by coherent

vibrations.

We analyze these data with the phenomenological model in the case of MLCT transient,
described previously (Section 3.2.5.b). It includes the exponential decay of the MLCT state
excited at t=0 and other intermediate state INT such as '*T, populating the final HS state within

tvict and accompanied by a damped oscillation.

For the fit of the data probed at 960 and 1020 nm (Figure 3.21), the physical parameters vosc
= 80(3) cm’, tvrcr =120(12) fs twr =70, and are the same for the different probing
wavelengths. The vibrational cooling timescale tvc and the oscillation damping tosc are
however different for each wavelength. It is well known that these timescales depend on the
spectral region. The damping constant is Tosc =1.001(0.05) ps at 1020 nm and 1.21(0.02) ps at
960 nm, and the vibrational cooling occurs within tvc =1.56(0.05) ps at 1020 nm and 1.68(0.05)
ps at 960 nm. Again these timescales are similar to the values reported for other systems
presenting LIESST in solids or in solution. (Boillot ef al., 2004; Bertoni et al., 2015; Marino et
al.,2016; Zhang et al., 2014; Aubock & Chergui, 2015).

The 80(3) cm™ oscillations are observed once the HS state is reached in OD time traces at 960
and 1020 nm, i.e. close to the d-dus band (Figure 3.11). These are associated with a strong
modulation of the ligand field by molecular breathing (Figure 3.13). Similar findings were also
reported in other SCO crystals and this oscillation probed around the d-dus transition was
attributed to the breathing of the ligand field (Cammarata ef al., 2014). For FeNg systems, this
is the main reaction coordinate between the LS and HS structures, which corresponds to the in-
phase elongation of the Fe-N bond lengths. The DFT study on Fe'((pap-5NO>), reveals a

breathing mode in the HS state at 84 cm™.. This totally symmetric vibration involves mainly the
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FeN4O> core and also corresponds to in phase stretching of Fe-N and Fe-O bonds as shown in

Figure 3.14.

These results indicate that the physical picture for MLCT- induced LIESST in Fe(pap-5NO»),
driven by the MLCT decay towards lower states activating and damping molecular breathing,
is similar to the one theoretically and experimentally reported for FeNs systems. The coherent
oscillations observed during LIESST are sometimes attributed to an impulsive Raman process
activating the LS breathing mode. This possibility can be excluded because the LS breathing
frequency is significantly higher (146 cm™). In addition, an impulsive process will induce sine-
like oscillations around zero OD change, whereas the band probed at 1020 nm, where

oscillations are stronger, is sensitive to the formation of the HS state.
d-d excitation

Additional measurements were also performed at 100 K in the LS state upon d-d excitation
at 730 nm generating ligand-field states ('’T, t2g°e' L), with experimental conditions similar
to ones used for MLCT excitation. Time-resolved OD changes for the different probing

wavelengths are shown in Figure 3.22.

At 5 ps, the OD increase (respect. decrease) at 1020 nm (respect. 960 nm) and weak change
at 1500 nm are characteristic of the formation of the HS state and similar to the changes
observed upon MLCT excitation at 530 nm. However the OD change is larger for d-d excitation
when similar laser fluence is used. For example, at 1020 nm the OD increases by 0.48 for 530
nm excitation and by 0.72 for 730 nm excitation (Figure 3.22). In SCO materials, the quantum
efficiency is known to be close to unity and the OD changes linearly with the number of photons
in such low fluence regimes (Bertoni ef al., 2016). The ratio of the number of photons contained
in the pump laser pulses of 4.2 pJ.mm2 at 730 nm and 4.0 pJ.mm at 530 nm is Ry = 1.45.
This ratio is close to the ratio of OD change at 1020 nm between 730 nm and 530 nm excitations:
Rop=1.5. These results indicate that d-d and MLCT excitations generate the final HS state with
very similar quantum yield. The comparison from data at 960 nm yields a value of the same
order, but is more difficult to analyze because 960 nm is closer to the isobestic point, known to

shift by lattice pressure and heating following femtosecond excitation (Bertoni ef al., 2012).
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Figure 3.22: Time scans at 100 K of relative milli-OD change upon d-d excitation at 730 nm.

The Data at 1020 nm around the maximum of OD change (Figure 3.8 insert) are not sensitive
to this effect and better suited to compare quantum yield. Around t=0 ps at 960 nm probing
wavelength, the OD decreases for the 730 nm d-d excitation, contrary to the 530 nm MLCT
excitation. In addition, the OD changes observed around t=0 ps at 1020 and 1500 nm probe for
730 and 530 nm. We identify the initial state as a *MLCT upon 530 nm excitation and as a T
state upon 730 nm excitation. Our calculations show that photoexcitation of the d-drs band can
induce a 'T spin-allowed or *T spin-forbidden states, but the relative weight of these could not
be calculated and two possible pathways may (co)exist, LS—!'T—’T—HS and/or
LS—*T—HS. Since Sousa et al calculated 'T—T inter-system crossing rates in the 400 - 2700
fs and *T—HS in the 60 fs range (Sousa et al., 2013) it is possible that the d-dis photoexcitation
induces mainly the 3T spin-forbidden states. Femtosecond X-ray fluorescence measurements,
as performed by K. Gaffney on Fe(bpy)s;*'(Zhang et al., 2014), may be helpful in future to

discriminate the nature of the initial photo-excited state.

In order to fit the time evolution of the optical fingerprints of the different states, we use the
phenomenological model in the case of INT transient (Section 3.2.5.a), the INT state is
associated the triplet state T, now including as initial process the exponential decay of the

photoinduced T state towards the final HS state:

T
T ——HS
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The fit of the data indicates that the HS state is populated after d-d excitation within Tt =70(10)
fs. The process is also accompanied by a coherent oscillation, with frequency vose= 80(3) cm™!
and damping constant Tosc=1.21(0.02) ps at 1020 nm and 1.00(0.02) ps at 960 nm. The
vibrational cooling occurs within tvc=1.33(0.04) ps at 1020 nm and 1.49(0.02) ps at 960 nm.
The fact that the frequency of the oscillation corresponds to the one observed after MLCT (530
nm) excitation confirms that the final photoinduced state is the same under d-d (730 nm)
excitation, as already indicated by the similar OD changes and photomagnetism. The main
difference compared to the MLCT excitation is the faster population of the HS state, which
makes sense since the number of intermediates is reduced in the case of d-d excitation compared

to MLCT excitation.
MLCT vs d-d excitation

Figure 3.23 compares the OD changes for the different probing wavelengths on short
timescales. The amplitudes of the changes were scaled for clarity. The OD peak probed at 1500
nm clearly appears longer around t=0 under MLCT than under d-d excitation. Regarding the
oscillating components, we can notice two main differences between the two excitation
processes. On the one hand there is a phase shift, of about 75 fs, between the oscillation
observed after MLCT and d-d excitation. On the other hand, the relative amplitude of the
oscillation, with respect to the OD change between LS and HS states, is larger under d-d

excitation than under MLCT excitation.

These features are very well explained by our phenomenological model (Section 3.2.5a)
which describes the signal as an initial photoexcited state (MLCT or T) which exponentially
populates the HS potential, where molecules undergo damped oscillations. Both effects result
from the shorter decay time trsus = 75(10) fs under d-d excitation than tvrcrs>us =188(10) fs
under MLCT excitation. The T state, with schematic electronic structure tag°es' L, is a natural
intermediate between MLCT (t2g°e.’L") and HS (t2.*e,’L°) states, and it was observed by x-ray
spectroscopy in Fe(bpy);**. We therefore performed another fit of the data in (Figure 3.23) to

describe the consecutive decays under MLCT excitation:

T

3T HS

TMLCT

L3MLCT

We independently found tr under d-d excitation as we identify 70(10) fs. Therefore, in the fit
presented in Figure 3.23, we refine only the '*MLCT—T decay time constant tmict =120(10)

fs. We can underline that the faster HS population under d-d excitation maintains coherence
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(amplitude of the oscillation) and launches HS state oscillation more rapidly, as illustrated by
the oscillation phase shift in time. This is due to the fact that the HS population is much faster
than the 210 fs half oscillation period, which is the upper limit timescale to maintain coherence
of the oscillation in the HS state. Under MLCT excitation, the overall tmict>ns = 188(10) fs
HS population approaches the half oscillation period and is responsible for decoherence during

the long MLCT-to-HS population, reducing the amplitude of the oscillation.
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Figure 3.23: Comparison of short time scans of relative OD change at selected probing wavelength
upon MLCTys excitation at 530 nm and d-dis excitation at 730 nm. The fit for 530 nm excitation

includes MLCT and T intermediates, whereas the fit for 730 nm includes T only.
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3.2.7. Process of the LIESST: MLCT vs d-d excitation

For MLCT excitation, the electronic decays towards less bonding 3T and HS states increases

the equilibrium Fe-Ligand distance and launches coherent Fe-L breathing around the

equilibrium position in the HS potential (Figure 3.24 a). The weak oscillation of an arbitrary

schematic signal (black) due to Fe-L bond length change for MLCT excitation is due to

decoherence during the relatively long MLCT-to-HS conversion compared to the oscillating

signal of a single molecule in the HS potential (Figure 3.24 b).

For d-d excitation LIESST processes with faster *T-to-HS conversion (Figure 3.24 c), which

maintains significant average structural coherence in the HS potential. The exponential growth

of the HS population from the MLCT, or from the T intermediate state, leads to average

coherent oscillating trajectories with a more reduced amplitude and longer apparent phase shift

as intermediates are longer, compared to the single trajectory in the HS state Sus(t).
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Figure 3.24: Schematic process of LIESST upon MLCT and d-d excitation.
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3.2.8. Ultrafast Photo-response at different wavelength excitation

Since the dynamics and pathways followed during LIESST depends on the excitation
wavelength, we decided to study the photoresponse dynamics as function of the pump
wavelength to follow the evolution of efficiency or coherence. The Fast Fourier Transform
(FFT) of the time resolved OD, normalized to 1 from 5 ps, allows detailed analysis of the data
and provides frequencies, and the amplitude of modes that are activated during the process of
photoswitching. In our experimental data, the different excitation wavelengths always shows
the activation of two modes: the main mode around 80 cm™' mentioned above corresponding to
the breathing mode and another one around 50 cm™ with lower spectral weight as shown in

Figure 3.25 for 3 pump wavelengths (730, 580 and 530 nm).
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Figure 3.25: From above to below: time scan of normalized OD, the Fast Fourier Transform of the
oscillatory component only and time dependent Fourier transform. (a, b and ¢ at 730 nm ), (d, e and f

at 580 nm ) and (g, h and i at 530 nm)

The results presented in the Figure 3.26, show the curves of the optical density as a function
of time on a scale going to few picoseconds. The choice of the wavelength of the probe is based

on the DFT calculations of the gap d-d splitting of HS state and the pump probe measurements
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at different probe wavelength around 1020 nm (Figure 3.13). The change of the optical density
at different pump wavelengths, presents a similar dynamics to the ones reported above: an
exponential relaxation accompanied by a coherent oscillation. The sign of the signal around the
time zero changes with the pump wavelength, which can reflects the signature of the different

intermediate states (MLCT vs T).
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Figure 3.26: Normalized OD change as function of wavelength of pump. Probe = 1020 nm

The Figure 3.27.a shows the amplitude of the mode at 80 cm™ obtained with the FFT for
normalized OD change, presented in the Figure 3.26. The amplitude in the range from 760 nm
to 700 nm remains high and similar, given the error bars. These data (above 700 nm) were fitted
with the kinetic model in the case of INT transient (Section 3.2.5.a). Below 700 nm, we can see

clearly that the amplitude begins to decay down to 0.3 at 490 nm. This is an illustration of the
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loss of structural coherence between d-d and MLCT excitation. In a similar way, we plot in
Figure.3.27.b the amplitude of the MLCT peak (Amrct) at t=0, obtained by fitting the data
(below 700 nm) with the kinetic model in case of MLCT transient (Section 3.2.5.b). The
apparent phase shift of the oscillation for the different pump wavelengths, which corresponds
to the relative shift of the oscillation with respect to the oscillation at 760 nm excitation (black
line segment, Figure 3.26). The amplitude of MLCT peak is strong below 650 nm, whereas the
temporal shift phase is higher below 650 nm.
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Figure 3.27: a) Normalized amplitude to wavelength range 700-750nm of the breathing mode as
function of the wavelength of the pump excitation. b) Amplitude of MLCT c) Relative phase shift with

respect to the oscillation at 760nm.



All these results indicate a crossover between d-d and MLCT pathways. At high energy
(below 650 nm) the MLCT process is favored, as illustrated by a strong MLCT peak, with low
structural coherence and high apparent dephasing of the oscillation, as it takes time to reach the
HS potential where molecules oscillate. At low energy (above 650 nm) the d-d process is
favored with no contribution from the MLCT. As the HS potential is reached more rapidly, the
apparent time phase shift is reduced and the amplitude of the oscillation is higher as coherence

is maintained (Figure 3.27.c). These findings are summarized in (Figure 3.24).
3.3. Investigation of the [Fe(L222Ns)(CN)z] spin-crossover

Also, we studied another spin crossover system which presents a very interesting coupling
between the structural and magnetic properties under the effect of temperature and light. The
compound is [Fe(L222Ns)(CN)z] which is a photomagnetic Fe! based coordination compound.
The LS is hexacoordinated and the HS state heptacoordinated. Here we study its ultrafast spin-
state photoswitching dynamics. We performed femtosecond optical spectroscopy
measurements at the Institut de Physique de Rennes (IPR) and femtosecond X-ray absorption

measurements at the XPP station of the X-ray free-electron laser LCLS.
3.3.1. Description of the [Fe(L222Ns)(CN)2] complex

This complex was originally synthesized by Nelson et al. and was found to be in the low-spin
state at room temperature(Nelson ef al., 1986). [Fe(L222Ns)(CN):] also serves as linker for the
design of trinuclear molecular complexes or one-dimensional compounds made of other types
of coordinated metal bricks(Ababei et al., 2013). Its photomagnetic properties allows for
example to switch “on” and “off” the magnetic interaction between the photoinduced Fe(II) HS
unit (S = 2) and the Mn'"" ions in Mn-Fe-Mn trimers. The structure of this linker was revealed
in the [Fe(L222N5)(CN)2].H20 complex by Ababei et al, where the system is LS at 150 K. The
Fe(II) ion is then hexacoordinated (Figure 3.28). With 2 cyanido ligands in axial positions (Fe-
CN=1.94-1.96 A)) and 4 N atoms from the macrocyclic ligand L22,Ns equatorial plane (Fe-
Neq =1.84-2.1 A). The fifth N atom of the L,2:Ns ligand is uncoordinated since Fe-N = 3.5 A.
Costa et al, reported that this system remains LS up to 420 K and undergoes light-induced
excited spin-state trapping from LS (S=0) to HS (S=2) states at low temperature, by
photoexcitation at 532 nm. This photoinduced HS state remains stable up to a typical
temperature T(LIESST) =110 K, as characterized magnetic susceptibility measurements after

light irradiation (Costa ef al., 2007) (Figure 2.29).
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Figure 3.28: Structures obtained by Ababei (Ababei et al., 2013) in LS [Fe(L222Ns)(CN),]-H>O crystals
(left) and in the complex [(Mn(saltmen)):Fe(L22:2Ns)(CN)>](ClO4)2-0.5CH30H, where HS
[Fe(L222Ns)(CN),] (right) connects two [Mn(saltmen)] units.
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Figure 3.29: Temperature dependence of ymT of [Fe(L222N5)(CN)2].H,O polycrystalline (Balde et
al., 2007)

Temperature-dependent diffuse absorption spectra of the hydrated [Fe(L222Ns)(CN)2].H20
complex, measured in the 450-850 nm range was also used to characterize the change of
electronic state. The switching from LS to HS is associated with an increase of optical
absorption above = 650 nm and a decrease below (Figure 3.30). In the following, we exploit

these spectroscopic fingerprints, to study the ultrafast photoswitching dynamics.
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Figure 3.30: Diffuse absorption spectra as a function of the temperature. The inset graph shows the

temperature dependence of the reflectivity signal recorded at 830 nm (Balde et al., 2007)
3.3.2. Ultrafast LIESST studies

In order to explore in real time the photoswitching dynamics of [Fe(L222N5)(CN).] in solution
at femtosecond and picosecond time scale, Femtosecond optical spectroscopy and femtosecond

X-ray absorption have been used.
3.3.3. Time-resolved white-light probe studies

In a first step we exploit the optical spectroscopic fingerprints to study with fs optical
spectroscopy the ultrafast spin-state switching dynamics of [Fe(L222Ns)(CN)2] dissolved in
water at room temperature. We used different spectral zone for pump and probe wavelengths.
We measured the global spectral optical density change (AOD) in the 500-770 nm range with
white-light spectroscopy, after photoexcitation at 490 nm (=10uJ.mm?2). The Figure 3.31
shows the OD change measured 2 ps after photo-excitation. The OD decrease below = 640 nm
(visible) and OD increase above (IR) is characteristic of the LS to HS photoswitching,

characterized by a more conventional optical LIESST experiment at low temperature.

81



S oFf
— B
L I
) -1 Pump =490 nm
3
B | |
500 600 700

Wavelength / nm

Figure 3.31: Variation of the optical density (AOD) recorded with white-light spectrometer 2 ps after

photo-excitation at 490 nm.
3.3.4. Time-resolved x-ray absorption

We performed a transient X-ray absorption measurements (XAS) at the XPP end station of
the LCLS X-FEL. We measured XAS changes Al(t)/Iosrat 7125 eV induced by photoexcitation
at 530 nm. XAS at 7125 eV is very sensitive to spin-state switching in Fe!! materials, because
of electronic and structural reorganisations. Figure 3.32 shows the XAS increase, characteristic
of'the LS to HS transformation (Cammarata et al., 2014; Bressler et a/,.2009) and a short change
of opposite sign within the first 100 fs, which highlights the presence of one (or several) short-
lived intermediate(s). In addition, a damped oscillation with a 710 fs period (47 cm™)
accompanies the process. These data show similar XANES signature of LIESST in this system

to the ones observed in Fe(bpy)s*" (Lemke et al., 2017).
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Figure 3.32: Time resolved change of X-ray absorption at 7125 eV at 530 nm excitation.
3.3.5. Time-resolved monochromatic pump and probe

Single-wavelength probe (680 nm) measurements gave more details about the switching
dynamics induced by 490 nm pump (Figure 3.33.left.a). We observe two main steps: a transient
peak immediately after laser excitation followed by a fast OD increase and a slower change
towards a plateau on the ps timescale. These features are similar to the ones observed during
LIESST in Fe!'!Ng systems with an almost octahedral coordination. The transient peak is the
signature of the short lived MLCT (=100 fs) which rapidly decays towards the HS state,
whereas the ps signal corresponds to vibrational cooling in the HS potential(Cammarata ef al.,
2014; Marino et al., 2016; Bertoni ef al., 2016). The global optical density increase in IR and
decrease in visible range, observed during conversion from LS to HS state on the ps timescale
(Figure 3.33), is also observed for photoexcitation at 530, 580 and 680 nm (Figure 3.33.left.b-
d). However, the photo-switching dynamics are different at the 490 nm probing wavelength

(490 nm) for the different excitation wavelengths.
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Figure 3.33: (Left) Kinetic traces of AOD at selected wavelengths obtained by two-color pump-probe
experiment at room temperature. (Right) NTO of hole and particle for different excitation

wavelengths, showing MLCT-like transition at high energy and d-d-like transitions at low energy.

These results obtained are the signatures of the LS to HS spin-state photo-switching. For
understanding better the process, an accurate description of the initial excited states has been
obtained by DFT and time dependent DFT (TD-DFT) calculations performed by S. F. Matar
(Martin, 2003). TD-DFT lead to the natural transition orbitals (NTO), through an account for
hole—particle pairs involved in the excited states induced by the pump light. TD-DFT as
implemented in the Gaussian 09 package was applied for obtaining the NTO of LS
[Fe(L222N5)(CN)2], starting from geometry optimized molecule with UB3LYP/6-31g(d,p)
functional-basis set, found to be similar to the hexacoordinated structure found by X-ray
diffraction(Ababei ef al., 2013). Because of the low symmetry of the molecule, the d orbitals
of the Fe and the ligand orbitals are mixed. We can distinguish in Figure 3.33 (right), different
types of photo-excitations. In the low energy excitation region, the 680 nm pump excitation
corresponds well to the transition calculated at 1.91 eV. The hole has some d non-bonding
character and the particle some d anti-bonding character. Both hole and particle NTOs involve
ligand, but given the low symmetry of the system, this excitation is analogous to a d-d transition.
We identify another type of d-d excitation at 2.12 eV (close to 580 nm). The hole has some d

non-bonding character and the particle some d anti-bonding character, but the particle weight
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is strong on the CN groups of the ligand. Excitation around 530 nm corresponds to a transition
calculated at 2.34 eV, which has a stronger metal-to-ligand charge-transfer character, with high
particle weight on the macrocyclic ligand equatorial plane. In the following discussion, 680 nm

excitation is referred to as d-di, 580 nm as d-d, and 530 nm as MLCT for the sake of simplicity.

For understanding the nature of the oscillation observed in the photoinduced HS state, we
carried DFT molecular vibration calculations in the heptacoordinated HS state. In the low
frequency region, we found vibration modes at 30 cm™!, 46 cm™ and 52 cm™!. The modes at 30
and 52 cm! correspond to ligand torsion modes. Figure 3.34 shows main atomic motions for
the mode calculated at 46 cm™ of specific interest for interpretation of the observed XANES
oscillations. It corresponds to the bending of the NC-Fe-CN axis schematically indicated by the
arrows showing opposite motions of Fe and CN groups. This induces small oscillation of some
Fe-N bond lengths as the macrocycle remains almost rigid in this mode. In addition, we found
a stretching mode at 183 cm™!, where three Fe-N bonds oscillate in phase and two remains
almost constant. We found another type of stretching mode at 263 cm™!, with in-phase stretching

of the Fe- CN bonds perpendicular to the macrocyclic ligand.

HS 46 cm™ HS 183 cm!

Figure 3.34: Representation of the vibration modes calculated at 46 cm™ and 183 cm™ for the

heptacoordinated HS state.

We try now to build a scenario to explain the experimental results. As both optical and X-ray
data evidence an intermediate state, with a transient peak and a fast change on the fs timescale,

we use the phenomenological model described previously including an initially photoinduced
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state (MLCT), which stochastically populates the final HS state where the system undergoes a
damped oscillatory motion. This simple model, which was used for Fe(bpy);** (Lemke et al.,
2017), is applied to our XAS data and is able to reproduce all main features of the experimental
data. Photoexcitation at 530 nm (MLCT) creates a formal Fe*" state. It was shown in Fe(bpy);>*
that for the XAS data this change of oxidation state results in a transient negative peak at 7125
eV just after laser excitation, because of the global spectral shift by =1 eV of the XANES
spectra of the MLCT state. The change towards the HS state (Fe''), accompanied by an increase
of the distance between the Fe and the neighbouring atoms is associated with an increase of

XAS at 7125 eV, as reported in different systems.

The fit to the XAS time trace in Figure 3.32 indicates that the HS state is populated within
160(20) fs and that a 47 cm™ molecular vibration (710 fs period) is activated and damped with
a 800 fs time constant. Since DFT calculations did not revealed molecular vibrations in the LS
state below 55 cm™!, we identify the mode observed as the HS 46 cm™ found by DFT (Figure
3.34). This is an indication that the HS state, with heptecoordinated structure, forms rapidly
after photo-excitation, even though an EXAFS study would be required to affirm firmly that
the complex changes from hexa to heptacoordinated structures, but we could not measure
additional XANES spectral changes, because of the limited X-FEL beam time. We can also
notice that optical pump-probe studies performed up to 80 ps after 490 nm excitation did not
revealed slower transformation process (Figure 3.35), except the 3 ps vibrational cooling
component. We analyse in a similar way the optical pump- probe data through the OD
dynamical time traces shown in Figure 3.33.left, taking also into account a slower vibrational
cooling component. The physical parameters used for the fits shown in Figure 3.33.left. A time
constant =130(10) fs is found for excitation at 490 nm and 530 to describe the decay of the
MLCT to the HS state, whereas a 75(10) fs time constant is found for lower energy excitation
at 580 and 680 nm to describe the decay of the d-d excitations to the HS state. We also observe
different optical fingerprints of the intermediates under 530, 580 and 680 nm excitation for the
same probing wavelength. Vibrational cooling varies with the probe wavelength, as it is often
the case. We also clearly observe the mode at 47 cm™ in Figure. 33a & 33d, but not 33b and

33c, probably because of the signal/noise limitation.
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Figure 3.35: AOD time traces at 680 and 720 nm after photoexcitation at 490 nm.

The present femtosecond results of LIESST in [Fe(L222Ns)(CN):] are in good agreement with
recent results obtained in different systems indicating that the MLCT state decays within 120
fs towards the HS and that the FeNs breathing mode in the 120 cm™! range and other modes are
coherently activated during this decay. For [Fe(L222Ns)(CN).], we find a similar 130 fs MLCT
to HS decay for excitations at 530 and 490 nm. However, we could not observe the Fe-ligand
stretching modes involving Fe-N (183 cm™) or Fe- CN (263 cm™) breathing-like bonds. It
should be underlined that the periods of these modes correspond to 182 and 127 fs.

3.4. Conclusion

The results discussed in this chapter compare two possible LIESST pathways from LS to HS
states under d-d or MLCT photo-excitations. The sequence MLCT—>T within 120 fs and
3ST—HS within 70 fs are very similar for FeNe and the lower symmetry FeN4O: system
investigated here. LIESST is associated with the fast activation of the molecular breathing mode
as anti-bonding orbitals are populated, increasing so the equilibrium Fe-L distance and trapping
the system in the HS potential as demonstrated in other systems (Cammarata et al., 2014;

Bertoni ef al., 2015; Aubdck & Chergui, 2015; Marino et al., 2016; Consani et al., 2009).

The short lifetime of intermediate states are therefore not thermally equilibrated states, since
their population is shorter than the oscillation period in the potential. They correspond to an
evolution of hot states within the manifold of electronic states involved in the process, where
the coherent structural dynamics moves the system between different electronic potentials, on

a timescale where wave functions of atomic nuclei and electrons are difficult to separate. The
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resulting physical picture is consistent with the theoretical model introduced by van Veenendaal
(Van Veenendaal et al., 2010). The speed of the structural trapping through Fe-L elongation is
limited by the decay of the MLCT towards the T state, where antibonding orbitals are populated,
since the initial 'MLCT state is equally bonding as the initial LS state. The molecular expansion
only starts once the T state is reached, which takes about 120(10) fs, before decaying towards
the final HS state within 70(10) fs. The d-d excitation process instantaneously populates
antibonding orbitals and, in doing so, launches the Fe-L expansion and moves the system
towards the HS potential. The HS state is then reached within 70(10) fs. Here we can study
accurately the coherent structural dynamics during LIESST through the intense d-dus band in
the FeN4O, system, strongly modulated by the Fe-L distance. By reducing the lifetime of
intermediates compared to MLCT excitation, d-d excitation allows a faster LIESST and
preserves structural breathing coherence as this molecular reaction coordinate is activated and

damped for trapping the HS state.

We also observed a similar spin stat switching mechanism in [Fe(L222N5)(CN)2] using the
femtosecond optical and X-ray absorption spectroscopies, in which the low symmetry of the
molecules allows MLCT and d-d like photoexcitations in the LS hexacoordinated state. We
found optical fingerprints of these intermediates and a faster decay of from d-d to HS than from
MLCT to HS. We found that this process induces a coherent structural dynamics, related to the
bending of the N-C-Fe-C-N group. The structural relaxation in the HS state is complex with a
change of coordination and a large ligand reorganization. It necessary to perform a femtosecond
EXAFS measurements in order to follow in more detail the global structural change from

hexacoordinated in the LS state to heptacoordinated in the HS state.
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4.1. Introduction

This chapter is devoted to study the ultrafast dynamics of charge transfer and spin transition
in CsCoFe(CN)6. This compound was synthesized and characterized by the group of T.Mallah
at ICMMO. The DFT and TD-DFT computations were carried out by S. F. Matar at ICMCB. 1
performed the x-ray powder diffraction and the optical pump-probe experiments at the IPR. The

time resolved x-ray absorptions measurements were carried out at ESRF and at LCLS.
4.1. Description of CsCoFe(CN)s compound

CsCoFe(CN)s belongs to the Prussian Blue Analogues (PBA) class of materials, where two
different kinds of metal ions are linked by cyanide (C-N) bridges. PBA can be written as
AM’M”(CN)s, with M’ and M” are metal ions, and A is an alkali metal cation (Cs+, K+, Na+),
which can be inserted in the structure. In the case of the PBA compound studied here, M’= Co,
M”=Fe and A= Cs+. The crystalline structure forms a 3D network, with a face-centred cubic
(FCC) packing and a Fm3m space group. The cell parameter is around ~10 A which can be
varied, by substituting the metal ions or/and alkali cations (Sato et al., 1996; Bleuzen et al.,
2000; Escax et al., 2001). The Figure 4.1 represents the tridimensional structure of the
CsCoFe(CN)6. The Fe and Co are linked by cyanide bridges, which are bonded to C and N

atoms respectively.

Figure 4.1: Representation of the crystallography structure of CsCoFe(CN)s.
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4.1.1. Charge Transfer and spin transition in CsCoFe PBA

Many studies on AxCoy[Fe(CN)s].nH20 (A being an alkali) 3D materials like CsCo[Fe(CN)s],
it has been shown that external control parameters like temperature or pressure can change the
charge and spin state of this compound (Verdaguer et al., 1999; Cafun et al., 2012; Cartier dit
Moulin et al., 2000). In particular increasing the temperature usually destabilizes the low spin

phase (FelL, — CN — Col!l ) where the subscript indicates the spin state and the superscript the

oxidation state) and favors the charge transfer / high spin phase F 85”_11 —CN-C 0;1_3. More
2 2
recently researchers have managed to use light to reversibly control the state of the system (Sato
et al., 1996; Koumousi et al., 2011) through ultrafast metal-to-metal charge-transfer processes
(MMCT). At thermal equilibrium the change of spin state on the Co site is associated with a
structural reorganization: as electron populate antibonding e, orbitals in the HS state, the Co-N

bonds expand (Figure 4.2).
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Figure 4.2: Schematic representation of the process CTIST in Fe-CN-Co.

Despite the large variety of scientific studies in the last decades, for example by optical
(Arnett et al., 1995), X-ray diffraction (Moritomo et al., 2009) and Near Edge X-ray Absorption
experiments (Cafun et al., 2012). The mechanism of the switching is not yet understood. Is the
charge-transfer driving the spin change or vice versa? Are the changes happening
simultaneously? The physical picture is complicated by the fact that many absorption bands are
theoretically predicted ranging from charge transfer to metal centered. X-ray absorption with
its sensitivity to charge transfer (resulting in a “rigid shift” of the absorption spectrum) and
structural rearrangement (change of the XANES spectrum) is an ideal probe to disentangle
electronic and structural changes, especially at Fe and Co K-edges conveniently located within

the limits of the X-ray energies reachable at LCLS.
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4.1.2. Fingerprints of photoswitching in CsCoFe(CN)s

The CsCoFe(CN)s nanocrystals was characterized by several techniques such as SQUID,
XRD and visible absorption. The different signatures (magnetic, structural and spectral) of the
low-temperature photoinduced state, are presented in the Figure 4.3. The magnetic
measurements performed by the group T. Mallah in nanocrystals with size ~ 15 nm, shows an
increase in the magnetization after CW irradiation with 642 nm at very low temperature (5 K)
(Figure 4.3 a), that is due to photoconversion of the CoFe pairs from the CsCo"™(LS)Fe'[(LS)
diamagnetic state to paramagnetic state CsCo((HS)Fe'''(LS).
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Figure 4.3: a) Temperature dependence of magnetic measurements in CsCoFe(CN)s before and after
CW irradiation at 5 K (Dia, 2013). b) Relative change of the lattice parameter CsCoFe(CN)g at 15 K,
under 650 nm CW excitation. ¢) Visible absorption spectra at 15 K, before (black) and after (red)
irradiation at 650 nm, in inset (blue) the difference between them (red-black).
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To characterize the structural properties of the CsCoFe(CN)s nanocrystals dispersed in the
PVP polymer matrix under the effect of light, low temperature XRD patterns were collected
using 4-circle diffractometer at IPR with monochromatic radiation (A = 0.71073 A). We used a
continuous laser at 530 nm in order to switch the system at low temperature from the
CsCo™(LS)Fe'(LS) to the CsCo'(HS)Fe''(LS) state. The diffraction patterns of nanocrystals
collected before, during and after irradiations were used to determine the parameter lattice
change. All diffractograms are characterize of face-centered cubic (fcc) structure but the
position, the Full Width at Half Maximum (FWHM) and intensity of the reflections vary with
irradiation, the diffuse background which characterizes the PVP matrix scattering is removed
using the method described in the previous chapter (Section 2.1.1). The positions of hkl
reflections have been determined for all pattern from the fitting using the pseudo-Voigt
function. At 15 K, without laser irradiation the system is low spin with an initial lattice
parameter of a ~ 10.07 A. The diffraction pattern collected simultaneously with 28 mW
irradiation show a shift of all reflection in the same direction, which corresponds to the increase
of the lattice parameter of ~ 0.07 % A this variation induced by the transformation of the system
from the LS to metastable state directly reflects the electronic state of the cobalt atoms in the
structure: Co''(HS) with long coordination a ~ 10.143 A. the increase of the power of the
irradiation (100 mW) causes a variation of ~ 0.1 % of the cell parameter which is the thermal
expansion of the photo induced structure. After irradiation, the parameter lattice decreases by
the same thermal variation to the parameter values of the high spin structure and it remains

constant (Figure 4.3 b).

We have investigated the optical density change of CsCoFe(CN)gs nanocrystals dispersed in
PVP polymer film with a thickness of few hundreds micrometers. The absorption spectrum was
measured before and after CW irradiation at 650 nm at 15 K, in the 400-1100 nm range (Figure
4.3.c). The differential spectra clearly shows changes which reflects a change in the electronic
structure under light irradiation. The large absorption band around 530 nm of
CsCo™(LS)Fe'(LS) state is associated the metal-metal charge transfer band (Sato e el., 1999;
Yoshizawa et al., 1998). This absorption band decreases after irradiation, which is associated

with the depopulation of CsCo™(LS)Fe!'(LS) state.
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4.2. Probing the charge transfer: Time-resolved XANES

The first observation of the charge transfer at room temperature in CoFe was carried out by
the group of Bleuzen (Cafun et al., 2012), it was found by probing around the Fe K-edges and
Co K-edge (Figure 4.4), that under pressure and light irradiation, an electron is transferred from
the Fe to Co which stabilize the photoinduced state Co"'Fe'"'. The shift observed in absorption
spectrum is due to the oxidation degree in Fe'>Fe" and Co™->Co!. This measurements
demonstrated a change in the spin state of Co from Co"™(LS) to Co''(HS), which is due to a

structural change around the Co site.
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Figure 4.4: XANES profiles of LS and trapped photoinduced HS state for a (CoFe) PBA (Cafun et al.,
2012).

The CsCoFe(CN)s nanocrystals dispersed in water studied here are in the diamagnetic
Fe''(S=0)-Co''(S=0) state at room temperature, which allows performing the photo
transformation experiments at room temperature. We acquired the XANES data from the 15
nm size nanocrystals dispersed in water and excited by 650 nm laser pulses (Figure 4.5). The
XANES changes were monitored by the ~70 ps X-ray pulses at the ID09 beamline (Section
2.2). Before laser irradiation, the maxima of X-ray absorption intensity I(a.u.) are around 7728
eV at the Co K-edge and around 7130 eV at the Fe K-edge. These results are in good agreement
with the results obtained from the study mentioned above (Cafun et al., 2012). The spectral
changes measured 500 ps after laser excitation (red dashed curve) are very weak. This is often
the case in time-resolved studies, because the excitation density used is typically of the order

of 1 photon per 100 active sites. Therefore, the spectral changes due to photoexcited species are
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better observed on the spectral intensity change, Al = (Isoops-lofr), also shown in Figure 4.5. The
difference spectra at the Co edge shows a spectral shift towards lower energy, characterized by
an absorption increase below the Co edge and a decrease just above. Difference spectra at Fe
edge shows the opposite spectral shift towards higher energy, with an absorption decrease

below the Fe edge and an increase just above.
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Figure 4.5: XANES spectra, for the CsCoFe nanocrystals, at the Fe and Co edges before (black) and

500 ps after laser excitation (red) and corresponding spectra change Al(t)

Such changes in the absorption spectra are characteristic of the change of the formal oxidation
state of the metal ions and therefore of the Co™(LS)Fe"—Co'(HS)Fe™ electron transfer
(Cartier dit Moulin et al., 2000; Yokoyama et al., 1998; Cafun et al., 2012). Additional
oscillating changes above the Co edge are characteristic of the local structural change around
Co due to the spin-crossover as already observed for Fe in the SCO systems. The transient
XANES changes Al(t) after photoexcitation were measured at photon energies just above and
below the Co and Fe absorption edges (Figure 4.6). These traces indicate that the electron
transfer occurs within the 100 ps time resolution of the experiment and that the photoinduced
Co''(HS)Fe''(LS) state has a lifetime larger than 1 ns at room temperature. Cartier dit Moulin
et al reported that the irradiation induces a shift for the pre-edge from 7711 to 7710 eV (Cartier
dit Moulin et al., 2000), hardly seen in Figure 4.5 due to experimental limitations, which will

be interesting to track in real time with new XANES experiment with high flux.
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Figure 4.6: Time scans of relative absorption changes at selected X-ray energies below and above the

Co and Fe edges, for the CsCoFe nanocrystals.
4.3. Time-dependent DFT calculations

The TD-DFT calculation were carried out in order to better understand the electronic and
structural properties in CoFe PBAs. The periodic structure of this system renders very difficult
to calculate the absorption spectra, whereas the calculation is possible for a single pair Co(NC)s-
Fe(CN)e. UV-vis absorption spectra were simulated by convoluting with Gaussian functions
(FWHM = 0.33 eV) centred at the calculated wavelength for each transition. The Figure 4.7
shows the absorption spectra calculated for Co'(LS)Fe'(LS) and Co'(LS)Fe'(LS) pair.
Concerning the geometry of Co"Fe'!, two main absorption bands are computed at 470 nm and

580 nm. For Co''Fe'!, two absorption band centred at 440 nm and 540 nm.
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Figure 4.7: Absorption spectra calculated for Co-NC-Fe pair.
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From the molecular orbitals simulations, the transition centred at 580 nm of the Co''Fe!! pair
has a Co d-d character and will be associated to the d-dis, this transition is weak but non-zero.
Another possible transition in the near IR region (centred at 1200 nm), which has a metal-metal

charge transfer (MMCT) from the Fe t2¢ to Co e, orbital (Figure 4.8).
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Figure 4.8: a) Characteristic orbitals of hole and particle for Co™(LS)Fe'[(LS) state obtained by TD-
DFT. b) Energy diagram of Co'(LS)Fe'(LS) calculated by TDF.

4.4. Femtosecond optical and XANES studies

For tracking the lifetime of the photoinduced CsCo'(HS)Fe!'(LS) state, we performed
complementary optical measurements on the experimental set-up available at the Institut de
Physique de Rennes. We used time-resolved optical spectroscopy to study the relaxation
process of CsCoFe nanocrystals in solution that were photo-excited at room temperature by 650
nm optical pulses. The probe wavelength was set to 520 nm, which corresponds to the
maximum of the Co™(LS)Fe!'—Co"(HS)Fe!" absorption band. The time-resolved OD decrease
after photoexcitation shown in Figure 4.9, is due to the depopulation of the Co™(LS)Fe!! after
photoexcitation and indicates that the Co'(HS)Fe"(LS) — Co™(LS)Fe'/(LS) relaxation occurs

within few ps at room temperature.
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Figure 4.9: Time trace of OD change at 520 nm, after fs laser excitation at 650 nm, for the
CsCoFe(CN)s nanocrystals.

For better understand the ultrafast dynamics of the charge transfer and spin transition, we
performed a femtosecond optical pump-probe measurements in CsCoFe(CN)s nanocrystals
embedded in PVP polymer and dispersed in water at room temperature, using the set-up
descripted in the Section 2.1.2. The repetition rates of the pump and the probe are 500 Hz and
1 kHz respectively. The excitation fluence is set to 30 uJ.mm™. In the Figure 4.10 (b,c), we
show the time scan of OD after 650 nm wavelength excitation and probing at 427 and 1000 nm.
The increase of OD at both wavelengths of probe, is characteristic of the formation of the
Co''(HS)Fe'(LS) state, as observed in the difference spectrum at low temperature between,
before and after CW irradiation (Figure 4.10.a). The transient peak observed at 427 nm at t =0,
reflects the presence of an intermediate electronic state with a lifetime of ~150 fs, and a coherent
oscillation accompanies the relaxation, with a period of 650 fs (~ 51 cm™") and damping of 670
fs. Given the previous results obtained in different SCO materials, we tentatively attribute these
oscillations to Co-N oscillation accompanying the spin transition on the Co site, with a global

increase of the Co-N bonds.
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Figure 4.10: a) Difference spectrum of OD. Time trace of OD change after 650 nm pump: a) at 427 nm
probe and b) at 1000 nm probe, in CsCoFe(CN)g nanocrystals.

In addition to the optical and TR-XANES at ESRF measurements, we performed a
preliminary femtosecond XANES experiment in CsCoFe(CN)6 nanocrystals at LCLS, using
the set-up described in the Section 2.3. The x-ray probe was at the Fe K-edge. The pump
wavelength was 530 nm. the XANES spectrum recorded after 5 ps pulse excitation (Figure
4.11.a), indicated the change in oxidation state of Fe from Fe(II)=>Fe(IlI), which is associated
to the transfer of an electron from Fe to Co, as observed at 500 ps by XANES at ESRF (Figure
4.5.a). The time scans at selected energies 7131 and 7126 eV (Figure 4.11.b.c), shown that the

electron arrives on the Fe within 170 fs time resolution of the experiment.
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Figure 4.11: Femtosecond time-resolved XANES at Fe K-edge after 530 nm excitation. a) XANES
spectra at 5ps. b) Time scans of relative absorption changes at selected X-ray energies below and

above the Fe K-edge.
4.5. Photoswitching mechanism

To summarize, the TD-DFT calculations show that the d-d transition of Co is not zero and is
in the 530-560 nm range. The picosecond XANES, evidences the charge transfer at 500 ps upon
650 nm pulse excitation. The femtosecond optical measurements shows a multistep dynamics
and the breathing mode which concerns the Co-Ns bonds. Finally, femtosecond XANES

indicates that the charge transfer occurs within 170 fs.

We propose a tentative scenario of this multi-step process is shown in the Figure 4.12, which

includes 4 steps as follow:
Step 0: Initially the system is in the ground diamagnetic state Co™(S=0)Fe'(S=0).

Step I: The photo-excitation at 650 nm corresponds to a Co d-d electron transfer, as shown by
DFT calculation, promoting one electron from the Co tz; to the Co e, orbitals. This transient

electronic state is identified by a short OD peak observed with 427 nm probes.
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Step II: The population of antibonding Co eg orbital drives the elongation of the Co-N bonds

(arrows), thereby closing the txg-e. gap on the Co site.

Step II1: the t2g-e¢ gap closing on the Co site, promotes another electron from the Co tog orbital

to the Co e orbital, and induces a spin transition on the Co, forming a high spin Co™! S=2 state.

Step IV: the structural reorganisation redistributes energy levels and one electron is transferred
from the Fe to the Co, forming so the final Fe(S=1/2)-Co'{(S=3/2) state. As there is no
significant structural change on the Fe site between Fe!! to Fe'!! states (electrons populate non-
bonding states in both cases) the coherent oscillations are very likely due to the spin transition
on the Co site, which should be accompanied by the activation and damping of the breathing

mode. This process is therefore similar to the one reported in SCO materials in chapter 3.
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Figure 4.12: Schematic of the possible states involved with electronic and structural changes.



4.6. Discussion

The goal of the study presented in this chapter was to better understand the elementary
mechanism of the switching in CoFe PBA compound. More precisely, to determine which
process (charge transfer or spin transition) happens first after optical excitation. Our approach
to explain these processes is different to the one often discussed in the literature in terms of
Charge Transfer Induced Spin Transition CTIST. Here we propose a light-induced excited spin-
state trapping (LIESST) process occurring on the Co site and followed by the electron transfer
from the Fe to the Co in a second stage (Spin Transition Induced Charge Transfer STICT). This
interpretation is based on TD-DFT computations and experimental results obtained by
femtosecond optical and XANES pump-probe studies. We clearly observed an intermediate
state at 427 nm upon d-d excitation of Co and a coherent oscillation which accompanies the
relaxation in the final state. This oscillation is attributed to the coherent structural trapping of
the Co HS state which results from the activation and damping of the CoNg breathing mode.
However, such low frequency Co-N6 breathing mode (650 fs period) was never discussed in
the literature so far. In addition, the preliminary results obtained by TR-XANES at LCLS show

a change from Fe!! to Fe'! occurs within less than 170 fs.

A clear answer to the sequence of processes and states involved during the photoinduced CT
process requires a deeper investigation of the process to understand better how electronic and

structural degrees of freedom change in time and couple to each other.

Optical probes being indirectly structural-sensitive and not element specific. To confirm our
approach, it is necessary to perform X-ray absorption studies both at the Co and Fe K edges.
We were allocated for beamtime at the XPP station of the LCLS X-FEL to perform such an
experiment in summer 2017. The 20 fs RMS time resolution will allow to watch when the
electron leaves the Fe and arrives on the Co (opposites shift of the XANES for both edges). The
coherent structural trapping, expected to result from Co-N elongation, should translate in
oscillation of the time-resolved XANES signal around the Co Edge, as we observed recently

during LIESST of a Fe spin-crossover molecule (Lemke ef al., 2017).
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4.7. Conclusion

The results presented in this chapter 4 open the way for investigating photoinduced charge-
transfer process in PBAs. As proof of concept, we studied the prototypical Co-N-C-Fe 3D PBA
system. During the last years, several groups developed new synthesis for isolating the Co-N-
C-Fe switchable units, at the level of chains, [CosFes] cubes, [CozFe:] squares or [CoFe] pairs
(Li et al., 2008; Zhang et al., 2010; Koumousi et al., 2014; Lescouezec et al., 2003; Mercurol
et al., 2010; Nihei et al., 2011), able to mimic the bistable structural and electronic properties
of CoFe PBA, including photo-induced CT transition conversion. In addition, photo-induced
CT conversions have now been reported in various cyanide-bridged bimetallic systems such as
MnFe (Tokoro et al., 2014; Ohkoshi & Tokoro, 2012) or CoW (Miyamoto et al., 2016; Chorazy
et al., 2016) showing the generalization of the CT switching process. The present study, with
the emergence of fs XANES at X-FEL, opens a broad field of investigation for observing and
understanding the processes coupling structural and electronic reorganization during the
process, by combining femtosecond optical and X-ray spectroscopy, at the level of 3D materials

or in isolated [CoFe] pairs in solution.
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General Conclusion

The results I have obtained during my PhD on the ultrafast photo-switching dynamics in
molecular spin crossover crystals and Prussian blue analogues are presented in this manuscript.
For performing such investigations, different experimental tools have been used, namely
femtosecond optical spectroscopy at IPR and ultrafast X-ray spectroscopy at the ESRF
synchrotron and at the LCLS X-FEL.

The investigation of different types of systems Fell SCO systems shed light on the different
excitation processes involved. MLCT and d-d excitation induce different pathways from the
initial low spin to the final high spin states, triggering different coherent structural dynamics of
the <Fe-N> bond length breathing. The fast activation and damping of this mode is responsible
for the structural trapping of the photoinduced high spin state, as evidenced by femtosecond
experiments. This work opens the possibility to extend our method to investigate other type of

photoactive materials.

Our study on photoinduced charge-transfer process in the 3D PBA Co-N-C-Fe is a proof of
concept that fs X-ray and optical spectroscopies can be used to understand how CT and spin-
crossover processes couple in time, to switch the physical properties of the material. The
emergence of fs XANES at X-FEL, opens a broad field of investigation for observing and
understanding the processes coupling structural and electronic reorganization during the
process. There is a nice opportunity to extend this work to the emerging CT systems, such as
[Co4Fes] cubes, [CozFez] squares or [CoFe] pairs or CoW materials able to mimic photo-
induced CT transition conversion. Similar questions appear for the study of systems like MnFe
PBA, showing stronger structural change with important Jahn Teller distortion and symmetry
breaking. Femtosecond structural studies should shed light on how this symmetry breaking
takes place and what is the associated structural dynamics. In addition, there is the possibility
to induce different dynamics through charge-transfer induced spin transition or through spin-
transition induced charge transfer pathways, which will be very interesting to explore in future,

as different optical excitation wavelength may induce initial d-d or CT states.

Finally, in addition to the observation of photoswithing dynamics with femtosecond tools,
another important goal emerge for controlling and switching the physical properties of this type
of materials. Indeed, new techniques allow manipulating materials such as non-linear phononic

or THz excitation, which trigger photoinduced phase transition no more through highly excited
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initial electronic state, but more gently through the activation of structural degrees of freedom.
This will open the possibility to drive ultrafast and coherent photoinduced switching, which the

femtosecond probe techniques developed and used in this thesis will easily monitor.
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Introduction

The development of photochemistry and photophysics of
coordination compounds requires a good understanding the
role of intermediate excited states." Light-induced excited spin
state trapping (LIESST) is a process that is able to switch
molecules between different spin states, and is the focus of
intensive development directed towards photomagnetism in
spin-crossover materials.>® Photophysics was deeply investi-
gated in systems based on iron, ruthenium, cobalt, copper,
chromium or manganese.”! LIESST has been intensely studied
in Fe''N, spin-crossover materials in which the Fe ion experi-
ences an almost octahedral ligand-field. At low temperature, the
ground state is low spin 'A; (LS, S = 0, t3,epL’), where L refers to
unoccupied ligand orbitals. At high temperatures the high spin
state °T, (HS, S = 2, ty,e;L°) with a higher entropy is favoured.
The photoinduced states are long-lived at low temperature, and
Hauser observed that LIESST and reverse-LIESST could be
induced by weak continuous laser excitation."*™* Photochro-
mism in crystals associated with conversion between LS and HS
states can be directly observed by optical spectroscopy.*® LIESST
could also induce HS states with structures different from those
at thermal equilibrium.* LIESST and reverse-LIESST were
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structural dynamics, and d—d excitation induced faster LS-to-HS switching, compared to MLCT.

transiently generated in solids at high temperatures'** and
observed by pump-probe techniques, including optical and X-
ray spectroscopies and X-ray or electron diffraction.’* The
ultrafast molecular expansion during LIESST also drove
cooperative, elastic transformations in crystals. It has been
shown that more than 7 molecules can undergo switching per
photon absorbed.”®*” Understanding and controlling LIESST is
of great interest and the reason why its basic mechanism has
been rigorously investigated for several LS molecules in
solution.?®¢

Recent studies of the LIESST mechanism in Fe' systems
upon metal-ligand charge transfer (MLCT) excitation were
performed with 30-100 femtosecond time resolution. They
revealed key features of the intersystem crossing, mainly in
terms of the change in electronic states, as summarized in
Fig. 1(a).>**?*3% The MLCT — HS conversion occurred
through MLCT — °T and *T — HS conversions of about 120
and 70 fs, respectively. Theoretical electronic-structure calcu-
lations used time-dependent approaches to provide
intersystem-crossing rates in agreement with these experi-
mental reports.” The HS state was structurally trapped in the
HS potential through expansion of the FeNg core. The electronic
population of anti-bonding e, orbitals moved the equilibrium
molecular structure to longer Fe-L bonds within ~170 fs. A
theoretical study explained how this electron-phonon coupling
activated the breathing of the Fe-L bonds,** observed by
different techniques sensitive to the change of the ligand field
such as XANES**** or optical spectroscopy.’*** However, the
resulting coherent structural dynamics accompanying LIESST is
still poorly described in the literature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic process of LIESST. (a) For MLCT excitation, the electronic decays towards less bonding *T and HS states increased the
equilibrium Fe-ligand distance and launched coherent Fe—L breathing. (b) The weak oscillation of an arbitrary schematic signal (black) due to
a change in the Fe—L bond length for MLCT excitation was due to decoherence during the relatively long MLCT-to-HS conversion (populations
PmLcT(t), purple and P+(t), cyan), compared to the oscillating signal of a single molecule in the HS potential (Sys, red). (c) d—d excitation process
with fast >T-to-HS conversion. (d) The faster T decay (population Pr(t), cyan) towards the HS state maintained a significant average structural
coherence in the HS potential (black). The exponential growth of the HS population from the MLCT (population Ppm cr(t), or from the T
intermediate state, led to average coherent oscillating trajectories Sys(t) ® Puictt(t) or Sps(t) ® P(t) with a reduced amplitude and apparent

phase shift compared to the single trajectory in the HS state Sys(t).

It corresponds to the activation and damping, in the HS
potential'”*®** of the average Fe-L distance, which is the main
structural reaction coordinate elongating from ~2.0 (LS) to
~2.2 A (HS). Because of the relatively long MLCT and T decays,
the HS population occurred on a timescale approaching the
half-period of the molecular breathing, inducing
important structural dephasing. Consequently, compared to
a change in signal related to Fe-L elongation like XANES, the
amplitude of the signal oscillations was reduced, as illustrated
in Fig. 1(b).”® The fast damping of the molecular breathing
(~300 fs) was due to dissipation of energy towards other modes
such as ligand bending also observed by optical spectroscopy,
whereas the vibrational cooling of these photoinduced states
typically occurred within 2 ps. The direct photoswitching from

17,18,22,23

This journal is © The Royal Society of Chemistry 2017

S = 0 to S = 2 was impossible, and the process required elec-
tronic intermediates such as “*MLCT and “*T. In addition,
because of the almost octahedral symmetry of FeNg systems, the
d-d photoexcitation (from t,, to e,) was very weak or was pre-
vented by much more efficient CT excitations. For this reason,
LIESST was mainly investigated at femtosecond timescales with
MLCT excitations (t3gegL'). Hauser used both MLCT and d-d
excitation in distinct SCO materials to induce a transient HS
state and measure HS — LS relaxation rate dynamics.”> Juban
and McCusker have shown in Cr-(acac); that *A, — E conver-
sion dynamics differed upon “T, or *MLCT excitation.® Herein,
we studied LIESST in the Fe" spin-crossover material Fe(pap-
5NO,),, characterized by an FeN,O, core (Fig. 2).** This ligand
field, of lower symmetry than that of Oy, allowed quite intense

Chem. Sci,, 2017, 8, 4978-4986 | 4979
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Fig. 2 (a) Temperature dependence of xuT determined with the
sample of Fe(pap-5NO,),: thermal cycle (black) and LIESST under
photoexcitation at 532 and 750 nm (inset). (b) OD changed between LS
and HS states determined with the compound embedded in a poly-
vinylpyrrolidone (PVP) film. (c) Calculated absorption spectra with main
contributions to absorption bands characterized for a single complex
for LS (blue), HS (red) and T (green) states. (d) Characteristic orbitals of
hole and particle for LS, HS and T states.

d-d bands, which we exploited for low-energy photo-excitation.
We showed that d-d excitation, associated with shorter elec-
tronic intermediates compared to MLCT excitation, allowed
a faster LS-to-HS switching and enhanced the coherence of
structural dynamics in the HS potential.

Experimental
Synthetic procedures

In order to limit the presence of strong light-scattering objects
(size = 1 pm) for optical pump-probe studies, the Fe™(pap-
5NO,), samples were prepared by applying the method
described in ref. 44 to the compound synthesis.** The prepara-
tion was achieved at —40 °C under inert atmosphere with the
Schlenk technique and in presence of PVP ((C¢HoNO),, average
MW = 40 000 gmol~*). A methanolic solution (14 mL, 1 g PVP)
of Fe"(BF,), (124.8 mg, 0.37 mmol) was added to a methanolic
solution (26 mL, 1 g PVP) of Hpap-5NO, (180 mg, 0.74 mmol)

4980 | Chem. Sci, 2017, 8, 4978-4986
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previously deprotonated by Et;N. After 10 min of stirring, the
solution was filtered with a glass microfiber membrane (1 pm
pore size), then the filtrate was centrifuged, and the powder of
particles was dried under vacuum. Elemental analysis (%) caled
(found) for C,,H;60¢NgFe (C¢HoNO),(H,0)3, (2 = 0.7): C, 51.64
(51.40); H, 4.07 (4.06); N, 14.31 (14.2)%. IR: 1667 and 1290 (PVP),
1584, 1452 (C=N and C=C), 1283, 1252 (phenolato group),
1167, 770, 685 cm " (in italics, frequencies specific to LS
species). The solid, containing traces of PVP 40000, was used
without further treatment to avoid the formation of larger
particles. For investigating the ultrafast LIESST dynamics, the
sample was processed in the form of transparent films on glass
substrates by spin-coating a dispersion of particles in n-butanol
in the presence of PVP.*

Physical measurements

The brown green films of particles appeared to be homogeneous
at the sub-millimeter scale. They were characterized by variable-
temperature, UV-vis solid-state spectra on a CARY 5000 double-
beam spectrophotometer equipped with the Eurolabo variable-
temperature cell (21525, KBr windows) and Specac temperature
controller (20120). The 100 and 440 K spectra in Fig. 2(b), show
all the features previously reported for the high and low-spin
phases in the bulk.*® Magnetic measurements of the
powdered sample characterized a spin transition with a thermal
hysteresis centered at 297 K (width AT = 26 K, Fig. 2(a)) that
were comparable to the bulk properties. From the low temper-
ature xm7 value, a fraction of paramagnetic residue was
assigned to the presence of crystalline defects trapped in the HS
state (xps ~0.15). The photomagnetic behavior derived from
LIESST at 10 K was previously reported for the bulk with
a 750 nm excitation. It was also observed by illuminating the
sample (Fig. 2(a)) with a visible (532 nm, 20 mW cm?) and
750 nm (15 mW cm %) excitation (inset Fig. 2(a)). The thermal
relaxations towards the LS ground state were completed around
60 K.

DFT and TD-DFT calculation

In order to better understand the structural, electronic and
optical properties of Fe''(pap-5NO,),, calculations were con-
ducted using the density functional theory (DFT) and time-
dependent DFT (TD-DFT). A split-valence Pople basis set of
double-zeta quality including polarisation and diffuse functions
for non-hydrogen atoms (6-31+G(d))* was used throughout to
describe H, C, N and O atoms, while the Los Alamos LANL2 *¢
effective core potential and corresponding triple-zeta basis set
was used to respectively describe the core and valence electrons
of Fe"". Geometry optimisations of single complexes of Fe(pap-
5NO,), in vacuum were conducted using the M06-L*” exchange-
correlation functional for the different spin states of singlet (LS,
S = 0), quintet (HS, S = 2) and Fe-centred *T (S = 1) spin triplet.
Essentially, *T should be ®I" due to the C, molecular symmetry,
but will be referred to as *T for comparison with FeN, systems.
Harmonic vibrational frequencies were obtained both in order
to calculate IR properties and to verify that the structures ob-
tained were indeed true minima on the potential energy surface.

This journal is © The Royal Society of Chemistry 2017
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Electronic excitation energies were calculated using TD-DFT
and the PBEO*® global hybrid exchange-correlation func-
tional. These states were subsequently used to simulate UV-
visible absorption spectra for both the LS, HS and °T
forms of Fe(pap-5NO,), at their respective equilibrium
geometries.

Using the resulting excitation energies and their calculated
oscillator strengths, UV-vis absorption spectra were simulated
by convoluting with Gaussian functions centred at the calcu-
lated wavelength for each transition. The full width at half-
maximum value for the Gaussian functions was set to 0.45 eV.

Fig. 2(c) shows the vertical absorption spectra calculated for
the LS, HS and °T electronic states. Concerning the LS equi-
librium geometry, for which singlet-to-singlet excitation ener-
gies were determined, two main absorption bands were
computed at 500 nm and 749 nm. From inspection of the
highest-contributing molecular orbitals involved in these tran-
sitions (Fig. 2(d)), it can be seen that, despite contributions
from both metal- and ligand-centred orbitals, the transition
centred at 500 nm has an MLCT character and is hereafter
labelled MLCT;s. Similarly, the transition centred at 749 nm has
a d-d character and will be referred to as d-d;s. Notably, this
transition exhibits a small, but non-zero, oscillator strength
(0.018 au), emphasizing that the reduced symmetry of the
coordination environment from Oy, for usual FeNg systems to C,
for this FeN,O, system leads to d-d transitions that are no
longer completely forbidden. The character assigned to these
transitions was further validated by inspecting plots of the
difference in density between the ground and excited states
(Fig. 3). In contrast to Fig. 2(d), these plots considered all
determinants that form all excited states rather than just those
with the largest coefficient.

The d-d transitions for the HS and LS states had a non-
negligible intensity with respect to the MLCT transitions due
to the reduction of octahedral symmetry. The calculated relative
intensities of the HS and LS d-d transitions were consistent
since the geometrical distortion from a perfect octahedral
symmetry was greater for the HS state than the LS state. More
information is provided in ESI.} In addition to singlet-to-singlet
(d-dys) excitations, a spin-forbidden, singlet-to-triplet excita-
tion (*d-d.s) was computed at 823 nm, slightly lower in energy
than d-d;g, although no information about its intensity could

Fig. 3 Density difference plots between ground and excited states for
MLCT_ s and d—ds excitations. Dark (light) blue zones indicate areas
which increased (decreased) in electronic density upon excitation.

This journal is © The Royal Society of Chemistry 2017
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be obtained due to the spin-forbidden nature of the transition.
Considering the HS equilibrium geometry, quintet-to-quintet
excitations were determined and, as for the LS state, a d-dyg
transition centred at 874 nm was identified. Analogously to d-
d;s, a small but non-zero oscillator strength was determined for
d-dus, again demonstrating the effect of the reduced-symmetry
(Fig. 2(b and c)).

The lower energy of d-dyg compared with the d-d;g was
attributed to the reduced ligand field resulting from the
increased Fe-L distances at the HS equilibrium geometry relative
to the LS configuration. An additional band centred at around
500 nm was computed, corresponding to a superposition of
LMCT and MLCT transitions for the HS state. Considering the
vertical absorption spectrum of the T state, another low-energy
absorption band corresponding to an excitation at 1200 nm was
found, attributed to LMCT character, and will be referred to as
LMCTs;r. Notably, from the inset in Fig. 2(c), it is shown that this
band shares no analogue in the absorption spectra computed for
either the LS or HS states. From the vibrational frequency
calculations at the HS equilibrium geometry, a mode corre-
sponding to the “breathing” of the Fe-L coordination environ-
ment was identified at 84 cm . This type of breathing mode is
characteristic of quasi-octahedral spin crossover compounds.
Since this mode corresponds to an oscillation of metal-ligand
distances, it can have an observable effect on the d-dys, causing
an increase (decrease) in the absorption energy 4,, due to the
increased (decreased) ligand field imposed by the coordination
environment, as observed in other SCO materials.'”?* In order to
assess the modulation of the ligand field through the d-dys gap
with respect to this breathing, 30 structures were generated as
a projection along the normal mode, assuming a harmonic
mode, and for each of these, the absorption energy d-dys was
vertically re-computed with TD-DFT (Fig. 4). It can be seen that
the increased ligand-field strength with shorter Fe-L distances
results in a higher 4, while the opposite was observed for longer
Fe-L distances. More details are given in ESIf about the opti-
mised geometrical parameters of the singlet, triplet and quintet
states. We also show HOMO, LUMO and SOMO orbitals for each
spin state investigated (HS, LS, triplet), as well as the orbitals
involved in MLCT, d—-d and LMCT transitions with their relative
contribution, where possible. Both d-d;s and MLCTys exhibited
contributions from ligand orbitals due to the well-known
over-delocalisation of orbitals in DFT. We therefore rational-
ised the difference between d-d and MLCT transitions from the
change (or lack thereof) in d-orbital symmetry upon excitation.
We use this theoretical characterisation of the optical finger-
prints of the LS, HS and intermediate *T state, in conjunction
with femtosecond optical spectroscopy measurements, to ratify
different ultrafast LIESST mechanisms observed by pumping
particles of LS Fe'(pap-5NO,), at two different wavelengths
in order to selectively induce LIESST through MLCT or d-d
excitation.

Femtosecond optical pump-probe spectroscopy

For tracking LIESST dynamics in real time we used an optical
pump-probe method with 60 fs time resolution (RMS) on LS

Chem. Sci,, 2017, 8, 4978-4986 | 4981
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Fig. 4 Modulation of 4q (d—dys splitting) with respect to a harmonic
structural deformation, corresponding to the breathing mode of the
in-phase stretching of the Fe—N and Fe—O bonds, calculated at 84
cm™L. The total deformation lies between changes in Fe—N (axial) from
2.074t0 2.172 A, Fe—N (plane) from 2.144 to 2.307 A and Fe-O (plane)
from 1.967 to 2.074 A. On the x-axis, O corresponds to the equilibrium
geometry while negative (positive) values indicate shorter (longer) Fe—
L distances.

Fe"(pap-5NO,), crystals embedded in a thin PVP film spin-
coated on a glass substrate. This allowed easy manipulation
of samples with homogeneous dispersion at the sub-millimeter
scale.

The pump wavelength was set to 530 nm for MLCT excitation
and to 730 nm for d-d excitation. We used similar laser exci-
tation fluence in both cases with 4.0(1) uJ mm ™2 at 530 nm and
4.2(1) W mm > at 730 nm. Time-resolved OD change
measurements were performed at selected wavelengths to track
the photoswitching dynamics. The femtosecond optical pump-
probe experiments were configured in NIR-transmission
geometry with a quasi-collinear configuration of pump and
probe beams. The sample temperature was controlled with
a liquid nitrogen cryostream set for all experiments at 100 K,
where the system is LS and the HS-to-LS back relaxation occurs
within less than 1 ms. More details are given in the ESL.}

Results and discussion
Photoresponse of LS state to MLCT excitation

OD dynamical time traces probed at 960, 1020, 1500 nm after
femtosecond excitation of LS the sample of Fe(pap-5NO,), at
530 nm (i.e., in the MLCTy band) are shown in Fig. 5(a). The OD
increased at 1020 nm and decreased at 960 nm reproducing the
optical fingerprints characteristic of the LS — HS switching
obtained with steady state spectra (inset Fig. 2(b)). The time
traces also indicated an intermediate signal, better observed at
1500 nm within the first hundreds fs, and damped coherent
oscillations at 960 and 1020 nm. These features were very
similar to the ones reported for ultrafast optical studies of
LIESST in Fe''Ng molecules in solution or in crystals.}7:22233949
This was due to the local nature of the process in solids that was
reported some years ago®**® and recently confirmed by a direct

4982 | Chem. Sci., 2017, 8, 4978-4986
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Fig. 5 Time scans at 100 K of relative milli-OD change at selected
probing wavelengths revealing 80 (3) cm™ oscillations in the 05 ps
timescale. (a) Dynamics upon MLCT excitation at 530 nm. (b) Dynamics
upon d—d excitation at 730 nm. The fits (solid lines) took into account
a transient state, coherent oscillation and the 60 fs IRF. We determined

values of Ty ct = 188(10) fs, 149 = 70(10) fs and an oscillation frequency

Vosc = 80(3) Cmil.

comparison of the dynamics of Fe(bpy);>" in solution and in
crystals.*® Time-resolved analysis in spectral regions, where HS
and LS species almost equally absorbed (such as 1500 nm),
allowed an isolated observation of the dynamics of the inter-
mediate state(s) involved during the spin-state photo-switching.
For photoexcitation at 530 nm, such intermediate states
(INT) could include the initially photoexcited “*MLCT state
(tgeeL') and T (d-d ligand-field states, t3,e,L°) on the
pathway towards the HS potential.

Our TD-DFT calculation (Fig. 2) of the triplet spin state
indicates a characteristic absorption band around 1200 nm.
This band corresponds to an electron transfer from the ligand L
to the metal M, and therefore this 1200 nm band of the *T state
had an LMCT character and was referred to as LMCT;y. Since we
could not compute the absorption spectra for the 'T and '"MLCT
states, we used LMCT;r as an approximate global signature of
these intermediates using the following qualitative points.
Since the orbital energy levels were similar for the 'T and T
states, the LMCT;r band of the 'T state should also be centred at

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/C6SC05624E

Open Access Article. Published on 24 April 2017. Downloaded on 06/12/2017 13:47:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

around 1200 nm. In addition, the initial "MLCT state, resulting
from excitation of the LS state at 530 nm, should also have
a similar low energy LMCT band due to the partial occupation of
its tyg-like orbitals. As we see from the LMCT;y state obtained
from TD-DFT calculations, these low-energy optical transitions
for *T and 'MLCT states have no analogue in either the LS or
HS species, even though the tail of the d-dys band extended up
to 1500 nm. Experimentally, the optical absorption of LS and HS
states was very low, but quite similar, around 1500 nm due to
the broadening of the bands. Data around the isosbestic point
at 970 nm (Fig. S2}) were strongly affected by coherent oscilla-
tion and vibrational cooling. The transient absorption peak
measured at 1500 nm globally included the OD signature of
intermediates ("*MLCT and T states) to probe the HS pop-
ulation under MLCT excitation:

TMLCT

MLCT HS.

An exponential fit of the data probed at 1500 nm, taking into
account our 60 fs RMS instantaneous response function, indi-
cated that the initial MLCT decayed toward the HS state within
mrcr = 188 (10) fs. A slower component tyc = 2.8 (5) ps was also
found and attributed to vibrational cooling, as already observed
in other SCO materials."”***>** The time-resolved OD data at 960
and 1020 nm showed similar features associated with an initial
peak and a slower change accompanied by coherent vibrations.
We globally analyzed these data with a phenomenological
model. It included the exponential decay of the MLCT state
excited at t = 0 (and other possible intermediates such as *T),
populating the final HS state within 7y cr and was accompa-
nied by a damped oscillation. The signal due to the interme-
diate species was calculated according to the following
equation:

Pyer(d) = IRF(f) @ [exp(—t/tmier) x H(H)]

IRF(¢) is the Gaussian instrument response function and H(?) is
the Heaviside function. The signal due to the oscillation in the
HS state is described as follows:

SHS(t) = [AHS + AOSC COS(ZTCDOSCI) exp(fl/‘[osc)
+ Avyc exp(—tltyc)] x H(?)

with amplitudes of the signal related to HS population (Ayg),
oscillation (Apgc) and vibrational cooling (Ayc). Herein, tosc is
the damping of the oscillation with frequency v,s.. However,
since the MLCT state was the source of molecules in the HS
state, the observed signal Sys(¢) corresponded to the convolu-
tion of Sys(t) with the MLCT population Pyycr(?):

Sus(t) = Pmrcr(t) @ sys(?)

as schematically shown in Fig. 1(b).

For the fit of the data probed at 960 and 1020 nm (Fig. 5(a)),
the physical parameters v,,. = 80(3) cm ™" and tycr = 188(12) fs
were the same for the different probing wavelengths. The 188 fs
decay from the MLCT to HS state was in good agreement with

This journal is © The Royal Society of Chemistry 2017
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the independent fit at 1500 nm. However, the vibrational cooling
timescale 7y and the oscillation damping 7, were different for
each wavelength. It is well known that these timescales depend
on the spectral region. The damping constant was 7,5 = 1.001
(0.05) ps at 1020 nm and 1.208(0.02) ps at 960 nm, and the
vibrational cooling occurred within tyc = 1.56(0.05) ps at
1020 nm and 1.68(0.05) ps at 960 nm. Again, these timescales
were similar to the values reported for other systems presenting
LIESST in solids or in solution.??*?*37-3%

The 80(3) cm™" oscillations were observed, once the HS
reached, for OD time traces at 960 and 1020 nm (i.e., close to the
d-dys band (Fig. 2(c)). These were associated with a strong
modulation of the ligand field 4, by molecular breathing
(Fig. 4). Similar findings were also reported in other SCO crys-
tals, and this oscillation probed around the d-dys transition
was attributed to the breathing of the ligand field.*****® For
FeN systems, this was the main reaction coordinate between
the LS and HS structures, which corresponded to the in-phase
elongation of the Fe-N bond lengths. Our DFT study on Fe'-
(pap-5NO,), revealed a breathing mode in the HS state at 84
em™". This completely symmetric vibration mainly involved the
FeN,O, core and also corresponded to in phase stretching of
Fe-N and Fe-O bonds as shown in Fig. 4. These results indi-
cated that the physical picture for MLCT-induced LIESST in
Fe(pap-5NO,),, driven by the MLCT decay towards lower states
activating and damping molecular breathing, was similar to the
one theoretically and experimentally reported for FeNy systems
(Fig. 1(a)).'71822:23:3841 The coherent oscillations observed during
LIESST were sometimes attributed to an impulsive Raman
process activating the LS breathing mode. This possibility can
be excluded because the LS breathing frequency was signifi-
cantly higher (146 em™"). In addition, an impulsive process
would induce sine-like oscillations around zero OD change,
whereas the band probed at 1020 nm, where oscillations are
stronger, is sensitive to the formation of the HS state.

Photoresponse of LS state to d-d excitation

Additional measurements were also performed at 100 K in the
LS state upon d-d excitation at 730 nm generating ligand-field
states (T, t54e,L%), with experimental conditions similar to
the ones used for MLCT excitation. Time-resolved OD changes
for the different probing wavelengths are shown in Fig. 5(b). At 5
ps, the OD increase (decrease) at 1020 nm (960 nm) and a weak
change at 1500 nm were characteristic of the formation of the
HS state and similar to the changes observed upon MLCT
excitation at 530 nm. However, the OD change was larger for d-
d excitation when a similar laser fluence was used. For example,
at 1020 nm, the OD increased by 0.48 for a 530 nm excitation
and by 0.72 for a 730 nm excitation (Fig. 5(b)). In SCO materials,
the quantum efficiency has been known to be close to unity, and
the OD linearly changed with the number of photons in such
low fluence regimes.*® The ratio of the number of photons
contained in the pump laser pulses of 4.2(1) pJ mm ™2 at 730 nm
and 4.0(1) pJ mm ™2 at 530 nm was Ry, = 1.45(5). This ratio was
close to the ratio of the OD change at 1020 nm between 730 nm
and 530 nm excitations: Rop = 1.5. These results indicated that
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d-d and MLCT excitations generated the final HS state with
a very similar quantum yield. The comparison with data at
960 nm yielded a value on the same order, but was more diffi-
cult to analyze because 960 nm was closer to the isosbestic
point, known to shift by lattice pressure and heating following
femtosecond excitation.”* Additional data are presented in
Fig. S2,T where the in-phase oscillations of time traces recorded
at different probing wavelengths are characteristic of the global
oscillation in wavelength of the d-dygs band with Fe-L oscilla-
tion, as discussed in Fig. 4.

Data at 1020 nm, around the maximum of OD change
(Fig. 2(b)), were not sensitive to this effect and better suited to
observe quantum yield. Around ¢ = 0 ps at a 960 nm probing
wavelength, the OD decreased for the 730 nm d-d excitation,
contrary to the 530 nm MLCT excitation. In addition, the OD
changes observed around ¢ = 0 ps at 1020 and 1500 nm probe
for 730 and 530 nm excitations were similar, but with different
relative amplitudes. These observations indicated two different
initial states with distinctive spectroscopic signatures, in
agreement with TD-DFT calculations of the LS state (Fig. 2(d)).

We identified the initial state as a “*MLCT upon 530 nm
excitation and as a »®T state upon 730 nm excitation. Our
calculations showed that photoexcitation of the d-d;s band
could induce 'T spin-allowed or *T spin-forbidden states, but
the relative weights of these could not be calculated, and two
possible pathways may (co)exist, LS — 'T — *T — HS and/or LS
— 3T — HS. Since Sousa et al. calculated 'T — T inter-system
crossing rates in the 400-2700 fs timescale and *T — HS in the
60 fs range,* it is possible that the d-d; s photoexcitation mainly
induced the *T spin-forbidden states. Femtosecond X-ray fluo-
rescence measurements, as performed by K. Gaffney on
Fe(bpy)s>*,*” may be helpful in the future to discriminate the
nature of the initial photo-excited state. In order to fit the time
evolution of the optical fingerprints of the different states, we
used the kinetic model described for MLCT excitation, now
including the exponential decay of the photoinduced T state
towards the final HS state as the initial process:

T—™ L,HS

The fit of the data (Fig. 5(b)) indicated that the HS state was
populated after d-d excitation within 749 = 70(10) fs. The
process was also accompanied by a coherent oscillation, with
frequency vosc = 80(3) cm™! and damping constant T,e =
1.21(0.02) ps at 1020 nm and 1.00(0.02) ps at 960 nm. The
vibrational cooling occurred within t,c = 1.33(0.04) ps at
1020 nm and 1.49(0.02) ps at 960 nm. The fact that the
frequency of the oscillation corresponded to the one observed
after MLCT (530 nm) excitation confirmed that the final
photoinduced state was the same under d-d (730 nm) excita-
tion, as already indicated by the similar OD changes and pho-
tomagnetism. The main difference compared to the MLCT
excitation was the faster population of the HS state, since the
number of intermediates was reduced in the case of d-d exci-
tation compared to MLCT excitation.
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Fig. 6 compares the OD changes for the different probing
wavelengths on short timescales. The amplitudes of the
changes were scaled for clarity. The OD peak probed at 1500 nm
clearly appeared to be longer around ¢ = 0 under MLCT than
under d-d excitation. Regarding the oscillating components,
there were two main differences between the two excitation
processes. There was a phase shift, of about 75 fs, between the
oscillation observed after MLCT and d-d excitation. Moreover,
the relative amplitude of the oscillation, with respect to the OD
change between LS and HS states, was larger under d-d excita-
tion than under MLCT excitation.

These features are explained very well by our model, which
describes the signal as an initial photoexcited state, (MLCT or T)
which exponentially populates the HS potential where mole-
cules undergo damped oscillations. Both effects result from the
shorter decay time 749 = 75(10) fs under d-d excitation than
Tvrer = 188(10) fs under MLCT excitation. The T state, with an
electronic structure of t3,e;L°, is a natural intermediate between
MLCT (t5,egL") and HS (ts,e;L°) states, which was observed by X-
ray spectroscopy in Fe(bpy);>".*” We therefore performed
another fit of the data in Fig. 6 to describe the consecutive
decays under MLCT excitation:

a)
Probe = 1500 nm
Pump = 730 nm, 530 nm (x 3.8)
=)
—
X
a |
<]
E I
< |
|
I
|
b) 1 1 1 1 | I | 1
I Probe = 960 nm
0.5 } Pump = 730 nm, 530 nm (x 2.4)
~ MLCT e e T
0.0 —
8 -0
E |
=]
=10 :
I
-15 |
c) JI s o | L L L L
I Probe = 1020 nm
1.5 ]| Pump = 730 nm, 530 nm (x 1.58)
I ) 4
I
p l..-

Fig. 6 Comparison of short time scans of relative OD changes at
selected probing wavelengths upon MLCT s excitation at 530 nm and
d—ds excitation at 730 nm. The fit for the 530 nm excitation includes
MLCT and T intermediates, whereas the fit for 730 nm includes T only.
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1,3 MLCT T™T 3T TTH HS.

We independently found 7y under d-d excitation as try =
744 = 70(10) fs. Therefore, in the fit presented in Fig. 6, we only
refined the "*MLCT — T decay time constant Ty = 120(10) fs.
The faster HS population under d-d excitation maintained
coherence (amplitude of the oscillation) and more rapidly
initiated HS state oscillation, as illustrated by the oscillation
phase shift in time. This was due to the fact that the HS pop-
ulation was much faster than the 210 fs half oscillation period,
which was the upper limit on the timescale to maintain oscil-
lation coherence in the HS state. Under MLCT excitation, the
overall Ty cr = 188(10) fs HS population approached the half
oscillation period and was responsible for decoherence during
the long MLCT-to-HS population, reducing the amplitude of the
oscillation. These effects are summarized in Fig. 1(b and d).

Conclusions

This study compared two possible LIESST pathways from LS to
HS states under d—-d or MLCT photoexcitations. This was made
possible by chemical engineering through a ligand design with
low symmetry that allowed intense d-d bands while maintain-
ing the spin-crossover and LIESST properties. The sequences
MLCT — 3T within 120 fs and 3T — HS within 70 fs were very
similar for FeNg and the lower symmetry FeN,O, system
investigated here. LIESST was associated with the fast activation
of the molecular breathing mode since anti-bonding “ey-like”
orbitals were populated, and hence increased the equilibrium
Fe-L distance. This structural trapping of the system in the HS
potential was similar to other systems.'”'*?*»** Therefore, the
short-lived intermediates were not thermally equilibrated
states, since their population had a shorter lifetime than the
oscillation period in the potential. They corresponded to an
evolution of hot states within the manifold of electronic states
involved in the process, where the coherent structural dynamics
moved the system between different electronic potentials, on
a timescale where wave functions of atomic nuclei and electrons
are difficult to separate. The resulting physical picture was
consistent with the theoretical model introduced by van Vee-
nendaal.* In addition, the speed of the structural trapping
through Fe-L elongation was limited by the decay of the MLCT
towards the T state, where antibonding orbitals were populated
since the initial "MLCT state had on equally bonding character
as the initial LS state. The molecular expansion only began
once the T state was reached, which took about 120(10) fs,
before decaying towards the final HS state within 70(10) fs.
The d-d excitation process instantaneously populated anti-
bonding orbitals, which launched the Fe-L expansion and
moved the system towards the HS potential. The HS state was
then reached within 70(10) fs. Herein, we could accurately study
the coherent structural dynamics during LIESST through the
intense d-dys band in the FeN,O, system, strongly modulated
by the Fe-L distance. By reducing the lifetime of intermediates
compared to MLCT excitation, d—-d excitation allowed a faster
LIESST and preserved structural breathing coherence since this

This journal is © The Royal Society of Chemistry 2017
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molecular reaction coordinate was activated and damped to
trap the HS state.
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Probing Transient Photoinduced Charge Transfer in Prussian
Blue Analogues with Time-Resolved XANES and Optical

Spectroscopy
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Abstract: We studied the transient electron-transfer process in
CsCoFe and RbMnFe Prussian Blue analogues by time-resolved
X-ray absorption near-edge structure (XANES) and by time-re-
solved optical spectroscopy. We performed time-resolved stud-
ies on CsCoFe nanocrystals dispersed in solution. The XANES
results obtained at room temperature clearly evidence Co"(low
spin)Fe''—=Co'""(high spin)Fe" electron transfer between the

\metal centers through opposite spectral shifts at the Fe and Co

edges. We also studied the Mn'"(low spin)Fe“eMn”(high\
spin)Fe'" process in an RbMnFe powder sample at thermal equi-
librium and under laser excitation. Optical spectroscopy re-
vealed that the process occurs on the picosecond timescale, as
already reported by Raman spectroscopy, and that the lifetime
of the photoinduced charge-transfer states is in the 1-10 s
range, depending on the sample and temperature.

%

Introduction

Control of the physical and chemical properties (e.g., magnetic,
optical, conductivity, motion, reactivity, etc.) of materials by
light is a challenging field of research from fundamental and
technological aspects. Optically switchable materials are exten-
sively studied because of their potential applications in light-
based technologies, including optical memory devices and sen-
sors. Several studies involving different kinds of materials have
been reported, such as neutral-ionic and insulating-metal
charge-transfer systems,!"! metal oxides,!?? photochromic mate-
rials,®! spin-crossover complexes, and cyanide-bridged di-
metallic assemblies.”! For these systems to be useful and to
control their light-induced properties, it is compulsory to under-
stand the elementary mechanisms that take place on the short
timescale, as this allows structural trapping of new electronic
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states. Molecule-based materials containing transition-metal
ions, such as spin-crossover (SCO) systems and charge-transfer
(CT) Prussian Blue analogues (PBAs), possess common behavior
involving very strong coupling between the electronic and
structural changes after light illumination. The light-induced ex-
cited spin state trapping (LIESST) phenomenon has been thor-
oughly investigated in many spin-crossover materials in the
solid state.! Transient LIESST and its dynamics have been stud-
ied by time-resolved techniques, including optical and X-ray
spectroscopy, down to the femtosecond timescale, in solutiont”!
and in solids.®! Ultrafast studies were also performed in cyan-
ide-bridged dimetallic assemblies by using time-resolved opti-
cal,®”) Raman,'® X-ray diffraction,['" and X-ray spectroscopy.l'?
Optical and X-ray probe techniques are sensitive to both elec-
tronic and structural aspects and are, therefore, particularly in-
teresting for understanding the transformation mechanisms of
such materials.® Herein, we use time-resolved X-ray absorp-
tion near-edge structure (XANES) to evidence transient charge
transfer, induced by a laser pulse (ca. 1 ps = 1072 s), in two
types of cyano-bridged photomagnetic networks in the form of
nanocrystals for the compound noted CsCoFe and as a powder
for the compound noted RbMnFe in the following. The XANES
experiments were performed at the ID09 beamline of the ESRF
synchrotron, and optical pump-probe studies were performed
at the Institut de Physique de Rennes to characterize the life-
time of the transient CT states.

Cs{Co[Fe(CN)6}*¥ and Rb{Mn[Fe(CN)e]}*"! are photomag-
netic materials known as Prussian Blue analogues (PBAs), and
they consist of a face-centered cubic (fcc) 3D network (Fig-
ure 1a). The exact compositions of the studied samples are
given in the Experimental Section and the Supporting Informa-
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tion. The CN™ groups bridge the two metal ions, and Fe is linked
to the carbon side of CN~, and Co and Mn are linked to the
nitrogen side. The alkali ions (Cs' and Rb') occupy the tetrahe-
dral sites of the fcc network. The metal ions have octahedral
geometry with symmetry very close to Oy,. The octahedral crys-
tal field of the ligands splits the 3d orbitals into two sets of t,4
and e orbitals. The Fe ions are always in the low-spin (LS) state,
and the Mn ions are always in the high-spin (HS) state. Al-
though the spin state of Co depends on its oxidation state, Co"
is high spin (S = 3/2) and Co" is low spin (S = 0). For CsCoFe,
there are thus two electronic configurations for the Co-Fe pairs,
that is, the diamagnetic Fe'(S = 0)-Co"(S = 0) and the paramag-
netic Fe"'(S = 1/2)-Co"(S = 3/2). External control parameters
such as temperature and light allow switching between the two
states, as schematically represented by the potential energy
curves in Figure 1b. At low temperature, light illumination al-
lows electron transfer from Fe'' to Co'" concomitant to a spin
change to the higher entropy Fe"'(S = 1/2)-Co"(S = 3/2) configu-
ration. At thermal equilibrium, the change in spin state on the
Co site is associated with structural reorganization (Figure 1c).
As the electron populates the antibonding eq orbitals in the HS
state, the Co-N bonds expand by about 0.2 A, which induces
lattice expansion. Different alkali metal atoms such as Cs' and
Rb' can be included in the tetrahedral sites of the fcc network
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Figure 1. (@) Schematic representation of the 3D structure and (b) potential-
energy curves with electronic and structural changes associated with charge-
transfer processes in the (c) CsCoFe and (d) RbMnFe systems.
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to favor or not to favor the higher volume state. Bleuzen et al.
demonstrated by XANES measurements at the Fe and Co edges
that it was possible for a given composition of the material to
photoinduce the Co"(LS)Fe'(LS)—Co"(HS)Fe"(LS) charge trans-
fer at room temperature under pressure.’>!

For RbMnFe systems, there are also two possible electronic
states: the ground state Mn"(S = 2)Fe''(S = 0), and the high-
temperature state Mn"(S = 5/2)Fe'(S = 1/2) (Figure 1d). The
thermally induced electron transfer was also characterized by
XANES studies at the Fe and Mn edges, and here the main
structural change occurs around the Mn site." For both sys-
tems, the K-edge XANES spectra are modified through their sen-
sitivity to charge transfer (resulting in a “rigid shift” in the ab-
sorption spectra) and to structural rearrangement (change in
the XANES spectrum). As detailed in the Experimental Section,
we use these XANES fingerprints to track the electron transfer
photoinduced by a femtosecond laser pulse in the CsCoFe and
RbMnFe systems by using the experimental setup developed at
the ID09 beamline of the ESRF (Figure 2). In addition, we use
time-resolved optical spectroscopy to characterize the lifetime
of the transient and out-of-equilibrium electron transfer.

Liquid flow
direction

Figure 2. Schematic experimental setup used for time-resolved XANES studies
at the ESRF.

Results and Discussion

The CsCoFe nanocrystals dispersed in water studied here are in
the diamagnetic Fe'(S = 0)-Co"(S = 0) state at room tempera-
ture, which allows the phototransformation experiments to be
performed at room temperature. We acquired the XANES data
from 15 nm sized nanocrystals dispersed in water and excited
by 650 nm laser pulses (Figure 2). The XANES changes were
monitored by ca. 70 ps X-ray pulses at the ID09 beamline, as
shown in Figure 3. Before laser irradiation, the maxima of the
X-ray absorption intensities, / (au), were around 7728 eV at the
Co K-edge and around 7130 eV at the Fe K-edge. These results
are in good agreement with the results obtained by Bleuzen
et al.®¥ The spectral changes measured 500 ps after laser exci-
tation (red curve) are very weak. This is often the case in time-
resolved studies, because the excitation density used is typically
of the order of 1 photon per 100 active sites. Therefore, the
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spectral changes due to photoexcited species are better ob-
served by changes in the spectral intensity, Al = (I500 ps = loff)s
also shown in Figure 3. The difference spectrum at the Co edge
shows a spectral shift towards lower energy, characterized by
an absorption increase below the Co edge and a decrease just
above it. The difference spectrum at the Fe edge shows the
opposite spectral shift towards higher energy, with an absorp-
tion decrease below the Fe edge and an increase just above it.
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Figure 3. XANES spectra for the CsCoFe nanocrystals at the Fe and Co edges
before (black) and 500 ps after laser excitation (red) and the corresponding
spectral changes, Al(t).

Such changes in the absorption spectra are characteristic of
a change in the formal oxidation state of the metal ions and,
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therefore, of the Co"(LS)Fe"—Co"(HS)Fe'" electron transfer.!>44
Additional oscillating changes above the Co edge are character-
istic of the local structural change around Co owing to spin
crossover, as already observed for Fe in the SCO systems.’"
The transient XANES changes, Al(t), after photoexcitation were
measured at photon energies just above and below the Co and
Fe absorption edges (Figure 4). These traces indicate that elec-
tron transfer occurs within the 100 ps time resolution of the
experiment and that the photoinduced Co'(HS)Fe'" state has a
lifetime longer than 1 ns at room temperature.
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Coedge 3
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Figure 4. Time scans of the relative absorption changes at selected X-ray
energies below and above the Co and Fe edges for the CsCoFe nanocrystals.

Cartier dit Moulin et al. reported that irradiation induced a
shift in the pre-edge from 7711 to 7710 eV;!'# this is difficult
to see in Figure 3 because of experimental limitations, but it
will be interesting to track in real time in future work.

For tracking the lifetime of the photoinduced Co"(HS)Fe"(LS)
state, we performed complementary optical measurements on
the experimental setup available at the Institut de Physique de
Rennes. We used time-resolved optical spectroscopy to study
the relaxation process of the CsCoFe nanocrystals in solution
that were photoexcited at room temperature by 650 nm optical
pulses.

The probe wavelength was set to 520 nm, which corre-
sponded to the maximum of the Co"(LS)Fe'—Co'"(HS)Fe" ab-
sorption band (Figure S4 in the Supporting Information). The
decrease in the time-resolved optical density (OD) after photo-
excitation, shown in Figure 5, is due to depopulation of the
Co"(LS)Fe" state after photoexcitation and indicates that the
Co'(HS)Fe"—Co"(LS)Fe" relaxation occurs within a few micro-
seconds at room temperature.

We performed similar studies for the RoMnFe system. In dif-
ference to the CsCoFe system, the RbMnFe system is in the
Mn''Fe'" state at room temperature. Upon cooling, thermal elec-
tron transfer leads to the Mn"'Fe" state at around 210 K with
complete conversion below 190 K. The thermal transition shows
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Figure 5. OD change at 520 nm after femtosecond laser irradiation at 650 nm
for the CsCoFe nanocrystals.

a thermal hysteresis, and the back conversion towards the Mn'"

Fe'" state occurs around 300 K.°f1 We measured the X-ray ab-
sorption at the Mn edge at room temperature (Figure 6). The
maximum around 6551 eV is characteristic of the Mn" state.['3]
At lower temperature (210 K), the intensity of this peak de-
creases, and a new one appears at 6557 eV, which is characteris-
tic of the Mn'" state and is indicative of the thermal conversion
of Mn" into Mn'", as reported previously.'3 This temperature
corresponds to the descending branch of the thermal hystere-
sis, at which the Mn'"Fe" and Mn'Fe'" states coexist. We ob-
served additional changes in the difference spectrum under
continuous wave laser excitation at 400 nm, which switches the
system from the Mn'Fe!" state to the Mn"Fe" state.! This is
illustrated by a decrease (increase) in the Mn" (Mn'") peak in
Figure 6.
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Figure 6. XANES spectra measured at the Mn edge for the RbMnFe compound
at room temperature at 210 K and at 210 K under cw laser excitation at
400 nm with the corresponding spectral changes Al(t).

We then performed time-resolved XANES measurements on
RbMnFe powder at 200 K. We monitored the transient XANES
changes, Al(t), at 6557 eV, and we know that laser pulse photo-
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excitation at 530 nm is known to induce Mn"'Fe'-=Mn'"Fe!" elec-
tron transfer. The time trace reported in Figure 7 indicates that
electron transfer occurs within the ca. 100 ps time resolution of
the experiment. Time-resolved optical spectroscopy studies
were used to monitor the relaxation process of RbMnFe at
140 K. The relaxation is characterized by transient changes in
the optical transmission probed by a femtosecond laser pulse
at 650 nm after excitation at 530 nm. The data presented in
Figure 8 indicate that Mn'"Fe'"—>Mn""Fe'" relaxation occurs within
ca. 10 ps.

3{ 6557 eV

Al(t) x 100

oo b v b o b g g I

-0.2 0.0 0.2 0.4 0.6
dt/ns

Figure 7. Time scans for relative absorption changes at 6557 eV for RoMnFe
after femtosecond laser excitation at 530 nm.
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Figure 8. OD changes for the RoMnFe compound at 650 nm after a femtosec-
ond laser pulse at 530 nm.

Conclusions

The present study revealed transient CT states in different PBAs,
as characterized by time-resolved optical spectroscopy and
time-resolved XANES. The lifetimes of the CT states were in the
1-10 ps range in the 200-300 K temperature range. This study
also showed that it was possible to perform time-resolved stud-
ies with nanocrystals in solution. It opens new possibilities to
extend XANES studies to X-ray free electron lasers to track the
intrinsic dynamics at the sub-picosecond timescale, as recently

performed for spin-crossover molecules in solution and in crys-
ta|S.[7h’85’Se’8h]

Experimental Section

Synthesis and Characterization of CsCoFe(CN)s Nanocrystals:
Nanocrystals noted CsCoFe(CN)s were prepared by mixing two solu-
tions, one containing Ks[Fe"(CN)s] and CsCl and one containing
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Co'"'Cl,+6H,0. The nanocrystals present in solution were embedded
in polyvinylpyrrolidone (PVP), as already described for other similar
nanocrystals.'>! The size of the objects was probed in solution be-
fore adding PVP and was found to be close to 15 nm (see Figure S1).
The size was confirmed by transmission electron microscopy imag-
ing (see Figure S2). X-ray powder diffraction measurement gave the
expected face-centered cubic structure with a cell parameter of
9.96 A, characteristic of the Fe'-Co"" lattice; electron transfer from
Co to Fe thus occurred during the synthesis of the nanocrystals.[>]
The infrared spectrum in the 2000-2200 cm~' region has an intense
band at 2112 nm corresponding to the asymmetric cyanide vibra-
tion of the Fe'-CN-Co'" lattice; the weak band at 2070 nm corre-
sponds to the Fe''(CN)¢*~ species present at the surface of the 15 nm
particles (see Figure S3). Elemental analysis gave the following com-
position: Csg sg{Co[Fe(CN)glps73. The time-resolved XANES studies
were performed on nanocrystals embedded in PVP and dispersed
in water. We also studied RbMnFe nanocrystals, which were ob-
tained by adding a solution of manganese chloride to a mixed
aqueous solution of rubidium chloride and potassium ferrocyanide.
The precipitate was filtered and dried to give a light-brown pow-
dered sample. By controlling the concentration of rubidium chloride
in the synthetic solution, samples with different compositions were
realized. Elemental analysis of the prepared sample showed that
the formula was RoMn[Fe(CN)glg.06:2.6H,0 (394.97): calcd. Rb 21.64,
Mn 13.91, Fe 13.86; found Rb 21.98, Mn 13.85, Fe 13.79. A SEM
photograph of this sample is provided in Figure S5. Time-resolved
optical pump-probe spectroscopy allowed tracking of the lifetime
of the charge-transfer states through optical absorption change. We
used the optical pump-probe setup described in refl'®! for
which the synchronization between the pump and probe femto-
second amplifiers was electronically tuned for time delays in the
10 ns—-1 ms range, whereas a mechanical translation stage set the
optical path difference for sub-nanosecond measurements. The ex-
periments were configured in the visible/near-IR transmission ge-
ometry with a quasicollinear configuration of the pump and probe
beams. We used 60 fs laser pulses at 650 nm (532 nm) to photoex-
cite CsCoFe (RbMnFe) and at 520 nm (650 nm) to probe the relaxa-
tion dynamics. More details about the experimental setup are pre-
sented in the paper by Lorenc et al.l'®! Time-resolved XANES meas-
urements were performed by using the optical pump/X-ray probe
technique at the ID09 beamline. We used the X-ray pulses delivered
from the ESRF by using the 16 bunch filling mode. The energy of
X-ray emitted by the undulators (U27 and U17) was controlled by
opening the gap between the undulators. The X-ray beam passed
through a cryocooled (100 K) Si(111) double crystal monochromator
and was focused at the sample position with a toroidal mirror. Two
choppers were used to decrease the repetition rate of the X-ray
train of pulses to 1 kHz.['”? Temporal overlap of the X-ray/optic
pulses was measured with a GaAs detector, which is sensitive to
both radiations, with a precision of 25 ps, and the time delay be-
tween both pulses was electronically controlled. At the overlap po-
sition, the optical pump and the X-ray probe had pulse durations
of 150 fs and 70 ps, respectively, with focal areas of 120 x 350 and
60 x 120 pum, respectively. The sample was excited in a quasicollin-
ear geometry (angle between X-ray and laser beam of ca. 10°). The
solution sample was circulated by a closed-loop system through a
0.5 mm capillary tube, and the rate flow was maintained by using
a peristaltic pump (Gilson Minipuls 3). A 2D detector (MAXIPIX) was
mounted close to the sample (ca. 3 cm) perpendicular to the X-ray
propagation direction to minimize the collection of elastic photon
scattering. In this geometry, the active window (28.4 x 28.4 mm?)
covered a solid angle of ca. 0.74 sr (5.89 % of 4m). We used a pin
diode to measure simultaneously the transmission and scattered X-
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ray to normalize the final fluorescence signal (intensity fluctuation,
the long decay of the current after each refill).
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Electronic and structural dynamics during the switching of the
photomagnetic complex [Fe(L222Ns)(CN)2]

S. Zerdane,? E. Collet,*™® X. Dong,? S. F. Matar, ®“1H. F. Wang,®! C. Desplanches,® G. Chastanet,®!
M. Chollet,!¥J. M. Glownia,[?H.T. Lemke,®¢! M. Lorenc, M. Cammarata,*@

Abstract: The [Fe(L222N5)(CN),] compound, where L,:Nsrefers to the
macrocyclic  Schiff-base  ligand, 2,13-dimethyl-3,6,9,-12,18-
pentaazabicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene, is a
photomagnetic Fe' based coordination compound, which undergoes
light-induced excited spin-state trapping (LIESST). The low spin state
is hexacoordinated and the high spin state heptacoordinated. This
system also serves as complex for the design of trinuclear or one-
dimensional compounds made of other types of bricks with diverse
coordinated metals. Here we study its ultrafast spin-state
photoswitching dynamics, by combining femtosecond optical
spectroscopy and femtosecond X-ray absorption measurements at
the XPP station of the X-ray free-electron laser LCLS. DFT and TD-
DFT calculations are used to interpret experimental findings. These
studies performed in the solution phase show that LIESST in
[Fe(L222Ns)(CN),] occurs on the 100 fs timescale under different types
of photoexcitation. In addition, we observe coherent oscillations
resulting from the structural dynamics accompanying LIESST, which
were recently evidenced in more conventional octahedral Fe'Ng
systems.

Introduction

The design of materials able to store information on the single
molecule level or on assemblies of molecules is a current challenge
in information technology. Among all the investigated systems, an
interesting class of molecular switches are those undergoing the light-
induced excited spin state trapping (LIESST) phenomenon, between
low spin (LS) and high spin (HS) states. LIESST was deeply
investigated in many spin-crossover materials and especially in Fe"Ng
systems.! In the solid state, LIESST can be induced at low
temperature by conventional techniques since the photoinduced HS
state is long-lived.” At high temperature, LIESST is transient and can
be studied by time-resolved techniques, down to the femtosecond
timescale, in solution® or in solids!*. Several studies using optical
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spectroscopy, X-ray spectroscopy or IR spectroscopy demonstrated
that LIESST occurs on the 100 fs timescale from the initial
photoexcited state (MLCT, LMCT or d-d) to the HS state. Very recent
studies focused on the ultrafast structural dynamics accompanying
LIESST. Between the two spin states, an important structural
reorganization occurs: the population of antibonding orbitals in the HS
state increases the equilibrium Fe-ligand distance. However, as the
system reaches the HS potential at a position different from the
equilibrium structure, a coherent structural dynamics starts, related to
the activation and damping of the breathing mode, i.e. the expansion
of the FeNg core.B 4¢ 4081 |n the Fe systems for which LIESST was
investigated on femtosecond timescale, the iron is hexacoordinated in
both LS and HS states with Fe"Ng Fe"N4O, or Fe'""N,O».

In this paper we study the [Fe(L222Ns)(CN),] photomagnetic Fe'
coordination compound, involving the Ly;;Ns macrocyclic Schiff-base
ligand, 2,13-dimethyl-3,6,9,-12,18-pentaazabicyclo[12.3.1]octadeca-
1(18),2,12,14,16-pentaene (Fig. 1). This complex was originally
synthesized by Nelson et al. and was found to be in the low-spin state
at room temperature.® [Fe(L2:Ns)(CN),] also serves as linker for the
design of trinuclear molecular complexes or one-dimensional
compounds made of other types of coordinated metal bricks.l"! Its
photomagnetic properties allow for example to switch “on” and “off”
the magnetic interaction between the photoinduced Fe'" HS unit (S =
2) and the Mn'" ions in Mn-Fe-Mn trimers. The structure of this
complex was revealed in the [Fe(Lx22Ns)(CN)2]J-H.O complex by
Ababei et al, where the system is LS at 150 K. The Fe' ion is then
hexacoordinated (Fig. 1) with 2 cyanido ligands in axial positions (Fe-
CN=1.94-1.96 A) and 4 N atoms from the macrocyclic ligand L22,Ns
equatorial plane (Fe-Ngq =1.84-2.1 A). The fifth N atom of the LN
ligand is uncoordinated since Fe-N = 3.5 A. Costa et al reported that
this system remains LS up to 420 K, but that it undergoes light-
induced excited spin-state trapping from LS (S=0) to HS (S=2) states
at low temperature, by photoexcitation at 532 nm. This photoinduced
HS state remains stable up to a typical temperature T(LIESST) 110K,
as characterized by magnetic susceptibility measurements after light
irradiation.®®! In addition, temperature-dependent diffuse absorption
spectra of the hydrated [Fe(L222Ns)(CN),].H.O complex, measured in
the 450-850 nm range was also used to characterize the change of
electronic state. The switching from LS to HS is associated with an
increase of optical absorption above ~ 640 nm and a decrease below.
In the following, we exploit these spectroscopic fingerprints, to study
the ultrafast photoswitching dynamics. Ababei et al. also revealed the
structure of the complex in its HS state, which appears in the structure
of [(Mn(saltmen),Fe(L222Ns)(CN)2](ClO4),-0.5CH3OH. In this trinuclear
complex, the two [Mn(saltmen)] moieties are bridged by one
[Fe'"(L222Ns)(CN),] brick, which is in the HS state. It was found that the
HS Fe' metal ion is then heptacoordinated, by 2 axial CN groups
(Fe-CN = 2.17-2.18 A) and the 5 N atoms of the macrocyclic L»,Ns
ligand (with Fe-N =2.15-2.32 A, Fig. 1).

This article is protected by copyright. All rights reserved.
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Here we use femtosecond optical spectroscopy, at the Institut de
Physique de Rennes!® and femtosecond X-ray absorption at the XPP
station!'? of the LCLS X-ray Free Electron Laser (X-FEL) to study in
real time the photoswitching dynamics of [Fe(L222Ns)(CN)] in solution.
The sample was photoexcited by ~50 fs laser pulse at different
wavelengths in the [490-680] nm range (see experimental section).

\
Qs

Figure 1. Structures obtained by Ababei et all® in LS
[Fe(L222Ns)(CN)2]-H,O  crystals  (left) and in the complex
[(Mn(saltmen))zFe(L22sNs)(CN),](Cl04),-0.5CH:OH,  where  HS

[Fe(L222Ns)(CN),] (right) connects two [Mn(saltmen)] units (not shown).
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Figure 2. Variation of the optical density (AOD) recorded with white-
light spectrometer 2 ps after photo-excitation at 490 nm. The OD
increase in the IR (above ~640 nm) and decrease in the visible parts
of the spectrum is characteristic of the change from LS to HS states,
as observed by LIESST experiments at low temperature.

Results and Discussion

Femtosecond optical spectroscopy was used to study the
ultrafast spin-state switching dynamics of [Fe(L222Ns)(CN);]
dissolved in water at room temperature. We used different pump
and probe wavelengths. We measured the spectral optical density
change (AOD) in the 500-770 nm range with white-light
spectroscopy, after photoexcitation at 490 nm (~10uJ.mm=2). We
show in Fig. 2 the OD change measured 2 ps after photo-
excitation. The OD decrease below ~ 640 nm (visible) and OD
increase above (IR) are characteristic of the LIESST effect, also
characterized by a photomagnetic experiment at low
temperature,®!l and the change in figure 2 can be safely attributed
photoswitching from LS to HS. Single-wavelength probe (680 nm)
measurements gave more details about the switching dynamics
induced by 490 nm pump (Fig. 3a). We observe two main steps:
a transient peak immediately after laser excitation followed by a
fast OD increase and a slower change towards a plateau on the
ps timescale. These features are similar to the ones observed
during LIESST in Fe'Ns systems with an almost octahedral
coordination. The transient peak is the signature of the short-lived

10.1002/chem.201704746

WILEY-VCH

MLCT, which rapidly decays towards the HS state with a
corresponding OD change within =100 fs. The slower OD change
within tvc=3 ps corresponds to vibrational cooling in the HS
potential.BM¥ In addition, a damped oscillation at ~ 47 cm™ (710 fs
period) accompanies the process. The global OD increase in IR
and decrease in visible range, observed during conversion from
LS to HS state on the ps timescale (Fig. 2), are also observed for
photoexcitation at 530, 580 and 680 nm (Fig. 3 b-d). However, the
photo-switching dynamics are different, as shown here for the OD
change time traces measured at 490 nm probing wavelength for
the different excitation wavelengths (Tab. 1).

We measured transient X-ray absorption change (XAS) at the
Fe K edge, induced by photoexcitation at 530 nm, at the XPP
station of the LCLS X-FEL. The relative change Al(t)/los at
7125 eV is sensitive to spin-state switching in Fe' materials,
including both electronic and structural contributions.9 4¢l Fig. 4
shows the Al(t)/lo increases after photoexcitation, characteristic
of the LS to HS transformation. A Transient change of opposite
sign is also observed within the first 100 fs, which highlights the
presence of one (or several) short-lived intermediate(s). These
XAS results fingerprint the LS to HS spin-state photo-switching,
accompanied by coherent oscillation (x47 cm™).

To better understand the process, an accurate description of
the initial excited states is required, and provided by DFT and time
dependent DFT (TD-DFT) calculations.'! TD-DFT lead to the
natural transition orbitals (NTO), through an account for hole—
particle pairs involved in the excited states induced by the pump
light. TD-DFT as implemented in the Gaussian G09 package!'?
was applied for obtaining the NTO of LS [Fe(L222Ns)(CN)2],
starting from geometry optimized molecule with UB3LYP/6-
31g(d,p) functional-basis set, found to be similar to the
hexacoordinated structure found by X-ray diffraction.®! Because
of the low symmetry of the molecule, the d orbitals of the Fe and
the ligand orbitals are mixed. However, from Fig. 5 different types
of photo-excitations can be distinguished. In the low energy
excitation region, the 680 nm pump excitation corresponds well to
the transition calculated at 1.91 eV. The hole has some d non-
bonding character and the particle some d anti-bonding character.
Both hole and particle NTOs involve the ligand. Given the low
symmetry of the system, this excitation is analogous to a d-d
transition (d-d excitation is forbidden in octahedral FeNg systems
and allowed in lower symmetry systems,['¥! like FeN,4O,). We
identify another type of d-d excitation at 2.12 eV (close to 580 nm).
The hole has some d non-bonding character and the particle
some d anti-bonding character, but the particle weight is strong
on the CN groups of the ligand. Excitation around 530 nm
corresponds to a transition calculated at 2.34 eV, which has a
stronger metal-to-ligand charge-transfer character, with high
particle weight on the macrocyclic ligand equatorial plane. In the
following discussion, 680 nm excitation is referred to as d-di,
580 nm as d-d; and 530 nm as MLCT for the sake of simplicity.

To understand the nature of the oscillation observed in the
photoinduced HS state, we carried G09 molecular vibration
calculations in the heptacoordinated HS state. In the low
frequency region, we found vibration modes at 30 cm™, 46 cm™
and 52 cm™'. The modes at 30 and 52 cm™' correspond to ligand
torsion modes.

This article is protected by copyright. All rights reserved.
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Figure 3. Kinetic traces of AOD at selected wavelengths obtained by two-colour
pump-probe experiment at room temperature. The solid lines show the fit of the
data, with a bi-exponential model describing the intermediate state, the
vibrational cooling, and the coherent vibration in a and d.
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Figure 4. Time resolved change of the relative X-ray absorption Al(t)/lof
measured at 7125 eV. The fit (thick line) takes into account the spin transition
with the MLCT to HS decay 7 =150(10) fs and a damped oscillation with 710 fs
period (47 cm™).
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Table 1. Physical parameters used for the fits in Fig. 3-4. 1. LS-to-HS
switching, tvc: vibrational cooling and v: oscillation frequency.

Pump / probe Figure  Excitation 1 (fs) we(fs)  v(cm™)
490 nm/680nm  3a MLCT  130(10) 3.1 (2) 47 (1)
530 nm/490 nm  3b MLCT  120(10) 1.2(1) -
580 nm/490nm  3c d-d 75(10) 0.7 (1) -
680 nm/490 nm  3d d-d 75(10) - 0.7 (1) 47 (1)
530 nm/7125eV 4 MLCT 150 (10) - 47 (1)
NTO of LS [Fe(L,,,Ns)(CN),]
MLCT 2.34eV 2530 nm particle

Figure 5. NTO of hole and particle for different excitation wavelengths, showing
MLCT-like transition at high energy and d-d-like transitions at low energy.

Fig. 6 shows the main atomic motions for the mode calculated at
46 cm™, which is of specific interest for interpretation of the
observed XANES oscillations. It corresponds to the bending of the
NC-Fe-CN axis schematically indicated by the arrows showing
opposite motions of Fe and CN groups. This induces small
oscillation of some Fe-N bond lengths, as the macrocycle remains
almost rigid in this mode. In addition, we found a stretching mode
at 183 cm!, where three Fe-N bonds oscillate in phase and two
remain almost constant (Fig. 6). We found another type of
stretching mode at 263 cm-', with in-phase elongation of the two
Fe-CN bonds perpendicular to the macrocyclic ligand.

Now a scenario can be built up to explain the experimental
results. As both optical and X-ray data evidence (at least) one
intermediate state, characterized with a transient peak and a fast
change on the fs timescale, we use a phenomenological model to
fit the data. It includes an initially photo-induced state (MLCT),
which stochastically populates the final HS state where the
system undergoes a damped oscillatory motion.

This article is protected by copyright. All rights reserved.
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HS 46 cm™?

HS 183 cm™!

Figure 6. Representation of the vibration modes calculated at 46 cm™" for the
the NC-Fe-CN bending and 183 cm™ for some Fe-N stretching in the
heptacoordinated HS state.

This simple model, which was used for Fe(bpy);** B is
applied to the present XAS data and is able to reproduce all main
features of the experimental data (Fig. 4). In particular,
photoexcitation at 530 nm (MLCT) creates initially a formal Fe3*
state. It was shown in Fe(bpy)s;?* that for the XAS data this change
of oxidation state results in a transient negative peak at 7125 eV
just after laser excitation, because of the global spectral shift by
~ 1 eV towards higher energy of the XANES spectra of the MLCT
state.®"l The change towards the HS state (Fe''), accompanied by
an increase of the distance between the Fe and the neighbouring
atoms is associated with an increase of XAS at 7125 eV, as
reported in different systems.

The fit to the XAS time trace in Fig. 4 (& Tab. 1) indicates that
the HS state is populated within 150(10) fs and that a 47 cm™’
molecular vibration is activated and damped with a 800 fs time
constant. Since GO09 calculations did not reveal molecular
vibrations in the LS state below 55 cm™, we identify the mode
observed as the HS 46 cm' mode found in molecular calculations
(see Fig. 5). This is an indication that the HS state, with
heptecoordinated structure, forms rapidly after photo-excitation,
although an EXAFS study would be required to state firmly that
the complex changes from hexa to heptacoordinated structures.
We can also notice that optical pump-probe studies performed up
to 80 ps after 490 nm excitation did not reveal slower
transformation process (Fig. 7), except the vibrational cooling
component (tvcx 1-3 ps). We analyse in a similar way the optical
pump-probe data through the OD dynamical time traces shown in
Fig. 3, taking also into account a vibrational cooling component.
Table 1 lists the physical parameters used for the fits shown in
Fig. 3. A time constant t = 130(10) fs is found for excitation at 490
nm and 530 to describe the decay of the MLCT to the HS state,
whereas a 75(10) fs time constant is found for lower energy
excitation at 580 and 680 nm to describe the decay of the d-d
excitations to the HS state, thus bypassing MLCT. We also
observe different optical fingerprints of the intermediates under
530, 580 and 680 nm excitation for the same probing wavelength.
Vibrational cooling varies with the probe wavelength, as it is often
the case. We also observe the vibration mode at 47 cm™ in Fig.
3a & 3d, but not 3b and 3c, probably because of the signal/noise
limitation.
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Figure 7. AOD time traces at 680 and 720 nm after photoexcitation at 490 nm.

The present study provides experimental results on the
LIESST dynamics in the [Fe(L222N5)(CN),] system, with unusual
ligand structure. It is then interesting to discuss similarities and
differences compared to previous studies of more conventional
Fe'Ns systems such as Fe(bpy)s?*, [Fe(PM-AZA),(NCS),],
[Fe(phen)a(NCS),]...13a. 3n. 4¢. 4e. 4nl \When these systems are in the
LS state, the accessible optical excitation is the MLCT state, as
d-d excitation is forbidden, or very weak, because of their almost
octahedral symmetry. The main reaction coordinate responsible
for their spin state trapping is the elongation of the 6 Fe-N bonds.
The FeNs breathing mode, with in-phase oscillation of the Fe-N
bonds, is then coherently activated during the structural trapping
in the HS potential, giving rise to OD or XAS oscillation as the
ligand field oscillate. LIESST is also accompanied by the coherent
activation of other modes in the HS potential energy surface. For
[Fe(L222Ns5)(CN).], we find a similar time constant t~ 130 fs for the
decay towards the HS state after MLCT excitations performed at
530 and 490 nm. However, [Fe(L222N5)(CN).] has a molecular
structure different from conventional FeNg systems and the
structural trapping reaction coordinate is different, with a change
from hexacoordinated (LS) to heptacoordinated (HS) and an
elongation of the Fe-N and Fe-CN bonds. DFT calculation found
HS Fe-ligand modes with Fe-N (183 cm', 182 fs period, Fig. 6) or
Fe-CN (263 cm, 127 fs period) stretching characters, but these
are different in nature from the global molecular breathing around
120 cm™' (=280 fs period) reported in FeNs systems. As for
[Fe(L222Ns)(CN)2] the decay from the MLCT to the HS state occurs
within ~ 130 fs, an important structural decoherence occurs during
the inter-system crossing for the Fe-N and Fe-CN stretching
modes, because their 'z period is shorter than the population time
of the HS potential energy surface. These modes are
consequently populated incoherently in the HS and cannot give
rise to coherent oscillation of XAS or OD signal. For FeNg systems,
the breathing mode with =280 fs period is observed because its
half period is longer than the MLCT to HS decay. This condition
of half-period longer than the MLCT decay is fulfilled in the case
of [Fe(L222Ns)(CN),] for the 47 cm™ mode (710 fs period) observed
in Fig. 3 and 4, which is coherently populated in the HS potential.
This mode modulates XAS and optical data because the
associated bending of the NC-Fe-CN groups strongly modifies the
local structure around the Fe and also the electronic state. Indeed,
because of the sigma character of the Fe-CN bonds, the bending
modifies the electronic density around the Fe. For FeNg systems,
several low-frequency modes are also coherently activated during
LIESST, as reported by optical spectroscopy.
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Another interesting aspect of [Fe(L222Ns)(CN).] compared to
FeNg systems is that the low symmetry allows optical excitation of
the LS state at lower energy than the MLCT, such as d-d
excitation at 680 nm. This excitation scheme was also recently
discussed in Fe(pap-5NO;),, a FeN4O, ligand-field system, where
intense d-d bands were used to induce LIESST.I"1 Compared to
MLCT excitation, this d-d excitation induces a faster decay
towards the HS state and the observed 75 fs timescale is similar
to the one found here for [Fe(L222Ns)(CN),]. This faster decay
limits the structural decoherence in the intermediate state(s),
which translates in a larger oscillating signal in the final HS state
under d-d compared to MLCT excitation, as observed in Fig. 3.
Compared to these previous results on more conventional FeNg
or FeN4O; systems, the present study indicates that the trapping
timescales of the HS state, under MLCT (~ 130 fs) or d-d
excitation (=~ 75 fs), are very similar for [Fe(L222Ns)(CN)2]. The
different ligand structure involves however different modes in the
structural trapping of the process, but only those with % period
shorter than the population of the HS potential can be observed,
and here not those with Fe-N or Fe-CN stretching character. It
also should be noticed here that optical pump pulses with duration
longer than the MLCT decay preclude the observation of this
coherent structural dynamics, as a too long optical pumping will
result in dephasing in the population of the HS state. In addition,
probe pulses longer than 100 fs will decrease the time resolution,
which can make the observation of coherent oscillations difficult
or even preclude it. The use of 100 fs (or shorter) optical or X-ray
pulses is therefore required to induce and observe coherent
structural dynamics. In the present case, the main reason for the
structural decoherence is intrinsic to the system and driven by the
lifetime of the intermediate(s).

Conclusions

Our femtosecond optical and X-ray absorption studies show that
the spin-state switching mechanism in [Fe(L222N5)(CN).] occurs
on similar timescales than in more conventional spin-crossover
materials of almost octahedral symmetry. The low symmetry of
[Fe(L222N5)(CN),] allows both MLCT and d-d like photoexcitations
in the LS hexacoordinated state. We found optical fingerprints of
these intermediates and a faster decay from d-d to HS than from
MLCT to HS, which induces a coherent structural dynamics
related to the bending of the N-C-Fe-C-N group. The structural
relaxation in the HS state is complex, involving a change of
coordination and a large ligand reorganization. We hope that in a
near future complementary X-ray-based techniques extending
down to the femtosecond rangel' (including spectroscopy,
scattering, and diffraction) will make it possible to map in more
detail the dynamics of the electronic and structural degrees of
freedom, as well as the global structural change from
hexacoordinated in the LS state to heptacoordinated in the HS
state. This will also help comparing more directly with X-ray the
evolution of the structural dynamics as d-d and MLCT excitations
induce different pathways on the potential energy surface.
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Experimental Section

The complex [Fe(L222Ns)(CN)2] has been synthesized as already
described by Nelsonl®l. In details, 1.20 g (6 mmol) of iron chloride
tetrahydrate, 1 g (6 mmol) of 2,6-diacetylpyridine, and 0.1 g of sodium
dithionite (used as reducing agent to remove traces of trivalent iron ion)
were dissolved in 15 mL of methanol and 10 mL of water. The
triethylenetetramine (0.876 g, 6 mmol) was added dropwise. The mixture
was kept under nitrogen reflux at 75 °C for 16 h approximately (formation
of [Fe(L222Ns)(Cl)z]). After filtration to remove traces of impurities, 15 mL of
aqueous solution containing an excess of sodium cyanide NaCN (4g; 0.08
mol) and 0.1 g of sodium dithionite was added. This solution was then kept
stirring for ca. 6 hours at room temperature. A polycrystalline powder is
formed. The solid formed is then filtered and washed with 10 mL of
degassed water and dried under vacuum. Finally 0.9 g (yield ~ 40%) of
dark purple powder was collected. This powder was then disolved in water
for ultrafast experiments.

The time resolved studies of aqueous solution of [Fe(L222Ns)(CN)z2] were
performed at room temperature, using two complementary pump/probe
techniques. For femtosecond optical pump-probe spectroscopy with ~60
fs time resolution (RMS), different wavelengths were used for
photoexcitation (490, 530, 580 and 680 nm) with similar excitation fluences
(= 10 pd.mm-?). Time-resolved OD change measurements were performed
at selected wavelengths to track the photoswitching dynamics. The
femtosecond optical pump-probe experiments were configured in visible-
NIR transmission geometry with a quasi-collinear configuration of pump
and probe beams. More details about the experimental set-up are
presented in the paper by Lorenc et all¥@ The time resolved X-ray
absorption signal of aqueous solution of [Fe(L222Ns)(CN)2] was also
measured at room temperature, using the optical pump / X-ray probe
technique through total fluorescence at the X-ray Pump Probe station,
LCLS.I' Lemke et al presented the XAS experimental set-up in more
details.l¥1 We used a C(111) double crystal monochromator to probe X-ray
absorption at 7125 eV, which is known to be very sensitive to the spin state
switching in Fell systems. The relative X-ray to optical pulses arrival time
was recorded using the timing tool diagnostic.['®l The overall time
resolution was found to be ~50 fs RMS.
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The complex relaxation from the photoinduced high-spin phase (PIHS) to the
low-spin phase of the bimetallic two-dimensional coordination spin-crossover
polymer [Fe[(Hg(SCN);),](4,4'-bipy),], is reported. During the thermal
relaxation, commensurate and incommensurate spin-state concentration waves
(SSCWs) form. However, contrary to the steps forming at thermal equilibrium,
associated with long-range SSCW order, the SSCWs forming during the
relaxation from the PIHS phase correspond to short-range order, revealed by
diffuse X-ray scattering. This is interpreted as resulting from the competition
between the two types of SSCW order and another structural symmetry
breaking, due to ligand ordering, occurring at low temperature and precluding
long-range SSCW order.

1. Introduction

Advanced crystallography methods have played an important
role in material science for connecting their macroscopic
properties to microscopic physics or chemistry. It is fair to say
that in this regard Philip Coppens pioneered different types of
developments and applications of the field, such as X-ray
charge-density analysis (Koritsanszky & Coppens, 2001). In
relation to the present research paper, we can also mention
the importance of photo-crystallography and its extension to
the time domain (Kim et al., 2002; Chen et al., 2003; Coppens et
al., 2010; Coppens, 2015) or the investigation of aperiodic
structural modulation, at the origin of unusual electrical
conductivity in B-(BEDT-TTF),I; (Leung et al, 1985) for
example.

Among a wealth of materials, showing various types of
functions related to structural reorganizations, and which can
be driven by external stimuli, spin-crossover (SCO) molecular
crystals (Halcrow, 2013; Real et al., 2005; Bousseksou et al.,
2011) are very interesting in terms of structural science related
to the emergence of functions. These molecular systems are
made up of transition-metal atoms in a ligand field, showing
bistability between low-spin (LS) and high-spin (HS) states. A
thermal conversion from LS to HS states can occur as high
temperature favors the HS state of higher entropy (Giitlich &
Hauser, 1990). Owing to the electronic redistribution, the HS
state is less bonding and corresponds to a higher molecular
volume because of an important metal-ligand bond elonga-
tion (Huby et al, 2004; Pillet et al., 2004, Guionneau, 2014;
Kusz et al., 2001; Collet et al., 2006, 2009). This structural
deformation, involving macroscopic volume change, plays an
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important role in the light-induced electronic spin state trap-
ping (LIESST) as well as reverse-LIESST (Decurtins et al.,
1985; Goujon et al., 2008; Marchivie et al., 2002; Trzop et al.,
2007; Clements et al, 2016; Hauser, 1986). Time-resolved
structural studies, including femtosecond XANES and pico-
second X-ray diffraction, have shown that SCO crystals
excited by a femtosecond laser pulse undergo complex out-of-
equilibrium dynamics. The molecular structural trapping
occurs at the molecular level on the 100fs timescale
(Cammarata et al., 2014; Bertoni et al, 2012; Bertoni,
Cammarata et al., 2015; Lemke et al., 2015; Zhang et al., 2014;
Tissot et al., 2011). It is followed on the ns timescale by lattice
expansion, driven by molecular expansion (Bertoni, Lorenc,
Cailleau et al., 2016; Bertoni, Lorenc et al., 2015) and on the ps
timescale by lattice heating (Collet, Lorenc et al, 2012;
Bertoni, Lorenc, Graber et al., 2016). Philip Coppens helped
us to explore deeper in the time-domain analysis of the
structural changes involved, which is difficult to analyze when
the molecular conversion rate is low (Collet, Moisan et al.,
2012).

Materials’ response to external stimuli is not always as
simple as the sum of independent responses of molecules
constituting the crystal. In the case of SCO materials, the
molecular packing in crystals is associated with elastic
coupling between molecules, mediated over a long range
through the lattice, which can drive cooperative SCO (Buron-
Le Cointe et al., 2012; Tissot et al., 2011; Spiering & Will-
enbacher, 1989; Slimani et al., 2015; Enachescu et al., 2015;
Nicolazzi et al., 2008). In the short range, the molecular
packing and the elastic energy costs, related to important
structural changes, can also be at the origin of elastic frus-
tration (Watanabe et al., 2016; Paez-Espejo et al., 2016). It can
generate stepwise conversions of the fraction of HS molecules
yus With temperature, as recently discussed in recent reviews
(Shatruk et al., 2015; Ortega-Villar et al., 2016). Structural
studies of several Fe' systems have reported periodic and
aperiodic long-range order of LS and HS states (Boinnard et
al., 1994; Chernyshov et al., 2003; Huby et al., 2004; Reger et al.,
2001; Money et al., 2007; Luan et al., 2015; Yamada et al., 2006;
Sato et al., 2009; Bréfuel et al., 2009, 2010; Collet, Watanabe et
al., 2012; Bonnet et al., 2008; Clements et al., 2016; Pillet et al.,
2012). In addition, similar HS-LS ordering phenomena were
reported for a reduced number of Fe' (Griffin ef al., 2011; Li
et al., 2013; Vieira et al., 2013; Murnaghan et al., 2014; Harding
et al., 2015), Co™ (Bhar et al., 2012) and Mn"" (Fitzpatrick et
al., 2015) complexes. This long-range ordering of molecules in
HS and LS states corresponds to the formation of spin-state
concentration waves, i.e. a periodic spatial modulation of the
probability for a crystalline site to populate the HS state
(Collet, Watanabe et al., 2012; Marino et al., 2015; Watanabe et
al., 2016; Trzop et al., 2016).

We have recently reported a multi-step thermal equilibrium
conversion process from complete HS to complete LS phases,
in the bimetallic two-dimensional coordination polymer
[Fe[(Hg(SCN)3),](4,4'-bipy),], associated with different
intermediate phases with different HS-LS long-range orders
on the steps. This multi-step conversion therefore shows

similar features to the Devil’s staircase-type phase transition
in the yys versus T conversion (Trzop et al., 2016). In addition,
more conventional structural phase transitions, related to
symmetry breaking related to molecular distortion and/or
ligand ordering, can also occur in SCO materials and be
coupled or not to the change of spin state (Watanabe et al.,
2013; Bréfuel et al, 2009, 2010). Here we present a
structural analysis of the photoinduced SCO phenomena in
the bimetallic two-dimensional coordination polymer
[Fe[(Hg(SCN);),](4,4'-bipy),], (1). We briefly summarize
thermal equilibrium phase transitions and the structural
nature of their changes to focus on the multi-step relaxation
process from the photoinduced HS state.

2. Phase transitions at thermal equilibrium for (1)

The multistep spin-state conversion of the two-dimensional
bimetallic coordination polymer (1) is illustrated by the
thermal dependence of x\7 product (xp = magnetic
susceptibility, 7 temperature) shown in Fig. 1. It is governed by
the thermal population of the diamagnetic LS and para-
magnetic HS states and is consequently scaled to the evolution
of the fraction of molecules in the HS state yys. Magnetic
measurements and crystallographic studies revealed different
phases and their crystalline structures, already presented in
detail elsewhere (Trzop et al, 2016; Zhang et al., 2017), are
schematically represented in Fig. 1.

In the interval 300-190 K, xuT =~ 3.67 cm® K mol™! corre-
sponds to a phase where the Fe"' centers are in the HS (S = 2,
yus = 1) state. This is the high-spin (HS) high symmetry (hs)
phase (HS™, P1). In the crystalline structure, there is a single
Fe'' site lying on an inversion center. In the HS™ phase, the
asymmetric unit consists of one axially coordinated N atom
belonging to a 4,4'-bipy ligand and two equatorial N atoms
belonging to two crystallographically distinct NCS groups
(Fig. 2). The average Fel —N bond length of the [Fe''Ng]
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Figure 1 ®

Temperature dependence of xy7 (left axis), scaled to HS fraction yys
(right axis) in the 10-300 K range at thermal equilibrium for (1) (black
curves) and in the warming mode after photoexcitation at 10 K by a laser
at 660 nm (red curve). The different structures of the bimetallic
coordination polymer made of Fe' (HS = red, LS = blue spheres) and
Hg" (crosses) connected by (4,4"-bipy) ligands (lines) are schematically
represented, with stripes (red lines) forming on the steps.
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octahedron, (Fel —N) = 2.158 (3) A, is typical for Fe" cations
in the HS state. Below 170 K, x\7 drops rapidly towards a
plateau in the 108-125 K range, indicating that 50% of the Fe
sites are in the HS and in the LS states. We have shown that a
symmetry breaking occurs on the plateau (Trzop et al., 2016).
This cell doubling is characterized by the appearance of
superstructure Bragg peaks at q. = %a* + %b* + 1¢*, where a*,
b* and c* refer to the reciprocal lattice of the high-symmetry
phase. The structural refinement reveals two different Fe sites:
site 1 is mainly LS as characterized by (Fel —N) ~1.962 (3) A,
whereas site 2 is mainly HS with (Fe2—N) ~ 2.146 (3) A. The
structure then consists of stripes of molecules in mainly HS or
LS states and alternating along q.in an ... HS-LS-HS-LS ...
sequence (Fig. 3a). This spin-state concentration wave,
commensurate with the high-symmetry lattice, corresponds to
a spatial modulation of the HS fraction,

SSCW®™: - yis(r) = vias + (n°/2) x cos(q. - 1), (1)

where X-ray studies give yfg =~ 0.5 and n° 2~ 0.9 (Trzop et al.,
2016) at 117 K.

On cooling further, a second plateau appears in the interval
96-108 K, where an incommensurate modulation appears,

(@) ¢« 15KPIHS® (c) “

)

Hg"

- -

Figure 2

Structures of the isostructural high-symmetry HS™ [220 K, (c)] and LS™ [90 K, (d)] phases and of the
isostructural PIHS" [15 K, (a)] and LS" [15 K, (b)] phases. The symmetry breaking is associated with
ligand ordering (tilting of bipy). The unit cell axes are given in the high- and low-symmetry cells. PTHS"
and LS" are the photoinduced HS low-symmetry (Is) and LS low-symmetry (Is) phases.

characterized by satellite reflections at q; = 0.48a* + 0.35b* +
0.42¢*. Superspace crystallography showed that it corresponds
to a phase where the spatial modulation of the HS fraction is
incommensurate with the lattice (Fig. 3b). This spin-state
concentration wave, incommensurate with the molecular
packing, is described as follows

SSCW™™:  yis(r) = s + (11/2) x cos(q; 1), (2)

with yiis = 0.34 and n' = 0.85 at 102 K. Since there is no group-
subgroup relationship between the SSCW™ and the
SSCW™™™™ the transition between the two phases is recon-
structive and first order. These features, related to the
formation of different long-range ordered HS-LS sequences
on the thermal steps, present some analogies with Devil’s
staircase-type transformations (Bak & von Boehm, 1980;
Fisher & Selke, 1980; Aubry, 1983; Bak & Bruinsma, 1982).
Below ~95 K the system reaches the low-spin phase of high
symmetry (LS™), which is isostructural to the HS™ phase. The
unique Fe site is now LS with (Fel—N) = 1.961 (3) A at90 K.
Apart from these intramolecular metric changes, driving
volume change, the LS™ structure does not present other
relevant differences with respect to the HS™ structure at
220 K (Fig. 2).

220K HSPs ¢

3. Ligand ordering in low-
symmetry low-spin and
photoinduced high-spin phases

Below 85 K, a structural symmetry
breaking occurs towards a low-
symmetry LS phase (LS"; Zhang et
al.,2017). It corresponds to another
unit-cell doubling with respect to
the high-symmetry HS™ and LS™
unit cells, with the appearance of
Bragg peaks at q; = 1b* + i¢*. In
this doubled unit cell, the [Fe(u-
44-bipy)];* chains are made
of non-centrosymmetric Fe'' sites
linked by planar centrosymmetric
= 44'-bipy  bridges, while the
[[Hg(SCN)3]o(1-4.4"-bipy)]  units
are constituted of two crystal-
lographically  distinct ~ Hg(1,2)
centers bridged by a non-
centrosymmetric 4,4'-bipy bridge.
Consequently, several structural
rearrangements occur as shown in
Fig. 2. The main feature related to
this symmetry breaking is the rela-
tive twisting of the pyridine rings
bridging the two Hg sites while

Figure 3

pyridine rings of Fe sites remain
planar in the LS"™ phase. This is
due to the fact that with the

The commensurate spin-state concentration wave SSCW™ forming along q. (117 K, left) and

incommensurate SSCW™°™ (102 K, right) forming along g; (projected), showing HS (red) and LS (blue)
stripes. The schemes below show the spatial evolution of yyg over crystalline sites.

cell doubling the inversion sym-
metry between the pyridine rings
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connecting the Fe atoms remains, whereas the one between
the pyridine rings connecting the Hg atoms are lost.

We have also reported that the system undergoes LIESST:
the magnetic susceptibility of an LS sample at 10 K increases
from xumT =~ 0.09cm®Kmol™ and saturates around
3.0 cm® K mol ™" after irradiation with red light (A = 633 nm;
Zhang et al., 2017). Once the light irradiation is stopped and
the temperature is increased, at a rate of 0.3 K min™"', yyT
reaches a maximum around 3.40 cm® K mol™' at 38 K. It is
characteristic of the thermal population of the different
microstates arising from the zero-field splitting of the photo-
induced HS phase (PIHS, S = 2). Interestingly, the structure of
the photoinduced HS state is not the same as that of the fully
HS state existing at thermal equilibrium above 220 K.
Previous photocrystallographic studies have shown that with
respect to the HS™ structure, the photoinduced state has a low
symmetry. The structure of this PIHS" state is isostructural to
the LS" phase, also characterized by the presence of Bragg
peaks at q; = 1b* + 1¢* with respect to the HS"™,. The unit cell
also contains a single non-centrosymmetric Fe'' site with an
average Fe—N bond length (Fel—N) = 2.141 (3) A, char-
acteristic of the formation of the HS state. This symmetry
breaking is also associated with the twisting of the pyridine
rings connecting the Hg atoms, as for the LS" phase (Fig. 2).
More details about the LS"® and PIHS" crystalline structures
can be found in Zhang et al. (2017).

During the thermal relaxation above 39 K, the magnetic
susceptibility drops rapidly and returns to the initial value
characteristic of the LS state around 62K, indicating a
complete relaxation from PIHS to LS states. However, this
thermal relaxation does not occur in a single step. The deri-
vative curve (Fig. 4) indicates that the relaxation rate is not
monotonic, as it is slowing down in the 50-60 K range, where
yus =~ 0.5 and yps = 0.33 are characteristic of steps observed
during the thermal crossover, and becomes faster around
60 K. It therefore appears of interest to explore deeper in the

T (cm’.K.Mol™)

L | ST FEE |

30 40 50 60 70
Figure 4 Temperature (K)
Temperature dependence of xy7 in the 30-80 K range in the warming
mode after photoexcitation at 10 K by a laser at 633 nm (top half). The
derivative with temperature (bottom half) shows a slower relaxation in
the 50-60 K range and a faster relaxation above 60 K towards the LS
state.

analysis of the relaxation process from the PIHS" phase to
track the formation of SSCWs during the relaxation process,
and to compare the structural orders with those observed at
thermal equilibrium.

4. Multi-step thermal conversion versus thermal
relaxation from photoinduced high-spin state

In order to study in detail the structural changes involved in
the processes, we performed X-ray diffraction experiments on
the CRISTAL beamline at the SOLEIL synchrotron. Single-
crystal measurements were performed at different tempera-
tures, before and after light irradiation. We investigated both
the thermal phase transitions and the relaxation process from
the PIHS" phase through the evolution of the Bragg peaks and
diffuse scattering. We used a He-flow cryojet (Cryocool G2b
LT from Cryo Industries of America) to cool the sample down
to 20 K, where the PIHS" phase has a lifetime much longer
than 1 h. It is then easy to generate the PIHS™ state with laser
excitation, at 633 or 658 nm (Zhang et al., 2017) or at 532 nm
in the present work, and then to collect X-ray diffraction data
on the diffractometer (Newport-Rigaku Oxford Diffraction,
equipped with the Atlas detector). For data analysis, we used
the CrysAlis software. The wavelength was tuned at
0.513450 A, using an Si 111 double-crystal monochromator
and sagittal focusing. The unit-cell parameters and orientation
matrix were refined using CrysAlisPro software (Rigaku,
2015). In order to extract the intensity profile along very
precise directions, we adopted a two-step method. After unit-
cell refinements, parallel (a*, b*) reciprocal planes were
reconstructed with a resolution of 0.002 A~ along the b*
direction. The intensity was then averaged over 20 unit cells to
reconstruct a three-dimensional reciprocal unit. Profiles were
extracted after a subsequent refinement of the basis vector in
the averaged unit cell. In order to increase the contrast,
diffuse-scattering profiles were analyzed after filtering from
major parasite reflections and Bragg peaks.

The SSCW®™ forming on the plateau at yys =~ 0.5 at
thermal equilibrium is characterized by the appearance of
superstructure Bragg peaks at q. = Ja* + 1b* + 1¢*. Fig. 5 shows
that these superstructure peaks are as sharp as general Bragg
peaks and characteristic of a long-range ordered SSCW™. In
a similar way, the satellite reflections at q; = 0.48a* + 0.35b* +
0.42¢* (102 K, Fig. 5), which appear on the low-temperature
plateau, are also sharp and related to the aperiodic but long-
range SSCW™™°™ The fit used Gaussian functions with similar
FWHM (0.008 % 0.002 A’l) for the different peaks. This
width is mainly limited by the experimental resolution.

It is important to recall that the symmetry at 7 = 95 K is the
same as the high-symmetry one, which is reflected in the
diffraction image by the fact that the scattered intensity at g,
and q; completely vanishes.

Below 85 K, new superstructure Bragg peaks appear at q;. =
Ib* + e .which are characteristic of the symmetry breaking in
the LS" phase, associated with twisting of the pyridine rings.
These peaks measured here at 30 K (Fig. 6) are also as sharp as
general Bragg peaks, leading us to conclude again that there is

Acta Cryst. (2017). B73, 660-668
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a long-range ligand order at low temperature. The fit in Fig. 6
used Gaussian functions for Bragg peaks and superstructure
reflections, with similar FWHM (0.007 £ 0.002 A~"). The
latter value defines our experimental resolution, which is
comparable with the one measured on our laboratory set-up.

The photoswitching, showed by magnetic measurements,
from LS" to PIHS" is characterized by a structural distortion
without symmetry breaking. X-ray diffraction measurements
allowed a unit-cell volume increase to be seen around 25 A>
(Fig. 7), related to the increase of the Fe—N bonds between
LS and HS states. This unit-cell volume change is comparable
with the ~35 A® volume increase from LS (90K) to HS
(300 K), which also includes thermal contraction in addition to
lattice contraction due to bond shrinking during the spin-state
conversion. It is responsible for the shift of the Bragg peaks
after photo-excitation, as seen in Fig. 6. The volume contrac-
tion observed on warming is characteristic of the relaxation
towards the low-spin state and the superstructure peaks at q.
indicate the relaxation towards the LS"™ phase.

It starts at around 45 K and goes on in a non-monotonic way
up =~ 60 K, where the initial volume of the LS state is reached
anew. The volume change during the relaxation from the
photoinduced HS state occurs at temperatures in good
agreement with magnetic data (Fig. 4), and a kind of plateau
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Figure 5

Diffracted X-ray intensity in reciprocal space, reconstructed from
diffraction images, showing sharp superstructure Bragg peaks at q. =
la* + Ib* + le* at 117 K (bottom). These are related to the formation of
the SSCW™ on the plateau where yys =~ 0.5. The sharp satellite
reflections observed at q; = 0.48a* + 0.35b* + 0.42¢* at 102 K are related
to the formation of the SSCW™°™ on the plateau where yus > 0.34 (top).

or slowing down during the relaxation around 50-55 K. These
temperatures correlate well with the magnetic data where the
relaxation slows down in this temperature range.

Analysis of the diffraction signal in reciprocal space
provides key information on the structural processes involved
during the relaxation from the PIHS" phase towards the LS"
phase. On one hand, it should be underlined that the super-
structure Bragg peaks, observed at q; = %b* + %c*, are always
present during the relaxation (Fig. 6). We could not detect a
significant change in the width of these superstructure peaks
related to the ligand ordering. We therefore conclude that the

Intensity (normalized)

Figure 6

Diffracted X-ray intensity along q; between Bragg peaks, showing similar
sharp superstructure peaks at q; = 3b* + J¢* at 32 K in the LS" and PIHS"
and at higher temperature during the thermal relaxation from PIHS"
state. The shift of the Bragg peaks along q; from the reference Bragg
peak at q = 0 is due to lattice expansion at 32 K before and after laser
excitation and contraction during relaxation from PIHS.

T T T T T T # T
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Figure 7

Evolution of the unit-cell volume at 32 K from LS" to PIHS" with laser
irradiation at 532 nm, and during the thermal relaxation towards the LS"
at higher temperature.
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[0,0,1]

[0,1,0]

[0,0,0]

[0,1,0]

Figure 8

Three-dimensional reconstruction of the diffuse scattering at 7 = 53 K. Red spheres and white
ellipsoids are constructed to fit the diffuse-scattering shape observed around q; and q., respectively.
The white box represents the edges of the reciprocal unit cell and is given by the position of the
general Bragg peaks, which are not shown for clarity. This figure enhances the anisotropic shape of
the diffuse X-ray scattering around g, = Ja* + 1b* + i¢* and isotropic shape around g; = 0.48a* +

0.35b* + 0.42¢*.

photo-switching process, which involves mainly Fe—N elon-
gation, does not induce ligand disorder. Ligands are probably
frozen at such a low temperature. On the other hand, we
observe an important scattering signal around q. and q; during
the relaxation process (Figs. 8 and 9). X-ray scattering at these
specific positions in reciprocal space is characteristic of the
formation of SSCW™ and SSCW"°™ However, we do not
observe sharp satellite or superstructure Bragg peaks,
contrary to what is observed at thermal equilibrium (Fig. 5).
Instead, diffuse scattering is observed around q. and q; in the
47-56 K range. Above 59 K this diffuse-scattering signal
around q. and q; disappears.

The diffuse-scattering signals around q. and q; are remi-
niscent of the spatial fluctuation of the symmetry breaking
order parameters and reveal the local formation of the
SSCW®™ and SSCW™°™, The coexistence of diffuse signal
around q; and q. at all temperatures results in a complicated
peanut-like shape of the diffuse scattering (Fig. 8). Three-
dimensional fitting of this shape with three ellipsoids was not
possible because of overparametrization. Nevertheless, the
resulting iso-intensity surfaces are well reproduced by
considering an isotropic pattern around ¢; and a disc shape
around q.. Profiles were extracted around q; and q. directions
(Fig. 9). Owing to the interpenetration of the ellipsoids, 2
maxima are systematically observed at q; and 3 maxima at q_.

We used Lorentzian functions to fit the diffuse signal
along q,

I(q) =1, + (3)

Iy
1+q%

from which we extract the inverse correlation lengths & along
different q directions. The broader diffuse scattering at 45 K
corresponds to correlation extending over ~2 unit cells,

whereas the sharper diffuse scattering
[0,0,1] around 51 K corresponds to correlation
extending over ~11 unit cells.

This result can be discussed with
regard to a previous study of the step-
wise relaxation of another SCO mate-
rial, where clear X-ray diffraction
Bragg peaks signalling the long-range
formation of the HS-LS sequence was
revealed on the relaxation step (Pillet et
al., 2012). Our case constitutes a next
step in complexity. The first reason is
the multi-step ordering happening
during the thermal conversion.
However, the key point is certainly the
symmetry breaking associated with the
twist of the ligand, arising at low
temperature. This was not the case in
the study reported by Pillet et al
(2012), where LS and PIHS states had
exactly the same symmetry. The
symmetry breaking we observe below
85K is associated with the ligand
ordering along qp and characterized by a first symmetry-
breaking order parameter. It should be underlined that this
symmetry-breaking order parameter has different symmetry
from the one related to the formation of the SSCW™ (q.) or
of the SSCW™™™ (q;). Therefore, reaching the SSCW™™ or
SSCW™™°™ phase from the PIHS" phase implies a recon-
structive phase transition, as there is no group-subgroup
relationship between these phases.

Such a first-order transition requires significant thermal
energy. On the other hand, a recent theoretical study under-
lined that the step may hardly appear during the relaxation
process because the long-range HS-LS order is difficult to
form (Watanabe et al., 2016). This energy barrier, in addition
to the two competing ordering phenomena between the
formation of local SSCW*°™ (around q.) and local SSCW™ ™™
(around q;) explains the local character of the SSCW observed
during the relaxation. The fit of the diffuse-scattering signal
indicates that the spatial orders related to the formation of
local SSCW®™ and local SSCW™°™ extends over character-
istic correlation lengths between 2 and 10 unit cells depending
of the temperature and the q vector. The formation of small
domains might be explained by mismatch domain walls
between SSCW™ and SSCW™°™ and/or antiphase bound-
aries associated with a spatial phase shift of the SSCW, as
represented schematically in Fig. 10. These ‘stacking faults’
preclude long-range order.

5. Conclusion

Phase transitions related to spin-crossover phenomena, at
thermal equilibrium or during the relaxation from a photo-
induced HS state to an LS state, are in most cases single-step
and isostructural processes. Sometimes more complicated
phase transitions may occur, involving symmetry breaking

Acta Cryst. (2017). B73, 660—-668
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Intensity profiles of the diffuse scattering around q. = %a* +1b* + %c* (a)
and q; = 0.48a* + 0.35b* + 0.42¢* (b) extracted from intensity volume as
shown in Fig. 8. Continuous lines are the result of a fit with two or three
Lorentzian functions respectively. Part (¢) shows a profile along the
direction (+q;, —q;) at 7= 53 K confirming the presence of three maxima.

and/or the formation of SSCWs. Diffraction techniques
powerfully reveal the nature of the symmetry breaking and the
structural changes involved (intra- and/or intermolecular).
The present study reveals an unusual relaxation process from
the photoinduced HS state, where HS-LS sequences spatially
form, but on short-range order only, as directly shown by the
appearance of a diffuse-scattering signal. This type of
measurement opens new possibilities to investigate, beyond
the average crystalline structure, out-of-equilibrium transfor-
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Figure 10

Schematic representation of the formation of locally ordered SSCW*™
where HS (red) and LS (blue) states alternate on the crystalline sites and
SSCW™™°™ domains. Local order may result from the formation of
antiphase boundaries (discontinuous lines) between the same ‘phases’
and domain walls (continuous lines) between SCCW*™ and SSCW"*™
domains.

mations of materials (Guerin et al., 2010), especially when
induced by light excitation.
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