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Summary and organization

2. Summary and organization

During the past ten years, after the discovery of the first spin-crossover (SCO) molecule
thermally evaporated on top of a surface, there has been a rapid increase in the research of ultra-
high vacuum thermally evaporable SCO complexes. So far, a few families of SCO complexes are
suitable for this high-cost technique. Separately, self-assembly of molecules through wet-
chemistry protocols also offers the opportunity to form nanostructures with low-cost
methodologies. However, most of the attempts regarding SCO molecules have failed, leaving a
void of scientific background on this topic. Therefore, this thesis is an input into that lack of
knowledge by aiming to the preparation of SCO molecules suitable for surface deposition from
solution. Hopefully it will be useful for the next generation of experiments and will be used as a
guide towards the right direction.

In order to pursue this aim, rational design of new SCO complexes functionalized with
anchoring groups able to specifically interact with the surface have been carried out. The SCO
complexes investigated in this work are mainly Fe(ll) and Co(ll). Derivatives of two ligands well-
known to give rise to SCO family of complexes have been employed, 2,6-bis(pyrazol-1-yl)pyridine
and 2,2":6",2""-terpyridine, for Fe(ll) and Co(ll), respectively. Regarding the anchoring point,
functionalization with a carboxylic acid group has been chosen due to its versatility to form self-

assembled monolayers (SAMs) in different surfaces.

To a better understanding of the different strategies and approaches, the manuscript is

divided in six main chapters:

The first chapter has been written with the intention to give the reader the basic knowledge
to set the necessary background on the topic ahead of us. A concise introduction to the SCO
phenomenon together with the most known SCO complexes, the concept of SAM, and its current
situation on switchable molecules are presented to understand the difficulty of the challenge
faced. Then, the most commonly used techniques to characterized magnetic properties in the

monolayer regime, also employed by us, are briefly introduced.

Chapters 2 to 4 are based on Fe(ll) 1bpp SCO complexes, while Chapter 5 is focused on a
Co(ll) terpy-based one. In all chapters, synthesis and characterization of the solid state is first

presented and then SAM formation is studied and discussed.

In Chapter 2, a thorough study of our starting point-SCO molecule, [Fe(1bppCOOH),]?*, in

the solid state is shown in order to get a better understanding of its magnetic properties. For that,
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different counteranions (ClO., BFs, CF3SOs3, AsFe, SbFs), degrees of solvation and a slightly
different ligand (bppCOOEt) are employed. Then, deposition of the molecules is studied and some

problems that we will have to overcome are revealed.

In Chapter 3, two different variations of the ligand by changing the position of the carboxylic
acid group are investigated. Characterization of the SCO complexes [Fe(1bpp3COOH)]** and
[Fe(1bpCOOHp,),]?** are presented in parts A and B, respectively. While the first one displays a
gradual an incomplete thermal spin crossover, the second one shows a hysteretic thermal spin
transition close to room temperature and an unusually high T(LIESST). This is related to thermal-
and photoinduced SCO with symmetry breaking, which has been studied in detail with
photocrystallographic measurements at low temperatures. Deposition of the two complexes has
been unsuccessful due to oxidation of the [Fe(lbpp3COOH).]** complexes and the low
processability of [Fe(LbpCOOHp2)2]?".

In Chapter 4, we approach the formation of heteroleptic complexes in an attempt to
understand the role played by the ligand non-interacting with the surface. For that, a similar ligand,
1bppCOOEt also used in Chapter 2, and a bulkier one, 3bpp-bph, are employed. After the
characterization of the bulk material, the similar structure of the [Fe(1bppCOOH)(1bppCOOEL)])?*
heteroleptic complex with respect to our starting point-SCO molecule [Fe(bppCOOH),J?**, does
not change the outcome upon deposition. On the other hand, the bulky ligand of
[Fe(1bppCOOH)(3bpp-bph)]?* improves the SCO behavior of the bulk and the stability of the

deposited monolayer.

In Chapter 5, a Co(ll) complex based on the expanded ligand of the terpy functionalized
with a carboxylic acid group, 4°-(4-carboxyphenyl)-2,2’:6’,2”-terpyridine, has been prepared. It
gives rise to a SCO complex suitable for surface deposition. The formation of a SAM on top of
silver surfaces has been investigated confirming the presence of an intact monolayer of SCO
molecules bonded to the surface. Several spectroscopic techniques have evidenced a thermal
spin transition of such molecules. To the best of our knowledge, this represents the first example

of an active SCO SAM from solution in direct contact with the surface.

Finally, in the last chapter, 6, general conclusions extracted from the results of each chapter
in both, the solid state and surface deposition, have been summarized along with some questions

that we expect to tackle in the future

Vi
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Resumen en castellano

En los Ultimos diez afios, tras el descubrimiento de la primera molécula de transicion de
spin (SCO, de las siglas en inglés spin-crossover) depositada mediante la técnica de evaporacién
térmica en ultra alto vacio en una superficie, ha habido un gran aumento en la busqueda de
compuestos de SCO adecuados para dicha técnica. Hasta el momento, tan so6lo una pequefia
familia de compuestos de SCO son capaces de soportar las condiciones extremas que supone
la evaporacion térmica en ultra alto vacio ademas del alto coste econémico que supone. Por otro
lado, el autoensamblaje de moléculas desde una disolucién también ofrece la oportunidad de
formar nanoestructuras con metodologias mucho mas econémicas. Sin embargo, la mayoria de
los intentos relacionados con la deposicion de moléculas de SCO han fracasado, dejando un
vacio de conocimiento cientifico en este tema. Por lo tanto, esta tesis es una pequefia aportacion
para empezar a llenar la falta de conocimientos dirigido a la preparaciéon de dispositivos
conmutables basados en moléculas de SCO mediante protocolos en disolucién. Esperamos que
este trabajo sea Util para la siguiente generacion de experimentos y sea utilizado como guia hacia

la direccién correcta.

Con el fin de perseguir nuestro objetivo, el disefio racional de nuevos compuestos de SCO
funcionalizados con un punto de anclaje capaz de interaccionar especificamente con la superficie
ha sido llevado a cabo. Los compuestos de SCO investigados en este trabajo son principalmente
de Fe(ll) y Co(ll). Se han utilizado derivados de dos ligandos ampliamente conocidos por dar
lugar a familias de SCO, 2,6-bis(pirazol-1-il)piridina (1bpp) y 2,2":6",2"-terpiridina (terpy), para
Fe(ll) y Co(ll), respectivamente. Respecto al punto de anclaje, la funcionalizacion con un grupo
acido carboxilico ha sido elegida gracias a su versatilidad parar formar monocapas
autoensambladas (SAMs, de las siglas en inglés selfs-assembled monolayers) en diferentes

superficies.

Para facilitar la lectura de las diferentes estrategias utilizadas, el manuscrito se divide en

seis capitulos principales:

El primer capitulo se ha escrito con la intencion de proporcionar al lector el conocimiento
necesario para establecer las bases sobre el tema a tratar. Se compone de una concisa
introduccion al fenédmeno de SCO junto con los compuestos de SCO mas utilizados, el concepto
de SAM y su situacion actual respecto a moléculas conmutables con el fin de dar a conocer la
dificultad del reto abordado. Finalmente, se explican las técnicas de caracterizacion de

monocapas mas comunmente empleadas, también utilizadas a lo largo de este trabajo.

Vii
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En los capitulos 2 a 4 se utilizan compuestos de SCO de Fe(ll) con ligandos derivados del
1bpp, mientras que el Capitulo 5 est& enfocado en un compuesto de Co(ll) basado en un ligando
tipo terpy. En todos los capitulos primero se presentard la sintesis y caracterizacion del
compuesto en estado sélido y después se estudiard y discutira la formacion de SAMs.

En el Capitulo 2, un estudio exhaustivo en estado solido sobre la molécula utilizada como
punto de partida, [Fe(1lbppCOOH),]** se ha realizado con la intencién de tener un mejor
conocimiento sobre las propiedades magnéticas. Para ello se han utilizado diferentes contraiones
(ClOs, BF4, CF3SO0s3, AsFg, SbFg), grados de solvatacion y un ligando ligeramente diferente
(bppCOOEL). Después se ha estudiado la deposicion de las moléculas y, con ello, se han

revelado algunos de los problemas que se van a tener que superatr.

En el Capitulo 3, se han investigado dos variaciones diferentes del ligando cambiando la
posicién del grupo carboxilico. Para ello, se han cristalizado y caracterizado los compuestos
[Fe(bpp3COOH),J*" y [Fe(bpCOOHp,).]?* en estado sélido. Mientras que el primero presenta una
transicién gradual e incompleta con la temperatura, el segundo, cuenta con una transicion térmica
abrupta cerca de temperatura ambiente y una T(LIESST) inusualmente alta. Esto esta
relacionado con una SCO inducida tanto con temperatura como con luz que involucra un cambio
de simetria. Dichas propiedades se han estudiado en detalle. La deposicion de ambos
compuestos ha sido insatisfactoria debido a la oxidacion de los compuestos de
[Fe(1bpp3COOH),]** y la baja procesabilidad del [Fe(1lbpCOOHp,),]?*.

En el Capitulo 4, hemos cambiado el enfoque hacia la formacién de compuestos
heterolépticos con el fin de entender el papel jugado por el ligando que no esta interaccionando
con la superficie. Para ello, un ligando similar, 1bppCOOEt empleado en el Capitulo 2, y uno mas
voluminoso, 3bpp-bph, se han utilizado. Tras la caracterizacion del material en estado solido, el
compuesto heteroléptico [Fe(1bppCOOH)(1bppCOOEL)]?* que presenta una estructura molecular
muy similar respecto a [Fe(1bppCOOH).]?*, da lugar a un resultado analogo tras su deposicion.
Por otro lado, el ligando mas voluminoso en [Fe(bppCOOH)(3bpp-bph)]?* mejora el

comportamiento magnético en estado sdlido y la estabilidad de la monocapa depositada.

En el Capitulo 5, se ha preparado un compuesto de SCO basado en el ligando expandido
de la terpiridina funcionalizada con un &cido carboxilico, 4”-(4-carboxifenilo)-2,2":6’,2”-terpiridina.
Esto ha dado lugar a un compuesto de SCO adecuado para la deposicion. La formacion de SAM
en diferentes superficies se ha investigado confirmando la presencia de una monocapa de
moléculas intactas enlazadas a la superficie. Varias técnicas espectroscopicas han evidenciado

las propiedades de transicion de espin térmica en dichas moléculas. Este trabajo representa,

viii
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hasta donde alcanza nuestro conocimiento, el primer ejemplo de una SAM de moléculas de SCO
activas desde disolucion en contacto directo con la superficie.

Finalmente, en el dltimo capitulo, el 6, se han resumido las conclusiones generales de cada
capitulo tanto en el estado solido como en la deposicion en superficie, junto con algunas
preguntas que esperamos abordar en un futuro.






List of publications

3. List of publications

During the development of this thesis, | have contributed to the following publications. Those

related to the thesis are marked with an asterisk:

S. Mafias-Valero, V. Garcia-Lopez, A. Cantarero, and M. Galbiati, “Raman spectra of ZrS;

and ZrSe; from bulk to atomically thin layers” Applied Sciences (Switzerland), vol. 6, no. 9, 2016,
doi: 10.3390/app6090264.

V. Garcia-Lépez, J. C. Waerenborgh, B. J. C. Vieira, M. Clemente-Leén, and E. Coronado,

“Iron(ll) complexes of tris(2-pyridylmethyl)amine (TPMA) and neutral bidentate ligands showing
thermal- and photo-induced spin crossover” Dalton Transactions, vol. 47, no. 27, 2018, doi:
10.1039/c8dt01425f.

V. Garcia-Lépez, M. Palacios-Corella, M. Clemente-Ledén, and E. Coronado, “Spin-

crossover compounds based on iron(ll) complexes of 2,6-bis(pyrazol-1-yl)pyridine (bpp)
functionalized with carboxylic acid and ethyl carboxylic acid” Dalton Transactions, vol. 47, no. 47,
2018, doi: 10.1039/c8dt03511c.*

V. Garcia-Lépez, M. Palacios-Corella, M. Clemente-Le6n, and E. Coronado, “Iron(ll)

complex of 2-(1H-pyrazol-1-yl)pyridine-4-carboxylic acid (ppCOOH) suitable for surface
deposition” Journal of Coordination Chemistry, vol. 71, no. 6, 2018, doi
10.1080/00958972.2018.1430790.

V. Garcia-Lépez, F. J. Orts-Mula, M. Palacios-Corella, J. M. Clemente-Juan, M. Clemente-

Ledn, and E. Coronado, “Field-induced slow relaxation of magnetization in a mononuclear Co(ll)
complex of 2,6-bis(pyrazol-1-yl)pyridine functionalized with a carboxylic acid” Polyhedron, vol.
150, 2018, doi: 10.1016/j.poly.2018.05.006.

V. Garcia-Lépez, M. Palacios-Corella, S. Cardona-Serra, M. Clemente-Le6n, and E.

Coronado, “Spin-crossover iron(Il) complex showing thermal hysteresis around room temperature
with symmetry breaking and an unusually high: T (LIESST) of 120 K” Chemical Communications,
vol. 55, no. 81, 2019, doi: 10.1039/c9cc05988a.*

V. Garcia-Lépez, M. Palacios-Corella, M. Clemente-Leén, and E. Coronado, “Fe(ll) spin

crossover complexes of a derivative of 2,6-bis(pyrazol-1-yl)pyridine (1-bpp) functionalized with a
carboxylic acid in the 3-pyridyl position” Polyhedron, vol. 170, 2019, doi:
10.1016/j.poly.2019.05.029.

Xi



List of publications

V. Garcia-L6pez, M. Palacios-Corella, V. Gironés-Pérez, C. Bartual-Murgui, J. A. Real, E.

Pellegrin, J. Herrero-Martin, G. Aromi, M. Clemente-Ledn, E. Coronado, “Heteroleptic Iron(ll)
Spin-Crossover Complexes Based on a 2,6-Bis(pyrazol-1-yl)pyridine-type Ligand Functionalized
with  a Carboxylic Acid” Inorganic Chemistry, vol. 58, no. 18, 2019, doi
10.1021/acs.inorgchem.9b01526.*

V. Garcia-Lopez, M. Clemente-Ledn, and E. Coronado, “Thermal- and photo-induced spin

crossover in the 1D coordination polymer [Fe(4-t-Bupy)3][Au(CN)2]2 (4-t-Bupy = 4-tert-
butylpyridine)” Journal of Applied Physics, vol. 129, no. 12, 2021, doi: 10.1063/5.0046998.

I. Capel Berdiell, V. Garcia-Lopez, M. J. Howard, M. Clemente-Le6n, and M. A. Halcrow,

“The effect of tether groups on the spin states of iron(ii)/bis[2,6-di(pyrazol-1-yl)pyridine]
complexes” Dalton Transactions, vol. 50, no. 21, 2021, doi: 10.1039/d1dt01076;j.

M. Palacios-Corella, V. Garcia-Lépez, C. Sanchez-Sanchez, J. M. Clemente-Juan, M.

Clemente-Leon, and E. Coronado, “Insertion of single-ion magnets based on mononuclear Co(ll)
complexes into ferromagnetic oxalate-based networks” Dalton Transactions, vol. 50, no. 17, 2021,
doi: 10.1039/d1dt00595b.

N. Monni, E. Andres-Garcia, K. Caamafno, V. Garcia-Lépez, J. M. Clemente-Juan, M.

Giménez-Marqués, M. Oggianu, E. Cadoni, G. Minguez Espallargas, M. Clemente-Le6n, M. L.
Mercuri, E. Coronado, “A thermally/chemically robust and easily regenerable anilato-based
ultramicroporous 3D MOF for CO2 uptake and separation” Journal of Materials Chemistry A, vol.
9, no. 44, 2021, doi: 10.1039/d1ta07436a.

C. Boix-Constant, V. Garcia-Lopez, E. Navarro-Moratalla, M. Clemente-Leén, J. L. Zafra,

J. Casado, F. Guinea, S. Mafias-Valero, E. Coronado, “Strain Switching in van der Waals
Heterostructures Triggered by a Spin-Crossover Metal-Organic Framework” Advanced Materials,
vol. 34, no. 11, 2022, doi: 10.1002/adma.202110027.

N. Monni, J. J. Baldovi, V. Garcia-Lopez, M. Oggianu, E. Cadoni, F. Quochi, M. Clemente-

Ledn, M. L. Mercuri, E. Coronado, “Reversible tuning of luminescence and magnetism in a
structurally flexible erbium-anilato MOF” Chemical Science, vol. 13, no. 25, 2022, doi:
10.1039/d2sc00769;.

V. Garcia Lopez, N. Giaconi, M. Mannini, L. Poggini, M. Clemente Leon and E. Coronado.

Manuscript in preparation

Xli



Abbreviatures

CFT

A,

LFT

MO

p

LS

HS

SCO
CISCO
CISSS
ELIESST
H

S

yHS

S

SQUID
XV

T
LIESST
r-LIESST

T(LIESST)

Tie

4. Abbreviatures

Crystal Field Theory

Octahedral

Crystal field splitting

Ligand field theory

Molecular orbitals

Spin pair energy

Low spin

High spin

Spin crossover

Coordination induced spin crossover
Coordination induced spin state switching
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Light induced excited spin state trapping
Reverse light induced excited spin state trapping
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Metal to ligand charge transfer
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1. Introduction to Fe(ll) and Co(ll) spin-crossover
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1.1. Crystal Field Theory

Metal complexes are chemical substances composed of a metal ion center surrounded by
molecules called ligands. They have been known for a very long time and present unique and
interesting properties. However, some properties had not been explained until crystal field theory
(CFT) was developed. CFT is a simple bonding model that considers metal-ligand interactions to
be purely electrostatic, nonetheless enables chemists to explain many properties such as color,
magnetism, structures, stability, and reactivity.

This model treats ligands as point charges; therefore, a complex can be described as a
positively charged metal ion surrounded by negative point charges. Despite the noticeable
attraction, electrons of the outer layer of the metal cation (d or f orbitals) and electrons of the
ligand repel each other due to repulsion between like charges. Such electrostatic repulsion leads
the electrons to stay in particular orbitals of the metal ion, and therefore give rise to a splitting of
the degeneracy.

d)(2 - y2 d22 de dXZ dyz

R hd

ey orbitals tog Orbitals
Figure 1.1.1. Different geometries of 3d orbitals of an octahedral coordination sphere.

According to CFT, six ligands (or negatively point charges) form the vertices of an
octahedron in order to minimize electrostatic interactions between them. The octahedral (On)
configuration is by far the most common arrangement and, other configurations such us
tetrahedral or square planar can be explain as a distortion of the On model. Thus, if each ligand
is positioned along x, y, and z Cartesian axes, in transition metals ions, an overlapping of d-
orbitals takes place. d«2y? interacts with four ligands positioned on the x and y axes, and d.? with
two ligands placed on the z axis. On the other hand, the orbitals dxy, dx. and dy, are located

between the ligands (see Figure 1.1.1). Hence, the energy of an electron in the two first orbitals
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(named eg) will be higher than in the other three (hamed t4, Figure 1.1.1). The energy gap
between these two energy levels is known as crystal field splitting (A, or 10Dq).

1.2. Ligand Field Theory

Ligand Field Theory (LFT) can be considered as an extension of the CFT. Itis more accurate
but also more complex. In LFT each point charged is replaced by molecular orbitals (MOs), where
each ligand gives two electrons per bond. This explains the bonding of neutral ligands and
provides a more accurate explanation of the properties.

*
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Bl s gl g
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anti-bonding interaction

-

a :

he N . i Molecular orbitals
non-bonding interaction

Figure 1.2.1. Molecular orbital diagram for an octahedral molecule. tog corresponds to the

non-bonding dyy, dx. and dy, orbitals, while eg* are the anti-bonding orbitals coming from the
hybridization of the d«-y2 and d.2 orbitals. Figure adapted from literature.™

In an Oy symmetry, the 6 orbitals of the ligand and the 6 orbitals of the metal ion hybridize
to give rise to 12 MOs (6 bonding and 6 anti-bonding orbitals). From the d orbitals, d.2,? and d,?
orbitals constitute molecular bonding orbitals due to overlapping with ligand orbitals of wave
functions of the same sign (bonding e4 and anti-bonding ey, see jError! No se encuentra el
origen de la referencia.). However, the overlapping of dyy, dx, and dy, with ligand orbitals is
performed alternatively with positive and negative sign leading to a zero integral of the wave

functions resulting in molecular non-bonding orbitals (to4", Figure 1.2.1).
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Tid* Tiz+, v3+ v ot G2, Mn** Mn?, Fe3t  Fe?*, Codt Co?* NiZ* Cu?* Cu*, Zn?*
di dZ d3 d4 dS d(; d7 dB d9 d10
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Figure 1.2.2. Possible configurations for octahedral transition metal complexes of the 3d
row depending on the magnitude of A.. Figure adapted from literature.?!

In the Oh configuration, d*’ transition metal ions present two possible electronic
configurations (see Figure 1.2.2). These different configurations depend on the energy splitting
., and thus on the ligand-field strength. But in order to determine which electronic configuration
is preferred we have to introduce the spin pairing energy (P). This energy cost arises by placing
an electron in an already occupied orbital due to Coulomb repulsion. Therefore, large values of
D, (i.e., A, > P) yield the lower multiplicity txg®e,° configuration (*A1g) or low-spin (LS) state, while
small values of A, (i.e., A, < P) yield the higher multiplicity tog*e4? configuration (°Tg) or high spin
(HS) state (see Figure 1.2.3).

°E

1l

*H

3T1g

5'|'2g 1A1g
a  A<P A A<P A

D

Figure 1.2.3. Simplified Tanabe-Sugano diagram and the electronic configurations of the

two possible spin states of a d® ion in an octahedral environment.
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However, for intermediate values of A,, the energy difference between the two states may
be sufficiently small in such a way that the application of an external perturbation induces a spin
transition between the HS state to the LS state or the other way around.

1.3. Spin-Crossover phenomenon

In 1932, Linus Pauling suggested that the transition between two different electronic states
in the same system was feasible.B! In fact, in the 1930s, Cambi et. al. had already discovered the
phenomenon of thermal spin transition on an Fe(lll) dithiocarbamate complex.!! By that time, the
wide word acceptance of the LFT (see above) gave rise to a rapidly increase in the search of
systems capable of undergoing spin transition. While mostly all the efforts where focused on
Fe(lll) as the metal ion, almost 30 years later, Busch and co-workers reported the first Co(ll)
spin crossover (SCO) complex,® followed by Konig and Madeja with the first SCO system based
on Fe(ll).["" Thanks to the pioneering work of Fisher and Drickamer, where they determined the
role of pressure in influencing the spin state,® a large number of external stimuli have been
investigated and demonstrated to influence the SCO behavior of the systems (i.e., light,®
pressure,’? magnetic field,*Y electric field,*? pH,*3 solvent,*¥ etcetera). Over the years,
transition metal ions such us Mn(ll), Mn(lll), Cr(ll) and Co(lll) were also found to display thermal
SCO.¥1 Else, different types of spin transition have been discovered, such as tautomerism of
mixed-valence metals,*® coordination induced spin crossover (CISCO, or Coordination-Induced
Spin State Switching (CISSS))" and, very recently, electron-induced excited spin state trapping
(ELIESST) effect.[t8!

In general terms, the SCO phenomena can be described as the property of certain transition
metal complexes (d*”) to undergo spin transition between two different electronic states. Such
transition occurs due to the rearrangement of the 3d electrons from the higher enthalpy (H) LS
state to the greater electronic and vibrational entropy (S) of the HS state or vice versa. As
mentioned above, this transition can be triggered through a large variety of external stimuli,
nonetheless, most commonly, it is triggered by a change in temperature. In this way, by measuring
the temperature-dependence of the properties of a SCO system, it is possible to follow the relative
concentrations of HS and LS states as a function of temperature (yHS vs. T, Figure 1.3.1). Among
all the temperature-dependence properties in which thermally induced spin transition may be

manifested, perhaps molecular structure, color and magnetism are the most important.
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Figure 1.3.1. Different types of SCO curves: left-to-right, abrupt, gradual, step-like,

hysteretic, and gradual and incomplete. Figure extracted from the literature.!*°!

Molecular structure. Since the HS and LS states present different occupancies of the anti-
bonding ey* orbitals in particular, the metal-donor atom distance is remarkably sensitive to spin-
state. Such distance becomes larger in the HS state (with higher occupancy of the g4 orbitals)
and shorter in the LS state (with lower occupancy of the eg* orbitals).

Color. The color of a complex depends on the magnitude of A,. Thus, the LS state (with
larger A,) will absorb higher energy-photons compared to the HS state (with lower Ao) that will
absorb lower energy-photons. Thus, a thermally induced transition will usually result in strong and
visible thermochromism. This change of color between the two different electronic states
frequently provides a simple and rapid mean for the detection of the likely occurrence of spin

transition.

Magnetism. The magnetic response is directly proportional to the number of the multiplicity
(s). Therefore, a strong temperature-dependence of the magnetic moment is expected between
the HS state with maximum multiplicity and the LS state with lower multiplicity. Magnetic
properties of SCO systems are typically recorded with a superconducting quantum interference
device (SQUID) magnetometer and is expressed as the xuT product vs T (xm is the molecular

magnetic susceptibility and T the temperature).
1.4. Light-Induced Excited Spin-State Trapping

Among the different perturbations used in SCO systems, temperature and light are probably
the most studied in comparison with other external stimuli such us pressure.?® The first light-
induced spin transition experiment was observed by McGarvey et. al. in 1982 in solution,?* and
then, two years later by Decurtins et. al. in the solid state.??l After irradiation at 514 nm, the
photoinduced population of the metastable HS state at low temperatures (below 50 K) observed
by spectroscopic techniques was named Light-Induced Excited Spin-State Trapping (LIESST). In

1986, the work of Hauser and co-workers proved that irradiation of the photo-excited metastable
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HS state with higher wavelengths (820 nm) gave rise to re-population of the LS state,
demonstrating the reversibility of the LIESST process, referred as reverse-LIESST (r-LIESST).23!

A schematic representation of the LIESST mechanism is shown in Figure 1.4.1. Thus,
irradiation of the LS state of a SCO system at low temperatures induces a spin allowed A;—T;
transition with T lifetimes typically of nanoseconds. A fast relaxation cascading occurs via two
consecutive intersystem crossing (ISC) to the intermediate states °T; or 3T.. Then, these spin
states can in turn decay via two possible ISC, one leads back to the A; (LS) ground state, the
other implies the °T, (HS*) metastable state. Radiative relaxation from °T- to 'A; is forbidden and
decay by thermal tunnelling to the *A; ground state is slow at low temperatures. This gives rise to
a virtually infinite lifetime as long as the thermal energy (KgT) is lower than the energy barrier
between HS and LS potential surfaces (AE%.). The mechanism of r-LIESST is also illustrated in
Figure 1.4.1. It is explained by application of the appropriate radiative source whereby the °T;
state is excited to the °E state with two subsequent ISC processes via *E—3T;—!A;, leading back
to the LS ground state.?4

—> Energy

Figure 1.4.1. Schematic illustration of LIESST and r-LIESST of a d® complex in the SCO
range. Spin allowed d—d transitions are denoted by arrows and the radiation-less relaxation

processes by wavy lines. Figure extracted from the literature.?%

Based on magnetic characterization, an arbitrarily protocol was initially fixed to ensure that
results are comparable from one compound to the other. The magnetic response is followed in a

SQUID magnetometer while light irradiation is applied to the material at 10 K. It results in the
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population of the higher multiplicity state through the LIESST phenomenon. This can be observed
by a sharp increase of the magnetic signal. Once the photosaturation of the signal is observed
i.e., a plateau is reached, means that the equilibrium is operating between the population and
relaxation of the excited state and the irradiation is stopped. Then, the temperature is increased
at a rate of 0.3 K-min, while the magnetic behavior is recorded continuously. The magnetic
response of the light-induced HS state remains almost constant until the energy barrier between
HS and LS can be thermally overcome. Then, xuT drastically decreases and rapidly recovers its
initial value. The T(LIESST) temperature was defined as the inflexion point of this relaxation in

the thermally activated region and determined by the minimum of the oxwT/dT curve.?

From a theoretical point of view, mean-field theory predicts an inverse relationship between
the thermodynamic thermal SCO temperature Ti2 (T2 = temperature of 50% HS to LS
conversion) and the lifetime of the photoinduced metastable state. Thus, in Fe(ll) complexes, an
empirical linear dependence between T(LIESST), which is the relaxation temperature above
which the metastable photoinduced state is erased, and T2 has been proposed by Létard et
al.,!?! in which T(LIESST) = To + 0.3T1. To is the initial value of the linear function, which could
be related to the denticity and rigidity of the ligand.[?7-2°]

1.5. Iron(ll) SCO complexes of 2,6-bis(pyrazol-1-yl)pyridine (1bpp)

and derivatives

Fe(Il) SCO complexes display a spin transition from S = 0 (t;%e°) LS state to S = 2 (tz5*e¢?)
HS state. Such transition involves two-electron transfer from the tyq to the ey orbital (Figure 1.5.1).
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Figure 1.5.1. Electronic arrangement for HS and LS Fe(ll) complex for SCO behavior.
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Iron(ll) complexes of 2,6-bis(pyrazol-1-yl)pyridine (1bpp), its regioisomer 2,6-bis(pyrazol-3-
yl)pyridine (3bpp) (Scheme 1.5.1. Schematic representation of 1bpp (left) and 3bpp), and their
derivatives (Scheme 1.5.2) have proven to be very versatile compounds for the study of SCO
systems. They often undergo thermal spin transition at accessible temperatures® and LIESST
effect with complete or high photoconversions at relatively high temperatures.!?®!

‘ X
/ IN - | A\
=" 1bpp = AN 3bpp TNH

Scheme 1.5.1. Schematic representation of 1bpp (left) and 3bpp (right) ligands.

Addition of different functional groups in almost every site of the 1bpp skeleton is feasible
and synthetically facile. Functionalization at the 3-pyrazolyl positions provides some control over
the spin state®? (Scheme 1.5.2, A), while functionalization at the 4-pyrazolyl or 4-pyridyl positions
allows modification of the periphery of the complex, without disturbing the iron center in great
measure (Scheme 1.5.2, B and C). Therefore, we can conclude that is one of the most
synthetically flexible ligands used in SCO research.
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Scheme 1.5.2. Different orientation of ligand substituents at the pyrazole 3-position (A), the
pyrazole 4-position (B) and the pyridine 4-position (C) in [Fe(1bpp).]**. Figure extracted from
literature. %%

The most common route to attach additional functionality to the 1bpp pyridine 4-position
ring begins with commercially available 2,6-dihydroxyisonicotinic acid. After a halogenation step,
nucleophilic coupling of pyrazolide anions with 2,6-dihalopyridines yields 2,6-bis(pyrazol-1-

yl)pyridine-4-carboxilyc acid (LbppCOOH, see Scheme 1.5.3).54 From there, it can be converted
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into a wider range of 4-substituted-1bpp products by subsequent functional group
transformations.®
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Scheme 1.5.3. Schematic representation of the synthesis of 1bppCOOH.

In a previous work, our group reported the solvent-free perchlorate salt of the homoleptic
Fe(Il) complex of the ligand 1bppCOOH named [Fe(1bppCOOH),](ClO4)..B% It shows and abrupt
and hysteretic temperature- and light-induced spin transition. Characterization will be completed
and presented in this work. The ethyl ester derivative of 1bppCOOH (ethyl 2,6-bis(pyrazol-1-
yl)pyridine-4-carboxylate, 1bppCOOEt) has also been prepared and characterized for

comparison purposes.

1.6. Co(ll) SCO complexes of 2,2’:6’,2”-terpyridine (terpy) and

derivatives

2,2':6’,2"-terpyridine (terpy, Scheme 1.6.1) and its derivatives also constitute one of the
most widely studied types of ligands in coordination chemistry.8 The popularity of terpy as a
ligand is easy to understand. It is commercially available and straightforward to synthesize. It has
been reacted with a large variety of metals to prepare complexes for different fields and different
applications.F73 Among them, Co(ll) complexes of terpy and derivatives have been shown to

present interesting SCO properties.

Scheme 1.6.1. Schematic representation of the 2,2":6’,2”-terpyridine ligand, terpy.

11



Chapter 1

SCO phenomenon for Co(ll) complexes shows a transition from S = 1/2 (tx°eg4') LS state to
S = 3/2 (t2g°e4%) HS state. Such spin transition involves one-electron transfer from the txq to the eq
orbitals (see Figure 1.6.1), in contrast to the two-electron transfer process of Fe(ll) or Fe(lll) SCO
complexes (see above). This is the origin of important differences in the feature of SCO between
Co(Il) and Fe(ll) complexes. Thus, the small change of distance between the metal and the
coordinated donor atom accompanying SCO of ~0.10 A in Co(ll), which is shorter than that of
~0.20 A in Fe(ll), as well as the smaller change for Co(ll) of both AH and AS thermodynamic
parameters of the SCO.B% This may also be the origin of the fact that LIESST effect has been

observable for a large variety of Fe(ll) SCO systems, but so far it has not been reported for Co(ll).
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Figure 1.6.1. Electronic arrangement for HS and LS Co(ll) complex for SCO behavior.
Extracted from the literature.B%

Co(Il) SCO complexes with a large diversity of terpy derivative ligands have been widely
studied, especially those containing substituents at the C(4') position.*? Depending on the
substituent, the complex can show different features combined with SCO properties such as: (i)
Porosity. Adding a pyridine to the terpy moiety gives rise to a very well-packed 1D chain of
[Co(pyterpy)Cl2]-Solv  (pyterpy, 4'-(4"-pyridyl)-2,2":6',2"-terpyridine) complexes in which the
insertion of different guests in the microporous strongly modifies the magnetic behavior;*3 (ii)
Liquid crystal properties. Functionalization with long alkyl chains in the C(4’) position adds
flexibility in a way that structural phase transitions, and unique SCO properties such us reverse-
SCO, take place;“>% (iii) Ferroelectricity. Employing polar ligands like FPh-terpy (FPh-terpy=4'-
((3-fluoropheny-l)ethynyl)-2,2":6’,2”-terpyridine) produces ferroelectric SCO complexes that
depend on the degree of 180° flip—flop motion of the ligand’s polar fluoro-phenyl ring (see Figure
1.6.2, left); (iv) Gas sensing. Adding a carboxylic acid group allows the formation of neutral

complexes such as Co(terpyCOQ). (terpyCOO, 4’-carboxy-2,2:6’,2”-terpyridine) where the
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absence of counteranions give rise to a compact pseudo-3D structure whit small pores that

selectively tune the Ty, by varying the CO; pressure (see Figure 1.6.2, right).!*”]

1.2

I T/ em’ K mol”
o g
o o

o
o

Ferroelectricity & Spin crossover

(BPhy),

Polarization | yC cm™

-20 -10 [] 10 20

Etectric field k. cm !
emperature

0.4h%

ud 1 1 1 1 1 1

1

0 50 100 150 200 250 300 350

Temperature | K

-1

AmT/ cm3 K mol

©- 110 kPa
35 kPa
11 kPa
& 3.5kPa
1.1 kPa
-6— 0kPa

/

0

100

200 300 400
T/IK

Figure 1.6.2. Left, schematic structure of Co(FPh-terpy).(BPha) (top) and its magnetic and

ferroelectric curves (bot). Right, structure of Co(terpyCOO); (top) and its magnetization curves at

different CO, pressure, the maxima of the first derivative at the bottom show the T/, value. Figures

adapted from the references ¢! and “7, respectively.

Scheme 1.6.2. Schematic representation of the ligands 4’-carboxyl-2,2":6’,2”-terpyridine,
terpyCOOH (left); 4"-(4-carboxyphenyl)-2,2’:6’,2”-terpyridine, HL (right).
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The functionalization with a carboxyphenyl group gives rise to the expanded ligand of the
4’-carboxyl-2,2’:6’,2”-terpyridine ligand (terpyCOOH), 4"-(4-carboxyphenyl)-2,2’:6’,2”-terpyridine
(HL, see Scheme 1.6.2). Co(ll) neutral complex of such terpy derivative has also been reported
by deprotonation of the ligand in agueous base media, as for the case of [Co(terpyCOOQ);]-4H,0
47l (see above), resulting in [Co(L)2]-5H.0.1“81 However, only the crystallographic structure was
reported. This complex is also synthesized and magnetically characterized by us during this work

to be used as a reference.
1.7. Self-Assembled Monolayers

Self-assembled monolayers (SAMS) are nanostructured assemblies spontaneously formed
by the adsorption of an active surfactant on a solid surface.* A schematic representation of the
three main parts in which a surfactant is usually divided is shown in Figure 1.7.1; anchoring group,
body, and head. Each one of them owns a particular function in the assembly.

Head

Anchoring 'y
group S

Figure 1.7.1. 3D representation of the structure of a SAM highlighting its different parts.

Anchoring group. The anchoring group is responsible to link the molecule to the surface
through chemical interactions. It is capable of specifically interact with the surface. For example,
silane groups,®? carboxylic® and phosphonic® acids and chalcogenide elements, such as
sulphur and selenium,®® are the most employed anchoring groups. In this work, the anchoring

group will be carboxylic acid group.

Body. The body usually contains aromatic rings or hydrocarbonated chains. In the

nanostructure assembly, intermolecular forces between neighboring molecules tend to contribute
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to stabilize and favor the assembly process, lead to an efficient molecular packing, and even
modify or add some properties. A core made of different metal ions will be employed in this work
in order to add switchability to the SAM. Such core will be surrounded by aromatic rings. Thus,

n---1 Stacking or CH---7 interactions are the only ones expected that could play a significant role.

Head. At last, the head group mainly defines the new air-substrate interface and, for that,
usually determines some of the different uses of the functionalized surface such as wettability™

or as an anchoring point to other nanostructures.®

As one can imagine, this wide range of possibilities to synthetically modify the surfactant
together with its spontaneous formation of highly packed, ordered, and oriented monolayers, has
drawn the attention of the scientific community. SAMs have proven to be able to control surface
properties such us wettability, adhesion, electron transfer or sensing, which are just a few of many

different uses that have been published.®
1.8. Switchable SAMs

Bistable magnetic molecules such as valence tautomers, single molecule magnets and
SCO complexes are perfect candidates for a large variety of molecular switches. The feasibility
of this complexes as components of molecular spintronic devices are directly related to the

successful assembly of nanostructures and control of the switching properties.
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Figure 1.8.1. Schematic representation of the molecular structures of sublimable SCO

complexes. Figure extracted from the literature.b”
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Over the past ten years, amazing results with different SCO nanostructured assemblies
have been reported. Most of the research has been focused on Fe(ll) SCO complexes since they
presents the most drastic change in the magnetic properties between the diamagnetic (S = 0) LS
state and the paramagnetic (S = 2) HS state (see above). They have been proven to be able to
maintain switchability even down to the (sub)monolayer regime. Although, very recently, one
example of Co(ll) SCO system has been proposed with a hew switching mechanism (ELIESST)
aswell.’® The preferred method for depositing this type of systems has been sublimation at
ultrahigh vacuum of neutral complexes.°-5 However, this high-cost technique has restricted this

deposition method to a few families of vacuum evaporable molecules (see Figure 1.8.1).57

Separately, solution-based approaches, as self-assembly methodologies, have remained
almost unexplored. Self-assembly from solution is a general simple grafting method that only
requires molecules (neutral or not) functionalized with suitable anchoring groups capable of
specifically interact with the surface (see above). In the case of SCO complexes, maintaining the
ligand field of the deposited complex on the surface has been less straightforward. The difficulty
of the challenge can be corroborated by the lack of works reporting the occurrence of this effect
at the nanoscale level. The high lability of the coordinative bonds in these systems and the non-
innocent role of the environment, causes a change in the structure that alters the fragile energetic
balance keeping away the crossover point and pinning the spin state of the system. Most of the
attempts on assembling SAMs of SCO complexes through wet-chemistry protocols have failed
due to modifications in the coordination sphere or deformations of the ligand’s structure.®8671 Only
two successful examples of thermal-switchable magnetic molecules assembled from solution
have been reported so far. On one hand, Poneti et. al. reported a SAM of cobalt-dioxolene
complexes ([Co(Mentpa)DBCatSH](PFs)CH3OH, n =0, 2, 3, see Figure 1.8.2, top) by incubating
a Au(111) substrate in a solution of the complexes. They were able to qualitatively control the
magnetic state of the complex with varying the number of methyl substituents. With n = 0 or 3 the
molecules stabilized the LS or HS state, respectively, while n = 2 featured a partially thermal- and
light-induced valence tautomerism. Such behavior was also observed on the monolayer with X-
ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). On the other
hand, Devid E. J. et. al. was able to detect the spin transition of SCO [Fe(AcS-bpp)2](ClO.). (AcS-
bpp, (S)-(4-{[2,6-(dipyrazol-1-yl)pyrid-4-yllethynyl}phenyl)ethanethioate) molecules chemisorbed
onto a micro-contact printed array of gold nanopatrticles (see Figure 1.8.2, bottom). After 4 days
of incubation in a diluted solution of the above-mentioned molecules, temperature-dependent
Raman, SQUID and charge transport measurements demonstrated the presence of intact SCO

molecules in the system. !
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Figure 1.8.2. Top left, schematic representation of the complexes [Co(Mentpa)DBCatSH]

(n=0, 2, 3). Top right, a) Temperature evolution of the normalized Co Ls-edge XAS spectra of a

monolayer of [Co(Mextpa)DBCatSH] along with reference signals used for the spectral

deconvolution. HS-Co(ll) thermal distribution profile (empty circles) obtained from XAS spectra

taken before (b) and after (c) laser light irradiation. Bottom, cartoon of the micro-printed gold

nanoparticle array. Enclosed in red rectangle, schematic representation of [Fe(AcS-bpp).] in a

junction-like environment. Enclosed in red circle, Raman spectra of the molecule at low (blue) and

high (red) temperature in the nanoparticle array from 900 - 1200 cm™ range. Figures extracted

from the literature.!68.5
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1.9. Characterization techniques

Matrix assisted laser desorption/ionization time of flight Mass Spectroscopy. MALDI-
TOF MS is commonly used in the field of the proteomics to characterize proteins and peptides
rapidly.l"® This is a soft ionization technique that uses a polymer matrix, deposited on the surface,
which is irradiated with a laser. Then, the analyte molecules are usually ionized by being
protonated or deprotonated with the nearby matrix (being the most common MALDI ionization
format for the analyte molecules to carry a single positive charge). Thus, ions of different m/z are
dispersed in time during their flight along a drift path of known length allowing the detection of
their charged mass (the lighter ones will arrive earlier at the detector than the heavier ones). Last
developments in instrumentation have permitted to extend this technique to characterize thin films
and SAMs.["!

Atomic Force Microscopy.l’? AFM is a technique to get topographic information of a
surface. A sharp tip, placed at the end of a cantilever, is brought into close proximity to the surface
of the sample. Piezoelectric tube scanners ensure micrometric positioning of the tip and allows
the scanning of the surface topography. A laser which illuminates the back of the cantilever is
reflected into a four-quadrant photodetector that monitors the x and y axis (Figure 1.9.1). This
registers the attractive or repulsive interactions of the tip transforming the signal into a topographic
image. There are two modes of operation. The first and most used working mode is the dynamic
mode, so-call tapping mode, also referred as noncontact imaging mode. During the surface scan,
the tip (or sample) moves back and forth to maintain a constant distance of a few nanometres
between tip and sample. It minimizes the effects of friction as well as other lateral forces and
avoids the “snap-in” of the tip to the sample due to adhesive attractions. The second is a static
mode called contact mode, where the tip is brought into contact with the surface. The variations
of the later causes the cantilever to deflect and are measured and recorded by optical detectors.

In this thesis, the tapping mode has been employed.

In cases where the formed monolayer replicates the topography of the underlaying surface,
such as the ones reported in this work, topographic AFM measurements will provide us
information about the homogeneity of the surface and the lack of aggregates, but they do not

provide information about the formation of the SAM.
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Figure 1.9.1. Schematical representation of a typical AFM cantilever deflection
measurement setup. The deflection of the AFM cantilever is measured by reflecting a laser off
the backside of the cantilever, while the tip on the opposite site is scanning the surface of the

sample.

Raman Spectroscopy”™and Surface-Enhance Raman Spectroscopy.¥ This technique
is based on the scattering of the light affected by a change in the rotational and vibrational energy
of the molecule and gives information on its energy levels and chemical structure. Thus, the light
interacts with the molecule and energy is exchanged between the photon and the molecule. The
energy changes detected are those involved in nuclear motion. Therefore, if only electron cloud
distortions are involved in scattering, the photons will be scattered with very small frequency
changes, as electrons are comparatively light, and an elastic scattering will take place. In other
words, the energy of the scattered photon is equal to that of the incident photon. It is the dominant
process and is known as Rayleigh scattering (see Figure 1.9.2). In a much rarer event (one in
every 10%-108 photons), nuclear motion is involved, and the incident photon suffers an inelastic
process. The energy of the scattered photon will be different from that of the incident one giving
rise to the so-called Raman scattering. If the Raman scattering process leads to absorption of

energy by the molecule or the photon, a Stokes or Anti-Stokes scattering process takes place.
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Figure 1.9.2. Simplify diagram of the Rayleigh and Raman scattering processes for one

vibration. Figure extracted from the literature.["®

As stated before, about one in every 10%-108 photons is scattered, which means that is a
very weak phenomenon. Surface-enhanced Raman spectroscopy (SERS) amplifies Raman
signals from molecules by several orders of magnitude. SERS is a technique where molecules
undergo much higher scattering efficiencies when adsorbed on metal colloidal nanopatrticles or
rough metal surfaces such as Ag, Au, Cu, Pt or Pd. Two mechanisms are now broadly accepted:
(i) Electromagnetic theory treats the molecule as a point dipole which responds to the enhanced
local fields at or near the metal surface. These enhanced fields arise from roughness features
that couple the incident field to surface plasmons. (ii) Chemical enhancement theory attributes
SERS intensity to modification of the molecular polarizability by interaction of the metal with
ensuing molecular resonances, giving rise to enhancements such as those associated with

resonance Raman scattering.l’!

Thanks to the molecular fingerprint provided by Raman and the structural information that
can be extracted, this spectroscopic technique is a very powerful and versatile tool to study the
different spin states of the samples in different environments ranging from the solid state to

nanostructured assemblies.

X-ray Photoelectron Spectroscopy.l”™ XPS is a surface sensitive analytical technique that can
be used to get information about the elemental composition of SAMs.[”® Surface analysis by XPS
is based on the interaction of the atoms in the surface with monoenergetic soft X-rays. Such
interaction causes electrons to be emitted by the photoelectric effect (Figure 1.9.3) and, because

each element has a specific set of binding energies (BE), analyzing the energy of the detected
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electron can be used to identify and qualitatively determine the concentration of the elements on
the surface. The BE may be referred as the energy difference between the Fermi level (by
definition, zero BE) and the relative energy of the ion remaining after electron emission. Variations
in the elemental BE (chemical shifts) arise from differences in the chemical potential and
polarizability of compounds. These chemical shifts can be used to identify the oxidation and
chemical state of the materials being analyzed. The electrons leaving the sample are detected by
an electron spectrometer according to their kinetic energy. The analyzer is usually operated as
an energy window, referred to as the pass energy, accepting only those electrons having an
energy within the range of this window. To maintain a constant energy resolution, the pass energy

is fixed. Incoming electrons are adjusted to the pass energy before entering the energy analyzer.
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Figure 1.9.3. Processes that result from X-ray bombardment of a surface: (left) emission
of a photoelectron, (middle) X-ray fluorescence and (right) emission of an Auger electron. Figure

adapted from literature.[

In addition to photoelectrons emitted in the photoelectric process, fluorescence emission (XRF)
or Auger electrons may occur, although the latter is less favored in the working energy range. In

the Auger process (

Figure 1.9.3. ), an outer electron falls into the inner orbital vacancy, and a second electron
is simultaneously emitted, carrying off the excess energy. Such electrons are also detected and

known to be specific for each element as well.

X-ray Absorption Spectroscopy. XAS is a synchrotron-based absorption technique that
gives information about the elemental composition of the sample but, most importantly, provides
the requested sensitivity to monitor different oxidation and electronic states of SAMs. This
technique is based on the electronic detection of an atomic empty inner-shell orbital promoted by
the synchrotron radiation (Figure 1.9.4, left).[’8l In XAS measurement, the X-ray photon energy

is tunned through the electronic core-level binding energy of a specific element while the
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absorption of such photons is recorded. When the energy of the incident photon corresponds to
the core-level electronic photoexcitation of the lowest-energy unoccupied electronic state, an
absorption onset will be observed. Different modes of detection can be employed for the XAS
study of SAMs. They are mainly separated into two categories: the electron yield (EY) and
fluorescence yield (FY) modes. The total electron yield (TEY, Figure 1.9.4, right) mode is the
one conducted on almost all soft X-ray beamlines due to its set-up simplicity and is the one
employed in this work. The relaxation of an absorbed X-ray photon results in an inelastic
scattering of either an Auger electron or a fluorescence photon. Such process creates a cascade
of excited electrons leaving the sample. The concomitant drain current is large enough to be
measured and, since the current into the sample is proportional to the absorption, its evolution as

a function of the photon energy yields the XAS spectrum.
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Figure 1.9.4. Diagram of the TEY mode. Left, energy-level diagram of the X-ray absorption
process. Right, inelastic scattering of Auger electrons and reabsorption of fluorescence photons
emitted during decay of the photoexcited atom result in an electron cascade. This cascade is
detected as the current into the sample and the variation in the current as a function of energy

provides the TEY XAS spectrum. Figure extracted from literature.l’®

Else, by changing the polarization of the X-ray beam, from linear to circular, magnetic
materials can also be characterized. The difference between two XAS spectra, recorded with
opposite polarizations and under an applied magnetic field, is known as X-ray magnetic circular
dichroism (XMCD). Information such as the spin state and orbital magnetic moment could be

extracted.
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Chapter 2

2.1. Motivation

Being able to control bistable nanostructures at the molecular level assures a breakthrough
in applications such as memory and data storage devices. For that, SCO complexes have been
in the spotlight since their two distinct states are reachable through application of external forces.

Prior to integration into devices, deposition on solid surfaces is a mandatory step.

As mentioned in Chapter 1, over the past decade, ultra-high vacuum deposition of SCO
neutral molecules has been the main route to get deposits of nanostructured assemblies of Fe(ll),
while wet chemistry protocols have been less explored. Apart from the work of Devid et. al. (see
Chapter 1), other authors (L. Pukenas and I. Capell®) tried to construct SAMs of Fe(ll) 1bpp
derivatives from solution onto surfaces, unfortunately the results were unsuccessful. Led by this
lack of scientific background, we look for improvement in the SAM formation by the synthesis of
new SCO molecules. In a previous work, our group prepared the Fe(ll) complex of 1bpp ligand
functionalized with a carboxylic acid (1bppCOOH, see Scheme 2.1.1).1 This resulted in the SCO
compound [Fe(1bppCOOH)](ClO.),, which formed an extended 1D network built via hydrogen-
bond intermolecular interactions. This led to an abrupt spin transition with T4, of ca. 380 K and a

T(LIESST) of 60 K.

HO O HO O
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= =
N

Nf” 1) I e |

\ /
Scheme 2.1.1. Schematic representation of 2,6-bis(pyrazol-1-yl)pyridine-4-carboxilyc acid
(1bppCOOH) and ethyl 2,6-bis(pyrazol-1-yl)pyridine-4-carboxylate (1bppCOOEt) ligands.

2

/
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—

1bppCOOH 1bppCOOEt

In this chapter, we have completed the structural and photomagnetic characterization of
[Fe(1bppCOOH);](ClO4). (1(ClO4)2) and prepared and characterized new salts of the
[Fe(1bppCOOH),]** complex with BFs, CF3SOgs, SbFs and AsFs counteranions. Moreover, we
have prepared the Fe(ll) complex of the ethyl ester derivative of 1bppCOOH (1bppCOOEt, see
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Scheme 2.1.1) in compound [Fe(1bppCOOEL)2](ClO4)2-yMe2CO (2(ClO4)2-yMe2CO). This has led
to a variety of SCO behaviors, which could help to understand the role played by the carboxylic
acid group and that of the intermolecular interactions, solvent molecules, and counteranions in
the SCO properties of this family of compounds. Then, we have taken advantage of the well-
known affinity of the carboxylic acid group to metal oxide surfaces to try to form SAMs on SiO-.

Characterization of these SAMs will be discussed.

2.2. Results and discussion

Herein, we describe the synthesis and characterization of 1(X).-yMe,CO {1
[Fe(1bppCOOH),J**, X = ClOs, BFs, CF;SOs, AsFg, SbFg} and 2(ClO4)2-yMe,CO {2
[Fe(1bppCOOEL),]?*}.

Synthesis of the compounds

Both ligands were synthesized following previously reported procedures.®”1 Compounds
1(ClO4)2, 1(BFa4)2, 1(CF3S03).:yMe,CO, and 2(ClO4).:yMe.CO were synthesized by slow
diffusion of diethyl ether into solutions of Fe(ll) salts and the corresponding ligand in a 1:2 molar
ratio in acetone. 1(AsFs)2-yMe>CO and 1(SbFe)2-yMe,CO were obtained in the same manner,
but the Fe(ll) salt was prepared in situ by metathesis of the FeCl, salt with AgAsFs or AgQSbFs in

a 1:2 molar ratio (for more details see Sl).

Structure of [Fe(1bppCOOH).](ClO4). (1(ClO4).) and [Fe(1bppCOOH),](BF4)2 (1(BF4)2)

1(ClO4)2 and 1(BF4). crystallize in a monoclinic crystal system with a centrosymmetric C2/c
space group. The asymmetric unit is formed by half [Fe(1bppCOOH),]?* cation and one
perchlorate or tetrafluoroborate anion. The central Fe(ll) of the complex is coordinated by six
nitrogen atoms from two tridentate 1bppCOOH ligands with a distorted octahedral coordination
geometry. The Fe-N bond lengths at 120 K are indicative that the complexes are in the LS state
(1.888(4) - 1.981(2) A for 1(Cl04), and 1.889(3) - 1.974(6) A for 1(BF.).), whereas the longer Fe-
N bond lengths at higher temperatures indicate that they are in the HS state (2.113(6) - 2.159(5)
A for 1(Cl0O,), at 400K and 2.111(6) - 2.171(3) A for 1(BF4), at 350 K). This suggests that the HS
state of 1(BF.): is reached at lower temperatures, in agreement with the magnetic properties (see
below). The coordination geometry is close to the ideal D,y symmetry associated with a
[Fe(1bpp).]?* center at both temperatures. Thus, a trans-N(pyridyl)-Fe-N(pyridyl) angle (¢) of 180°

and a dihedral angle between the least squares planes of the two ligands (8) of 87° at 120 K and
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89° at 400 K for 1(ClO4)2 and 88° at 120 K and 89° at 350 K for 1(BF4). are consistent with those

of the other 1bpp complexes exhibiting spin crossover.-1%

The crystal packing of the complexes is very similar at the two temperatures. In both cases,
neighboring [Fe(lbppCOOH),]?>* cations are linked through hydrogen bonds between the
carboxylic acid groups (dO1---02 =2.671 A at 120 K and dO1---02 = 2.732 A at 400 K for 1(ClO4),
and dO1---02 = 2.676 A at 120 K and dO1---02 = 2.724 A at 350 K for 1(BF4),, Figure 2.2.1),
forming chains that run along the b axis. These chains present numerous short contacts involving
CH groups from pyrazole and pyridine groups with CIO4~ or BF4~ counteranions. These chains
are linked through intermolecular interactions that involve oxygen atoms from a carboxylic acid
group and C atoms from a pyrazole group (see Figure Sl. 2.4.1, Figure Sl. 2.4.2 and Figure SI.
2.4.3 and associated text in the Sl). O and F atoms from CIO4~ (1(ClO4).) and BF4~ (1(BF4)2) are
disordered at 400 and 350 K, respectively. These disorders have been solved considering eight
O or F atoms with a 50% occupancy. Then, we can conclude that the presence of the carboxylic
acid groups may cause a different packing to the “terpyridine embrace” crystal packing motif found
in many salts of [Fe(bpp)2]>* and derivatives, which is a four-fold layer formed by =---m and edge

to face CH---n interactions between pyrazole groups of neighboring molecules.®-%

Figure 2.2.1. Chain of hydrogen-bonded [Fe(1bppCOOH),]?* complexes in the structure of
1(ClOa4). (top) and 1(BF.). (bot) at 120 K. Hydrogen atoms have been omitted for clarity.

Changes in the parameters of the unit cell with the temperature measured by single-crystal
X-ray diffraction of the two salts are consistent with an abrupt spin transition. The most relevant

change is an abrupt increase of the b parameter above 380 K for 1(ClO.), and 340 K for 1(BFa4)2

33



Chapter 2

(see Figure SI. 2.4.4) which correspond to the direction of the hydrogen-bonded chains (see
above). On the other hand, a and ¢ parameters and the unit cell volume of 1(ClO.). are higher
than those of 1(BF4)2, in agreement with the smaller size of BF4 counteranion (see
crystallographic tables in the Sl). In contrast to this, the b parameters of the two compounds in
the LS and HS states are very close. This indicates that the hydrogen-bonded chains of the

complexes, which run in this direction, are very similar in the two compounds.

Variable-temperature powder X-ray diffraction (PXRD) measurements of 1(ClO4). were
performed between 400 and 298 K. The most notable change is the shift to lower 26 values of
the intense diffraction peaks near 15 and 18.5° at increasing temperature (see Figure Sl. 2.4.5

and

Figure Sl. 2.4.6 in the SI). As the position of these peaks changes just below and above the
temperature of the spin transition (T121 = 384 K) (see patterns at 380 and 390 K in

Figure Sl. 2.4.6), they correspond to the LS and HS phases. This is confirmed by the pattern

measured at an intermediate temperature of 385 K (

Figure Sl. 2.4.6), which shows that the LS and HS peaks coexist in agreement with the
magnetic properties (see below). PXRD pattern of 1(BF4). at 298 K is consistent with the structure
solved at 120 K (see Figure Sl. 2.4.7).

Structure of [Fe(1bppCOOH)](CF3sS0s3)2-yMe2CO (1(CF3S03)2-yMe,CO)

The structure of 1(CFsS0s3)2.-yMe,CO was solved by performing single-crystal X-ray
diffraction at 120 K of a crystal transferred directly to the cold nitrogen stream of the diffractometer
from the mother liquor and at 300 K of another crystal that was previously filtered and stored in
air. In both cases, they crystallize in the orthorhombic system with the centrosymmetric Pcab
space group. The asymmetric unit is constructed by one [Fe(1bppCOOH);]?* cation, two CF3SO3”
anions and one or half acetone solvent molecule at 120 K or 300 K, respectively (see Figure SI.
248 in the SI). Therefore, the compound can be formulated as
[Fe(1bppCOOH),](CFsS0s3).-Me,CO at 120 K and [Fe(1bppCOOH),](CF3;S03).-0.5Me,CO at 300
K. Fe-N bond distances lie in the range of 1.892(2) - 1.968(3) A at 120 K and 1.897(2) - 1.970(3)
at 300 K, typical distances for a LS configuration, which are in agreement with magnetic properties
(see below). Neighboring [Fe(1lbppCOOH).]?>* cations are linked through hydrogen bonds
involving the oxygen atoms from the carboxylic acid groups (dO1---O4 = 2.673 A at 120 K and
dO1---04 = 2.694 A at 300 K), forming a zigzag chain that runs along the b axis (Figure 2.2.2).
The free OH group forms a hydrogen bond with a triflate counteranion (dO2---08 = 2.638 A at 120
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K and dO2---09 = 2.654 A at 300 K). These chains are connected through CH---n interactions,
which involve CH groups from pyrazole and pyridine rings, and they present numerous short
contacts with the surrounding CFsSOs™ anions and Me>CO solvent molecules (Figure Sl. 2.4.9).
Such molecules are not involved in any hydrogen bond. The crystallinity of a single crystal of this
compound is maintained up to 380 K. Above this temperature, the crystal loses its crystallinity
and a change in color from red-orange to yellow is observed, and with it, the spin state also
changes from LS to HS, in agreement with the magnetic properties (see below). Interestingly, by
placing the crystals under an atmosphere saturated in acetone, it is possible to recover the red-
orange color and, therefore, the LS state. PXRD pattern at room temperature is consistent with
that of the simulated one obtained from the single-crystal X-ray diffraction structure at 300 K. After
desolvation, PXRD pattern of the yellow crystals changes completely with respect to the solvated
ones, indicating that a new phase is obtained. PXRD pattern of the resolvated sample confirms
the recovery of the initial solvated phase (see Figure Sl. 2.4.10 in the Sl). Therefore, the loss of
half of the acetone solvent molecules from 120 to 300 K does not induce important changes in
the structure, while the complete removal of the acetone solvent molecules at higher temperatures
leads to a drastic change in the structure, which is reversible. Thermogravimetric (TG) analysis
shows a weight decrease of ca. 2% below 350 K (see Figure SI. 2.4.11 in the SI). This weight
loss is lower than the expected one for 0.5 acetone molecules found in the structure of the filtered
sample (expected weight loss of ca. 3%), indicating a higher loss of solvent molecules after

extracting the crystals from the mother liquor.
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Figure 2.2.2. Hydrogen-bonded [Fe(1bppCOOH),]?* complexes and triflate anions in the
structure of 1(CF3;S0s),-yMe,CO at 120 K. Hydrogen atoms have been omitted for clarity.

Structure of [Fe(1bppCOOH);](AsFs)2-yMeoCO (1(AsFs).-yMe,CO) and
[Fe(1bppCOOH)](SbFe)2-yMe>CO (1(SbFe)2-yMe2CO)

The crystal structure of these two compounds was solved by single-crystal X-ray diffraction
of crystals transferred directly to the cold nitrogen stream of the diffractometer from the mother
liquor at 120 K and then at 300 K. Both crystallize in the tetragonal system with the non-
centrosymmetric 14i.cd space group. The asymmetric unit cell is composed by half
[Fe(1bppCOOH)]?* cation, one AsFs or SbFs anion and one or half acetone solvent molecule at
120 K or 300 K, respectively (see Figure 2.2.3). Therefore, they can be formulated as
Fe(1bppCOOH);](AsFs)2-:2Me,CO  or [Fe(lbppCOOH),J(SbFe)2-2Me,CO at 120 K and
Fe(1bppCOOH).](AsFs)2-Me,CO or [Fe(lbppCOOH):](SbFs).-Me,CO at 300 K. Fe-N bond
lengths lie in the range of 1.892(4) - 1.977(5) A at 120 K and 1.917(8) - 1.997(10) A at 300 K for
1(AsFs)2-yMe2CO and 1.898(4) - 1.979(5) A at 120 K and 1.937(12) - 2.023(14) A at 300 K for
1(SbFe)2-yMe>CO. These are the typical distances of a LS configuration, but the increase in bond
lengths with the temperature indicates that a fraction of HS molecules is increasing with
temperature, being higher for 1(SbFe).-yMe,CO, in agreement with the magnetic properties (see
below). Neighboring [Fe(1bppCOOQOH),]?* cations are not linked through hydrogen bonds, as in the

previous salts. Their OH groups are involved in hydrogen bonds with carbonyl groups from the
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two neighboring acetone solvent molecules (Figure 2.2.3). Neighboring [Fe(1bppCOOH),]?*
cations present CH---n contacts involving the pyrazole rings giving rise to chains that run along
the c axis (Figure Sl. 2.4.12 in the Sl and the associated text) surrounded by AsFs or SbFe anions
and acetone molecules (Figure Sl. 2.4.13). F atoms from AsFs™ are disordered at 300 K. This
disorder has been solved by considering twelve F atoms with a 50% occupancy. PXRD patterns
of the two compounds at room temperature are consistent with those of the simulated ones
obtained from the single-crystal X-ray diffraction structure at 300 K (see Figure Sl. 2.4.14 and
Figure SI. 2.4.15 in the SI). Desolvation by heating at 400 K leads to a color change from red-
orange to dark red and a completely different PXRD pattern with respect to the solvated ones,
indicating that a new phase is obtained. As in 1(CF3S0s3)2-yMe.CO, PXRD pattern confirms that
the initial solvated phase is recovered after contact of the desolvated crystals with acetone vapors
(see Figure Sl. 2.4.14 and Figure Sl. 2.4.15). TG analysis of freshly prepared samples of
1(AsFe)2:yMe2CO and 1(SbFe)2-yMe.CO shows a weight decrease of around 6% and 5%,
respectively, in two steps from 300 to 400 K. This decrease is consistent with the expected one
for one acetone molecule found in the structure at 300 K (expected weight loss of 5.7% for
1(AsFe)2:yMe,CO and 5.3% for 1(SbFs).-yMe,CO, see Figure Sl. 2.4.16 and Figure Sl. 2.4.17
in the SlI). The temperatures of these weight losses are lower than those of the compound
1(CF3S03)2-yMe2CO, in agreement with the lack of hydrogen bonds of the acetone molecules of
this last compound.
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Figure 2.2.3. Hydrogen bonds (blue-dashed lines) between [Fe(1bppCOOH).]?>* complexes
and acetone molecules in the structure of, 1(AsFs).-yMe>CO (left) and 1(SbFs).-yMe,CO (right)
at 120 K. Hydrogen atoms have been omitted for clarity.

In contrast to this, elemental analyses of both compounds in older samples are more
consistent with the presence of one acetone and one water molecule. This could suggest the
absorption of water molecules after filtering the crystals. Elemental analysis of the desolvated

samples after heating at 400 K confirms the complete loss of the solvent molecules (see Sl).

Structure of [Fe(1bppCOOEL);](ClO4)2-yMe,CO (2(ClO4)2-yMe,CO)

Single-crystal X-ray diffraction was performed on 2(ClO4)2-yMe,CO at 120 and 300 K. At
both temperatures, the compound crystallizes in a triclinic crystal system with a centrosymmetric
P-1 space group. The asymmetric unit is composed by two [Fe(1lbppCOOEt),]** cations, five
perchlorate anions (two of them disordered with an occupancy of 0.5) and three acetone
molecules (with an occupancy of 0.5 at 300 K) (see Figure 2.2.4). Therefore, this compound can
be formulated as [Fe(1bppCOOEL),](ClO4).-1.5Me,CO at 120 K and
[Fe(1bppCOOEL),](ClO4).-0.75Me,CO at 300 K. Elemental analysis at 300 K is more consistent

with two water molecules, suggesting a complete loss of acetone solvent molecules after
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extracting the crystals from the mother liquor and replacement with water molecules, or the
coexistence of crystals with a different degree of desolvation (see the Sl). Fe(ll) ions present a
distorted octahedral coordination geometry to 1bppCOOEt ligands similar to that of
[Fe(1bppCOOH),J**. Fe-N bond lengths at 120 K (1.889(3) - 1.975(4) and 1.893(3) - 1.974(4) A)
and at 300 K (1.889(5) - 1.977(6) and 1.880(5) - 1.987(6) A) indicate that the complexes are in
the LS state, in agreement with the magnetic measurements (see below). The coordination
geometry is close to the ideal Dog symmetry at the two temperatures. Thus, ¢ angles of 177.36(15)
and 178.77(15)° at 120 K and 178.7(2) and 179.7(2)° at 300 K, and 8 angles close to 85° at 120
K and 86° K at 300 K are obtained. These values are in contrast with those reported for the Fe(ll)
complex of the methyl ester derivative of 1bppCOOH (1bppCOOMe) (¢ = 158.77(5)° and 6 =
80.738(12)°),*Y which is HS from 2 to 300 K. This confirms that a coordination geometry close to
the ideal D2q symmetry favors the LS state and SCO,® also consistent with 1(ClO.), and 1(BF4)2.
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Figure 2.2.4. Projection in the bc plane of the structure of 2(ClO4).-yMe>CO at 120 K.

The crystal packing of 2(Cl0O4).-yMe,CO at the two temperatures is very different to that of
[Fe(1bppCOOH),]?* salts (Figure Sl. 2.4.18). On one hand, oxygen atoms from the carboxyethyl
ester group of [Fe(1lbppCOOEL),]** complexes cannot form hydrogen bonds. On the other hand,

the presence of the bulky ethyl group prevents the formation of the “terpyridine embrace” crystal
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packing motif. Thus, neighboring [Fe(1bppCOOEt),]** complexes interact through numerous short
contacts involving CH groups of pyrazole and pyridine rings, CO groups or CH; and CHs groups.
This leads to a complicated network of weak intermolecular interactions that include many
interactions with perchlorate counteranions and acetone solvent molecules. It was not possible to
solve the structure at higher temperatures due to the loss of crystallinity after the evaporation of
the solvent molecules. PXRD patterns from 300 to 340 K are consistent with that obtained from
the single-crystal X-ray diffraction structure at 300 K but, at higher temperatures, a change of
phase is observed (see Figure Sl. 2.4.19). The initial solvated phase cannot be recovered after
re-solvation in contrast to [Fe(1lbppCOOH)]?* salts. Elemental analysis of the desolvated sample
is consistent with the presence of one water molecule. This could indicate the absorption of water

from the desolvated sample (see Sl).

Magnetic and photomagnetic properties
Temperature dependence of the product of the magnetic susceptibility times temperature
(xwT) of all the [Fe(1lbppCOOH),]?* salts together with that previously reported 1(ClO,).* are

shown in Figure 2.2.5.
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Figure 2.2.5. Thermal dependence of magnetic susceptibility times temperature (xmT) of
1(ClO4)2 (red circles), 1(BF.), (blue circles), 1(CFsSOs).-yMe,CO (turquoise circles),
1(AsFe)2:yMe2CO (green circles) and 1(SbFe)2-yMe,CO (pink circles).

xmT product of 1(ClO4). and 1(BF4). show a constant value of c.a. 0 cm3-K-mol* below
300K, consistent with the diamagnetic LS state (S = 0), in good agreement with the Fe-N bond
distances from the crystallographic data at 120 K of both compounds. Above 340 K for 1(BF4):
and 380 K for 1(ClQO4)2, xmT increases sharply reaching values of 3.0 and 3.2 cm3-K-mol* at 350
K and 390 K, respectively, consistent with an almost complete LS to HS conversion. Both
compounds present the same behavior in the heating and cooling modes with a small thermal
hysteresis of 3 K (T121 =349 K and Tiz| = 345 K for 1(BF4). and T127T =384 K and Ty2| =381 K
for 1(ClO4).). The presence of this thermal hysteresis loop is indicative of the existence of a
significant level of cooperativity between neighboring [Fe(1bppCOOH).]** complexes due to the
presence of intermolecular interactions mediated by the hydrogen bonds. After irradiation with
532 nm at 10 K, a quantitative LS to HS photoconversion was observed in 1(ClO4). and 1(BF4)2
(see Figure 2.2.6). The drastic increase of the magnetic signal was observed until 60 K for

1(Cl0O.)2 and 67 K for 1(BF.). followed by an abrupt relaxation curve.
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Figure 2.2.6. Thermal variation of xuT of 1(ClO.). (red) and 1(BF4)2 (blue). Full dots: data
recorded without irradiation; empty dots: data recorded after irradiation at 10 K. The inset graph
shows the temperature dependence of the first derivative of xuT with respect to the temperature.

In order to obtain some insights into the decay of the photoexcited state, the kinetics of
relaxation of 1(ClO4). was recorded for different temperatures (see Figure Sl. 2.4.20 in the Sl
and the associated text). The decay of the photoinduced HS state of this compound is faster at
high temperatures, consistent with a thermally activated process. It can also be observed that the
decay is not exponential. The kinetics has been fitted using the so-called sigmoidal law. This law
describes a self-accelerated process, often associated with cooperative systems. This
cooperativity arises from the large difference in metal-ligand bond lengths, resulting in elastic
interactions caused by the change in internal pressure as the spin transition proceeds.*>3In a
recent article, Paulsen and coworkers have been able to derive a cooperativity parameter using
DFT ab initio calculations.* As a result of these calculations, the degree of cooperativity in the
two solvatomorphs, Fe(pic)sCl,-EtOH (abrupt transition) and Fe(pic)sCl.-MeOH (gradual
transition), was recovered. Cooperativity and degree of octahedricity of Fe centers have been
linked, emphasizing that the difference in metal-ligand bond lengths is not the only factor
governing cooperativity. Magnetization under irradiation of 1(ClO.). as a function of the
temperature has been recorded. More precisely, the temperature was decreased continuously
from 100 K to 10 K under continuous irradiation (532 nm). The temperature was then re-increased
up to 100 K, still under irradiation (see Figure Sl. 2.4.21 and Figure SI. 2.4.22 in the Sl and the
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associated text). A clear light-induced thermal hysteresis (LITH) *® is observed below 70 K. Else,

this compound then seems to be cooperative enough to present a static LITH.

xmT values of 1(CF3SO0s).-yMe,CO are consistent with the LS state below 350K as
suggested by Fe-N bond lengths at 120 K and 300 K (see above). In the warming mode, an
increasing residual HS fraction appears probably due to desolvation of part of the crystals (Figure
Sl. 2.4.10). Above 350 K, xuT shows a sharp increase to reach the characteristic value of 3.5
cm3-K-mol™, consistent with 100% of complexes in the HS state. This increase is irreversible as
xmT remains constant from 400 to 30 K, the decrease below 30 K is due to zero-field splitting as
expected for a HS d® Fe(ll). This could indicate that the spin transition of this compound is related
to the structural changes after losing the solvent molecules, in agreement with the change of
color, PXRD measurements and TG measurements (see Sl). Interestingly, the solvated form of
this complex also shows LIESST effect. xuT showed an abrupt increase after photoirradiation at

10K and the signal is maintained until 41 K where the signal drops sharply (see Figure 2.2.7).
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Figure 2.2.7. Thermal variation of ymT for 1(CF3S0Os3).-yMe.CO (turquoise). Full dots: data

recorded without irradiation; empty dots: data recorded after irradiation at 10 K. The inset graph

shows the temperature dependence of the first derivative of xuT with respect to the temperature.

Temperature dependence of xwT product of 1(AsFe)2-yMe.CO and 1(SbFe).-yMe.CO
shows a value close to 0 cm®-K-mol™ in the 2 - 200 K temperature range. At higher temperatures,
a gradual increase of yxuT takes places to reach c.a. 2.4 cm®K-mol? at 395 K for
1(AsFe)2-yMe,CO and 2.9 cm®-K-mol™ at 390 K for 1(SbFs).-yMe,CO, indicating a gradual spin
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transition (Figure 2.2.8). This is consistent with the Fe-N bond lengths at 120 and 300 K obtained
from the structures (see above). The temperature of the steps observed in xuT overlaps with
those of the weight loss seen in the TG analysis (see Figure Sl. 2.4.16 and Figure SI. 2.4.17 in
the Sl). Therefore, it is not possible to determine whether they are related to a pure spin transition
or desolvation. The presence of an intermediate phase by partial loss of acetone solvent
molecules at the steps around 340 K for 1(AsFs)2:yMe,CO and 330 K for 1(SbFg)2-yMe2CO in
this first heating is discarded. On one hand, single-crystal unit cell measurements from 300 to 400
K show a progressive decrease in unit cell volume and loss of crystallinity with time, but they do
not show a drastic change in the unit cell. On the other hand, PXRD patterns of 1(AsFg)2-yMe>CO
and 1(SbFe)2-yMe,CO only show a clear change of phase at temperatures close to 400 K (see
Figure Sl. 2.4.14 and Figure SI. 2.4.15 in the SI). In these two compounds, the complete loss of
acetone molecules at higher temperatures leads to a decrease of ymT above 395 K for
1(AsFs)2-yMe>CO and 385 K for 1(SbFs)2-yMe,CO, to reach 2.0 cm3-K-mol™t and 2.5 cm3.K-mol™?
at 400 K, respectively. xuT of the desolvated compounds, obtained in the cooling mode after
heating to 400 K, decreases gradually to reach values below to 0.5 cm3.K-mol™ from 345 K for
1(AsFe)2:yMe,CO and 295 K for 1(SbFe).-yMe.CO to 2 K (see Figure Sl. 2.4.23 in the SlI) with a
T2 0f 385 K for 1(AsFe)2-yMe>CO and 355 K for 1(SbFe).-yMe>CO.
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Figure 2.2.8. Thermal variation of xmT of 1(AsFs)2-yMe,CO (green) and 1(SbFg).-yMe,CO
(pink). Full dots: data recorded without irradiation; empty dots: data recorded after irradiation at

10 K. The inset graph shows the temperature dependence of the first derivative of xuT with

respect to the temperature.

44



Chapter 2

Desolvation in the two compounds decreases the HS fraction above 250 K but does not
cause drastic changes in the magnetic behavior. Thus, gradual spin transitions are still observed
in the desolvated phases with a higher HS fraction for 1(SbFe)2-yMe,CO than for
1(AsFs)2:yMe,CO (see Figure Sl. 2.4.23). Figure 2.2.8 shows that both complexes also present
LIESST effect with a T(LIESST) of 54 K for 1(AsFe)2-yMe2CO and 57 K for 1(SbFe)2-yMe2CO with
photoconversions close to 30% and 70% respectively.

The decrease in Ty, with decreasing the counteranion size of 1(BF4). with respect to that
of 1(ClO.), contrasts with that observed for 1(AsFe).-yMe>,CO and 1(SbFs).-yMe.CO. In these
two compounds the opposite trend is observed, the bulkier counteranion stabilizes the HS state
and gives rise to a lower T12 in 1(SbFg).-yMe,CO. These two trends have been observed for ClO4
and BF4 salts of Fe(ll) complexes of similar ligands. Thus, although CIO4™ stabilizes the HS state
in isostructural salts of [Fe(bpp)2]** with variable CIOs and BFs contentsi*® or other Fe(ll)
complexes of 4-pyridyl derivatives of bpp,”*¢l there are examples of the opposite behavior.[*°2%
It was concluded that there is no predictable relationship between anion size and Ti, even
between salts that are known to be crystallographically isostructural.?!! A possible explanation of
this opposite trend in our compounds is that in 1(ClO4). and 1(BF4)2, the packing of the complexes
is dominated by the hydrogen bonding, resulting in very similar unit cell parameters and chemical
pressure in the two compounds. Due to this, the counteranion size does not affect the chemical
pressure of the complexes and other factors such as the electronegativity of the counteranions
become more important. Indeed, there are many short contacts among the [Fe(1bppCOOH),]*
complexes and counteranions which could result in a different withdrawal of electron density and
changes in the crystal field around Fe(ll). In 1(AsFs).-yMe,CO and 1(SbFe).-yMe.CO, which do
not present this type of packing and show smaller differences in the electronegativity, the changes
in unit cell volume and chemical pressure induced by the size of the counteranion become the

decisive parameter.

Interestingly, T(LIESST) curves of [Fe(1bppCOOH),]?* salts with hydrogen bonds (1(BF4)2,
1(ClOa4)2 and 1(CFsS0s3).-yMe-CO) show abrupt LIESST relaxation curves. While, in contrast to
this, 1(AsFe)2-:2Me>CO and 1(SbFs).-2Me,CO, which present weaker intermolecular interactions,

show more gradual relaxation curves.

Finally, xuT values of 2(ClO.)2-yMe>CO are close to 0 from 2 to 300 K, in agreement with
the Fe-N bond lengths at 120 and 300 K. At 330 K, xuT shows a sharp increase to values of 3.5
cm?3-K-mol™ consistent with 100% of complexes in the HS state (Figure 2.2.9). This increase is

irreversible as xmT measured from 400 to 2 K remains almost constant and close to this value
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with a decrease below 30 K due to zero-field splitting as expected for the HS d® of Fe(ll). This
indicates again that the spin transition is related here with the structural changes after losing the
solvent molecules. Indeed, PXRD measurements support this hypothesis as they show an
irreversible change of phase due to desolvation (Figure Sl. 2.4.19). A drastic increase of the
magnetic signal was observed after irradiation at 532 nm. The fraction of Fe(ll) photoconverted
after irradiation is calculated to be close to 40% for 2(ClO4)2-yMe2CO with a T(LIESST) of 71 K.
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Figure 2.2.9. xmT in front of temperature for 2(ClO4)2-yMe,CO (yellow). Full dots: data
recorded without irradiation; empty dots: data recorded after irradiation at 10 K. The inset graph

shows the temperature dependence of the first derivative of xuT with respect to the temperature.

The T(LIESST) values for these compounds may be compared with those previously
obtained for other bpp systems. For this family of compounds, a linear correlation has been
proposed between the thermal spin crossover and the T(LIESST).?>?] These two physical
guantities may be related by the formula T(LIESST) = To — 0.3-T1j2, with To = 150 K (see Chapter
1). Taking 383 and 347 K as the mean values of Ty, of 1(ClO.), and 1(BF.)2, respectively,
T(LIESST) of 35.1 and 45.9 K are expected for these two compounds (ca. 20 K below the
observed ones of 60 and 67 K). The same effect was observed for [Fe(bpp-triolHz)2](ClOa)2, where
bpp-triolH; is an amide derived from bppCOOEt with triolHz = C(O)NHC(CH,OH)3.1?! In the other
compounds of this work, it is not possible to know the Ty, as the change of spin state with the
temperature is related to desolvation. Thus, the “real T1,” is hidden by the desolvation of the

compounds. From these results, it seems that the empirical formula used for 1bpp presents an
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important deviation for bppCOOH and related ligands. This could indicate that they present a
higher Ty (close to 170 K) or that the T(LIESST) of compounds with high T1» deviates significantly
from that formula as observed for other Fe(Il) complexes with tridentate ligands.?%

Deposition of 1

Grafting of molecules functionalized with carboxylic acid groups onto metal-oxide surfaces
is a well-known process.B% Si substrates covered with a layer of thermally grown SiO. were
immersed overnight in a 1mM MeCN solution of 1(ClOa).. Then, they were thoroughly rinsed with
MeCN to remove any physiosorbed material and then, dried under a N stream. The stability of
the solution was checked with UV/Vis and the deposits of 1 (1-SAM) were characterized by AFM,
MALDI-TOF, XPS and XAS.
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Figure 2.2.10. UV/Vis spectra of a freshly prepared 0.1 mM solution of 1(ClO.), in MeCN

(black line) and after one day in inert atmosphere (red line).

UV/Vis spectroscopy shows a band centered at around 460 nm (¢ = 1.9x10° L™*mol*cm?),
which could be assigned to a metal to ligand charge-transfer (MLCT) t,—T1* transition typical for
Fe(ll) 1bpp systems.B132 The presence of this band suggests that there is ca. 50% of molecules
in the LS state in solution, in agreement with published data that indicate that around half of Fe(ll)
1bppCOOH complexes in solution are in the HS state at room temperature.®® Indeed, UV-vis
spectra of pure LS bpp compounds present MLCT bands centered at around 420 nm (g = 4-6x103

Ltmol'cm™), whereas MLCT bands attributed to HS complexes appear not well-resolved at lower
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energies.*The UV-Vis spectrum does not change after one night, confirming the stability of the
solution (Figure 2.2.10). The small increase comes from concentration of the solution due to
normal evaporation of the solvent.

AFM was used to determine the surface morphology and to verify the deposition without
presence of complex aggregates on the metal oxide surface. The average of the Rgrus Of the
deposit obtained from 15 measurements in different points of the surface, show a small increase
from 0.203 £ 0.010 nm to 0.243 + 0.014 nm with respect to the naked substrate. This indicates
the formation of a monolayer covering most of the surface with a small degree of disorder or the
formation of a sub-monolayer. AFM images confirm the absence of aggregates or multilayers (see
Figure 2.2.11). This result is expected if we consider that the carboxylic acid groups of
[Fe(1bppCOOH),]?* cause the grafting of the first layer of the complexes on the oxide surfaces,
whereas additional layers are removed after rinsing with MeCN, since they are not chemically

bonded to the substrate.
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Figure 2.2.11. AFM images of a thermally grown SiO; substrate before (left) and after (right)
deposition.

MALDI-TOF was used to identify fragments of the molecule on the surface. The peak
corresponding to the protonated ligand [LbppCOOH+H]* (Calc. 256.08 Da, Found 256.08 Da, see
Figure 2.2.12) was obtained confirming the anchoring of the ligand to the metal oxide surface.
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Figure 2.2.12. MALDI-TOF region of the ligand ([LbppCOOH+H]*, 256.06 Da) of 1-SAM

(red) and bare SiO; substrate (violet).

In order to investigate structural and electronic properties of the SAM, XPS has been
performed. Cls, N1s, CI2p and Fe2p XPS regions were studied to analyze the atomic
compositions of the deposit (Figure 2.2.13). C1s region features three main components at 285.0,
286.0 and 288.2 eV assigned to the aliphatic carbon atoms and/or adventitious carbon (orange),
heterobonds (green) and carbon atoms of the carboxylate group (blue), respectively.®536 N1s
region features three components at 401.6 and 399.8 eV assigned to nitrogen atoms of the
pyridine and pyrazolyl groups (coordinated and uncoordinated, green) and the third component
at 397.0 eV is assigned to the CN of the MeCN (red).[38] Fe2pa/, region has been reproduced with
5 components (A-E) along with the corresponding Fe2p1/, spin—orbit coupled contributions (A'-E")
weighted by the expected 2:1 ratio.*® The disappearance of the perchlorate signal is experimental
evidence of the absence of physiosorbed molecules of 1(ClO.), on the surface. Fe2ps;, region
has been reproduced with 5 components (A-E) along with the corresponding Fe2p1» spin—orbit
coupled contributions (A'-E’) weighted by the expected 2:1 ratio.®® The disappearance of the
perchlorate anion signal is experimental evidence of the absence of physiosorbed molecules of
1(ClOa4)2 on the surface. Semiquantitative analysis and stoichiometric ratios (see Table 2.2.1) do
not match with the expected values for [Fe(1bppCOOH);] molecules. They suggest that
[Fe(1bppCOOH)] species with only one ligand per iron is present on the surface together with

solvent molecules such as MeCN probably completing the coordination sphere of the iron ion.
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Figure 2.2.13. XPS C1s, N1s, CI2p and Fe2p regions of 1-SAM.

Table 2.2.1. Theoretical and XPS estimated atomic semiquantitative analysis (top) and
ratios (bottom) for 1. Theoretical values have been calculated guessing one ligand and one

acetonitrile molecule per iron, Fe(1lbppCOOH)(MeCN).

Semiquantitative analysis

Elements Nitrogen components Carbon components
Fe N C Ncoordinated Nuncoordinated CN C-C C-N COO-
Theor. 5.0% | 30.0% | 65.0% 50.0% 33.3% 16.7% | 45.5% | 45.5% 9.1%
1.SAM@SiO2 | 2.1% | 12.2% | 85.8% 49.8% 34.5% 15.8% | 44.3% | 45.9% 9.8%

Iron Ratios Nitrogen ratios Carbon ratios
C-Ncoord/ C-Ncoord/ C-N/ c-c/ C-N/ | 0-C=0/

Fe/Fe | Fe/N | Fe/C 1 N o C-Nuncoord | CN | &N | &N | N

Theor. 1.00 0.17 | 0.077 1.00 0.67 0.33 1.00 1.00 0.20
1-SAM@SiO: | 1.00 0.17 | 0.024 1.00 0.69 0.32 0.96 1.00 0.21
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To further study the electronic state of our molecule, synchrotron-based absorption
techniques are one of the best tools to analyze nanostructures. XAS measurements in the bulk
of compound 1(BF4). that will be used as references are shown in Figure 2.2.14, left. At 350 K,
the Fe L3 edge is composed by a peak at 708.4 eV with a shoulder at 709.2 eV. This is an energy
splitting typical for a HS state of Fe(ll). The spectrum recorded at 200 K shows that the Ls
maximum is shifted to higher energies (710.1 eV), with a less structured and more intense L>
edge also shifted to higher energies. The shift of the Fe L3 resonance intensity toward higher
photon energies, the change in line shape, and the increase of the branching ratio are
characteristic of a quantitative HS to LS transition as observed for similar SCO complexest¥ in
agreement with magnetic properties of the bulk compound (see above). XAS spectrum at Fe L3
edge of the monolayer was recorded at 100 K. It displays a characteristic Fe(lll) shape (see
Figure 2.2.14, right), as it has been seen previously in literature reports,*4? and agrees with

XPS measurements.
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Figure 2.2.14. Normalized XAS Fe L, 3-edge spectra of crystals of, left, 1(BF4). at 350 K
(HS) and 200 K (LS) and, right, 1-SAM and a Fe(lll) L, :-edge extracted from the literature.?
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2.3. Conclusions

In this chapter, five salts of Fe(1bppCOOH),]?* have been prepared and characterized. They
show different magnetic properties such as reversible temperature-, light- and solvent-induced
spin transitions. This is not unusual as it has been already seen in other 1lbpp and 3bpp
derivatives. 17-294% The fact that they present different magnetic behaviors makes it difficult to
rationalize as they correspond to compounds with different structures and therefore, different
crystal packings and intermolecular interactions, however some general conclusions can be

extracted.

Counteranions with similar geometries such as CIO4 and BF4, and AsFs and SbFs give
rise to isostructural salts. The first ones, smaller tetrahedral counteranions, generate a denser
crystal packing which avoids the insertion of solvent molecules in the structure and the presence
of a hydrogen-bonded chain of complexes, that lead to abrupt and reversible SCO. The decrease
in size of the counteranion favors the HS state, leading to a lower T/, for 1(BF.). with respect to
1(Cl0Oa4)2. This decrease of c.a. 40 K could be related to a greater withdrawal of electronic density
from the BF4.

Salts with larger counteranions present a less dense crystal packing which leads to the
incorporation of solvent molecules in the structure. These molecules play an important role in their
magnetic properties. The loss of solvent molecules in 1(CF;SOs)2-yMe2CO, 1(AsFg)2:yMe2CO
and 1(ShFg)2-yMe,CO is accompanied by spin transition of different sings. Whereas desolvation
of 1(CF3;S0s3)2-yMe2CO induces a change from the LS state to the HS state, desolvation of
1(AsFe)2-yMe2CO and 1(SbFe).-yMe,CO slightly stabilizes the LS state. It is noteworthy that
these changes are reversible as the samples recover the structure and color of the initial samples
upon contact with a saturated atmosphere. Therefore, 1(CF;SOs).-yMe>CO presents a reversible
solvent-induced spin transition. Interestingly, the bigger size of SbFe¢ in the isostructural
1(AsFe)2-yMe2CO and 1(SbFe).-yMe,CO salts leads to a stabilization of the HS state and to a
lower Ti2in contrast to 1(ClO4), and 1(BF4).. This trend could suggest that, in the absence of the
hydrogen bonded chain of complexes found in 1(ClO.), and 1(BF.). that governs the crystal
packing, the expansion of the unit cell volume by the larger SbF¢ counteranion becomes the most

important factor.

Finally, the use of the ethyl ester derivative 1bppCOOEt has a similar effect to that of the
use of bulkier counteranions. Thus, an irreversible spin transition is obtained in 2(ClO4)2-yMe.CO

as a result of the loss of solvent molecules after heating above 340 K. However, in contrast to the
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[Fe(1bppCOOH),]?** salts, the original structure is not recovered after re-solvation. This could
indicate that the carboxylic acid group could play a role in the reversibility of the solvation or that
the flexibility of the ethyl group favors the formation of different structures for the solvated and re-
solvated compound.

All these results indicate that the spin state of [Fe(bppCOOH),]** complex is very sensitive
to the counteranion and solvent molecules, and that the LS state is not as favored as the first
results obtained with the ClO4 salt could suggest. All these compounds show a clear LIESST
effect. As expected, the lower T2 of the BF4 salt, gives rise to an increase of the T(LIESST) with
respect to that of 1(ClO4).. Finally, an interesting point of 1(AsFs).:yMe.CO and
1(SbFe)2-yMe,CO is that they crystallize in a non-centrosymmetric space group. This could open
the way to other phenomena in coexistence with the thermal-, photo- and solvent-induced SCO
of these compounds such as ferroelectricity, which has been recently reported for a salt of [Fe(3-
bpp)2J>*.*4 All these compounds show a clear LIESST effect. As expected, the lower T1, of the
isostructural BFs and SbF¢ salts gives rise to an increase of the T(LIESST) with respect to that
of 1(ClO4)2 and 1(AsFe)2:yMe2CO, respectively.

Regarding the surface deposition, a combination of techniques shows that a homogeneous
assembly of molecules has been formed on the surface with absence of aggregates. The affinity
of the 1bpp ligand functionalized with a carboxylic acid group for metal oxides is confirmed and
coordination of an iron ion is feasible. X-ray techniques shows that decomposition of the
molecules takes place during the deposition process giving rise to one ligand per iron and
oxidation of the later. This result suggests that 1 decompose during the deposition procedure
either by oxidation of the complex upon contact with the surface, considering that octahedral
bis(tridentate) Fe(lll) complexes based on 1lbpp derivatives are not stable, either due to a weak
binding of the ligand to the iron, as observed previously for other 1bpp complexes with sulphur
substituents on Au, and its later oxidation. The use of other deposition conditions such as
shorter deposition times, less polar solvents or increased concentrations of the complexes, and
the preparation of more robust Fe(ll) complexes based on other 1bpp derivatives could be
possible strategies to improve these results. We have explored this last possibility in the chapters
3 and 4, with two different synthetic strategies: the change of position of the carboxylic acid

substituent (Chapter 3) and the preparation of heteroleptic complexes (Chapter 4).
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2.4. Supporting Information

Synthesis

Fe(X)2 (X = ClO4 (12,5 mg), BF4 (17.5 mg) or CF3SO3 (17.7 mg), 0.05 mmol) in 1.5 mL of
acetone or a filtered solution of FeCl, (6.40 mg, 0.05 mmol) reacted with AgAsFs (14.8 mg, 0.10
mmol) or AgSbFe (34.4 mg, 0.10 mmol) in 1.5 mL of acetone was added to a solution of the ligand
(1bppCOOH (28.5 mg) or 1bppCOOELt (28.0 mg), 0.10 mmol) in acetone (1.5 mL) and the mixture
was stirred for 15 minutes. An orange solution was formed. Red-orange prismatic crystals of all
the complexes suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether into

this solution.

Table S.I. 2.4.1. Theoretical and experimental values of elemental analysis.

Compound Mr Calculated (%) Found (%)
(g/mol) c N H S c N H S
1(BFa)2 739.95 38.96 18.93 2.45 - 38.31 18.54 2.60
1(CF3S03)-Me2CO 109593 | 3776 1518 262 695 | 3776 1526 235  6.65
1(AsFe)2-Me2CO-H:0 102029 | 3179  13.73 257 - 31.82 1357 271
1(AsFe)2 944.13 30.53 14.84 1.92 30.39 14.76 191
1(SbFe)2-Me2CO-H20 111391 | 2911 1257 235 - 29.80 1229  2.46
1(SbFe) 1037.81 | 27.78 1350  1.75 2746 1343 172
2(Cl04)2-2H20 879.41 39.23 16.34 3.53 - 38.87 16.06 3.33

Intermolecular interactions in 1(ClO.), and 1(BFa)-.

At 120 K the hydrogen-bonded chains are linked through intermolecular interactions that involve
C atoms from a pyrazole group and oxygen atoms from a carboxylic acid group of neighboring
molecules (dO1---C8 = 3.055 A and dO2---C1 = 3.185 A for 1(ClO.), and dO1---C8 = 3.029 A and
dO2---C1 = 3.151 A for 1(BF4).) (Figure Sl. 2.4.1) giving rise to layers of complexes on the bc
plane separated by layers of perchlorate or tetrafluoroborates anions (Figure Sl. 2.4.2). On the
contrary, at 400 K the number of contacts decreases as a result of the significant enlarging of a
and b axis on increasing the temperature. Thus, neighboring [Fe(1lbppCOOH),]** complexes
belonging to the bc planes present only one contact involving C atoms from a pyrazole group and
oxygen atoms from a carboxylic acid group (dO1---C8 = 3.192 A for 1(ClO,), and dO1---C8 =
3.162 A for 1(BF.).). On the other hand, [Fe(1bppCOOH),]?* complexes of neighboring layers
present short contacts at 120 K, which involve CH groups of the pyrazole rings (dC2---C2 = 3.709
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A for 1(Cl04), and dC2---C2 = 3.710 A for 1(BF4),) (Figure SI. 2.4.3). These short contacts do

not appear in the structure at 400 K.

(XXX ]
o z 7 o

[ XXX ]
o z 7 o

Figure Sl. 2.4.1. View of a layer of [Fe(1bppCOOH),]?* complexes with the intermolecular
interactions between complexes belonging to different hydrogen-bonded chains as dashed lines
in the structure of 1(ClO.). (top) and 1(BF.). (bot) at 120 K. Hydrogen atoms have been omitted

for clarity.
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Figure Sl. 2.4.2. Projection of the structure of 1(ClOa). (top) and 1(BF.). (bot) at 120 K in

the ac plane. Hydrogen atoms have been omitted for clarity.
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(XXX
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oz 1 o

Figure SI. 2.4.3. View of two layers of [Fe(lbppCOOH).]** complexes with the
intermolecular interactions between complexes belonging to different layers as dashed lines in
the structure of 1(ClO.): (left) and 1(BFa4). (right) at 120 K. Hydrogen atoms have been omitted

for clarity.
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Figure Sl. 2.4.4. Thermal dependence of the parameter b of 1(ClO,). (left) and 1(BFa)
(right).
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Figure Sl. 2.4.5. Experimental powder X-ray diffraction patterns (top) at 298 K (blue line)
and 400 K (red line) and simulated one (bottom) at 120 K (blue line) and 400 K (red line) of

1(ClO4)..
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Figure Sl. 2.4.6. Thermal dependence of the experimental powder X-ray diffraction pattern

of 1(C|O4)2.
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Figure Sl. 2.4.7. Simulated PXRD pattern from the structure solved at 120 K (blue) and
experimental one at 300 K (red) of 1(BFa)>.

[

Figure Sl. 2.4.8. View of the asymmetric unit of 1(CF3Ss)-yMe,CO at 120 K. Hydrogen
atoms have been omitted for clarity.
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Figure Sl. 2.4.9. Projection in the bc plane of the structure of 1(CF;SO3).-Me,CO at 120 K.

Hydrogen atoms have been omitted for clarity.
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Figure SI. 2.4.10. Simulated PXRD pattern from the structure solve at 300 K (blue),
experimental one at 300 K (red), experimental PXRD pattern of the desolvated sample (yellow)
and experimental PXRD pattern of the resolvated sample (orange) of 1(CFsSO3).-yMe,CO.
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Figure Sl. 2.4.11. Thermogravimetric profile of 1(CFzS0Os3),-yMe,CO (1.169 mg, black line)
and its derivative (red line) in heating mode from 350 K to 450 K (at 10 °C/min). The mass lost

after this ramp corresponds to 2.18 % of the total weigh, which is lower than the expected weight
loss of half molecule of Me,CO (ca. 2.8 %).
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Figure Sl. 2.4.12. CH---r contacts between [Fe(1bppCOOH),]?* complexes in the structures
of 1(AsFe)2-yMe2CO (top) and 1(SbFs).-yMe2CO at 120 K (bottom). Hydrogen atoms have been
omitted for clarity.

These chains are connected through short contacts involving C=0 groups from carboxylic
acid groups and two CH from pyrazole and pyridine rings from [Fe(1bppCOOH);]** complexes
belonging to different chains with distances of 3.355 A C1---C9, 3.265 A C2---C9 and 2.871 A
C10---H1 for 1(AsFg).-yMe,CO and 3.289 A C3---C9 and 2.896 A C2.--H11 for 1(SbFs).-yMe,CO.
In contrast to this, CH---t contacts are not observed in the structures solved at 300 K. Finally,
AsFe¢ or SbFe¢ anions inserted between the chains present numerous short contacts with

neighboring [Fe(1bppCOOH).]?* complexes.
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Figure Sl. 2.4.13. Projection in the ab plane of the structures of 1(AsFs).-yMe2CO (top) and

1(SbFe)2-yMe,CO (bottom) at 120 K. Hydrogen atoms have been omitted for clarity.
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Intensity (a.u.)

20°

Figure Sl. 2.4.14. Simulated PXRD pattern from the structure solve at 300 K (blue),
experimental one at 300 K (red), experimental PXRD pattern of the desolvated sample (yellow)

and experimental PXRD pattern of the resolvated sample (orange) of 1(AsFe)2-yMeoCO.

Intensity (a.u.)

20°

Figure Sl. 2.4.15. Simulated PXRD pattern from the structure solve at 300 K (blue),
experimental one at 300 K (red), experimental PXRD pattern of the desolvated sample (yellow)

and experimental PXRD pattern of the resolvated sample (orange) of 1(SbFe)2-yMe,CO.
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Figure Sl. 2.4.16. Thermogravimetric profile of 1(AsFs)2-yMe,CO (7.15 mg, black line) and

its derivative (red line) in heating mode from 300 K to 450 K (at 10 °C/min). The mass lost after

this ramp corresponds to 5.70 % of the total weigh, which is in agreement with the loss of one
molecule of Me,CO (ca. 5.7 %).
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Figure Sl. 2.4.17. Thermogravimetric profile of 1(SbFg).-yMe>CO (12.28 mg, black line) and

its derivative (red line) in heating mode from 312 K to 450 K (at 10 °C/min). The mass lost after

this ramp corresponds to 5.01 % of the total weigh, which is in agreement with the loss of one
molecule of Me;CO (ca. 5.3 %).
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Figure Sl. 2.4.18. Projection in the bc plane of the structure of 2(ClO.).-yMe>.CO at 300K.
Hydrogen atoms have been omitted for clarity.
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Figure SI. 2.4.19. Simulated PXRD pattern from the structure solved at 300 K (blue),

experimental one at 300 K (red) and experimental PXRD pattern of the desolvated sample
(yellow) of 2(ClO4).-yMe,CO.

66



Chapter 2

0 5000 10000 15000 20000
t/s

Figure Sl. 2.4.20. Kinetics for 1(ClOa)..

The kinetics has been fitted using a so-called sigmoidal law. This law describes a self-
accelerated process, often associated with cooperative systems. This cooperativity arises from
the large difference in metal-ligand bond lengths, resulting in elastic interactions caused by
change in internal pressure as the spin transition proceeds.® In this model, the relaxation rate

kuo(T,nHs) depends both on the temperature T and the HS fraction nus as follows:

%= -kn* s (1)

Kn*(T, hs) = kn(T)exp[a(T)(1 - ms)] (2)
where a(T) = Ex*/ksT and ky(T) = k.exp(-Eo/ksT)

o(T) is a self-accelerated factor, Ea the activation energy of the process and k- the frequency
factor. For each temperature, the fitting procedure gives a value of ky (T) and o(T). Both values

are summarized in the
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Table S.I. 2.4.2.

Table S.I. 2.4.2. kn(T) and a(T) for compound 1(ClO.):

T (K) KrL (s7) a(T)
50 1.67017E-5 3.012
52 3.14302E-5 3.149
54 4.62833E-5 3.544
56 1.05163E-4 3.417
58 1.58461E-4 3.300
60 3.35463E-4 3.189

An Arrhenius plot allows the determination of the frequency factor and activation energy for
the compound: Ea = 614 cm™ and k. = 723 s™.
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Figure Sl. 2.4.21. LITH and static points for 1(ClOa4)a.

A clear LITH hysteresis is observed bellow 70 K, that is to say that the xuT product is
strongly different when recorded decreasing or increasing the temperature. The size and shape
of LITH curve is known to be strongly dependent on the temperature sweep rate. In order to
search for the possible existence of a static LITH, two kinetics under irradiation have been
recorded at 50 K (Figure SI. 2.4.21). One kinetic has been recorded first irradiating the sample
at 100 K, then decreasing rapidly the temperature to 50 K and starting the kinetic as soon as the
temperature is stable at 50 K. The second kinetic has been recorded the same way but first
irradiating the compound at 10 K. The two kinetics are also reported below as a function of time
(Figure SI. 2.4.22).
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Figure Sl. 2.4.22. Kinetics of the static points for 1(ClO.)a.

The two kinetics at 50 K can be reasonably well fitted by simple exponential functions (red
lines of Figure SlI. 2.4.22). It can be extrapolated that at infinite time the two curves are separated
by about 1.0 cm? K mol™.
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Figure Sl. 2.4.23. Thermal dependence of xuT product in the heating mode from 2 — 400 K
(light) and subsequent cooling mode from 400 — 2 K (dark) of 1(AsFe)2-yMe.CO (left, green) and
1(SbFe)2-yMe2CO (right, pink).
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Table S.1. 2.4.3. Crystallographic data

Compound 1(BFa)2 1(BFa)2 1(CF3S03)2:-Me2CO 1(CF3S03)2:0.5Me2CO
Empirical formula  C24H18B2FsFeN100Os  C24Hi1sB2FsFeN10Os4  CzoH24FeFEeN10011S2 CssHa2F12Fe2N20021S4
Formula weight 739.95 739.95 922.55 1787.02

Crystal color Orange Orange Orange Orange

Temperature (K) 120 350 120 300

Wavelength (A) 0.71073 0.71073 0.71073 0.71073

Crystal system, Z  Monoclinic, 4 Monoclinic, 4 Orthorhombic, 8 Orthorhombic, 4
Space group C2/c C2/c Pcab Pcab

a(A) 17.1725(4) 17.3370(10 14.8997(4) 15.1365(3)

b (A) 16.0377(4) 16.5488(8) 21.7329(5) 21.8413(4)

c®) 10.6830(3) 10.692(5) 22.2566(4) 22.3085(4)

Q) 106.691(3) 104.976(5) 90 90

V (R3) 2818.22(12) 2963.3(14) 7207.0(3) 7375.2(2)

pealc (Mg/md) 1.744 1.659 1.700 1.609

1(Mokq) (mm-Y) 0.643 0.611 0.640 0.621

drange (°) 2.92t0 27.53 2.8510 27.53 3.258t0 27.471 3.342 to 27.497
Reflns collected 36207 33269 30229 25242

Independent 3248 (0.0905) 3412 (0.0998) 7672 (0.0714) 7655 (0.0290)
reflns, (Rint)

L. S. parameters/  225/0 221/0 532/0 532/0
restraints

R1(F),A [>20(1)] 0.0347 0.0787 0.0513 0.0501
WR2(F?),l all data 0.0891 0.2521 0.1032 0.1654
S(F?),ld all data 1.050 1.066 1.029 1.069

[a] R1(F) = X(Fol - IFcl)/ZIFol; [0] WR2(F?) = [Sw(Fo? — Fc)YxwFo‘1% [c] S(F?) = [Sw(Fo® — F¢A)X(n - p)]*2
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Compound
Empirical formula
Formula weight
Crystal color
Temperature (K)
Wavelength (A)
Crystal system, Z
Space group
a(h)

c(A)

B

V (A3)

pcalc (Mg/m?)
u(Moke) (mm-2)
drange (°)
Reflns collected

Independent
reflns, (Rint)

L. S. parameters/
restraints

R1(F),@ 1>25(1)]
WR2(F?),P! all data

S(F?), all data

1(AsFs)2-Me2CO
C27H24As2F12FeN100s
1002.25

Orange

300

0.71073
Tetragonal, 8
14:cd

23.4197(9)
14.6422(8)

90

8031.0(8)

1.658

2.115

3.282 to 27.540
21855

4345 (0.0905)

330/1

0.0609
0.1845

0.962

1(SbFe)2-Me2CO
C27H24F12FeN100sSh2
1095.93

Orange

300

0.71073
Tetragonal, 8
14:cd
23.6034(15)
14.9526(17)

90

8330.4(14)
1.748

1.732

3.226 to 27.604
19539

4802 (0.1398)

276/1

0.0679
0.1825

0.957

1(AsFe)2:2Me2CO
C3oH30As2F12FeN1006
1060.33

Orange

120

0.71073
Tetragonal, 8
14:cd

23.3533(3)
14.3811(3)

90

7843.1(3)

1.796

2.173

3.227 to 27.489
15144

4151 (0.0480)

276/1

0.0391
0.0854

1.046

1(SbFe)2-:2Me2CO
C3oH3o0F12FeN100sSh2
1153.99

Orange

120

0.71073
Tetragonal, 8
14:cd

23.4653(2)
14.6485(3)

90

8065.8(2)

1.901

1.796

3.279to 27.530
65363

4631 (0.0745)

276/1

0.0315
0.0773

1.114

[a] RL(F) = X.(IFol - [Fel)/IFol; [b] WR2(F?) = [Yw(Fo? - Fc?)/XwFo*%; [c] S(F?) = [Xw(Fo? - Fc?)(n - p)]”2
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Compound
Empirical formula
Formula weight
Crystal color
Temperature (K)
Wavelength (A)
Crystal system, Z
Space group

a (A

c(A)

a(°)

B0

7 ()

Vv (A3

pcalc (Mg/md)
r(Moke) (mm™)
drange (°)
Reflns collected

Independent
refins, (Rint)

L. S. parameters/
restraints

R1(F),1 1>20(1)]

wR2(F?),Pl all
data

S(F?), all data

[a] R1(F) = X(Fol - IFc))/Z|Fol; [b] WR2(F?) = [Sw(Fo? — FA¥XwWFo*1*%; [c] S(F?) = [Yw(Fo® — Fcd)(n — p)]”2
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2(ClO4)2-Me2CO
Ca1H32Cl2FeN10013
879.41

Orange

120

0.71073
Triclinic, 2

P-1

8.4530(4)
11.9312(6)
20.3299(10)
77.745(4)
82.954(4)
75.170(4)

1.512

0.605

3.264 to 27.486
26171

8009 (0.1013)

539/10

0.0910

0.2806

1.062

2(ClO4)2:-Me2CO
Ca1H32Cl2FeN10013
879.41

Orange

293

0.71073

Triclinic, 2

P-1

8.5577(14)
12.0263(17)
20.578(2)
76.962(10)
81.395(11)
75.959(13)

1.467

0.587

3.341 to0 26.437
23761

8144 (0.1369)

495/0

0.1261

0.4176

1.005
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Chapter 3

3.1. Motivation

In the previous chapter, we have prepared the homoleptic Fe(ll) complexes of 1bpp ligand
functionalized with a carboxylic acid at the 4-pyridyl position and the ethyl derivative (1bppCOOH
and bppCOOEt see Chapter 2). We showed that the solvent-free ClO, and BF. salts of
[Fe(bppCOOH),]?* exhibit abrupt thermal and light-induced spin transition related to the presence
of a hydrogen-bonded linear network of complexes, whereas the incorporation of solvent
molecules in the salts with bulkier counteranions (CF3SOs;, SbFs and AsFs) or ligands
(1bppCOOEL) gives rise to solvent-induced SCO, which in some case are reversible. In this
chapter, we have prepared the Fe(ll) complex of two new derivatives of 1bpp bearing carboxylic
acids at the 3-pyridyl position (1bpp3COOH, see Scheme 3.1.1, left) and at the 4-positions of the
two pyrazolyl groups (1bpCOOH:2p, see Scheme 3.1.1, right). These ligands were prepared for
the first time by us. The aim of this work is to explore the SCO properties induced by the change
in position of this functional group, which could offer new possibilities for the preparation of
organized assemblies of these SCO units by coordination to other metals or deposition on
surfaces. For a better reading, this chapter will be divided into two parts. Each part is dedicated

to the different Fe(Il) SCO complexes obtained with each ligand.
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X e} ‘ N
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Scheme 3.1.1. Molecular structure of 1bpp3COOH (left) and 1bpCOOH:p (right).

Since LIESST compounds are photo-activated molecular switches, there is great interest in
finding compounds operating at high temperature.*! From the theoretical part, mean-field theory
predicts an inverse relationship between the thermodynamic thermal SCO temperature T, and
the lifetime of the photoinduced metastable state. Due to this, with the exception of a few Fe-Co
Prussian blue analogues,? there are no reports of Fe coordination compounds combining thermal
SCO around room temperature and photo-induced SCO at temperatures above 100 K. Although
important deviations from the empirical linear dependence between T(LIESST) and T1» proposed

by Létard in Fe(ll) complexes have been found, it is a useful tool to predict the T(LIESST) of many
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SCO compounds.®! For instance, T(LIESST) of bis-chelated Fe(ll) complexes of the tridentate
1bpp™4-7 usually show good agreement with this linear function with To = 150 K. This means that
the highest values of T(LIESST) for this family of compounds (~100 K) correspond in all cases to
T12 values below 200 K, which are far from room temperature.“¢-9 |n the second part of this
chapter, we have shown that the use of a new 1bpp derivative functionalized with carboxylic acid
groups in the 4-positions of the two pyrazolyl groups of 1lbpp affords the compound
[Fe(bpCOOH2p)2](ClO4)2-3.5Me-CO (2), which shows an abrupt thermal SCO around room
temperature and a photoinduced SCO with an unusually high T(LIESST) of 120 K. This has led
to a detailed photo-structural and photomagnetic characterization presented in Part B of this

chapter.

3.2. Results and discussion

PART A

Synthesis of [Fe(1bpp3COOH)2](ClO4)2-0.5EtOH-0.5H.0 (1)

1bpp3COOH was prepared following a similar synthetic procedure to that used with
1bpCOOHp by reacting dichloronicotinic acid and the pyrazolyl radical generated in situ with
sodium hydride.*Y [Fe(1bpp3COOH),]?* was obtained by slow diffusion of diethyl ether into
solutions of Fe(ClO4)2-xH,O and 1bpp3COOH in ethanol in a 1:2 molar ratio. After a few days
crystals of [Fe(1bpp3COOH);](ClO4).-0.5EtOH-0.5H,0O (1) suitable for single crystal X-ray
diffraction were obtained (see Sl for more details). Elemental analysis of an older sample is
consistent with the replacement of the EtOH solvent molecules in the structure for water and
further absorption in contact with air. This agrees with TG measurements (see Figure Sl. 3.4.1)
and with the small differences observed in the PXRD patter of a freshly filtered sample of 1 (see
Figure SI. 3.4.2).

Else, single crystal structure of the compound obtained in methanol showed that, instead of
the expected [Fe(1bpp3COOH).]** complex, the complex of methyl ester (1bpp3COOMe) was
obtained in the compound of formula [Fe(1bpp3COOMe),](ClO4).. This esterification reaction of
the carboxylic acid with the methanol solvent molecules is favored when the ligand is coordinated
to the Fe(ll) ion since similar conditions in absence of Fe(ll) salt did not lead to the formation of
the ester. Further characterization of the crystals obtained in different positions of the diffusion
tube indicated that the slow reaction of 1bpp3COOH with MeOH in the complex at different

methanol/diethyl ether concentrations gave rise to a mixture of compounds containing the
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homoleptic  [Fe(lbpp3COOH).]** and [Fe(lbpp3COOMe).]** and the heteroleptic
[Fe(1bpp3COOMe)(1bpp3COOH)]?* complexes, which are difficult to separate. The optimization
of these syntheses to obtain the pure homoleptic and heteroleptic complexes of these ligands in
methanol is in progress. Due to the problems to obtain the pure complex in other solvents we
have focused our studies in 1.

Structure of [Fe(1bpp3COOH),](ClO4)2-0.5EtOH-0.5H,0 (1)

The crystal structure of 1 has been solved at 120 K. It crystallizes in the tetragonal crystal
system with the non-centrosymmetric achiral 1-42d space group. The asymmetric unit is formed
by half [Fe(1bpp3COOH).]?* cation, two half perchlorate anions and one ethanol and water
disordered solvent molecules (see Figure 3.2.1). The central Fe(ll) ion of the complex presents
a multiplicity of 0.5 due to the presence of 2-fold and 4-fold rotoinversion axes. It is coordinated
by six nitrogen atoms from two tridentate 1bpp3COOH ligands with a distorted octahedral
coordination geometry. The short Fe-N bond lengths at 120 K (1.865(10) - 1.992(17) A) clearly
indicate that the complex is in the LS state in agreement with magnetic measurements.

Figure 3.2.1. Structural view of [Fe(1bpp3COOH),]** complex in 1; hydrogen atoms have
been omitted for clarity; only one of the two possible configurations of disordered carboxylic acid

groups is shown for clarity.
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The coordination geometry is close to the ideal D.q sSymmetry associated to a [Fe(1bpp)2]?*.
It presents a (trans-N(pyridyl)-Fe-N(pyridyl) angle (¢) of 180° and dihedral angle between the least
squares planes of the two ligands (8) close to 88.7°. These values are consistent with those of
other LS bpp complexes exhibiting SCO obtained by us (see Chapter 2) and in the
literature.[*71213 The carboxylic acid group is disordered, which has been solved with two possible
configurations with an occupancy of 50% each. The crystal packing of the complexes is shown in
Figure SI. 3.4.3. [Fe(1bpp3COOH),]?** cations form chains which run along the ¢ axis that are
surrounded by ClO4 anions and disordered solvent molecules. [Fe(1bpp3COOH),]** complexes
interact with each other mainly through CH---O contacts between pyrazole groups. The two
carboxylic acid groups of [Fe(1bpp3COOQOH).]?* are involved in hydrogen bonds with two ethanol
molecules (see Figure Sl. 3.4.4). This prevents them from interacting among
[Fe(1bpp3COOH).J?*, as it has been also seen in [Fe(1lbppCOOH),]** salts of SbFs and AsFe
(see Chapter 2).

Magnetic and photomagnetic properties

xmT of 1 shows a value close to 0 from 300 to 2 K in the cooling and heating modes (see
Figure 3.2.2). This indicates a diamagnetic LS state of the Fe(ll) centers in agreement with short
Fe-N bond lengths from the structure at 120 K (see above). At temperatures above 300 K, there
is an abrupt increase that upon desolvation of the complex at 400 K reaches a value of c.a. 2
cm3-K-mol?. This value corresponds to around 60% of molecules in the HS state, taking 3.5
cm3.K-mol? as the value for pure HS state. This partial SCO is irreversible as xmT decreases
gradually to reach a plateau of 0.5 cm3-K-mol? at temperatures below 100 K stabilizing the HS
state. The irreversibility of this behavior confirms that it is related to the loss of the solvent
molecules observed in the structure at 120 K (EtOH and H:O). Indeed, PXRD of the desolvated
sample shows an irreversible loss of crystallinity (see Figure Sl. 3.4.2). Therefore, the solvated
compound is mostly LS in all the range of temperatures, while the desolvated one shows a gradual

and partial SCO from 400 to 100 K related to an irreversible change of structure.

Photomagnetic properties of the solvated (freshly filtered crystals) and desolvated 1 (heated
previously at 400 K) were measured after light irradiation at 10 K with a 532 nm laser. A clear
increase of the magnetic signal is observed in the two samples (see Figure 3.2.2). The maximum
xmT value of solvated 1 after irradiation is 0.6 cm3-K-mol?, which indicates that about 15% of
Fe(ll) has been photo-converted with a T(LIESST) of 40 K. On the other hand, an increase of ca.
1 cm3.K-mol? is observed for the maximum value of xuT of desolvated 1 after irradiation, which
corresponds to about 30 % of LS to HS photoconversion with a T(LIESST) of 50 K. Therefore,
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the decrease of the thermal SCO of the desolvated sample gives rise to an increase of T(LIESST)

as expected by the “inverse energy gap law”.:415
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Figure 3.2.2. Temperature dependence of xuT for solvated (dark yellow) and desolvated

(orange) 1 before (full circles) and after (empty circles) light irradiation.

Deposition

The procedure for surface deposition was the same as that used in Chapter 2. UV/Vis
spectra confirms the stability of the complex in solution with a possible partial decomposition (see
Figure Sl. 3.4.5 and associated text). Topographic images confirm the absence of aggregates,
and the roughness is consistent with the formation of an ordered monolayer (see Figure Sl. 3.4.6
and associated text). The presence of the ligand was evidenced with MALDI-TOF MS
measurements (Figure Sl. 3.4.7 and associated text) and confirmed with XPS spectroscopy
semiquantitative analysis (Figure Sl. 3.4.8, associated text and Table S.I. 3.4.1, top). XPS
elemental ratios suggest the presence of [Fe(1bpp3COOH)] species, as we have seen in Chapter
2 with [Fe(1bppCOOH)] as well (Table S.I. 3.4.1, bot). Finally, the electronic states of our sample
were studied by XAS. The spectrum 1-SAM displays the characteristic Fe(lll) shape (see Figure
Sl. 3.4.9). This result was expected since XPS ratios mimics the results obtained previously in
Chapter 2.
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PART B

Synthesis of Fe(1bpCOOH2p).](ClO4)2-3.5Me>CO (2) and
[Fe(LbpCOOCOOHP)(1bpCOOH:p)Fe(1bpCOOH,p)(Cl04)](Cl04)2-H20-1.5Me,CO (3)

1bpCOOH2p was synthesized by saponification of the 2,6-di[4-(ethylcarboxy)pyrazol-1-
ylpyridine ester precursor.*? [Fe(1bpCOOH:p),]** was obtained by slow diffusion of diethyl ether
into solutions of Fe(ClO4)2-xH20 and 1bpCOOHp in acetone in a 1:2 molar ratio. After a few days
in inert atmosphere, crystals of Fe(1LbpCOOH2p).](ClO.).-3.5Me-CO (2) suitable for single crystal
X-ray diffraction were obtained (see Sl for more details). On the other hand, the coordination
polymer [Fe(1bpCOOCOOHp)(1bpCOOHp)Fe(1bpCOOH.p)(Cl04)](ClO4)2-H.0-1.5Me.CO (3)
was obtained in the synthesis of 2 if the diffusion tubes were left in air (see Figure Sl. 3.4.11 and

Figure Sl. 3.4.12 in the Sl and associated text).

Magnetic properties

xmT of 2 below 270 K measured in contact with the mother liqguor presents a value close to
0 cm3-K-mol?, consistent with the diamagnetic LS state (S = 0) (see Figure 3.2.3). At higher
temperatures, xmT shows a sharp increase to a value of 1.6 cm3.K-mol? at 300 K, consistent with
ca. 50% of conversion of the Fe(ll) centers from LS to HS. A thermal hysteresis width (AT) of 13
K is observed in heating and cooling modes (T1T = 292 K and T| = 279 K) at a scan rate of 0.5
K-min™. Abrupt thermal hysteretic spin transitions with AT = 1-4 K are common in bpp Fe(ll)
complexes with a particular packing motif, the so-called “terpyridine embrace” one.!*#7:10.16]
However, the few examples with wider thermal hysteresis are associated to compounds with
distorted octahedral coordination in the HS state, crystallographic phase transitions (AT = 18 KI*7)
and/or lattice solvent molecules (AT = 3518 and ~100 KI). The hysteretic spin transition was
confirmed by differential scanning calorimetry (DSC) measurements in crystals protected with an
oil. (Figure SI. 3.4.13 in the SI) Thus, an exothermic peak at 286 K upon cooling and an
endothermic peak at 297 K of the subsequent heating were observed. There is a shift in
temperature of around 5 K to higher temperatures with respect to the magnetic measurements
(see above), which could be related to the different method used to protect the crystals (oil in DSC
and mother liquor in magnetic measurements) and to the different scan rate in both
measurements. The average enthalpy and entropy changes associated with these peaks, AH =
17.0 kJ-mol* and AS = 60.0 J-K*-mol?, are typical values for Fe(ll) SCO solids.?® These values
are similar to the ones found for other Fe(ll) bpp complexes,*”?! although they are relatively high
if we consider that only half of the Fe(ll) centers undergoes spin transition. DSC measurements

shows that this LS-HS phase is stable up to 320 K. Then, the second cycle shows a broadening
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of the peaks, which is not rare in SCO complexes usually related to fatigue or changes in the
structure.?? yuT of dried crystals of 2 changes drastically. It increases to a value of 3.6 cm®-K-mol
1 after heating to 400 K corresponding to 100% HS state. The value remains almost constant with
a decrease below 30 K due to zero-field-splitting of HS Fe(ll) (Figure Sl. 3.4.14 in the Sl and
associated text). This suggests that desolvation leads to irreversible structural changes that
stabilize the HS state as confirmed by PXRD data (see Figure Sl. 3.4.15 in the SI).
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Figure 3.2.3. Thermal variation of xuT of 2 before (black circles) and after (red circles) 660
nm light irradiation. The inset graph shows the temperature dependence of the first derivative of

xmT with respect to the temperature.

Structure of Fe(1bpCOOH2p)2](ClO4)2-3.5Me2CO (2)

Single crystal X-ray diffraction experiments from 120 to 300 K show that this thermal SCO
is related to a symmetry breaking phase-transition around 280 K. Thus, unit cell parameters and
systematic absences change reversibly above this temperature from monoclinic to triclinic space
groups (see Table SI. 3.4.1, Figure Sl. 3.4.16, Figure Sl. 3.4.17 and Figure Sl. 3.4.18 in the SI).
The structure at 120 K was solved in the monoclinic space group P2i/c showing a single molecule
of [Fe(1lbpCOOHzp),]?* in the asymmetric unit (see Figure 3.2.4, left) with typical LS Fe-N bond
lengths (1.898(2) - 1.977(2) A). Above 280 K, the cell parameters o and y deviate significantly
from 90° and the symmetry changes to triclinic, P-1. As a result of this, the structure at 300 K
shows two molecules of [Fe(1bpCOOH;p)z]** in the asymmetric unit (with iron labelled Fel and

Fe2, see Figure 3.2.4, right) with different spin states as shown by Fe-N bond lengths (1.901(4)
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- 1.981(5) A for Fel and 2.127(4) - 2.180(5) A for Fe2). The structures at 120 and 300 K present
similar packing motifs with important differences: (i) the structure at 300 K shows weaker
intrachain contacts for the HS complexes and stronger interchain contacts between HS and LS
ones; (ii) ClO4 and acetone molecules are disordered at 300 K but not at 120 K (see Sl for more
details). Therefore, crystal structures at 120 and 300 K and magnetic measurements indicate that
there is a SCO of half of the Fe(ll) complexes accompanying the structural phase transition. This
has also been confirmed by variable temperature PXRD patterns (Figure Sl. 3.4.23 in the Sl and
associated text). Crystallographic symmetry breaking during SCO is a well-known phenomenon,
which often leads to an intermediate crystal phase of lower symmetry containing a mixture of HS
and LS molecules.*-?6 This mixed spin-state phase is usually retained over a temperature range.
At lower or higher temperatures, it exhibits a phase change to the full LS or HS state, respectively,
with space groups of higher symmetry.12324271 This re-entrant behavior of the intermediate phase
could not be observed in 2 probably due to the irreversible loss of crystallinity caused by the
removal of the solvent molecules.

@c
@ e

Figure 3.2.4. Asymmetric unit cell of 2 measured at, left, 120 K (P2i/c) and, right, 300 K
(P-1).

88



Chapter 3 — Part B

A more detailed X-ray crystallographic study of a crystal before and after keeping the
sample at 300K for two hours, shows a loss of cooperativity and broadening of the spin transition
in the evolution of the unit cell parameters with temperature (see Figure Sl. 3.4.18), in agreement
with DSC measurements (see Figure Sl. 3.4.13). Then, the crystal structure of the same crystal
was solved at 120 K showed that the half acetone molecule was lost. This phase was not possible
to be measured in the SQUID due to technical problems. Again, the shift of temperatures to higher
values of DSC with respect to the evolution of the unit cell parameters could be related to the
different method used to protect the crystals (oil in DSC, single crystal under nitrogen stream) and
to the different scan rates.

Photomagnetic properties
The LS to HS photoconversion was investigated by irradiating crystals of 2 protected with an oil
at 10 K with 660 and 532 nm wavelength lasers. Both lasers give rise to a drastic increase of
the magnetic signal at short times followed by a more gradual increase at longer times. The 660
nm red light led to a faster increase of the signal. After irradiation for ca. 16 hours (see Figure
Sl. 3.4.24, top-left

Figure Sl. 3.4.24), irradiation was switched off and the temperature was then increased at a rate
of 0.3 K mint. The xuT value after irradiation is higher than the value recorded in the dark at
temperatures below 120 K (see empty circles in Figure 3.2.3). Interestingly, compound 2
consistently shows a bump, where a small fraction of the sample undergoes partial LIESST
relaxation at lower temperature (ca. 50 K, see Figure 3.2.5). This is discussed further below. The
fraction of Fe(ll) photoconverted after irradiation is calculated to be close to 100% in contrast to
the LS—-HS state reached after heating above 280 K. The abrupt decrease of the LIESST curve
above 110 K suggest that the intermediate LS-HS state is not reached after full photoexcitation.
The minimum of the oxmT/dT curve (T(LIESST)) gives a value of 120 K (see inset of Figure 3.2.5).
Notice that 2 represents one of the few molecular compounds with T(LIESST) well above 100
KI17:28-301 hyt, in contrast to these examples, 2 exhibits a T1» near room temperature. Therefore,
T2 and T(LIESST) values deviate clearly from the linear relationship found for other Fe(ll) bpp
complexes. The relaxation from the photoinduced HS (HS*) state to the LS state has been
investigated from 105 to 115 K close to the T(LIESST). Time dependence of the HS fraction could
be fitted to a sigmoidal decay typically found in cooperative systems with a self-accelerated
behavior. Therefore, the measurements have been fitted using the mean-field macroscopic model
developed by Hauser (see Figure Sl. 3.4.25 and associated text).’3? Parameters obtained from

these fittings are in the same range as those of other bpp complexes (Ea = 2385 cm™, ko = 1.2 X
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10! s1, Eo* = 4.08 cm® and ko < 9.07 x 10° s where Ea is the apparent activation energy, ke is
the apparent preexponential factor, E.* is the additional activation energy resulting from
cooperativity and ko is the upper limit of the tunnelling rate constant).!33-%7]

The bump observed in the relaxation curve after photosaturation with 660 nm laser could suggest
some structural reorganization since shorter times (ca. 6h), where photosaturation was also
reached (see

Figure Sl. 3.4.24, top-right), gives rise to a higher fraction of iron centers undergoing LIESST
relaxation at the same temperature (T(LIESST) = 48 K) giving rise to a step-like behavior (see
Figure 3.2.5, left).
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Figure 3.2.5. Left, Thermal variation of xmT after 660 nm light irradiation for 18 hours (red
empty circles) and 8 hours (orange empty circles). Right, temperature-dependence of xuT before
(full circles) and after (empty circles) 808 nm light irradiation for 18 hours.

Further investigation of the photomagnetic properties were carried out irradiating with an
808 nm wavelength laser for 18 hours (Figure Sl. 3.4.24, bottomjError! No se encuentra el
origen de la referencia.). As in the previous experiment with shorter irradiation time at 660 nm,
the two-step relaxation process takes place with two minimums in the oxmT/0T of ca. 45 and 124
K (see Figure 3.2.5, right). This suggests that shorter irradiation times or the same irradiation
time but with a lower energy laser, the HS* state is less favored compared to that observed at

660 nm for 16 hours, which is in agreement with PXRD experiments with light (see below).
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The thermally induced excited spin-state trapping (TIESST) was not observed after cooling
the sample from room temperature to 10 K in a few seconds. This is not unexpected as this effect

is usually found in compounds with T2 below 200 K.B3

Low temperature X-ray diffraction studies with light

Investigation of structural changes at low temperature under light irradiation was performed
in collaboration with Elzbieta Trzop and Eric Collet from the IPR in Rennes. The structure of 2
was solved at 10 K before and at 20 K after irradiation of a crystal with red laser in the European
Synchrotron Radiation Facility (ESRF) at the Swiss-Norwegian beamline BMO1 in collaboration
with Dmitry Chernyshov and Charlie Mc Monagle (for experimental details go to Appendix). After
a few minutes of irradiation, full structural analysis reveals that the symmetry of the complex is
unchanged with respect to that of the crystal before irradiation (P2:/c, LS), but the unit cell
parameters are slightly bigger (see Table S.I. 3.4.2 in the SI). Fe-N bond distances and the
distortion of the octahedral geometry (see Table S.I. 3.4.3 and Table S.I. 3.4.4) have increased
and are consistent with an Fe(ll) center in the HS state. All of this confirms that the re-entrant
P2i/c HS* state has been stabilized. Interestingly, by reducing the exposure time with the red
laser to a few seconds (ca. 60 s) in a conventional diffractometer at 20 K (see Appendix), a change
of symmetry takes place obtaining the photoinduced P-1 intermediate LS-HS (LS-HS*) state. The
different spin states of the two crystallographically independent iron centers were confirmed with
the Fe-N bond distances and distortion parameters see (Table S.I. 3.4.3 and Table S.I. 3.4.4),
which are in good agreement with the values obtained at higher temperatures (see above). The
space group of both structures were also confirmed by the appearance or disappearance of the
systematic absences (see Figure Sl. 3.4.27 and Figure Sl. 3.4.28). However, the structures are
of poor quality due to sample damage induced by the fast cooling and light irradiation. In the light
of these results, PXRD studies of 2 were carried out at the ESRF at the Swiss-Norwegian
beamline BMO1. It was found that the bulk sample was isostructural and interacted with light in
the same way as the single crystal described above (see Figure 3.2.6), despite of a small fraction

of 3 that was also identify (see Figure Sl. 3.4.29 and associated text in the SlI).

Indeed, long irradiation times of the sample powder with 660, 782 and 472 nm favors the
P2i/c photoinduced HS state (see Figure 3.2.6, and Figure Sl. 3.4.30 and Figure Sl. 3.4.31 in
the SI). Such phase transition is more favored with 660 than with 782 nm (see Figure Sl. 3.4.32
and associated text). Irradiation with 1064 nm in the HS* state induces changes in peak position
of the pattern. This new pattern is consistent with the simulated LS-HS* state from single crystal

(see Figure SI. 3.4.33), although small differences may come from the coexistence of other
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phases. This result suggests a partial r-LIESST transition from the HS* to the HS-LS* state, as it
has been previously observed in other compounds.?®

—— Simulated LS

Experimental LS

Experimental HS*
—— Simulated HS*

"'-—JWWW i WW

15 2035 40 45 50 55 60 65 70 75 80 85 90 95 100
20

Intensity (a.u.)

Figure 3.2.6. Simulated PXRD pattern from the structure solved in the dark (grey) and under
continuous irradiation with 660 nm for ca. 360 seconds (light red) and experimental PXRD pattern
of a powder sample measured in the dark (black) and (red) under continuous light irradiation with

660nm for ca. 1200 seconds at 20 K.

It was possible to qualitatively observe that such intermediate state could also be reached
by irradiating with 1064 nm from the LS state; 660 and 782 nm for shorter times; or slightly
increasing the temperature (see Figure 3.2.7). These results indicate that irradiation from the LS
with 1064 nm stabilizes the intermediate P-1 faster than from the HS* state (see Figure Sl.
3.4.34). Light irradiation with relatively high energy lasers (660 and 782 nm) also stabilizes first
the low-symmetry P-1 phase and then, after further irradiation, the re-entrant higher-symmetry

P2i/c phase is stabilized, in agreement with single crystal measurements (see above).

48 K

After short irradiation time with 782 nm

Intensity (a.u.)
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Figure 3.2.7. Experimental PXRD patterns of a powder sample of 2 measured after

irradiation with 1064 nm (violet) for ca. 1200 seconds, during a short period of time with 660 nm
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(210 s, red) and 782 nm (540 s, green) at low temperature and the average of three spectra

collected at 48K from the temperature scan experiment (go to Sl for more information).

Further increase in temperature gives rise to the LS phase (Figure Sl. 3.4.35 and
associated text). Separately, the use of 472 nm directly induces the monoclinic HS* state (see
Figure SlI. 3.4.31 and Figure Sl. 3.4.36). Full photo-saturation of the different phases was not
reached due to the longer exposure times needed (see Figure Sl. 3.4.32, Figure Sl. 3.4.34 and
Figure Sl. 3.4.36), compared to the single crystal (see above). Nevertheless, these experiments

allow understanding the exceptional behavior of our system (see Figure 3.2.8).

-

£ P2ic(HSY)
P-1
(HS*/LS-HS*)

660 hm
1064 nm

P-

(LS-HS*) P-1
(LS-HS)

—

472 nm

660 nm
1064 nm

P2./c (LS) ~—— P2./c (LS)

T

Figure 3.2.8. Schematic representation of the behavior of the different structural phases

with light and temperature.

Deposition

We have explored the deposition of 2 on SiO; surfaces. Preliminary results indicate that the
solubility of the complex is very low and decomposes partially in solution (see Figure Sl. 3.4.37).
Further attempts to improve the solubility and stability of the complex using different solvents

could improve these results since XPS and XAS were not conclusive.
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3.3. Conclusions

In this chapter we report the preparation and characterization of Fe(ll) complexes of two
new derivatives of 1bpp, 1bpp3COOH and 1bpCOOH;p, and the structure and SCO properties of

their perchlorate salts in the solid state.

In Part A, bulk properties of 1bpp3COOH Fe(ll) complex compared with those of
1bppCOOH one from the previous chapter, leads to the following conclusions: (i) the LS state
seems to be predominant as observed in [Fe(1bppCOQOH),]?*; (ii) changing the position of the
substituent hinders the possibility to form hydrogen-bonds between complexes; (iii) it also
prevents the formation of other strong intermolecular interactions such us CH---n and &---n
stacking typical of a “terpyridine embrace” crystal packing seen in other Fe(ll) bpp complexes. As
a result, a gradual and incomplete SCO is observed. The compound presents LIESST effect. This
ligand, as 1bppCOOH, could be a convenient precursor to new bpp derivatives with other
functionalities in addition to the SCO properties. Indeed, the reactivity of the Fe(ll) complex is
enhanced for the esterification reaction. On the other hand, a possible advantage of the change
of position of the substituent group of 1lbpp is that this could favor the formation of Fe(ll)
complexes crystallizing in non-centrosymmetric structures as 1, which would confer new
properties such as ferroelectrics. This could be favored by functionalizing the same position with

bulkier substituents.

Thanks to the incorporation of the carboxylic acid group, preparation of an organized
assembly of SCO complexes could be studied. Several techniques demonstrated that the different
position of the carboxylic acid group does not affect the affinity of the 1bpp ligand for metal oxides.
However, deposition of 1 gives rise to the same results obtained in Chapter 2 with
[Fe(1bppCOOH),], oxidation and/or fragmentation upon deposition. Preliminary results have
shown that 1bpp3COOH is a suitable ligand for the preparation of SMM complexes using Co(ll).
The SMM properties and deposition of the Co(ll) complex of 1bpp3COOH are in progress and

will be presented in future works.

In Part B, the results indicate that in 2, the combination of a rigid bpp ligand, which leads to
distorted HS geometries, and carboxylic acid groups favoring the presence of solvent molecules
in the structure, which enable enough free volume for the distorted HS molecules to switch to the
undistorted LS state, could be crucial factors to explain the abrupt thermal SCO with hysteresis
of 2. This agrees with that observed in other bpp-based compounds®”?" and with the gradual

SCO of 3, which contains the same ligand but with a less distorted octahedral geometry and a
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less flexible extended lattice. 2 presents an unexpectedly long-lived photo-induced state for such
thermal spin transition. Large trigonal distortions such as that of 2 have been used to explain
stabilization of the HS state and increase of T(LIESST).B!" However, this would cause at the
same time a decrease of T, which is not observed in 2, in contrast to bpp-based compounds
with HS distorted structures.17-272% This suggests that besides the distortion of the octahedral
geometry, the photoinduced structural change is the origin of the unexpected behavior of 2, as it
has been seen in [Fe(L)2](BF4)2-Solv (L = 4-(isopropylsulfanyl)-2,6-di(pyrazol-1-yl)pyridine), which
presents a T(LIESST) lower than the expected one due to a photo-induced crystallographic phase
transition.?” Indeed, low temperature photo-crystallographic studies of this compound support
that a structural change occurs upon light irradiation but in our case, we have the opposite
behavior. Low temperature PXRD experiments of 2 show that the photoinduced HS state can be
stabilized with high energy lasers such as 472, 633 and 785 nm and the P2:/c HS phase is
reached. Interestingly, shorter irradiation times with 633 and 785 nm leads to mixtures containing
the LS-HS* phase, as observed with single crystal experiments with 660nm. This suggests that
the intermediate LS-HS* state gets rapidly populated by the 660 and 782 nm wavelengths, and
then the HS* starts to be populated since it is more energy accessible from the intermediate P-1
phase. On the contrary, irradiation with the 472 nm high energy laser directly stabilizes the HS*
phase, even for short irradiation times. The intermediate state can also be stabilized with a lower
energy laser such as 1064 nm either from the LS state, either from the HS* with a r-LIESST. It
was not possible to access the full LS state through r-LIESST with the lasers used in the
experiment. LIESST measurements suggest that by irradiating with red light, the full HS* phase
relaxes thermally to the LS state at 120 K, while step-back thermal relaxations are obtained
irradiating at higher wavelengths or shorter times. Photocrystallographic measurements with the
same single crystal in the temperature range 10-130 K are needed to fully understand the phases
corresponding to these spin states. These experiments could also help to understand if the small
bump observed in the LIESST experiments with long irradiation times with the 660 nm laser at 10
K corresponds to a phase transition or a residual fraction of LS-HS* crystals relaxing at lower
temperatures. These measurements were not possible with the available equipment at this
moment. In addition to this, further photo- crystallographic and magnetic experiments under light
irradiation with 472 and 1064 nm wavelength lasers at low temperature must be done in order to

get a complete understanding of the system since other intermediate state could be involved.

In summary, 2 combines two unexpected properties: SCO around room temperature and a
long-lived photoinduced HS state at extraordinary high temperatures, which are associated to a

specific crystal structure very sensitive to the presence of solvent molecules.
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Photocrystallographic studies have revealed the presence in this compound of at least two
different photoinduced metastable states, which can be reached in a controlled way through
different wavelengths, irradiation times and temperature. This study represents a step towards
the rational design of new SCO complexes with improved properties. In this sense, we are
exploring the synthesis of other solvates (nitromethane) and of dilutions of iron with other metals
(cobalt) to tune the properties of this interesting family of SCO complexes. These results will be

presented in due course.
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3.4. Supporting Information

Synthesis of [Fe(1bpp3COOH);](ClO4).-4H20 (1). A solution of Fe(ClO4)2-xH2.0O (9 mg,
0.025 mmol) in ethanol (1 mL) was added to a solution of 1bpp3COOH (14.3 mg, 0.050 mmol) in
ethanol (2 mL) and the mixture was stirred for 15 minutes. An orange solution was formed. Red
prismatic crystals of 1 suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether
into this solution. The composition of 1, checked by microanalysis, shows a Fe:Cl ratio close to
1:2. Anal. Calc. for [Fe(1bpp3COOH)2](ClO4)2-4H,0: C, 34.43; H, 3.13; N, 16.73 %. Found: C,
34.26; H, 2.96; N, 16.49 %.

Synthesis of [Fe(1bpCOOH2p)2](ClO4)2-3.5Me>CO (2) and [Fe(1bpCOO
COOHp)(1bpCOOH2p)Fe(1bpCOOH2p)(Cl04)](ClO4)2-H20-1.5Me2CO (3).

Fe(ClO4)2:xH20 (9 mg, 0.025 mmol) in acetone (1.5 mL) was added to a solution of
1bpCOOH2p (15 mg, 0.050 mmol) in acetone (1.5 mL) inside the N, atmosphere of a glove box.
The mixture was stirred for 15 minutes and filtered. A yellow solution was obtained. Orange
prismatic crystals of [Fe(1bpCOOH:p)2](ClO4)2-3.5Me>CO (2) suitable for X-ray diffraction were
obtained by slow diffusion of diethyl ether into this solution after one week inside the glove box. If
the diffusion tubes were placed in an air atmosphere after this time, the crystals of 2 dissolved
and yellow rectangular crystals of 3 suitable for X-ray diffraction appeared after several weeks.
The composition of crystals of 2 and 3, checked by microanalysis, shows a Fe:Cl ratio close to
1:2 and 2:3, respectively. Elemental analysis of filtered samples of 2 and 3 are more consistent
with the presence of four and five water molecules. This suggests loss of acetone molecules and
absorption of water molecules after filtering the crystals. [Fe(lbpCOOH:p)2](ClO4)2-Me2CO-4H,0
(983.37) (2): calcd. C 35.42, N 14.24, H 3.28 %; found C 35.37, N 14.61, H 2.93 %.
[Fe(1bpCOOCOOHP)(1bpCOOH:p)Fe(1bpCOOH:2p)(ClO4)](ClO4)2- 5H.0 (1396.835) (3): calcd.
C 33.53, N 15.04, H 2.60 %; found C 33.53, N 14.98, H 2.50 %.
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Figure Sl. 3.4.1. Thermogravimetric profile of 1 (1.1643 mg, black line) and its derivative
(red line) in heating mode from 315 K to 385 K (at 10 °C/min). The mass lost after this ramp

corresponds to 2.04 % of the total weight, which is in agreement with the loss of one water
molecule (ca. 2 %).
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Figure SI. 3.4.2. Simulated PXRD pattern from the structure at 120 K (blue) and

experimental ones at 300 K (red) and after heating the sample at 400 K (yellow) of 1.
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Figure SI. 3.4.3. Projection on the ab plane of the structure of 1. Hydrogen atoms have
been omitted for clarity. Only one of the two possible configurations of disordered carboxylic acid

groups is shown for clarity.
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Figure Sl. 3.4.4. View of the hydrogen-bonds in the structure of 1 as blue dashed-lines.
Hydrogen atoms have been omitted for clarity. Only one of the two possible configurations of

disordered carboxylic acid groups is shown for clarity.

Deposition
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Figure Sl. 3.4.5. UV/Vis spectra of a 0.1 mM solution of 1 in MeCN freshly prepared (black

line) and after one day in inert atmosphere (red line).
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UV/Vis spectroscopy of 1 displays a strong MLCT t2-n* transition!®83 centered at 427 nm
(e = 8.0x10% L'*mol'cm?), which is indicative of the majority of the species in the LS state,? in
contrast to the Fe(1bppCOOH), where only about 50% of the molecules are in the LS state (see
Chapter 2). Comparison between the UV/Vis spectrum of freshly prepared and after one night in
inert atmosphere shows an increase of the absorbance at around 350 nm (see Figure Sl. 3.4.5),

which could be caused by partial decomposition of the complexes in solution.

Figure Sl. 3.4.6. AFM images of SiO; substrates after deposition of 1.

AFM images confirm the absence of aggregates or multilayers (see Figure Sl. 3.4.6) as
expected, since the first layer is covalently grafted to the surface through the carboxylic acid group
while possible additional layers are removed after rinsing with MeCN. The average of the Rrus of
the deposit shows no variation from 0.165 + 0.006 nm to 0.164 + 0.006 nm for 1 with respect to
the naked substrate, which is consistent with the formation of a monolayer that mimics the

roughness of the substrate.
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Figure Sl. 3.4.7. MALDI-ToF region of the ligand [Lbpp3COOH+H]* (256.08 Da) of 1-SAM

in red and bare SiO; substrate as reference in violet.

Peaks corresponding to the protonated ligand [1bpp3COOH+H]* (Calc. 256.08 Da, Found
256.08 Da, Figure Sl. 3.4.7) for 1 was obtained confirming the anchoring of the ligand to the metal
oxide surface.

XPS was used to get structural and electronic information about the SAMs. C1s, N1s, CI2p
and Fe2p XPS regions were studied to analyze the atomic compositions of the deposits (Figure
Sl. 3.4.8). Cls region of 1 features three main components at 285.0, 286.7 and 288.6 eV assigned
to the aliphatic and adventitious carbon atoms (orange), heterobonds (green) and carbon atoms
of the carboxylate group (blue), respectively.“*42 N1s region features two components at 401.6
and 399.8 eV assigned to coordinated and uncoordinated nitrogen atoms of the 1bpp moety."*!
Fe2ps,» regions have been reproduced with 5 components (A-E) along with the corresponding
Fe2p12 spin—orbit coupled contributions (A'-E’) weighted with the expected 2:1 ratio as well.1*4
Regarding the line shape, we were not able to properly assign an oxidation state based on XPS
analysis only. The absence of perchlorate anion signals in both samples is experimental evidence

of the absence of physiosorbed molecules on the surface (see Figure Sl. 3.4.8)
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Figure Sl. 3.4.8. XPS region of, from top to bottom, C1s, N1s, CI2p and Fe2p of 1-SAM.

Semiquantitative analysis and stoichiometric ratios (Table S.I. 3.4.1) show that C

component got spoiled by spurious contamination, while N features, which are less likely to get

contaminated, are consistent with the presence of the ligand. Metal ratios of 1 suggest only one

ligand per Fe atom.

Table S.I. 3.4.1. Theoretical and XPS estimated atomic semiquantitative analysis (top) and

ratios (bot) for 1.SAM. The higher value marked with an asterisk comes from spurious

contamination of the adventitious carbon.

Semiquantitative analysis

Fe N C Ncoordinated Nuncoordinated C-C C-N COO°
Theor.for1 | 2.9% | 28.6% | 68.6% 60.0% 40.0% 42.9% 47.6% 9.5%
1.SAM 4.1% | 16.5% | 79.4% 61.2% 38.8% 70.6% 25.3% 4.1%
Iron ratios Nitrogen ratios Carbon ratios
Fe/Fe| Fe/N Fe/C | C-Ncoord/C-Ncoord | C-Ncoord/C-Nuncoord |C-C/C-N | C-N/C-N [O-C=0/C-N
Theor.for1 | 1.00 | 0.10 0.042 1.00 0.67 0.90 1.00 0.20
1.SAM 1.00 | 0.25 0.052 1.00 0.63 2.79* 1.00 0.16
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Figure Sl. 3.4.9. Left, XAS Fe L,3z-edge spectra of 1-SAM (red) and an Fe(lll) (black)

extracted from the literature.*®
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Figure SI. 3.4.10. Simulated PXRD pattern from the structure solved at 120 K (blue),
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experimental PXRD pattern of a freshly filtered sample (red) and the sample in contact with the

mother liquors (green) both at 300K of 3.
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Structure and magnetic properties of 3

The structure of [Fe(LbpCOOCOOHp)(1bpCOOH_p)Fe(1bpCOOHp)(ClO4)]
(ClO4)2-H.0-1.5Me,CO (3) at 120 K, which belongs the triclinic space group P-1 is formed by
cationic chains of formula [Fe(lbpCOOHp)(1bpCOOCOOHp)Fe(1bpCOOHp)(ClO4)]*
separated by ClO4 counteranions and water and acetone, which in some cases are disordered
(see Figure Sl. 3.4.11). The asymmetric unit contains two iron atoms, two 1bpCOOH,p and one
1bpCOOCOOHp' ligands (see below), three CIO4 (one of them coordinated to iron), two acetone
molecules (one of them with an occupancy of 0.5) and one water molecule. These polymeric
chains are formed by two crystallographically independent iron centers (Fel and Fe2) with a
different coordination environment. Fel is coordinated by six nitrogen atoms from two tridentate
1bpCOOH2p and 1bpCOOCOOHp" ligands with a distorted octahedral coordination geometry (Z
= 145.8(2)°, © = 478.3(5)°, ¢ = 173.85(19)° and 6 = 81.8°) and typical HS Fe-N distances
(2.105(5)-2.187(6) A). We call 1bpCOOCOOHp" to partially deprotonated 1bpCOOH:p. Thus, one
of the two CO bonds of 1bpCOOCOOHp™ presents very similar CO distances (1.243(8) and
1.254(8) A), whereas the carbonyl C=0 (1.247(8) A) and alcoholic C-OH (1.290(9) A) ends of the
other carboxylic acid group can be distinguished. The other ligand linked to Fel, 1bpCOOH_p,
presents distinguishable C=0 (1.217(13) and 1.236(10) A) and C-OH (1.269(14) and 1.308(10)
A). The O from the C=0 group of the carboxylic acid end and one of the two O atoms from the
carboxylate end of 1bpCOOCOOHp" are linked to two Fe2 leading to zig-zag chains running along
the c axis. Therefore, 1lbpCOOCOOHp' ligand acts as a bridging ligand to three iron ions. Thus,
the carboxylate and carboxylic acid groups of the two sides are coordinated to two Fe2 ions, while
the central pyridyl and the two pyrazolyl rings are coordinated to Fel in the usual tridentate way
of bpp (see Figure Sl. 3.4.11). The remaining four positions of the distorted octahedral
coordination of Fe2 are completed with one oxygen from a CIO, anion and one tridentate
bpCOOH,p ligand with distinguishable C=0 (1.232(9) and 1.238(9) A) and C-OH (1.322(9) and
1.255(10) A) distances. The O atoms belonging to perchlorate and carbonyl groups are in trans,
while the carboxylate group is in trans to the N atom from the pyridyl ring. Mossbauer
measurements need to be performed to confirm the oxidation state of Fe2. Fe-N and Fe-O
distances in Fe2 are typical HS distances ranging from 2.147(6) - 2.204(6) A for Fe-N and 1.967(5)
- 2.223(6) A for Fe-O as expected for a FeN303 coordination. Coordinating perchlorate group
seems to be important for the stabilization of the structure, as attempts to obtain a similar
compound with tetrafluoroborate were unsuccessful. The shortest Fe-O distance corresponds to

the carboxylate group in agreement with the more ionic character of this bond.

106



Chapter 3

Figure Sl. 3.4.11. Structure of the [Fe'"(1bpCOOH.p)(1bpCOO
COOHp)Fe'"(1bpCOOH,p)(Cl04)]?*» chains in the structure of 3 at 120 K. Fe (orange) C (black),
N (blue), O (red), CI (yellow). Hydrogen atoms are omitted for clarity.

xmT of crystals of 3 measured in contact with the mother liquor shows a value of 6.8
cm3-K-mol?! at 220 K consistent with the two Fe(ll) complexes in the HS state found in the
structure at 120 K. This value remains constant at lower temperatures with a decrease below 30
K due to zero-field-splitting (Figure Sl. 3.4.12). Therefore, the magnetic interactions between Fe
(I centers trough the 1bpCOOCOOHp" ligand seem to be negligible. The desolvated sample
measured after heating to 400 K in the squid shows a continuous decrease of xmT from 400 to 80
K, which is more abrupt below 250 K. From 80 to 30 K, xuT reaches a constant value around 5.0
cm3-K-mol?! with the expected abrupt decrease below 30 K due to zero-field-splitting. The xuT
values at 400 and 80 K (6.4 and 5.0 cm3-K-mol?, respectively) indicate that 25 % of Fe(ll) centers
undergo a SCO in the desolvated phase. This corresponds roughly to half of the 50 % of the Fe(ll)
centers coordinated to 1bpCOOH;p and 1bpCOOCOOHp" ligands (with N6 coordination) since
SCO is not expected for the remaining 50 % of Fe(ll) centers with a N30O3 coordination.
Photomagnetic measurements were performed in this desolvated sample, since it is the one
showing thermal SCO (see below). A drastic increase of the magnetic signal was observed after
irradiation at 532 nm. xuT after irradiation reaches a maximum value of 6.0 cm?3-K-mol?, which is
close to the value obtained at higher temperatures before irradiation. Therefore, an almost
complete photoconversion of the 25 % of LS Fe(ll) centers at 10 K is achieved. The T(LIESST) is
close to 85 K (see inset in Figure Sl. 3.4.12), which in this case is consistent with the T(LIESST)

vs. Ty linear relationship with To =150 K.
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Figure SI. 3.4.12. Thermal dependence of xuT of 3. Camouflage yellow: Compound
measured in contact with the mother liquor. Dark green: data recorded without irradiation after
desolvation at 400 K. Yellow: data recorded after irradiation at 10 K for the same desolvated
sample. The inset graph shows the temperature dependence of the first derivative of xuT with
respect to the temperature.

Supporting information of Fe(1bpCOOH2p)2](ClO.)2-3.5Me2CO (2)
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Figure Sl. 3.4.13. Differential scanning calorimetry of 2 from 310K to 270K; first cooling

(dark blue) and heating mode (red) and second cooling (light blue) and heating (orange) mode

after keeping the sample at 310K for 2 hours.
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Figure Sl. 3.4.14. Thermal variation of xmT of filtered crystals of 2.

xmT of dried crystals of 2 shows a value close to 1.2 cm*-K-mol* from 50 to 300 K. Above
this temperature, it increases abruptly and irreversibly to reach a value of 3.6 cm3-K-mol? at 400
K, which corresponds to 100 % of the molecules in the HS state. This value remains almost
constant when the sample is successively cooled from 400 to 2 K with a decrease below 30 K
due to zero-field-splitting of HS Fe(ll). This suggests that desolvation leads to irreversible
structural changes that stabilize the HS state as confirmed by powder X-ray diffraction (PXRD)
data (see Figure Sl. 3.4.15). On the other hand, the value of 1.1 cm3-K-mol* obtained before
heating to 400 K could indicate a mixture of different solvates and/or partially desolvated crystals.
We have to take into account that PXRD of dried crystals shows a loss of crystallinity (see Figure
Sl. 3.4.15). Furthermore, elemental analysis of dried crystals is more consistent with the presence
of one Me:CO and four H.O per molecule instead of the 3.5-Me.CO molecules found in the

structure (see above).
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Intensity (a.u.)

20°

Figure SI. 3.4.15. Simulated PXRD pattern from the structure solved at 300 K (blue),
experimental PXRD pattern of a freshly filtered sample (red), desolvated sample (yellow) and the
sample in contact with the mother liquors (green) at 300K of 2.

PXRD pattern at room temperature of filtered crystals presents important differences with
respect to the simulated one confirming that the loss of crystallinity observed in single crystal
measurements above 300 K is related to the loss of solvent molecules (Figure Sl. 3.4.15). Indeed,
elemental analysis of a filtered sample of 2 is more consistent with the presence of one acetone
and four water molecules (see above). This suggests partial loss of acetone molecules and

absorption of water molecules after filtering the crystals.

Table SI. 3.4.1. Unit cell parameters of a single crystal before and after thermal spin

transition.
T (K) 120 270 290 260 300
a (A) 12.846(5) 13.032(7) 12.878(11) 13.048(9) 12.863(14)
b (A) 17.964(5) 18.040(6) 18.404(8) 18.035(7) 18.416(11)
c (A) 19.297(13) 19.381(6) 19.631(10) 19.401(7) 19.635(12)
a (°) 90 90 88.74(4) 90 88.85(5)
B (°) 91.56(4) 90.76(4) 88.75(4) 90.70(4) 88.64(7)
7 (°) 90 90 89.74(5) 90 89.87(7)
V(. A3) 4451(4) 4556(3) 4651(5) 4565(4) 4649(7)
P21/c P21/c P-1 P21/c P-1
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Figure Sl. 3.4.16. Bragg peaks from the hOI plane of the structure of 2 solved at 120K (left)
and 300K (right). Doubling of the number of peaks take place.
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Figure Sl. 3.4.17. Left, systematic absences from the hOI plane that fulfill the h=2n+1, I=m
condition. Right, equivalent reflections from the OkO plane that fulfill the k=2n+1 condition. Values

of the intensity extracted from the hkl file at the different temperatures.

111



Chapter 3

4640 — 13.00 —
—O— 'Heating mode'
—O- "Cooling mode'
4620 —
R 12.95 —
=
E 4600 — =3
S ©  12.90
> 4580 —
4560 - —O- "Heating mode' 12.85 -
—O— 'Cooling mode*
I T T T 1 T T T T 1
260 270 280 290 300 260 270 280 290 300
Temperature (K) Temperature (K)
4600 — _
12.95 —@— 'Heating mode'
—@— 'Cooling mode'
4580 —
m,\
< _ 1290+
E 4560 — <
3 ©
>
4540 — 12.85 -
—@— 'Heating mode’
4520 —@— 'Cooling mode'
12.80 —
T T T T T I T T T T
260 270 280 290 300 260 270 280 290 300
Temperature (K) Temperature (K)
18.5 4
19.60 —
18.4 —
19.55 —
~ 18.3
< <
a o 19.50 —
18.2 4
19.45 — | : .
—O— 'Heating mode' - IHeat_mg model
18.1 — —O- 'Cooling mode’ —O— "Cooling mode
19.40 —
T T T T 1 T T T T 1
260 270 280 290 300 260 270 280 290 300
Temperature (K) Temperature (K)
18.3 19.55 —
~ 18.2 19.50 —
< <
< °
19.45 —
18.1
—@— 'Heating mode’ . . )
—@— 'Cooling mode' 19.40 - —@— 'Heating mode'
. —@— 'Cooling mode*
18.0

T T T T T
260 270 280 290 300
Temperature (K)

T T T T T
260 270 280 290 300
Temperature (K)

Figure Sl. 3.4.18. Temperature dependence of the unit cell parameters of a crystal of 2
extracted directly from the mother liquors before (empty dots) and after heating the crystal at 300K

for 2 hours (full dots) under the nitrogen stream.

After the second cycle the crystal was frozen, and the structure was solved at 120K in order

to confirm the presence of 2-3Me,CO solvate.
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Figure Sl. 3.4.19. Hydrogen bond interactions of [Fe(1bpCOOH:p),]?* complexes (blue-
dashed lines) in the structure of 2 at 120 K (left) and 300 K (mid and right). Hydrogen atoms have

been omitted for clarity.

The unit cell of 2 contains one crystallographically independent [Fe(1bpCOOH2p).]** cation,
two perchlorate counteranions and four acetone molecules (one of them with an occupancy of
0.5) at 120 K. At 300 K, there are two crystallographically independent [Fe(1bpCOQOHp)2]*
cations (with Fel and Fe2, see Figure Sl. 3.4.20), four perchlorate counteranions and six acetone
molecules. One of these acetone and perchlorate molecules are disordered at 300 K.
Furthermore, in the structure of 1 at 300 K, there are solvent accessible voids. The subroutine
SQUEEZE was used to calculate the diffracting component of disordered solvents resulting in a
void of ca. 186 A®and 28 electrons/cell.l*d! This corresponds to ca. one acetone molecule per cell.
This molecule has been included in the molecular formula of the cif file leading to the same
formula obtained in the structure at 120 K.

The Fe(ll) ion of the complex coordinated by two tridentate 1bpCOOH.p ligands presents a
distorted octahedral geometry, which has been evaluated using X and ® parameters (X = 88.1(2)°
and © = 278.5(1)° at 120 K and X = 90.4 (1)° and ® = 282.9(2)° for Fel and X = 152.7(2)° and ®
= 495.9(2)° for Fe2 at 300 K).*l These values are similar to those obtained in other bpp
complexes with hysteretic spin transitions.*” Another remarkable aspect is that the HS complexes
exhibit a strong Jahn—Teller distortion. Thus, the trans-N(pyridyl)-Fe—N(pyridyl) angles (¢) are
175.70(11)° at 120 K and 174.80(18)° (Fel) and 167.93(17)° (Fe2) at 300 K, whereas the dihedral
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angles between the least squares planes of the two ligands (0) are 80.2° at 120 K and 79.4° (Fel)
and 77.7° (Fe2) at 300 K. HS complexes deviating more strongly from the ideal values of 6 and ¢
(90° and 180°, respectively) are less likely to transform to their LS state upon cooling.?” Indeed,
most of the SCO active bpp based compounds exhibited Jahn—Teller distortion parameters with
0 = 76° and ¢ = 172°. However, several examples of active SCO ones with parameters outside
this range have been reported recently exhibiting hysteretic spin transitions.”1"1% This seems to
be the case in 2, with a low ¢ value of 167.93°.

@c
dc
-

@
Qo

Figure Sl. 3.4.20. Projection of the structure of 2 in the ab plane at 120 K (top) and in the

bc plane at 300 K (bottom). Hydrogen atoms have been omitted for clarity.

The 1bpCOOHp ligands form hydrogen bonds with one acetone molecule and one ClO4
(see Figure Sl. 3.4.19). This prevents formation of hydrogen-bonded chains of complexes as in
other Fe(ll) complexes of bpp functionalized with carboxylic acid, see Chapter 2. At 120 K,
neighboring [Fe(1bpCOOH,p).]** cations present n---x interactions between the pyrazolyl rings
and several short contacts involving the CO groups. This gives rise to chains of complexes along
the c axis (Figure Sl. 3.4.21, top). These chains are linked at 120 K through several contacts
involving O atoms from carboxylic acid groups and CH groups from pyridine and pyrazole (see
Figure Sl. 3.4.22) leading to a double layer of complexes in the bc plane (see Figure Sl. 3.4.20,
left). At 300 K, there are two types of chains, which now run along the a axis. Chains of LS
[Fe(1bpCOOHp),]** cations with Fel present similar features in the ab plane to those at 120 K
(see Figure SI. 3.4.21, mid).
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Figure SlI. 3.4.21. Chains of [Fe(1bpCOOQOH:p)2]** complexes linked through intermolecular
interactions (red-dashed lines) in the structure of 2 at 120 K (top) and 300 K (mid and bot).

Hydrogen atoms and perchlorate counteranions have been omitted for clarity.

The HS [Fe(lbpCOOHp).]?* cations with Fe2 form chains with a smaller number of
intermolecular interactions. Thus, r---w interactions are not observed due to an increase of the

C.--C distances between pyrazolyl rings of neighboring complexes related by an inversion center
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(C41---C41=3.416 A for HS complexes and C2.--C2 = 3.288 A for LS complexes). At the same
time, the number of short contacts involving the CO groups decreases (see Figure Sl. 3.4.21,
bot). In contrast to this, complexes with Fel and Fe2 belonging to different chains present stronger
intermolecular interactions (see Figure Sl. 3.4.22).

Figure Sl. 3.4.22. Interchain interactions between [Fe(1lbpCOOH2p).]** complexes (red-
dashed lines) in the structure of 2 at 300 K. Hydrogen atoms and perchlorate counteranions have
been omitted for clarity.

PXRD pattern before and after thermal spin transition were measured in contact with the
mother liquors. The two diffractograms at 250 K and that at 300 K are in good agreement with
simulated powder patterns for the P2:/c and P-1 phases, respectively (see Figure SlI. 3.4.23, left).
The reversibility of the crystallographic symmetry breaking was monitored by PXRD experiments.
Thus, the sample was first measured at 300 K and then cooled to 250 K to reach the LS phase,

then another PXRD pattern was collected again at 300 K (Figure Sl. 3.4.23, right).
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Experimental — 300K
300K — 250K
—250K —300K
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= | ——300K £
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Figure Sl. 3.4.23. PXRD patterns of 2; left, simulated at 300 K (blue) and 250 K (red) and
experimental at 300 K (light blue) and 250 K (light red); right, experimental at 300 K (light blue)

and 250 K (light red) and 300 K after cooling to 250 K (dark red) to confirm reversibility of the
crystallographic symmetry breaking.
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Figure SlI. 3.4.24. Time dependence of xuT of 2 under light irradiation with a 660 nm

wavelength laser for ca. 16 h (top-left), 6 h (top-right) and under light irradiation with a 1064 nm
wavelength laser for ca. 18 h (bottom) at 10 K
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Relaxation of the metastable state in 2

In order to determine the kinetic mechanism that govern the magnetic relaxation of the
photoexcited HS state we have used the model proposed by Hauser et al for a cooperative

system. 132

%: Kn*ms (1)

Kn* (T, yms) = ka(T)exp[a(T)(1 - ms)] (2)

where a(T) = Ex*/ksT and Ky (T) = ko.exp(-Eo/ksT)

Using these set of equations, we have programmed an IGOR Pro 8 (Wavemetrics software,
Lake Oswego, OR, USA) procedure to perform the fitting of the photoexcited relaxation for a range
of temperatures between 105 and 120K (see Figure Sl. 3.4.25, left). These fittings run over two
main parameters for each curve: ku(T) and «T), with the boundaries of kw (0). From the
exponential definition of k. (T), it is possible to define a typical Arrhenius law to extract the
activation energy of the transition E, and the preexponential factor k.. (see Figure Sl. 3.4.25,
right). In this latter case, the 105K measurement has been rejected due to the long relaxation rate

at the measured times and the uncertainties in the extrapolation.

1.0 3.0 ®
— 105K "
0.8 — Tk 35
0564 ~ 4.0
" I
> X 45 &,
0.4\ c
— 50-
0.2
5.5 "o
0.0 s
‘ I ‘ -6'0_\ T T T
0 5 10 15 20 25 55,40° 8.0 65 90 o5 10
Time (s) '

1/ Temperature [1/K]

Figure Sl. 3.4.25. Left, time dependence at various temperatures of the photoinduced HS
molar fraction. The relaxation curves are fitted according to sigmoidal behavior (see text for more
details). Right, Arrhenius fitting of the activate process (the measurement at 105K has been

removed from the fitting, see text).
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The values of the k- and E, obtained from these fittings are higher than those reported in
the literature. Furthermore, the low value of E.* could indicate a low level of cooperativity.
However, these values must be taken with caution since they are obtained with a limited number
of experiments so they could be considered as preliminary. It was not possible to perform a
complete set of relaxations at different temperatures for practical reasons, which are related
mainly to the long irradiation times needed to reach saturation (8 hours). An additional problem is
that it was not possible to reuse the same sample for relaxations at different temperatures. Thus,
if the same sample was re-irradiated after being heated above 120 K to erase the metastable
state obtained in the first irradiation, slightly faster relaxations were obtained (see Figure Sl.
3.4.26). This could be related to irreversible damage of part of the sample related to loss of solvent
molecules or other structural changes. As a result of this, it was necessary to use a fresh sample

for a relaxation at a given temperature.
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Figure Sl. 3.4.26. Thermal dependence of yuT of 1. Full squares: data recorded without
irradiation; Black empty circles: data recorded after the first irradiation at 10 K and; Red empty

circles: data recorder after second irradiation at 10 K.
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Table S.I. 3.4.2. Unit cell parameters of single crystals of 2 measured before and after
irradiation with 660 for different periods of time.

10 K i?Ltg)e dark 20K :aﬁ?%%r;m for | 20 KC;.GSgOn;n for
(LS-HS*) (HS*)
Symmetry P2 /c P-1 P2 /c
a(R) 19.161(5) 12.5149(19) 19.328(2)
b (A) 17.895(2) 18.2722(16) 18.460(2)
c () 12.769(2) 19.323(4) 12.2091(7)
a (%) 90 91.247(10) 90
B () 91.790(14) 89.772(14) 90.150(9)
v (%) 90 90.259(9) 90
v ( AS) 4376.3(15) 4417.5(11) 4356.13(8)

Table S.I. 3.4.3. Fe-N bond distances of the single crystals of 2 measured before and after

irradiation with 660 for different periods of time.

LS (P2,/c) HS* (P2 /c)
Bond Length (A) Bond Length (A)
Fel N1  1.954(19) Fel N1  2.121(14)
Fel N3  1.916(18) Fel N3  2.101(11)
Fel N5  1.991(16) Fel N5  2.138(12)
Fel N6  1.991(19) Fel N6  2.090(15)
Fel N8  1.900(18) Fel N8  2.119(13)
Fel N10  1.972(18) Fel N10  2.096(15)
LS-HS* (P-1)
Fel Fe2
Bond Length (A) Bond Length (A)
Fel N1 2.13(2) Fe2 N11  1.99(2)
Fel N3  2.095(18) Fe2 N13  1.966(19)
Fel N5  2.147(17) Fe2 NI15  1.89(2)
Fel N6  2.181(18) Fe2 N16  1.976(18)
Fel N8 2.05(2) Fe2 N18  1.882(18)
Fel N10  2.110(19) Fel N20  1.961(19)
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Table S.I. 3.4.4. Distortion parameters of the single crystals of 2 measured before and after

irradiation with 660 for different periods of time at low temperature.

10K'in the dark 20 K + 660 nm for ca. 60 s z%rKC;_Gggon;n
L) (LS-HSY) (HS*)
Fel (HS) Fe2 (LS)
5 () 95.01 163.16 95.47 153.55
© () 174.47 166.91 170.88 165.37
8 (%) 80.94 76.89 78.38 76.27

Figure Sl. 3.4.27. Bragg peaks from the hOl plane of the structure of 2 before (left) and after

(right) irradiation with 660 nm for ca. 360 s. The systematic absences hOl (h=2n + 1, | =m) are

fulfilled.

Figure Sl. 3.4.28. Bragg peaks from the h0l plane of the structure of 2 before (left) and after

(right) irradiation with 660 nm ca. 60 s. Doubling of the number of peaks take place.
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Experimental before irradiation

Simulated from 3
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Figure Sl. 3.4.29. Simulated PXRD pattern of 3 (yellow), 2 (grey) and experimental PXRD
pattern of a powder sample of 2 (black) before irradiation in the 2 - 5 20 range at low temperature.

Areas highlighted in blue are guides to the eye.

The small fraction of 3 present in the powder sample has been calculated to be less than
~10% of the polymeric phase present in the spectra (see Figure Sl. 3.4.29), probably due to the
exposure to the atmosphere of the diffusion tubes from our in-house glovebox to the synchrotron
facilities (see Sl). Fine analysis of the spectra with the refined PXRD patterns from the single

crystal structure are in progress and will be reported in due course.
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Figure Sl. 3.4.30. Experimental PXRD patterns of a powder sample of 2 measured before
(black) and after (green) irradiation with 782 nm at 20 K for ca. 4800 seconds. In red, the PXRD

pattern of a powder sample measured with 660 nm for comparison purposes.
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Figure SI. 3.4.31. Experimental PXRD patterns of a powder sample of 2 measured before
(black) and after (blue) irradiation with 472 nm at low temperature. In red, experimental PXRD of

the HS* is shown for comparison purposes. Dashed lines are a guide to eye.
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Figure Sl. 3.4.32. Time dependent 3D surface maps of a spin and symmetry dependent

Intensity (a.u.)

peaks in the 3.6 — 4 20 range of a powder sample of 2 under light irradiation with 660 nm (left)

and 782 nm (right). The first spectra are collected in the dark as a reference.

A gradual evolution of the peaks is observed in the 3D surface maps. It is clear by the larger
number of spectra that the 782 nm laser has less effect inducing the HS* state compared to the

660 nm, taking into account that each spectra takes ca. 30 seconds to record.
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After irradiation with 1064 nm from the HS*

—— Simulated from LS-HS*
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Figure Sl. 3.4.33. Simulated PXRD pattern of a single crystal (violet) after irradiation for 60
seconds and a powder sample in the HS* state (pink) of 2 under continuous irradiation for ca.

4500 seconds with 1064 nm at 20 K.
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Figure Sl. 3.4.34. Time dependent 3D surface maps of a spin and symmetry dependent
peaks in the 3.6 — 4 26 range of a powder sample of 2 under light irradiation with 1064 nm from

the HS* state (left) and LS state (right). The first spectra are collected in the dark as a reference.
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Figure Sl. 3.4.35. Top, experimental PXRD of the first (wine), 48 K averaged spectrum
(yellow) and last scan (yellow) of the temperature variation experiment of a powder sample of 2.
Experimental PXRD of the LS and HS* phases are also included for comparison purposes.
Bottom, Temperature dependent 3D surface maps of a spin and symmetry dependent peaks in

the 3.6 — 4 260 range of the powder sample. Each scan represents a step of AT = 1 K.

The temperature scan experiment was performed as follows: first, the cryogenic set up was
set to increase the temperature 30 K above from base temperature (ca. 40 K). A single scan was
done to check that the PXRD phase was the same than the one at base temperature. Then, the
temperature controller was programmed to do steps of AT = 1 K and collect three single scans
after stabilization of the temperature. The average of those three scans were used as a single
temperature point. Then they were compared on by one with the experimental after 1064 nm

irradiation. The best fit was obtained with the averaged spectrum number 8" (ca. 48 K), which is
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in agreement with the T(LIESST) obtained from LIESST experiments, ca. 43 K. Then, due to the
cryogenic set up used, a spike in temperature in scan number 20" caused an abrupt stabilization
of the P21/c LS phase.
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Figure Sl. 3.4.36. Top, experimental PXRD patterns of a powder sample of 2 measured
before (black), after irradiation with 472 (blue) and 660 nm (red) at low temperature. Bottom-left,
Time dependent 3D surface maps of a spin and symmetry dependent peaks in the 3.6 — 4 26
range of the powder sample under light irradiation with 472 nm. Bottom-right, time distribution
of the HS photoinduced molar fraction obtained from the linear regression fit of the single spectra

with the experimental LS and HS* used as references.
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Deposition of 2
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Figure Sl. 3.4.37. UV/Vis spectra of a 0.1 mM solution of 2 in MeCN freshly prepared (black

line) and after one day in inert atmosphere (red line).

UV/Vis spectroscopy of 2 does not display the typical MLCT t2-n* transition for bpp
complexes, suggesting a HS state in agreement with the yellow color of the solution of the
compound.83% Comparison between the UV/Vis spectrum of freshly prepared and after one night
in inert atmosphere shows an increase of the absorbance at around 400 nm, which could be

caused by partial decomposition of the complexes in solution as observed in the solid state.

127



Chapter 3

Table S.1. 3.4.5. Crystallographic tables.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A
a/®
B/
y/°
Volume/A3
z
Pcacg/cm?®
u/mm-?t
F(000)
Crystal size/mm?3

Radiation

20 range for data
collection/®

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (I)]

Final R indexes [all data]

Largest diff. peak/hole / e
A3

128

1
CsoH32N20026ClaFe2
1582.45
120.15(10)
tetragonal
I-42d
21.359(3)
21.359(3)
15.1623(19)
a0
a0
90
6917.4(19)

4
1.519
0.666
3200.0
0.03x0.03x0.32

MoKa (A = 0.71073)

6.59 t0 53.118

26,-18<1<18
48871

3571 [Rint = 0.2168,
Rsigma - 01044]

3571/37/225
1.031

R:1=0.1299, wR: =
0.3230

R1 =0.2449, wR> =
0.3960

0.42/-0.35

2

C73H78ClaFe2N20039

2113.05
120.00(10)
monoclinic

P2i/c
19.2527(3)
17.9600(3)
12.8378(2)

90

91.571(2)
90
4437.37(12)

2
1.581
0.552
2176.0

0.4 x 0.35 x 0.04

2
CasH36Cl2FeN10019
1027.49
300.05(10)
triclinic
P-1
12.8517(4)
18.4107(4)
19.5908(4)
88.715(2)
88.876(2)
89.761(2)
4633.2(2)

4
1.473
0.525
2112.0
0.72 x 0.41 x 0.09

MoKa (A =0.71073) MoKa (A =0.71073)

6.638 to 55.032

23,-14<1<16
32411

9404 [Rint = 0.0466,
Rsigma = 00614]

9404/2/631
1.040

R1=0.0515, wR2 =
0.1116

R = 0.0805, wR2 =
0.1291

0.71/-0.49

6.636 to 55.072

26<hs<26,-26<ks< -17<h<24,-23<ks< -16<h<16,-23<k

£23,-25<1<25
64980

19501 [Rint =
00904, Rsigma =
0.1387]

19501/43/1260
1.056

R; =0.0814, wR> =
0.1848

R; =0.1881, wR> =
0.2574

0.84/-0.42
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A

o]

a/
B/°
y/°
Volume/A3
Z

pcalcg/ Cm3
p/mm-?t
F(000)

Crystal size/mm?3

Radiation

20 range for data
collection/®

Index ranges

Reflections collected
Independent
reflections
Data/restraints/param
eters
Goodness-of-fit on F?

Final R indexes [I>=20
0]
Final R indexes [all
data]

Largest diff. peak/hole
/e As

2 in the dark
C36.5H39Cl2FEN10010:5
1056.52
10.0
monoclinic
P2i/c
19.161(5)
17.895(2)
12.769(2)
90
91.790(14)
90
4376.3(15)
4
1.604
0.559
2176.0

0.558 x 0.226 x 0.011

MoKa (A = 0.71073)

2+ 660nmca. 60s
C36.5H39Cl2FEN10010:5
1056.52
20.0(2)
triclinic
P-1
12.5149(19)
18.2722(16)
19.323(4)
91.247(10)
89.772(14)
90.259(9)
4417.5(11)
4
1.589
0.554
2176.0
0.35 x 0.25 x 0.025

MoKa (A = 0.71073)

5.918 t0 49.998 5.892 t0 49.998
-18<h=<22,-21<k<15, -14<h<14,-21<k< 21,
14<1<14 20122
11911 14795
5587 [Rint = 0.3768, 14795 [Rint = ?, Rsigma =
Rsigma = 0.5064] 0.4291]
5587/359/627 14795/654/1243
0.975 1.058
R; = 0.1428, WR, = R = 0.1481, WRs =
0.2971 0.3678
R1 =0.3425, wR; = R1 =0.2929, wR; =
0.3911 0.4318
0.94/-0.73 1.26/-1.11

2 + 660 nm ca. 360 s
CasH35Cl2FeN10019
2052.96
10.0
monoclinic
P2i/c
19.328(2)
18.460(2)
12.2091(7)

90
90.150(9)

90
4356.0(8)

2
1.565
0.390
2108.0

0.04 x 0.04 x 0.02

Synchrotron
irradiation (A =
0.62241)

3.69t0 52.792
-26 <h <26, -25<k
<25,-9<1<9
26697
8172 [Rint = 0.3879,
Rsigma = 03758]
8172/0/592

0.900

Ry, = 0.1204, WRs =
0.2685

R; =0.3753, wR2 =
0.4183

0.78/-0.34
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Compound 3
Empirical formula  Cg;H74ClgFesN300s3
Formula weight 2823.86
Temperature/K 120.00(10)
Crystal system triclinic
Space group P-1
alA 14.6268(6)
b/A 15.0615(6)
c/A 15.2862(6)
a/° 96.056(3)
p/° 112.125(4)
y/° 104.778(4)
Volume/A3 2939.0(2)
z 1
Pcacg/cm?® 1.595
p/mm-?t 0.728
F(000) 1436.0

Crystal size/mm?3 0.12 x 0.09 x 0.04

Radiation MoKa (A = 0.71073)
20 range for data 6.612 to 56.02
collection/
Index ranaes -19<h <19, -19<k
9 <19,-19<1<20
Reflections collected 43662
Independent 12366 [Rint = 0.0880,
Data/restraints/param 12366/8/917
eters
Goodness-of-fit on F? 1.032
Final R indexes [I>=20 Ri = 0.0950, wR> =
] 0.2355
Final R indexes [all R;=0.1859, wR; =
data] 0.3048
Largest diff. peak/hole 3
/e A3
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4.1. Motivation

Aromi et al. discovered that the mixture of an Fe(ll) salt with two different 3bpp ligands of
varying length led to the quantitative crystallization of the heteroleptic complex out of all the
possible combinations of two ligands per metal.l! Later on, this investigation was expanded to
other 3bpp derivatives in combination with the 2,6-bis(pyridin-2-yl)pyridine (tpy) and the 2,6-
bis(benzimidazol-2-yl)pyridine (2bbp) ligands,? confirming a marked tendency of the Fe(ll) ion to
form heteroleptic [Fe(L)(L")](ClO4)2. complexes from pairs of chelating tris-imine ligands. This
guasi-exclusive formation of heteroleptic adducts has been proven as a prolific source of new

compounds with very diverse properties,®# which has been explored in this chapter.

In Chapter 2, we have shown that the solvent-free perchlorate and tetrafluoroborate salts of
the homoleptic Fe(ll) complex of the ligand 1bppCOOH exhibit a hysteretic (3 K) abrupt thermal
spin transition at high temperatures (380 and 340 K, respectively) affected by the presence of a
linear network of hydrogen-bonded complexes. Besides, the homoleptic complex formed by the
related 1bppCOOEt ligand presents two solvates: [Fe(lbppCOOE),](ClO4).-0.75Me,CO,
obtained in this thesis (see Chapter 2), shows an abrupt LS-to-HS solvent-induced SCO around
330 K that becomes irreversible once the complex loses the solvent molecules remaining in the
HS state; [Fe(1bppCOOEt),](ClO.).-MeCN exhibits solvent-dependent thermal SCO in the
temperature range 180-290 K with a thermal hysteresis ca. 100 K wide, for the first cooling and
heating cycle.®!

In this work, we intend to take advantage of the properties of the 1bppCOOH ligand while
incorporating additional features to its SCO materials by extending its family of Fe(ll) SCO
complexes to heteroleptic species. We have thus combined it with ligands 3bpp-bph (2,6-bis(5-
([1,1'-biphenyl]-4-yl)-1H-pyrazol-3-yl)pyridine) or 1bppCOOEt vyielding, respectively, the
corresponding heteroleptic complexes [Fe(1bppCOOH)(3bpp-bph)](ClO4)2-solv (1-solv, solv =
various solvents) and [Fe(1bppCOOH)(1bppCOOEL)](ClO4)2-0.5Me,CO (2:0.5Me2CO). In
compound 1-solv, the 3bpp-bph ligand has been selected with two main goals: i) decreasing the
SCO temperature with respect to the homoleptic [Fe(1bppCOOH);](ClO4). counterpart by
exploiting a ligand with a potentially weaker crystal field; ii) increasing the number of n---n and
C-H---x interactions through the biphenyl groups in order to improve the connectivity between
Fe(ll) centers and, therefore, the cooperativity of the system. Concerning compound 2-0.5Me,CO,
it represents, to the best of our knowledge, the first example of a heteroleptic complex formed by

two 1bpp-type ligands. On the other hand, these two complexes are suitable for anchoring on
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metal-oxide surfaces thanks to the presence of a grafting ligand (1bppCOOH), while the second
ligand, in the case of 1, could favor n---m and C—H-- & interactions among the deposited complexes
on the surface. The spin-crossover properties, structural characterization and LIESST effect
behaviors of 1-solv, 2-:0.5Me,CO and their desolvated counterparts are discussed here together
with a preliminary characterization of their deposition.

4.2. Results and discussion

Synthesis

1bppCOOH and 1bppCOOEt ligands were prepared according to literature methods.®" The
synthesis of 3bpp-bph was prepared for the first time by us. The synthesis is performed in two

0 OFt
/E\%\
N/

1bppCOOEt

steps (for more information go to Sl).

o OH
/E\%\
N/

1bppCOOH

Z—z
>z
Z—=z
>z

HN—N 3bpp-bph N—nh

Scheme 4.2.1. Representation of the ligands used in this chapter

The liquid-to-liquid or vapor-to-liquid diffusion of diethyl ether into solutions of
Fe(ClO4)2-xH20 and equimolar mixtures of 1bppCOOH/3bpp-bph or 1bppCOOH/1bppCOOEL in
acetone led to the corresponding heteroleptic compounds [Fe(1bppCOOH)(3bpp-
bph)](ClO4)2-2Me,CO-0.5Et,0 (1-2Me2CO-0.5Et20) and [Fe(1lbppCOOH)(3bpp-
bph)](ClO4)2-Me2CO (1-Me2CO) or [Fe(LbppCOOH)(1bppCOOEL)](ClO4)2-0.5Me>CO
(2-0.5Me2CO), respectively.
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Structure of [Fe(1bppCOOH)(3bpp-bph)](ClO4)2-2Me.CO-0.5Et,0O (1-2Me>CO-0.5Et,0)
and [Fe-(1bppCOOH)(3bpp-bph)](ClO.).-Me,CO (1-Me.CO)

1.2Me,C0-0.5Et,0 and 1-Me,CO systematically co-crystallize within the crystallization vial
(for more information go to Sl). The structures of both compounds were successfully determined
by single-crystal X-ray diffraction of a crystal transferred directly to the cold nitrogen stream of the
diffractometer from the mother liquor at 120 K (see below). It is important to note that PXRD
pattern of a filtered sample composed by a mixture of the two solvatomorphs at room temperature
is consistent with the simulated pattern of 1-Me>.CO (see Figure Sl. 4.4.1). This observation
indicates that partial desolvation of crystals of 1-2Me,CO-0.5Et,0 leads to compound 1-Me,CO
out of the mother liquors. Indeed, the crystal structure of 1-Me,CO obtained at 300 K confirms
that its acetone molecule is not lost at room temperature. After several minutes at 400 K,
compound 1-Me,CO undergoes a complete loss of crystallinity due to desorption of the acetone
molecules as confirmed by elemental analysis (see Sl). Therefore, it was not possible to
determine the structure of the SCO-active desolvated phase 1 (see below). PXRD of the SCO
phase 1 shows some changes in the position of the peaks with respect to the solvated form (see

Figure Sl. 4.4.1), which suggests important structural modifications upon desolvation.

Both structures belong to the triclinic P-1 space group and present, in the asymmetric unit,
one crystallographically independent [Fe(1bppCOOH)(3bpp-bph)]?* cation, two CIO,4 anions, and
the corresponding solvent molecules (of acetone and diethyl ether), which in some cases are
disordered. [Fe(1bppCOOH)(3bpp-bph)]?* complex features an Fe(ll) center coordinated to both
mutually perpendicular tridentate ligands (Figure 4.2.1) with typical Fe—N bond lengths of a HS
Fe(ll) (2.130(3) - 2.211(4) A at 120 K for 1-2Me,CO-0.5Et,0 and 2.131(3) - 2.201(3) A at 120 K
and 2.129(3) - 2.197(3) A at 300 K for 1:-Me,CO). At 120K, the asymmetric unit of
1.-2Me,C0-0.5Et,0 contains two acetone molecules and one diethyl ether molecule with a 0.5
occupancy. Hydrogen bonds between the two N-H groups of 3bpp-bph are involved in hydrogen
bonds with an acetone molecule and a ClO4 anion, while the -OH group of the ligand 1bppCOOH
is hydrogen bonded with the O atom of the diethyl ether molecule (see Figure 4.2.1, left). Pairs
of [Fe(1bppCOOH)(3bpp-bph)]** complexes form dimers linked through two symmetrical
interactions between the CO group of 1bppCOOH from one complex and one N-H moiety of 3bpp-
bph from the other (see Figure 4.2.2, left). Neighboring dimers of [Fe(1bppCOOH)(3bpp-bph)]*
present CH---xt interactions between the terminal phenyl groups and the central pyridyl rings of

3bpp-bph or the pyrazolyl rings of 1bppCOOH (see Figure Sl. 4.4.2).
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°

?

_ °
@
°

Figure 4.2.1. Representation of the molecular units of 1.2Me.CO-0.5Et,O (left) and
1-Me,CO (right) at 120 K. Hydrogen bonds shown with blue dashed lines. Half of the disordered
acetone molecules were omitted for clarity.

This leads to chains of dimers running along the b axis (see Figure Sl. 4.4.3). ClIO4 anions
and the acetone molecule occupy the holes between [Fe(1bppCOOH)(3bpp-bph)]>* complexes.

Figure 4.2.2. Dimers of [Fe(1lbppCOOH)(3bpp-bph)]?* complexes in the structure of
1.2Me,C0-0.5Et,0 (left) and 1-Me,CO (right) at 120 K. Hydrogen atoms have been omitted for
clarity.
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The hydrogen-bond interactions of [Fe(1bppCOOH)(3bpp-bph)]?* complexes of 1-Me,CO
change with respect to those of 1-2Me,CO-0.5Et,0O. On one hand, in 1-Me,CO, hydrogen bonds
between the two N-H groups of 3bpp-bph and the two CIO4 anions are present. One of the two
ClO4 anions of 1-Me,CO is disordered at 300 K and has been modelled with two configurations
of three out of four oxygen atoms with occupancy fractions close to 0.5 per set. On the other hand,
the -OH group from 1bppCOOH is involved in a hydrogen bond with a disordered acetone
molecule (see Figure 4.2.1, right). The disorder has been solved with two possible configurations
with close to 0.5 occupancies of the two methyl groups and O atom twisted around the central
carbonyl C atom. Pairs of [Fe(1bppCOOH)(3bpp-bph)]?* complexes form dimers as those of
1.2Me,C0O-0.5Et,0 (see Figure 4.2.2, right), exhibiting a more compact packing due to the loss
of solvent molecules, which results in an decrease of the unit cell volume (see Figure Sl. 4.4.4).

Structure of [Fe(1bppCOOH)(1bppCOOEL)](CIO4).-0.5Me,CO (2:0.5Me,.CO)

This compound crystallizes in the orthorhombic Pbca space group. Its structure was solved
at 120 and 400 K. The asymmetric unit is construct by one [Fe(1bppCOOH)(1bppCOOEL)]?*
cation, three ClO4 anions (two of them disordered with a 0.5 occupancy), and one acetone
molecule with half occupancy. Elemental analysis of 2:0.5Me>CO indicates the persistence of the
acetone of crystallization found in the structure and also that half water molecule is likely absorbed
in contact to air (see Sl). Besides, the PXRD pattern of 2-:0.5Me,CO at room temperature is in
good agreement with the diagram simulated from the single-crystal X-ray diffraction data (see
Figure Sl. 4.4.5).

c b

Figure 4.2.3. Representation of [Fe(1lbppCOOH)(1bppCOOEL)]** and acetone molecule in
2:0.5Me,>CO at 120 K. Hydrogen bonds are shown with blue dashed lines. Hydrogen atoms and

half of the disordered acetone molecules have been omitted for clarity.
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The central Fe(ll) ion of the complex is coordinated by six nitrogen atoms from the two
tridentate 1bppCOOH and 1bppCOOEt ligands, furnishing a distorted octahedral geometry,
confirming the formation of the heteroleptic complex (see Figure 4.2.3). Fe-N bond lengths at 120
K range 1.893(6) - 1.967(7) A, which are typical LS Fe-N distances for an octahedral Fe(ll)
complex. At 400 K, an increase in the Fe-N bond lengths, which lie in the range 1.956(8) - 2.037(9)
A, is observed. These distances are intermediate between the expected LS and HS ones,
confirming the partial spin crossover observed in the magnetic measurements (see below). Also,
the disorder on the CIO4 anions, carboxylic acid substituents of 1bppCOOH and ethyl carboxylate
groups of 1bppCOOQEt increases at this temperature, as expected. Because of this, the use of
restraints is needed to model the acetone molecules and perchlorate counteranions, giving rise
to a low-quality structure. The acetone molecules interact through hydrogen bonds with the
carboxylic acid group of 1bppCOOH (02---015 = 2.68 A at 120 K, see Figure 4.2.3) preventing
the formation of hydrogen bonds between neighboring complexes, as it has been seen in other
compounds from previous chapters. Neighboring [Fe(1bppCOOH)(1bppCOOEL)]?** complexes
present CH---n contacts between CH groups and aromatic rings from the pyrazolyl groups of
1bppCOOH ligand. This gives rise to chains of complexes running along the a axis (see Figure
Sl. 4.4.6). They are connected through short contacts involving CO groups from 1bppCOOH and
1bppCOOEt and CH groups from pyridine and pyrazolyl groups from both ligands (see Figure Sl.

4.4.7). These chains are surrounded by ClO4 anions and acetone molecules.

Magnetic and photomagnetic properties of [Fe(1bppCOOH)(3bpp-
bph)](ClO4)2-2Me>CO-0.5Et,0 (1-2Me»,CO-0.5Et,0) and [Fe-(1LbppCOOH)(3bpp-
bph)](ClO4)2-Me-CO (1-Me>CO)

xmT of a mixture of filtered crystals of 1-2Me,CO-0.5Et,0 and 1-MeCO is shown in Figure
4.2.4. Although, as mentioned above, PXRD pattern at room temperature indicates that the
structure of this sample is that of 1-Me,CO. The same behavior is obtained in the first cooling and
heating cycle from 300 to 2 K and from 2 to 400 K, respectively. The value is close to 3.4 - 3.6
cm3-K-mol™ in the 50 - 400 K range, consistent with the HS state of 1-Me,CO at 120 and 300 K,
also observed in the Fe-N distances from the molecular structure (see above). The sharp
decrease below 50 K is due to zero-field splitting as expected for Fe(ll) ions in the HS state.
Interestingly, after being heated to 400 K, the desolvated phase (1) shows a completely different
behavior. Thus, when it is cooled from 400 to 250 K, a gradual decrease of yuT from 3.6
cm3-K-mol™ at 400 K to 2.75 cm3-K-mol™ at 250 K is registered. When further cooled, an abrupt
decrease of the magnetic signal is observed down to 0.9 cm3K-mol™ at 220 K. Below this

temperature, xuT product decreases gradually registering a value of 0.5 cm3-K-mol™ at 50 K. This
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value indicates that ~85% of the Fe(ll) centers undergo spin transition. The latter behavior is
observed persistently upon repeated cycles in the heating and cooling modes with a small thermal
hysteresis of 13 K (T12| = 234 K and T2t = 247 K). The presence of this thermal hysteresis loop
demonstrates the existence of a significant level of cooperativity in the desolvated sample.
Although it is difficult to rationalize this behavior without knowing the structure of the desolvated
phase, several explanations are possible. On one hand, removal of the acetone solvent molecule
could change the hydrogen bonding to the NH groups of 3bpp-bph as observed with the partial
desolvation from 1-2Me,CO-0.5Et,O to 1-Me.CO. This would change the crystal field around
Fe(ll), considering that the spin state of 3bpp Fe(ll) complexes is very sensitive to hydrogen-
bonded solvent molecules or counteranions.®1 On the other hand, the larger chemical pressure
induced by the decrease in unit cell volume after removal of the solvent molecules could stabilize
the LS state.

T (em-K-T7)

30 60 90
T(K)

0 100 200 300 400
Temperature (K)

Figure 4.2.4. Temperature dependence of the product of the molar magnetic susceptibility
times temperature (xvT) for solvated (dark green) and desolvated (green) 1 before (full circles)

and after (empty circles) light irradiation.

After previous desolvation at 400 K in the SQUID spin device, 1 was irradiated with a 532
nm laser at 10 K, causing a drastic increase of the magnetic signal. After the irradiation was

switched off, the temperature was increased at a scan rate of 0.3 K-min™. In the 10 - 31 K
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temperature range, an increase of xuT to reach a maximum value of 3.4 cm3-K-mol? at 31 K was
observed, reflecting a zero-field splitting of HS Fe(ll), suggesting an almost quantitative LS to HS
photoconversion. Then, it displays an abrupt relaxation curve with a minimum in the oxmT/dT
(T(LIESST)) at 71 K.

3.5+
1 0.00
3.0
:-0.01
' 3
. 2.57 = -0.02
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= ] T(K)
£ 154
|_
= ]
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0 100 200 300 400

Temperature (K)

Figure 4.2.5. Temperature dependence xmT for solvated 2-0.5Me,CO before (full circles) and
after (empty circles) light irradiation.

Temperature dependence of xuT product of 2-0.5Me,CO is shown in Figure 4.2.5. From 2
to 300 K, xuT values are lower than 0.4 cm3-K-mol?, consistent with Fe(ll) ions being in the LS
state, in agreement with the Fe-N distances found at 120 K (see above). At higher temperatures,
a gradual increase of the magnetic signal to reach a xuT value of 1.6 cm3-K-mol? at 400 K is
recorded. Therefore, the T, of this compound with a well above 300 K and close to 400 K that is
not completed at the latter temperature (the highest measured). This behavior is almost reversible
in the cooling cycle after heating to 400 K (see Figure Sl. 4.4.8). Heating at longer times or higher
temperatures would be needed to confirm the reversibility. A complete photoconversion of
2-0.5Me,CO is not achieved. Thus, a maximum xuT value of 1.4 cm3-K-mol* at 15 K is observed,
consistent with a ca. 40% photoconversion and a T(LIESST) of 52 K. The gradual relaxation curve
could be attributed to the weaker intermolecular interactions of this last compound and/or to the
incomplete photoswitching. 2:0.5Me>.CO presents an important deviation, being T(LIESST)
around 40 K higher than expected. It is however consistent with the behavior observed in other

compounds with Ty, well above room temperature, which also deviate from this formula.*2-1%
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Deposition of the heteroleptic complexes

For comparison purposes, the procedure for surface deposition was maintained the same
than previous chapters 2 and 3. Thermally grown SiO- substrates were immersed overnight in a
1 mM MeCN solution of 1 and 2. They were thoroughly rinsed with MeCN and dried under a N>
stream. The stability of the solution was studied by means of UV/Vis and the deposited complexes
were preliminarily characterized by AFM, MALDI-TOF, XPS and XAS (see Sl). XPS spectra of 2
are consistent with the absence of the 1bppCOOEt ligand after deposition as
[Fe(1bppCOOH)(solvent)] species are detected. This gives rise to oxidation of the complex and
the detection of a clear Fe(lll) signal by XAS as observed in homoleptic complexes deposited in
chapters 2 and 3. In 1, MALDI-TOF shows the presence of both ligands but the quality of XPS
data does not allow a proper identification of the deposited species. However, XAS experiments
at 4 K of 1 suggest a mixture of HS and LS Fe(ll) species and Fe(lll). The different behavior of 2
compared to 1 could indicate that the deposition of 1 does not lead only to
[Fe(1bppCOOH)(solvent)] species as in 2 but to mixtures of species, which could contain the

heteroleptic complexes. Further characterization is needed to confirm these results.

4.3. Conclusions

The preparation of two new heteroleptic complexes [Fe(1bppCOOH)(L)](CIO4). (L = 3bpp-
bph (1) or 1bppCOOEt (2)), in addition to those previously reported, confirms a clear tendency for
the formation of the mixed ligand species over the homoleptic ones. This constitutes a rich
resource in the search of better performing SCO complexes. The combination in compound 1 of
1bppCOOH and 3bpp-bph ligands has resulted in an improvement of the SCO properties with
respect to the homoleptic [Fe(1bppCOOH),]?* compound since a hysteretic thermal SCO closer
to room temperature has been achieved. Besides, compound 2 represents the first heteroleptic
complex based on two 1bpp type ligands. In this case, the combination of 4’ substituted 1bpp type
ligands stabilizes, as it occurs in the corresponding homoleptic compounds
([Fe(1bppCOOH),](ClO4)2 and [Fe(1bppCOOEL);](ClO4)2), the LS state. Moreover, both 1 and 2
complexes exhibit the LIESST effect at 10 K with a 532 nm laser, which further proves that the
preparation of heteroleptic complexes is a suitable strategy for obtaining new SCO materials with

improved properties.

Finally, an interesting feature of these heteroleptic complexes is the presence of 1lbpp
ligands functionalized with a carboxylic acid group in the 4-pyridyl position. Although

characterization of the SAMs obtained with these heteroleptic molecules suggests an oxidation
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to Fe(lll) of the deposited complexes as observed with the 1bppCOOH homoleptic complexes,
this paves the way for the preparation of new heteroleptic SCO complexes combining different
properties in the two ligands by exploiting the chemical versatility of 1bpp, which can be
functionalized in this position with a variety of functional substituents without perturbing
significantly the SCO properties.
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4.4. Supporting information

Synthesis

Synthesis of (2,6-bis(5-([1, 1-biphenyl]-4-yl)-1H-pyrazol-3-yl)pyridine) (3bpp-bph)

Step I: Synthesis of the precursor 2,6-bis(1-([1,1"-biphenyl]-4-yl)-3-oxopropanoyl)-pyridine
(3bpp-bph-prec). A 60% oil dispersion of NaH (2.09 g, 52.2 mmol) was washed for 20 min under
N2 with hexane. The solvent was extracted using a filter cannula, and tetrahydrofuran (THF, 25
mL) was added. Then, 1-([1,1-biphenyl]-4-yl)ethan-1-one (1.77 g, 9.03 mmol) and dimethyl-2,6-
pyridinedicarboxylate (1.01 g, 4.5 mmol) were dissolved in THF (25 mL) under a nitrogen
atmosphere. This mixture was added dropwise with stirring over the NaH suspension. After the
addition was completed, the reaction mixture was heated to reflux, turning from yellow to orange
after a few hours, and left overnight. The mixture was then left to cool to room temperature, and
some drops of EtOH were added to quench any remaining NaH, followed by careful addition of
100 mL of water. HCI 37% (20 mL) was then added changing the pH from 14 to 3 that resulted in
the precipitation of a light-yellow solid, which was filtered, washed with diethyl ether, and dried in
air. The yield was 1.2 g (44%). *H NMR (400 MHz, ppm in CDCls): 8.25 (d, 2H), 8.15-8.05 (m,
4H), 8.05-7.95 (m, 1H), 7.76-7.65 (m, 6H), 7.63-7.55 (m, 2H), 7.47-7.32 (m, 6H), 2.30 (s, 2H),
1.8 (s, 2H).

Step II: Preparation of 2,6-bis(5-([1,1"-biphenyl]-4-yl)-1H-pyrazol-3-yl)-pyridine (3bpp-bph).
Solid 3bpp-bph-prec (0.45 g, 0.86 mmol) was refluxed overnight with hydrazine monohydrate
(0.27 g, 8.6 mmol) in MeOH (40 mL). After it cooled to room temperature, the off-white suspension
was filtered and washed with diethyl ether giving place to a white precipitate, which was dried in
air. The yield was 0.41 g (92%). 1H NMR (400 MHz, ppm in deuterated dimethyl sulfoxide (DMSO-
ds)): 13.60 (broad s, 2H), 8.20-7.90 (broad m, 5H), 7.90-7.70 (broad m, 9H), 7.65-7.42 (broad
m, 6H), 7.45-7.25 (m, 3H).

Synthesis of [Fe(1bppCOOH)(3bpp-bph)](ClO.)2-2Me.CO-0.5Et,0 (1-2Me>,CO-0.5Et,0),
[Fe(1bppCOOH)(3bpp-bph)](ClO.)2-MeCO (1-Me2CO) and
[Fe(1bppCOOH)(1bppCOOEL)](ClO4),-0.5MeCO (2-0.5Me,CO)

A solution of Fe(ClO4)2:xH20 (7.64 mg, 0.03 mmol) in acetone (1.5 mL) was added to a
solution of 1bppCOOH (7.68 mg, 0.03 mmol) and 3bpp-bph (15.42 mg, 0.03 mmol) for 1 or
1bppCOOEL (8.52 mg, 0.03 mmol) for 2 in acetone (1.5 mL) obtaining an orange solution that was
stirred for 15 min and filtered. This solution was put in contact with diethyl ether vapors or layered

with diethyl ether in a test tube yielding a mixture of orange blocks crystals of 1-2Me»CO-0.5Et,0
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and orange prisms crystals of 1-Me,CO after a few days or orange prisms of 2:0.5Me,CO after
one week. Anal. Calcd for Fe(C12H9O4Ns5)(CssNsH2s)(ClO4)2 (1): C 53.38, N 13.24, H 3.24% Found:
C 5336, N 1384, H 336 % Anal Calcd for Fe(NsCi2HgO2)(NsC14H130,)

(Cl04)2(CHsCOCHz)05(H20)05 (2:0.5Me2CO-0.5H,0): C, 39.73; H, 3.15; N, 16.85%. Found: C,
39.96; H, 3.37; N, 16.17%.

Intensity (a.u.)

10 20 30
20°
Figure Sl. 4.4.1. Simulated PXRD pattern from single crystal measured at 120 K (blue), a
mixture of 1-.2Me,CO-0.5Et,0 and 1-Me,CO after filtering (red) and after desolvation at 400 K in
the squid (yellow).

Figure Sl. 4.4.2. Intermolecular contacts between [Fe(lbppCOOH)(3bpp-bph)]?

complexes shown with blue dashed lines.
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Figure Sl. 4.4.3. Chains of [Fe(1bppCOOH)(3bpp-bph)]?* dimers running along the b axis
in the structure of 1-2Me>CO-0.5Et,0 at 120 K. Hydrogen atoms have been omitted for clarity.
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Figure Sl. 4.4.4. Chains of [Fe(1bppCOOH)(3bpp-bph)]?* dimers running along the b axis
in the structure of 1-Me,CO at 120 K displaying a more compact crystal packing. Hydrogen atoms

have been omitted for clarity.
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Intensity (a.u.)
3
?

10 20 30
20°

Figure Sl. 4.4.5. Simulated PXRD pattern at 120 K (blue) and experimental at room
temperature (red) of 2:0.5Me,CO.

Figure Sl. 4.4.6. View of chains of [Fe(1bppCOOH)(1bppCOOEL)]?** complexes running in
the a axis in the structure of 2-0.5Me,CO at 120 K. Intermolecular contacts shown with blue

dashed lines. Hydrogen atoms, perchlorate counteranions and disordered acetone molecules
have been omitted for clarity.
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b

Figure SI. 4.4.7. View of chains of [Fe(1bppCOOH)(1bppCOOEL)]?* complexes in the bc
plane of the structure of 2-0.5Me,CO at 120 K. Intermolecular contacts shown with blue dashed
lines. Hydrogen atoms and disordered acetone molecules have been omitted for clarity.
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Figure Sl. 4.4.8. Thermal variation of xuT for 2-0.5Me.CO. Orange circles: first heating

cycle; brown circles: first cooling after heating to 400 K.
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Figure Sl. 4.4.9. UV/Vis spectra of a 0.1 mM solution of, left, 1 and, right, 2 in MeCN freshly

prepared and after one day in inert atmosphere.

UV/Vis spectroscopy of 1 and 2 display the classical MLCT t,-n* transition band also seen
in their previous derivatives (see chapters 2 and 3). 1 displays a band centered at 464 nm (g =
2.5x10°% L'*mol*cm™?), indicating that around 50% of Fe(ll) centers are in the HS, as it has been
seen in the homoleptic 1bppCOOH analogous, while 2 present a strong band at 461 nm (e =
8.6x10° L*mol*cm™) for 2, which means that the LS species are predominant.*¥! The UV/Vis
spectrum after one night of both complexes does not present any changes, confirming the stability
of the solutions (Figure Sl. 4.4.9). The slight increase in intensity is due to normal evaporation of

the solvent.
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3.00 nm

2.50

2.00

Figure Sl. 4.4.10. AFM images of SiO. substrates after deposition of 1 (left) and 2 (right).

AFM images confirm the absence of aggregates or multilayers (see Figure Sl. 4.4.10) as
expected. The average of the Rrus 0f the deposit obtained from 15 measurements in different
points of the surface, show a small increase from 0.203 + 0.010 nm to 0.202 £ 0.004 nm for 1 and
to 0.203 £ 0.008 nm for 2 with respect to the naked substrate. Both are consistent with the

formation of a continuous monolayer of complexes.

1 —
— 2
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Intensity (a.u.)
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Figure SI. 4.4.11. MALDI-TOF region of 1bppCOOH (left) and 3bpp-bph (right) of 1
(green), 2-SAM (orange) and bare SiO; (light purple).

Fragments of the complex were detected with MALDI-ToF measurements. Peaks
corresponding to the protonated ligands [LbppCOOH+H]* (Calc. 256.08 Da, Found 256.11 Da)
and [3bpp-bph+H]* (Calc. 516.22 Da, Found 516.27 Da) were obtained (Figure SI. 4.4.11). In the
case of the 1bppCOOEt, it could not be clearly identified without ambiguity since it presents peaks
at the same position as those of the matrix used to ionize the deposited complexes.
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In order to investigate structural and electronic properties of the SAM, XPS has been
performed. Cls, N1s, CI2p and Fe2p XPS regions were studied to analyze the atomic
compositions of the deposit (Figure Sl. 4.4.12). C1s region features three main components at
285.0 (285.0), 286.7 (286.4) and 288.9 (288.6) eV assigned to the aliphatic carbon atoms
(orange), heterobonds (green) and carbon atoms of the carboxylate group (blue),
respectively.'”18 N1s region features two components at 401.4 (401.5) and 399.9 (399.8) eV
assigned to nitrogen atoms of the pyridine and pyrazolyl groups coordinated and non-coordinated
to the iron atom (brown)™*®, Fe2ps. regions have been reproduced with 5 components (A-E) along
with the corresponding Fe2pi, spin—orbit coupled contributions (A'-E') weighted with the
expected 2:1 ratio as well.?% In the Fe2p region, the signal to noise ratio of 1 is too low to get
some information, while 2 shows a very similar spectra to those of the homoleptic 1bpp derivatives
seen in this work, which corresponds to an Fe(lll) oxidation state (see chapters 2 and 3). Again,
the low signal to noise ratio coming from compound 1 makes it harder to conclude anything from
the semiquantitative analysis and elemental stoichiometric ratios. In 2, we observe the formation
of [Fe(lbppCOOH)] species as observed previously with [Fe(lbppCOOH)] and
[Fe(1bpp3COOH)] in chapters 2 and 3, respectively (see Table S.1. 4.4.1).

Table S.I. 4.4.1. Theoretical and XPS estimated atomic semiquantitative analysis (top) and
ratios (bot) for 1-SAM and 2-SAM.

Semiquantitative analysis

Fe N C Ncoordinated Nuncoordinated C-C C-N COO0-
Theor.for1l | 1.7% | 17.2% | 81.0% 60.0% 40.0% 67.7% 29.0% 3.2%
1.SAM@SiO: | 1.4% | 3.3% | 95.3% 68.9% 31.1% 63.3% 32.4% 4.3%
Theor.for2 | 2.7% | 27.0% | 70.3% 60.0% 40.0% 45.5% 45.5% 9.1%
2-SAM@SiO2 | 4.2% | 19.4% | 76.3% 58.3% 41.7% 57.2% 36.5% 6.3%

Iron ratios Nitrogen ratios Carbon ratios
Fe/Fe | Fe/N Fe/C | C-Ncoord/C-Ncoord | C-Ncoord/C-Nuncoord | C-C/C-N | C-N/C-N | O-C=0/C-N

Theor.for1 | 1.00 | 0.10 | 0.021 1.00 0.67 2.33 1.00 0.11
1.SAM@SiO, | 1.00 | 0.41 | 0.014 1.00 0.45 1.95 1.00 0.13
Theor.for2 | 1.00 | 0.10 | 0.038 1.00 0.67 1.00 1.00 0.20
2-SAM@SiO2> | 1.00 | 0.22 | 0.055 1.00 0.72 1.57 1.00 0.17

155



Chapter 4
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Figure Sl. 4.4.12. XPS C1s, N1s, CI2p and Fe2p regions of 1-SAM (left) and 2:SAM (right).
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The spin state of our deposits was further investigated with XAS. Figure Sl. 4.4.13 shows
the XAS Fe L,3-edge spectra of 1 and 2 on top of SiO.. Compound 1 presents a mixture of spin
states, which is consistent with a mixture of LS and HS Fe(ll) species and HS Fe(lll). As the
temperature increases, the photoreduction effect becomes more important. On the other hand, 2
displays the characteristic Fe(lll) HS statel?!! at all temperatures as expected from XPS and
previous results for a [Fe(1bppCOOH)] specie on the surface (see chapters 2 and 3).

4K
1-SAM aK 2-:SAM

3 Fl
© o
~ Averaged | Averaged
< <
x x

——Fe(l) HS

—Fe(ll) LS

Fe(lll) HS
I T T T T - T
700 710 720 700 710 720
Energy (eV) Energy (eV)

Figure SI. 4.4.13. Left, XAS Fe L,s-edge spectra of 1-SAM (green), Fe(lll)!?Y (black) and
Fe(ll) HS (red) and LS (blue) obtained from the bulk of [Fe(1bppCOOH).](BF4). from Chapter 2
used as a reference. Right, XAS Fe L, s-edge spectra of 2-SAM and an Fe(lll) L. s-edge extracted

from the literature.?1
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Table S.1. 4.4.2. Crystallographic tables.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

pr°

y/°

Volume/A3

z

Pcalcg/cm?
p/mm-

F(000)

Crystal size/mm3

Radiation

20 range for data
collection/®

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/par
ameters
Goodness-of-fit on
F2

Final R indexes
[1>=20 (I)]

1.2Me2C0O-0.5Et20
C110H102ClaFe2N2002s
2357.61

120.00(10)

triclinic

P-1

10.9594(3)
15.2064(5)
18.1301(8)
104.480(3)
94.555(3)
103.052(3)
2820.15(18)

1

1.388

0.433

1222.0

0.28 x 0.21 x 0.16
MoKa (A =0.71073)

6.758 to 55.038

-14=sh=<14,-19=<sk<

19,-23<1<23
38786

11731 [Rint = 0.0609,
Rsigma = 0.0837]

11731/0/730

1.044

R1=0.0679, wR2 =
0.1756

Final R indexes [all R1 = 0.1219, wR2 =

data]

Largest diff.
peak/hole / e A3

158

0.2186
1.36/-0.41

1-Me2CO
CsoHa0Cl2FeN10011
1083.67
120.00(10)
triclinic

P-1
11.0678(5)
13.7755(6)
16.4761(9)
79.015(4)
78.125(4)
88.209(4)
2413.1(2)
2

1.491
0.497
1116.0

0.67 x 0.08 x 0.04

1-Me2CO
CsoHa0Cl2FeN10011
1083.67
300.00(10)
triclinic

P-1
11.2137(6)
13.7063(6)
16.6716(10)
79.292(4)
79.181(5)
86.777(4)
2472.4(2)

2

1.456

0.485
1116.0

0.55x0.25 % 0.12

2:0.5Me2CO

2-:0.5Me2CO

CssHs0ClaFe2N20025 CssHsoClaFe2N20025

1644.65
120(2)
orthorhombic
Pbca
14.2991(17)
22.0531(11)
22.6493(11)
90

90

90
7142.2(10)
4

1.529

0.647

3360.0

0.540 x 0.070 x

0.020

1644.65
399.95(10)
orthorhombic
Pbca
14.7845(7)
22.2028(11)
22.5899(13)
90

90

90
7415.3(7)

4

1.473

0.624
3360.0

0.7 x 0.15 x 0.07

MoKa (A = 0.71073) MoKa (A = 0.71073) MoKa (A = 0.71073) MoKa (A = 0.71073)

6.89 10 56.17

-13=<h=13,-18<
k=17,-21<s1<21

32418

10175 [Rint =
0.0639, Rsigma =
0.0858]

10175/5/669

1.031

R1 =0.0556, wR2 =
0.1147

R1=0.1013, wR2 =
0.1414

1.04/-0.58

6.786 to 55.988

-13=sh=s14,-17 <
k=s17,-21<s1=s21

35597

10402 [Rint =
0.0370, Rsigma =
0.0449]

10402/3/658

1.046

R1=0.0672, wR2 =

0.1827

R1=0.1035, wR2 =

0.2145
1.22/-0.59

6.54 to 55.016

-18<h=12,-27 =<
k=28,-29<|<27

25324

8178 [Rint = 0.1448,
Rsigma = 0.2037]

8178/1/508

1.025

R1=0.1199, wR2 =

0.2828

R1=0.2392, wR2 =

0.3590
1.21/-0.67

6.622 to 49.468

-17<h<17,-26 <
k=24,-25<1<26

23547

6306 [Rint = 0.1065,
Rsigma = 0.1486]

6306/131/509

1.000

R1=0.1098, wR2 =
0.2895

R1=0.2735, wR2 =
0.3981

0.37/-0.27
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Chapter 5

5.1. Motivation

In previous chapters, we have used the archetypical family of Fe(ll) SCO complexes of the
tridentate ligand 2,6-bis(pyrazol-1-yl)pyridine (1bpp) functionalized with carboxylic acid groups.
This strategy gave rise to homoleptic 1bppCOOH and 1bppCOOEt, and 1bpp3COOH and
1bpCOOHp based Fe (I) SCO complexes in chapters 2 and 3, respectively. They present
thermal-, light- and solvent-induced spin transitions highly dependent on the intermolecular
interaction and solvent content. In chapter 4, the combination of 1bppCOOH with bppCOOEt or
the bulkier 3bpp-bhp resulted in two heteroleptic Fe(ll) SCO complexes; the first example of a
1bpp-based heteroleptic complex and a better performing SCO system, respectively. They all
showed interesting properties in the solid state, unfortunately, preliminary results of their
deposition suggested oxidation or decomposition of the iron (ll) after deposition. In order to
overcome this problem, Co(ll) SCO complexes of tridentate ligands have been chosen in this
work due to its robustness against oxidation compared to iron. Co(ll) complexes of 1bppCOOH
and 1bpp3COOH ligands from chapters 2 and 3, respectively, were synthesized but they did not
give rise to SCO complexes. Such complexes stabilized the HS state in all the range of
temperature showing interesting single molecule magnet properties. For the shake of the reader,
this work will not be presented here (for more information go to the literature¥l). Nonetheless,
deposition of the complexes was studied. Preliminary results showed that [Co(1bppCOOH)] or
[Co(1bpp3COOH)] species were present in the surface but, unexpectedly, the oxidation and
electronic states were found to be the same as in the bulk, HS-Co(ll). Therefore, a Co(ll) terpy
derivative complex showing SCO properties suitable for surface deposition was chosen (see
Chapter 1). Separately, despite the Co(ll) ion maintained its oxidation upon deposition, the ligand
non-interacting with the surface was lost, as in Fe(ll) complexes. Therefore, the use of the
expanded ligand of the terpy functionalized with a carboxylic acid group, 4"-(4-carboxyphenyl)-
2,2":6’,2"-terpyridine (see Scheme 5.1.1), was used as a spacer to decouple the switching core

of the molecule from the surface, which is known to be an effective strategy.?

As already mentioned in Chapter 1, the crystal structure of the neutral Co(ll) complex of the
deprotonated expanded ligand L, [Co(L).]-5H.0 was reported in the literature by Yang et. al.®) but
the magnetic properties were not studied. In this chapter, we have synthesized the salt of the
protonated ligand in order to optimize its processability towards surface deposition. Thus, we
prepared the [Co(LH):]-(ClO4).-4DMA (1) compound, which has been structurally and

magnetically characterized in the solid state, and studied its behavior upon surface deposition.
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Scheme 5.1.1. Schematic representation of, left, terpy = 2,2":6’,2”-terpyridine, mid, terpyCOOH
= 4’-carboxyl-2,2:6’,2”-terpyridine and, right, HL = 4"-(4-carboxyphenyl)-2,2":6’,2”-terpyridine.

5.2. Results and discussion

Synthesis of [Co(4"-(4-carboxyphenyl)-2,2’:6’,2”-terpyridine),](ClO4)2-4DMA, (1)

1 was obtained by slow diffusion of diethyl ether into solutions of Co(ClO4).-:xH-O and HL
in a 1:2 molar ratio in dimethylacetamide (DMA). After a few weeks, big prismatic dark-orange
crystals of 1 suitable for single crystal diffraction were obtained. Purity and stability of the complex

was checked with elemental analysis and PXRD (see Sl and Figure Sl. 5.4.1).

Structure of [Co(4"-(4-carboxyphenyl)-2,2":6’,2”-terpyridine);](ClO4).-4DMA, (1)

The crystal structure of 1 was solved by single-crystal X-ray diffraction at 120 K, 300 K and
340 K in the non-centrosymmetric P-1 space group. The asymmetric unit cell is composed of one
[Co(LH)2]?* cation, two ClO4 anions and four DMA solvent molecules (Figure 5.2.1 and Sl for
more information). The metal center adopts an octahedral coordination sphere with the six N of
the two terpy moieties giving rise to a distorted octahedral geometry. Co-N bond lengths display
four longer equatorial Co-N bond that lie in the range of 2.010(2)-2.162(2) A at 120K and 2.096(4)-
2.146(4) A at 340K for the external pyridine rings and two shorter Co-N axial bond distances to
the central pyridine rings from 1.872(2)-1.928(2) A at 120K and 1.965(4)-1.970(3) A at 340K (go
to jError! No se encuentra el origen de la referencia.jError! No se encuentra el origen de la re
ferencia. for all distances in the Sl). This subtle increase in bond lengths with temperature
indicates that the number of molecules in the HS state is increasing with temperature, as it has
been already seen in other compounds,” and agrees with magnetic properties (see below).
Neighboring [Co(LH).]?* cations are weakly organized in pairs through =---n and CH--&t

interactions between phenyl and one of the two lateral pyridyl groups of neighboring complexes
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(Figure SI. 5.4.2). In addition, [Co(LH).]** present numerous short contacts with perchlorate
anions and DMA solvent molecules. The OH groups are involved in hydrogen bonds with the
carbonyl groups from two of the four DMA solvent molecules that avoid the formation of 1D chains
of hydrogen-bonded [Co(LH),]?* cations through carboxylic acid groups (see Figure 5.2.1), as it
has been seen in other bis-trisquelated 4-substituted pyridine derivatives.®® O atoms of one CIO4
are disordered. They have been modelled as six O atoms for 120 K and eight O atoms for 300 K
and 340 K with 50% occupancy. At 300 K and 340 K, two DMA solvent molecules are disordered
as well. They have been solved as four molecules with an occupancy of 50% each.

@
Do

= 3
" X

Figure 5.2.1. X-ray structure of the complex 1. Hydrogen atoms are omitted for clarity. Hydrogen

bonds are represented with dashed blue lines.

Magnetic properties

Temperature dependence of the product xuT of 1 in contact with mother liquor presents a
gradual increase from typical LS values below 150 K (0.48 cm3-K-mol?) to 1.85 cm3.K-mol? at
350 K suggesting an incomplete and non-cooperative spin transition (Figure 5.2.2). Magnetic
measurements on the filtered sample before and after heating to 400 K shows a similar behavior
with a more incomplete spin transition reaching a maximum value of 1.72 cm3-K-mol* at 400K.
This value corresponds to around 60% of molecules in the HS state, taking 2.5 cm3-K-mol* as
the value for pure HS state. In contrast, the Co(ll) neutral complex with the deprotonated ligand
L, [Co(L)2]-5H-0, shows an abrupt SCO upon dehydration (see Figure Sl. 5.4.3 and associated
text in the Supporting Information) This suggests that the absence of strong intermolecular
interactions between the complexes in 1, probably due to the presence of ClO4 counteranions

and DMA solvent molecules in the structure, could explain the gradual spin transition of 1, while
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the absence of these molecules in the dehydrated [Co(L).] compound would involve closer
contacts between complexes leading to a cooperative and abrupt SCO.

2.5+

T (cm3K-T)

0.0 . , . r . .
0 100 200 300 400
Temperature (K)

Figure 5.2.2. xuT vs temperature for 1 in contact with mother liquor (grey circles), filtered

(blue empty circles) and after desolvation (blue circles).

Deposition

1-SAM were prepared following the same procedure than previous chapters but with some
minor changes. Substrates of thermally grown SiO» and evaporated silver were immersed for 6h
in a ImM anhydrous DMA solution of 1. After that, they were washed and rinsed throroughly with
clean DMA to remove any physiosorbed material and dried under N, stream. Silver was chosen
due to the possibility to form SAMs with carboxylic acid groups! and because it has been reported
that is possible to obtain at room temperature, within a short time, large domains of well-ordered
2D structures.® XPS measurements demonstrated that different substrates and different
deposition times ranging from 6 h to 96 h gave the same results. Therefore, our efforts will be

focused on Ag because of all the advantages that it entails.

The stability of the solution was studied by means of UV/Vis and the deposited complexes
were characterized by AFM, MALDI-TOF, Raman, XPS and XAS.

UV/Vis spectroscopy of 1 display the classical charge-transfer t.-n* transition broad bands
ranging from 400 to 550 nm also seen in other derivatives.[® The most intense band is centered

at 524 nm (e = 1.9x10% L*mol*cm™). The UV/Vis spectrum after one night of the complex does
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not change, confirming the stability of the solution in air (Figure 5.2.3). The slight increase in

intensity is due to normal evaporation of the solvent.

1.0 S
—— Freshly prepared
—— After one night
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©
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400 500 600 700 800
Wavelength (nm)
Figure 5.2.3. UV/Vis spectra of a 0.1mM solution of 1 in DMA freshly prepared (black) and
after one day stored in air (red).
Topographic images of 1-SAM confirmed the absence of aggregates or multilayers (see
Figure 5.2.4) This result was expected considering that the carboxylic acid group bonds the first
layer of molecules to the surface and additional layers, not chemically bonded, would be removed

after the washing steps. Due to the high RMS of the naked silver it was not possible to study the

effect of the monolayer deposit with accuracy, instead, a SAM of the ligand HL (L-SAM) was also

done por comparison purposes.

25.0 nm
20.0

15.0

Figure 5.2.4. AFM topographic images of silver substrates of 1-SAM (left) and L-SAM

(right). The scale bar represents 2um.
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Integrity of the molecules in 1-SAM was checked with MALDI-TOF MS. A comparative
analysis between bulk and SAM is shown in Figure 5.2.5. Peaks of m/z corresponding to
[Co(LH).]+ are present in bulk and monolayer spectra (764.16 m/z). On one hand, further proof
of the formation of a single layer of molecules is supported by the presence of molecular
fragments bonded to silver atoms such as [L+H+Ag]+, [Co(LH+H+Na)(L+Ag)] and [Co(LH-
COOH+H)(L+AQ)]+ that are not present in the bulk sample. This result has also been observed
previously in other systems assembled on Au,®'Y where a molecule-substrate bonding is
expected. It also suggests that deprotonation of the carboxylic acid group upon contact with the
surface takes place. Separately, the lack of molecular fragments in the monolayer sample with
the counteranion, such us [Co(LH)(CIO4)]*, that are present in the bulk sample, also confirms the
absence of aggregates or any physiosorbed material in agreement with AFM measurements (for

further information go to Table S.I. 5.4.1 in the SI).
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Figure 5.2.5. MALDI-TOF spectra of 1 (blue), 1-SAM (green) and bare Ag (grey). Magnification of
the [L+H+Ag]*, [Co(LH2)]* and [Co(LH+H+Na)(L+Ag)]* (enclosed in red rectangles). The expected isotopic
distribution pattern for each fragment is reported as black lines. Peaks coming from the matrix used for
calibration are marked with an asterisk and are also present in bare Ag. CHCA is abbreviation for a-cyano-
4-hydroxycinnamic acid and is present in the matrix used for MALDI-TOF MS measurements (see

Experimental Section).
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It was possible to study the deposits with Raman spectroscopy on top of a mechanically
roughened silver substrate. The nature of the imposed silver defects and their small separation
leads to a plasmon absorbance, which is resonant with the 532 nm light used to excite the
samples.l*2% Therefore, the Raman spectrum of the deposits is expected to be magnified in the
“hot-spots” by the SERS effect.

The structural integrity of the complex in 1-SAM is evident from the fact that SERS spectra
of the monolayer and conventional Raman spectra of the bulk are found to be very similar (Figure
5.2.6 and Sl for more information). The most important difference between both samples is the
replacement of the band at 783 cm™ in the bulk for a band at 814 cm™ in the monolayer. This
band is assigned to the deformation vibration of carboxylate groups and is sensitive to the
protonation/deprotonation state.** Such band is also present in the Raman spectra of the
complex of the deprotonated ligand [Co(L),]-5H.OF! (Figure 5.2.6) measured as reference. The
presence of only one band indicates that both carboxylic acid groups of the deposited complexes
are deprotonated.*® This is in agreement with MALDI-TOF MS experiments (see above), Raman
spectra of a monolayer of the ligand also measured as a reference (L-SAM, see Figure SI. 5.4.6
in the Supporting Information), the absence of Cl from CIO, counteranion in XPS experiments of

1-SAM (see below) and with literature experiments performed on similar ligands on Ag.!

COOH COO
810
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Figure 5.2.6. Raman fingerprints of 1 (blue), 1-SAM (green) and [Co(L)2]-5H20 (purple) in
the 200-1800 cm™* at 100K. Inset of the 700-900 cm region.

The most characteristic feature of terpy systems is the asymmetric breathing vibration of
pyridine rings and is located at ca. 991 cm™. It is known to be independent of the 4-substituted

position but not to metal coordination.!” Therefore, the shift observed in the breathing mode
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above 1020cm? in the bulk and monolayer samples of 1 with respect to the monolayer of the
ligand was expected. Such shift is also observed in the Raman spectra of [Co(L)2]-5H.0.F No
big differences are seen in the 200 - 900 cm™ region except for the carboxylic/carboxylate bands
already mentioned in the manuscript. Based on the literature, the stretching vibration region is
known to be mainly governed by coordinative terpy modes such as ring-stretching and in plane
deformation modes,*® although a small contribution of modes coming from the
carboxylic/carboxylate groups is also expected.®! Nevertheless, we were able to identify the peak
at ca. 1365 cm™ assigned to the 4-substituted position of the pyridine ring which has been taken

as a weak temperature-dependent mode.?

360 K

330K
WMMW 30%,_,,
270K
240 K

210K

Normalized intensity (a.u.)

180 K

150 K

120 K

T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800

I ' I 4 I
Raman shift (cm™)

Figure 5.2.7. Temperature dependent Raman spectra of 1-SAM in the 200-1800 cm™

range.

Temperature dependent Raman spectroscopy has been used to monitor the spin state of
the Co(ll). In the bulk sample, changes in intensity ratios and Raman shifts are observed at the
same temperature range of the spin transition, especially in the coordinative terpy modes (Figure
Sl. 5.4.4). Nevertheless, the most notably feature is the increase of intensity of the peak located
at 1020 cm™ at increasing temperature. This peak is assigned to the pyridine ring breathing
mode,*” which is strongly coupled to the Co-N stretch and, in consequence, to the spin state.
Similar Raman spectral changes of this peak accompanying spin transition are observed in a

related Co(ll) complex reported in the literature.’® To get a more quantitative insight, the
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normalized intensity of such feature (integrated against the weak temperature-dependent mode
of the 4-substituted position of the pyridine ring at 1365 cm™)" is plotted against temperature
(Figure SI. 5.4.5). It displays a curve in excellent agreement with the bulk data extracted from
conventional magnetometry measurements. Therefore, these Raman spectral changes can be

attributed to spin transition and used to monitor the spin state.

SERS spectra of 1-SAM display similar changes with temperature (Figure 5.2.7). These
changes are not observed in L-SAM (Figure Sl. 5.4.6). Therefore, we can conclude that the spin
state of 1-SAM changes with temperature. A comparison of the spin transition of the bulk with
that of the monolayers of 1 and L using the spin state-dependent marker from the bulk, suggests
that 1 and 1-SAM undergo spin transition in the same temperature range (150-300 K), while
L-SAM does not display any changes (Figure 5.2.8).
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Figure 5.2.8. Temperature-dependence of the normalized intensity of the 1020 cm™
features for 1 (blue squares), 1-SAM (green circles) and L-SAM (orange circles) together with the
xmT product (black). The lines are a guide to the eye. Error bars have been calculated from the

median absolute deviation.

The fraction of HS molecules seems to be higher in 1-SAM. These results are confirmed by
XPS and XAS measurements, which enables a more accurate estimation of the LS/HS fraction
(see below). To prove stability and reproducibility of the spin transition various measurements

were done heating and cooling the sample after one week stored in air (see Figure 5.2.9). They
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confirm that the spin transition in the monolayer is reversible in the temperature range 100 — 360
K. Further increase in temperature leads to irreversible changes in the spectra and blocking of
the spin state (see Figure Sl. 5.4.7). L-SAM exhibits the same irreversible changes (see Figure
Sl. 5.4.8 associated text) suggesting that the irreversibility of the spin transition at temperatures
above 360 K is related to structural changes of the SAMs.[1°2% Indeed, the irreversibility of the

spin transition above 360 K was confirmed by XAS (see below).
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Figure 5.2.9. Left, temperature dependent Raman spectra of the same sample after being
stored in air for one week in the 900-1800 cm™ range. Right, subsequent normalized intensity of
the 1020 cm™? features at the given temperatures. The lines are a guide to the eye. Error bars

have been calculated from the median absolute deviation.

Structural and electronic properties of the powder and monolayer sample were also
investigated by means of XPS. Cls, N1s, CI2p and Co2p XPS regions of 1 (1-SAM) were
analyzed. The line shape of the C1s band features three main components; two at lower energies
at 285.0 (285.0) and c.a. 286.5 (286.4) eV corresponding to heterobonds such us C—N/C=N and
C—C/C=C atoms, respectively; and the third component at 288.9 (288.1) eV assigned to the O-
C=0 carbon atoms.®?Y The shift to lower binding energy of the third component of the monolayer
respect to the bulk is indicative of the presence of the carboxylate moiety in the deposited
molecule and it is also present in L-SAM (see Figure 5.2.10 and Table S.I. 5.4.2). N1s region
shows only one component at 399.7 (399.7) eV assigned to the coordinated nitrogen atoms of
the pyridine rings.? CI2p spectrum of 1 features the typical shape of perchlorate anion centered
at 208 eV, while 1-SAM does not display such band (Figure 5.2.10). This is further
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experimental evidence of the absence of physiosorbed molecules on the surface and
deprotonation of the carboxylic acid groups upon deposition that compensates the +2 charge of
the complexes. These results are in agreement with the conclusion drawn from C1s, MALDI-TOF,
Raman and with the literature.*®
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Figure 5.2.10. C1s, N1s and CI2p XPS regions of 1, 1-SAM and L-SAM along with the best
fitting model.

The Co2ps, region of the bulk and monolayer display the expected lineshape of a Co(ll)
photoemission (see Figure 5.2.11).242% |n order to get qualitative information about the SCO
properties, itwas fitted with a similar procedure previously reported for HS/LS-Co(ll), where the
intensity of the satellites is directly correlated to the paramagnetism, i.e. to the spin state of the
metal ion.*Y In our approach, the line shapes have been reproduced with 5 components (A-E)

along with the corresponding Co2pa> spin—orbit (SO) coupled contributions (A'-E’) weighted by
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the expected 2:1 ratio. 1(1-SAM) components are composed by a main peak A at 780.4(780.9)
eV, integrating about 23.7(21.7)% of the overall signal at 170 K and 18.7(17.6) % at 300 K, and
the satellites B, C, D and E at 782.4(782.2), 784.7 (784.4), 787.3 (787.2) and 790.3(789.8),
respectively (see Table S.1. 5.4.4). Else, a sixth component (F) appears at low binding energies
for both samples. We attribute this to an LMM Auger line coming from the Co ion. Nevertheless,
the fraction of this component is almost negligible (less than 6%). Semiquantitative analysis and

stoichiometric ratios (see Table S.1. 5.4.2 and

Table S.1. 5.4.3) are in good agreement with the expected values. This suggests that most
of the molecules covering the surface retain the molecular structure found in the bulk.

XPS was also used to get an insight of the electron level population and so of the spin state.
On one hand, experimental results?42¢27] confirm that SO splitting increases with the number of
unpaired 3d-electrons, being closer to 15 or 16 eV for diamagnetic Co(lll) or paramagnetic
cobalt(ll) compounds, respectively. Thus, a change in ASO upon spin transition is expected due
to different orbital populations in the two spin states, being larger for the HS-Co(ll) than for the
LS-Co(ll). Therefore, the occurrence of SCO can be followed by SO shift.?®! On the other hand,
the percentage of the different components is also indicative of the spin state, an increase in the
number of unpaired atomic electrons causes an increase in the satellite intensity in XPS*1:29,
Therefore, the intensity ratio (Zlsa/IC02ps/2) is directly related to the intensity of the satellites and

has been selected as the most sensitive parameter to follow the spin transition.?*

Co2ps2 XPS region was measured at 170K and 300K to analyze the differences between low and
high temperature species. At low temperatures, 1 (1-SAM) presents a SO value of 15.1 (15.2),
which is the expected one for a LS-Co(ll) and is in agreement with magnetic properties (Raman
spectroscopy) (see above). It evidences an increase in the SO from 15.1 (15.2) at low temperature
to 15.2 (15.3) at room temperature (ASO = 0.1 (0.1), see Table S.I. 5.4.4jError! No se encuentrae
| origen de la referencia.). To confirm the spin transition, together with the high-energy shift of
the metal lines, a satellite magnification is also expected. Indeed, the significantly increased
intensities of the Co2ps, satellites from 1.70 (1.91) to 2.42 (2.66), A(Zlsa/IC02p3r2) = 0.72 (0.75)
(Table S.I. 5.4.4), provides further prove of thermal spin transition in both, bulk, and monolayer
samples. This confirms that our complexes maintain the SCO properties under X-ray irradiation
in high vacuum conditions as well and that a higher HS-Co(ll) fraction seems to be present in the
monolayer, which is in agreement with Raman and confirmed by XAS measurements (see below).
). It must be taken into consideration that the higher intensity of the main peak in 1-SAM compare

to 1 could be indicative of a small fraction of Co(lll) molecules present in the sample, also seen
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in XAS (see below). Therefore, the higher HS fraction of molecules observed in XPS may be

underrated.

Co2p - Bulk
4 =——300K

Intensity (a.u.)

Co2p - Monolayer
— 300 K

8‘;0 8(I)5 S(I)O 7§|!5 7é0 7é5 7é0 7%5
Binding Energy (eV)
Figure 5.2.11. Comparison of XPS Co2p spectra of 1 (top) and 1-SAM (bot) along with

deconvolution of the peaks and corresponding best fitting lines.

XAS spectra at Col,s-edges were recorded at different temperatures for 1-SAM. Figure
5.2.12a shows the temperature dependent XAS spectra of the monolayer in the 125-310K range.
Evolution of the signal under soft X-rays irradiation was excluded at all temperatures (see Figure
Sl. 5.4.9). However, a fraction of molecules was altered by the beam. Such effect was also
observed in the bulk and could be removed by reducing the photon flux (see Figure SI.
5.4.10ajError! No se encuentra el origen de la referencia.). In 1-SAM, however, it was still present
at the minimum photon flux. We then tried to evaluate the signal coming from the altered
molecules (see Figure Sl. 5.4.10b). Theoretical calculations supports that this component comes
from oxidation of Co(ll) to Co(lll) in a terpy environment. To provide a better quantitative insight
on the temperature-dependence HS-Co(ll) profile, 1-SAM ColLs XAS spectra was fitted using the
simulated HS and Co(lll) and the experimental LS spectra of the bulk, since it is highly dependent
on the distortion parameters (see Figure Sl. 5.4.11 and associated text in the Sl for more details).
The results, shown in Figure 5.2.12b (see Figure Sl. 5.4.12 and Figure SI. 5.4.13 in the SI for
all the fitted curves for the first and second cycles, respectively), evidence a constant c.a.
0.20(0.04) fraction of altered molecules while the rest undergoes spin transition above 150 K. If

we do not take into account such fraction, these results indicate that the monolayer present a
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higher HS content than the bulk in the same range of temperatures. Thus, warming from 125 to
310 K, the HS fraction goes from ca. 60 to 90 % for the monolayer and from ca. 0 to 30 % for the
bulk.
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Figure 5.2.12. a) XAS ColLs-edge of 1-SAM at each temperature (empty circles) together
with experimental LS Co(ll) (blue curves) and theoretical HS Co(ll) (red curves) and LS Co(lll)
(green curve) components. Black line is the best fitting curve with the sum of the three
components. b) Co(ll) HS molar fraction thermal distribution obtained from magnetic
measurements of the bulk and from the one extracted from the XAS fitting of the monolayer in the

first and second warming cycles.

These results confirm a thermal spin transition comparable with that observed in the bulk in
the same temperature range, with a fraction of molecules (ca. 60%) remaining in the HS state on
the monolayer, as observed in Raman and XPS experiments. A second warming cycle was done
confirming reversibility of the spin transition in the monolayer (Figure 5.2.12b). At 370K, XAS
spectra of 1-SAM is consistent with the Co(ll)-HS state extracted from the bulk (Figure SI. 5.4.14).
The subsequent cooling does not affect the spin state and remains blocked in the HS (see Figure
Sl. 5.4.14b). This result is also in agreement with Raman spectroscopy.
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5.3. Conclusions

In this chapter, synthesis and characterization of a new Co(ll) SCO complex based on (4’-
(4-carboxyphenyl)-2,2’:6’,2”-terpyridine ligand has been studied. The chemical functionalization
of the system with a functional group that provides a versatile anchoring point and the
processability enabled by the higher solubility of the salt allowed us to prepare SAMs of intact
molecules from a diluted solution within a short period of time. AFM, MALDI-TOF MS, Raman
spectroscopy and XPS evidences the formation of the deprotonated specie upon surface
deposition and confirms the absence of physiosorbed material. Thermal SCO properties of the
monolayer have been confirmed with a total of three different techniques: Raman spectroscopy,
XPS and XAS pointing to a gradual SCO behavior similar to that observed in the solid state for
the protonated complex, which suggest the absence of a cooperative spin transition on the
surface as observed previously for monolayers of evaporated SCO complexes. This represents,
as far as we are aware, the first example of a SAM of active SCO complexes anchored to a
metallic substrate. Finally, our contribution opens the door to the construction of SCO
nanostructure-based devices through soft methodologies compared to the high-cost conventional
ultra-high vacuum techniques largely employed for this purpose. Further improvements such as
a more abrupt SCO and higher stability could be achieved by expanding the aromaticity of the

ligand to enhance the intermolecular interactions between the deposited molecules.
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5.4. Supporting Information

Synthesis of of [Coll(4"-(4-carboxyphenyl)-2,2°:6’,2"-terpyridine)2](ClO4)2-4DMA, (1)

A solution of Co(ClO4)2-xH20 36.6 mg, 0.10 mmol) in DMA (3 mL) was added dropwise to
a suspension of HL (70.6 mg, 0.15 mmol) in DMA (3 mL) and the mixture was stirred for 15
minutes. A red-dark solution was formed. Red-dark prismatic crystals of 1 suitable for X-ray
diffraction were obtained by slow diffusion of diethyl ether into this solution. Microanalysis shows
a Co:Cl ratio of 1:2. Anal. Calcd for 1 (CsoHs7Cl2CON10016): C, 54.84; H, 5.14; N, 10.66 %. Found:
C, 50.69; H, 3.83; N, 8.48 %. Anal. Calcd for [Co(HL)2](ClO4)2:1DMA-5(H20) (CsH44Cl2,CoN7O1g):
C, 50.72; H, 3.90; N, 8.62 %. Found: C, 50.69; H, 3.83; N, 8.48 %.

Elemental analysis results of 1 indicate that two solvent molecules present in the structure
are replaced by five water molecules in contact with ambient air. For this reason, experimental
PXRD presents small differences with respect to the simulated one from the structure solved

under nitrogen steam.

wy

Intensity (a.u.)

L

10 20 30
26°

Figure SI. 5.4.1. Simulated PXRD pattern from single crystal of 1 measured at 300 K (blue)

and experimental (red).

178



Chapter 5

Figure Sl. 5.4.2. View of the supramolecular 1---m and CH-- 11 interactions between pairs
of molecules of 1 (C (black), N (blue), O (red), Co (dark blue)). 1r---11 interactions are represented
with dashed red lines. Counter ions, solvent molecules, and hydrogen atoms are omitted for
clarity.

Magnetic properties of [Co(L)2]-5H-.0

Temperature dependence of xuT of [Co(L)2]-5H-0 shows values close to 0.5 cm?-K-mol?
from 5 to 250 K typical of LS Co(ll). At higher temperature there is a gradual increase to reach a
maximum at 360 K of 1.21 cm®-K-mol2. Interestingly, at higher temperatures there is a decrease
of xmT to reach a minimum at 374 K (0.75 cm3-K-mol?). This is a clear indication that a reverse
spin transition takes place in this temperature range. At higher temperatures there is an abrupt
increase of xuT to reach values close to 2.2 at 388 K. On lowering the temperature, the abrupt
spin transition is shifted to lower temperatures with a thermal hysteresis of 30 K. Again, there is
a partial reverse spin transition from 340 to 300 K. Reverse spin transition in Co(ll) complexes
have been reported and have been related to structural phase transitions.! In this case,
preliminary variable-temperature PXRD experiments suggest the presence of several phases; the
initial hydrate one (phase I), which is lost above 350 K; the dehydrated phase lll, which present
an abrupt spin transition from 340 to 400 K in cooling and heating modes; and the intermediate
phase Il at around 310 K in the first heating and cooling cycle undergoing a gradual spin transition.

The structural phase transitions from phases Il and 11l could explain the reverse spin transition.

179



Chapter 5

3.0
. 25 | PHASEDIHS PHASETIMHS
—
IB ’ o ! PHASEMIHS
£ 20| £ : :‘
X @ LY
% 15 . oo
PHASE
§ PHASE+PHASEN @ :o
— 1.0 |PHAsED ':
2 - 1 ..
© PHASEM PHASEDIL!
0.51 PHASEMIMLS PHASEIILS
O-O T T T T
300 320 340 360 380 400
THK)

Figure Sl. 5.4.3. Temperature dependence of the product of the molar magnetic

susceptibility and the temperature (xuT) of Co(L2) (green, first heating, red, first cooling and blue,

second heating). Scan rates 2 Kmin for the first heating and cooling and 1 Kmin* for the second

heating.

Deposition of [Co(L)2]-5H20

Table S.I. 5.4.1. MALDI-TOF peaks expected and experimentally found for 1 and 1-SAM.

Fragment Theor. 1 1.SAM
(m/z) (m/z) (m/z)
[Co(LH)2]* 764.17 764.16 764.15
[Co(LH+H+Na)(L+Ag)]* 895.06 n/d 895.01
[LH+H]* 354.12 354.11 354.12
[L+Ag+H]* 460.02 n/d 460.03
[Co(LH)]* 412.05 412.00 412.04
[Co(L)(CHCAM)]* 600.07 600.08 600.07
[Co(L)(CHCA)(CHCA-H+Na)]* 811.11 n/d 811.09
[Co(LH-COOH+H)(L+Ag)]* 827.07 n/d 827.07
[Co(LH-COOH+2H+Na)(L+Ag)]* 851.07 n/d 851.03
[Co(LH)(CIO4)]* 511.0 510.99 n/d

a) CHCA is abbreviation for a-cyano-4-hydroxycinnamic acid and is present in the matrix used for MALDI-TOF

MS measurements (for more information go to Appendix).
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Figure Sl. 5.4.4. Temperature-dependent Raman spectra of 1.
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Figure SI. 5.4.5. xuT vs temperature (black) and normalized intensity value of the pyridine

ring breathing mode at 1020 cm™ (blue squares) for desolvated 1.
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Figure Sl. 5.4.6. Temperature dependent Raman spectra of L-SAM.

300 K

400 K

360 K

Normalized intensity (a.u.)

300 K

T T ¥ | ' T T | ' T T T T T T
200 400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figure SI. 5.4.7. Raman spectra of 1-SAM before and after heating the sample at 400 K.
Irreversible changes in the spectra at 1567 cm™ and 1020cm™ (highlighted in cyan) take place.
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Figure Sl. 5.4.8. Raman spectra of L-SAM before and after heating the sample at 390 K.

Irreversible changes in the spectra at ca. 1550 cm™ (highlighted in cyan) take place.

Table S.I. 5.4.2. XPS peak position and estimated and theoretical percentages (relative
error about 5%) of C1s and N1s elements for compound 1, 1-SAM and L-SAM.

1 1-SAM L-SAM Theory
Element
B. E. (%) B. E. (%) B. E. (%) (%)
285.0 (71.6) 285.0 (71.4) 284.9 (71.8) (73.3)
C 286.5 (21.4) 286.4 (20.8) 286.3 (21.7) (20.0)
288.9 (7.0) 288.1 (7.7) 288.3 (6.7) (6.7)
N 399.7 (100) 399.7 (100) 399.9 (100) (100)
Cl 207.2/208.9 (100) - - -
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Table S.I. 5.4.3. Theoretical and XPS estimated atomic semiguantitative analysis and ratios for

bulk and monolayer of 1.

Semiquantitative analysis Element ratios Carbon ratios
Co N C Co/Co | Co/N | Co/C | Co/C-C | Co/C-N | Co/COO-
Theoretical | 2.0% | 11.8% 86.3% 1 0.17 | 0.023 0.03 0.09 0.27
1 1.6% | 6.4% 92.1%?2 1 0.24 | 0.017 0.02 0.07 0.22
1.SAM 2.0% | 11.4% 86.6% 1 0.18 | 0.024 0.03 0.10 0.26

a) Although a homogeneous coverage of all the surface was done spreading a thick layer of powder, the higher value
of the carbon semiquantitative analysis of 1 is probably coming from the carbon tape used to attach the powder to the
sample holder.

Table S.I. 5.4.4. Peak position of the spectral components employed for least squares fitting of
the Co2p XPS binding energies (B.E.) for 1 and 1-SAM at 170 K and 300 K. Integrated areas are
reported in percentages for each component in brackets. Spin—orbit splitting (ASO) and intensity
ratios of the satellites (Zlsa/IC02p3s2) are also gathered.

Co 2p
A B C D E | ASO | lsa/ICO2p3s2
BE BE BE BE BE |
(%) (%) (%) (%) (%)
1 (170 K 780.4 782.4 7847 787.3 790.3
G090 lean asn w4 o @2 B 17
1 (300 K 780.4 782.3 7843 787.2 790.2
(300K) (18.7) (163) (9.2) (10.3) (9.5) | 122 2.42
1.SAM (170 K) | 780.7 7822 7844 7872 789.8
WO iy (s ary ©0 @ B3| 19
1.SAM (300 K) | 7809 782.4 7846 787.3 790.1
(300 K) (17.6) (12.4) (13.6) (10.4) (10.3) | >4 2.66
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Figure Sl. 5.4.9. Time evolution of CoLs-edge XAS spectra of 1-SAM at 100 K and 300 K.
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Figure SI. 5.4.10.a) Time-dependence XAS spectra of the CoL,s-edges acquired on the
same spot in the bulk sample with a high photon flux at 300K. b) Difference between the XAS

spectra of the ColLs-edges acquired at high and low photon flux conditions for the bulk.
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Figure Sl. 5.4.11. XAS ColLs-edge of the desolvated bulk at 100 K in the LS state (left), at
the highest available temperature (370 K) after subtracting a 0.4 fraction of the LS spectra (middle)
and the calculated difference of the altered molecules together with the theoretical calculated

spectra. The references used for the fitting procedure are highlighted in colours.

The HS spectra used as a reference was obtained after subtracting a. 0.4 contribution of
the low temperature spectrum (LS state), according to magnetic measurements, to the 370 K XAS

spectrum of the bulk.
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Figure SI. 5.4.12. XAS Col,s-edge of 1-SAM (empty circles) together with the reference
HS Co(ll) (red curves), LS Co(ll) (blue curves) and LS Co(lll) (green curve) at each temperature

for the first cycle. Black line is the best fitting curve with the sum of the three components.
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Figure Sl. 5.4.13. XAS Col,s-edge of 1-SAM (empty circles) together with the reference
HS Co(ll) (red curves), LS Co(ll) (blue curves) and LS Co(lll) (green curve) at each temperature

for the second cycle. Black line is the best fitting curve with the sum of the three components.
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Figure Sl. 5.4.14. ColL,3-edge XAS comparison of the spectra of a) 1-SAM and calculated

HS state of the bulk and b) 1-SAM at 370K and its subsequent cooling down to 100K.
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Table S.1. 5.4.5. Crystallographic tables.

Identification code 1 1 1

Empirical formula Ce0He6Cl2CON10016 CsoHssCl2CON10016 CsoHssCl2CON10016
Formula weight 1313.05 1313.05 1313.05
Temperature/K 120.00(10) 299.4(10) 340(4)

Crystal system triclinic triclinic triclinic

Space group P-1 P-1 P-1

alA 12.3368(4) 12.5846(5) 12.6608(6)

b/A 13.5063(5) 13.6472(4) 13.6988(5)

c/A 18.0712(5) 18.2438(6) 18.2866(5)

a/° 90.221(2) 91.119(3) 91.312(3)

B/° 94.068(2) 93.664(3) 93.524(3)

y/° 94.159(3) 94.085(3) 94.057(3)
Volume/A3 2995.49(17) 3118.03(19) 3156.5(2)

z 2 2 2

Pcalcg/cm’® 1.456 1.399 1.382

p/mm-t 0.455 0.437 0.432

F(000) 1370.0 1370.0 1370.0

Crystal size/mm3 0.45x 0.35%x 0.2 0.45x0.35x 0.2 0.45x0.35%x 0.2
Radiation MoKa (A =0.71073) MoKa (A = 0.71073) MoKa (A = 0.71073)
20 range for data collection/® 6.478 t0 60.124 6.604 to 58.24 6.426 to 58.3

-16<h=<16,-18<k<18,- -17<h<16,-177<k<18,- -17<h<17,-17<k<18,-23
Index ranges

25<1<24 23<1=<24 <1<24
Reflections collected 48487 48421 48772
Independent reflections 15595_[Rint = 0.0504, 14990_[Rint =0.0676, 15181 [Rint = 0.0708, Rsigma =
Rsigma = 0.0628] Rsigma = 0.1082] 0.1160]
Data/restraints/parameters 15595/31/840 14990/59/960 15181/53/840
Goodness-of-fit on F? 1.056 1.034 1.039
Final R indexes [I>=20 (I)] R1=0.0666, wR2=0.1621 Ri1=0.0698, wR2=0.1415 Ri1=0.0816, wR2=0.1853
Final R indexes [all data] R1=0.0911, wR2=0.1831 R1=0.1699, wR2=0.2014 Ri1=0.1988, wR2=0.2698
Largest diff. peak/hole / e A3 2.06/-0.73 0.40/-0.40 0.53/-0.45
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6.1. Conclusions

After our exhaustive study about the molecular functionalization of SCO complexes and its

implementation in surfaces, several aspects can be highlighted as main conclusions of this thesis.

First, in chapters 2 and 3 we explored the use of homoleptic Fe(ll) SCO complexes based
on 1bppCOOH and 1bppCOOEt, and 1bpp3COOH and 1bpCOOHp ligands, respectively. All of
them display thermal-, light- and solvent-induced spin transition, confirming the well-known
capability of the 1bpp moiety to give rise to SCO complexes. In the case of 1bppCOOH with
carboxylic acid in the 4-position of the pyridine ring (Chapter 2), it has been found that in the salts
with smaller counteranions (BFs or ClOs) the packing of the complexes is directed by the
hydrogen bonds between the carboxylic acid groups leading to chains of complexes that display
an abrupt SCO as a result of the cooperativity provided by these intermolecular interactions. In
contrast to this, bulkier counteranions (such as CF3SOs, AsFs and SbFs), bulkier substituents
(1bppCOOEL) or changing the position of the functional group to one of the two pyrazolyl rings
(1bpp3COOH, Chapter 3 — Part A), give rise to a less dense crystal packing compared to the
solvent free [Fe(1lbppCOOH),]X. (X = CIO4 and BF.) resulting in the incorporation of solvent
molecules in the structure. SCO properties of these compounds are highly dependent on such
molecules and their intermolecular interactions but, in general, gradual thermal SCO or solvent-
dependent spin transitions and LIESST effect are obtained. Interestingly, in Chapter 3 — Part B,
the addition of carboxylic substituents in the two pyrazolyl rings (1bpCOOHp) results in the
incorporation of solvent molecules in the structure but they participate in CH---x and n---nt
interactions leading to chains of interacting complexes that strongly define the magnetic and
structural properties giving rise to a SCO compound that shows an abrupt thermal spin transition
close to room temperature and an unusually high T(LIESST). Low temperature X-ray diffraction
experiments with light have demonstrated that these properties are related to structural
reorganization of the system between different crystallographic phases, which can be controlled
with light and temperature. Thus, the interplay between the flexibility of the complexes, provided
by the solvent molecules and carboxylic acid substituents, and the stiffness of the coordination
provided by the bpp, are key factors to induce structural changes! that give rise to unexpectedly

long-lived photo-induced spin state.

In Chapter 4, we studied the formation of heteroleptic Fe(ll) SCO complexes. Combination
of 1bppCOOH with 1bppCOOEt or the bulkier 3bpp-bhp ligand resulted in the first example of a

heteroleptic complex made of two 1bpp-type ligands and a better-performing SCO system. While
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the first one presents gradual and incomplete thermal- and light-induced SCO, the latter shows a
hysteretic thermal spin transition closer to room temperature and a complete photo-conversion at
low temperatures. Again, the CH:--n and =n---x interactions provided in this case by the bulkier
3bpp-bhp ligand are crucial to obtain an abrupt thermal SCO. These results open the door for the
preparation of new heteroleptic SCO complexes that combine different properties coming from
each ligand by exploiting the chemical versatility of 1bpp, which can be easily functionalized with

different functional groups without significantly perturbing the SCO properties.

Finally, we can conclude that the incorporation of carboxylic acid groups to 1bpp ligand has
been shown as a prolific source of compounds with interesting SCO properties in the solid state.
Lateral functionalization of this ligand in the pyrazolyl groups and the use of a 3bpp derivative with
lateral expanded aromaticity have been the most successful strategies to obtain abrupt thermal

spin transitions close to room temperature.

All the SCO complexes obtained in this thesis are suitable for surface deposition thanks to
the anchoring point provided by the carboxylic acid group. Deposition studies of the homoleptic
Fe(ll) 1bppCOOH and 1bpp3COOH complexes from chapters 2 and 3 — Part A, confirm the affinity
of the functionalized ligand for metal oxides. Unfortunately, the loss of the ligand not bonded to
the surface and oxidation of the Fe(ll) to Fe(lll) takes place. Heteroleptic complexes were then
employed to understand the role played by the ligand non-interacting with the surface. The similar
molecular structure of the 1bppCOOEt heteroleptic complex compared to the homoleptic
1bppCOOH analogue, gave rise to the same outcome. On the other hand, preliminary results with
the bulkier 3bpp-bhp ligand in the heteroleptic [Fe(1bppCOOH)(3bpp-bhp)]** complex seems to
increase the stability of the molecules deposited on the surface. If these results were confirmed,

this could a promising strategy to achieve the deposition of this family of SCO complexes.

Therefore, from chapters 2, 3, 4, and previous attempts of other authors,?* Fe(ll) 1bpp
moiety does not seem to be suitable to form switching SAMs, although other strategies such as
the use of shorter deposition periods of time, different solvents, or expanded ligands, like the one

used in Chapter 5, are yet to be investigated.

In Chapter 5, chemical functionalization of the terpy system with a functional group that
provides a versatile anchoring point and the processability enabled by the higher solubility of the
salt, compared to the neutral complex, allowed us to prepare SAMs of intact molecules from
solution on different surfaces. These results confirm the affinity of the terpy ligand functionalized
with a carboxylic acid group on metal oxides and noble metal surfaces. It has been proven that
the formation of the deprotonated specie upon surface deposition takes place. Thermal SCO
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properties of the monolayer have been confirmed with three different techniques. It displays a
gradual SCO behavior, which suggests the absence of strong intermolecular interactions on the
surface, representing, as far as we are aware, the first example of a SAM of active SCO molecules
in direct contact to the surface from solution. This work opens the door for the construction of
SCO nanostructure-based devices through soft methodologies compared to the high-cost
conventional ultra-high vacuum techniques largely employed for this purpose. The effect in the
stability of the SAMs of a family of complexes with different distances between the surface and
the metal center, like the one presented in Chapter 5, and the possibility of increasing the
cooperativity of the SAM spin transition by using bulkier ligands, are unresolved questions that
will guide the future of our research.
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7. Appendix

7.1. Characterization techniques.

Scanning Electron Microscopy - Energy Dispersive X-ray spectroscopy. Heavy
elements ratios were measured with a Philips ESEM XL30 scanning electron microscope
equipped with an EDAX DX-4 microsonde.

Elemental analyses (C, H, N, and S) were performed ex-situ in the Universidad
Complutense de Madrid with a CE Instruments EA 1110 CHNS Elemental analyzer.

Single crystal diffraction. Single crystals all complexes were mounted on glass fibers
using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen
stream for data collection at the selected temperature on a Supernova diffractometer. The
CrysAlisPro program, Oxford Diffraction Ltd., was used for unit cell determinations and data
reduction. Empirical absorption correction was performed using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm. The structures were solved with the
ShelXT structure solution program? and refined with the SHELXL-2013 program,? using Olex2.3
All non-hydrogen atoms were refined anisotropically except as noted and hydrogen atoms were
placed in calculated positions and refined isotropically with a riding model. They have been
included in chemical formula in the cif file and crystallographic tables. CCDC references
containing the supplementary crystallographic data for the structures are summarized in Table
7.1.1. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.

Single crystal diffractometer for photocrystalographic experiments. Crystallographic
data at 20 K, before and after irradiation of the crystal, were measured using an Xcalibur
3 four-circle diffractometer (Oxford Diffraction) equipped with a 2D Sapphire3 CCD
detector and monochromatic Mo-Ka radiation source (A = 0.71073 A). The diffractometer
was fitted with a Helijet Oxford Diffraction helium cryostat. A total of 10 crystals were
tested upon irradiation with 660nm (at 0.7mw, 1.0mWw, 1.1mW, 2mW, and 3.5mW for 1
to 8 minutes). To reduce damage of the crystal upon irradiation to the minimum, the
crystal was mounted in the diffractometer upon irradiation with 660nm at 1.1mW directly

at 20K. Full data collection was taken only on the crystal which did not got too damaged
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while exposed to 660nm. No system change has been seen upon irradiation with 800nm,
nor crystal trapping while inserting directly into 20K, has been observed.

Similar experiment has been performed at 85K by means of 700Plus nitrogen flow

cryojet of Oxford Cryosystems. Irradiation with 660nm has been unsuccessful here.

Table 7.1.1. CCDC numbers of each structure.

Chapter Compound CCDC number
1(ClO4)2 1856814
1(BFa)2 1856804
1(BFa4) 1856805
1(CF3S03)2-Me2CO 1856809
1(CF3S03),-0.5Me,CO 1856812
2 1(AsFe)2-MeCO 1856806
1(AsFe)2-2Me2CO 1856807
1(SbFe).-Me.CO 1856808
1(SbFg)2-2Me,CO 1856811
2(Cl0O4)2-MeCO 1856813
2(Cl0Oa)2-Me2CO 1856810
1 1910175
[Fe(lbpp3COOME);](ClO4), 1910176
2120 K 1944602
2 300 K 1944601
3 2in the Dark 2191827
2 +660nm 60 s 2191828
2+ 660 nm 360 s 2191829
3 1944600
1.2Me»CO-0.5Et,0 1917750
1-Me>CO 120 K 1917751
4 1-Me,CO 300K 1917752
2:0.5Me,CO 1917753
2:0.5Me,CO 1917754
1120K 2191823
5 1300 K 2191824
1340K 2191825
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Powder X-ray Diffraction. A 0.7 or 1 mm glass capillary was filled with a freshly filtered or
in contact with the mother liquor polycrystalline sample and mounted and aligned on an Empyrean
PANalytical powder diffractometer, using CuKa radiation (k = 1.54177 A). A total of 3 scans were
collected at room temperature in the 26 range 5-40°. For the temperature variable PXRD
experiments, a liquid nitrogen-based device controller was set at the extreme of the capillary
allowing to control the temperature in the 150 - 400 K range. After letting the temperature stabilize
for 10 minutes, the same data acquisition program was used.

Differential scanning calorimetry (DSC). DSC measurements were done under nitrogen
atmosphere in a Mettler Toledo DSC 821e apparatus with warming and cooling rates equal to 5
K-min?t. A correction from the sample holder was automatically applied. The heat flow thus

measured (AH/At) was used in the calculation of the approximate specific heat function as follows:

AH AH M
AT At B-m

where m is the mass of the sample, M its molecular weight and S the heating (cooling) rate.

Thermogravimetric analyses (TG): Samples were measured using a TGA 550 (TA

Instruments) at a heating rate of 5 °C/min from 25-700 °C under nitrogen.

Magnetic and photomagnetic properties. Magnetic measurements were performed with
a Quantum Design MPMS-XL-5 SQUID magnetometer in the 2 to 400 K temperature range with
an applied magnetic field of 0.1 T at a scan rate of 1 K.min! on a polycrystalline sample with a
given mass. Photomagnetic measurements were performed irradiating with a Diode Pumped
Solid State Laser DPSS-532-20 from Chylas coupled via an optical fibre to the cavity of the SQUID
magnetometer. The optical power at the sample surface was adjusted to 3.4 mW.cm2, and it was
verified that it resulted in no significant change in magnetic response due to heating of the sample.
The photomagnetic samples consisted of a thin layer of compound whose weight was obtained
by comparison of a thermal spin crossover curve with that of a more accurately weighted sample

of the same compound.

UV/Vis Spectroscopy: UV-vis absorption spectra are recorded on a Jasco V-670
spectrophotometer in baseline mode from 400 to 800 nm range, using 1.0 cm optical path quartz

cuvettes. Molar extinction coefficients were calculated using the Lambert-Beer equation.
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Atomic Force Microscopy (AFM). AFM measurements were performed with a Digital
Instruments Veeco Nanoscope IVa AFM microscope in tapping mode, using silicon tips with a
natural resonance frequency of 300 kHz and with an equivalent constant force of 40 N/m.

Matrix Assisted Laser Desorption lonization — Time-Of-Flight Mass Spectrometry
(MALDI-TOF MS). The samples were analyzed in a 5800 MALDI TOF/TOF (ABSciex) in positive
reflection mode (3000 shots every position; LASER INTENSITY 4200) in a mass range of
200-1500 m/z. Previously, the sample and the acquisition method were externally calibrated with
a Bruker PSCII solution. In order to do so, 0.5 uL of Bruker PSCII dissolution was spotted on a
corner of the sample and allowed to air-dry at room temperature. After this, 0.5 yL of matrix
(10mg/mL CHCA (Bruker) in 70% MeCN, 0.1% TFA) was spotted on the previous drop and
allowed to air-dry at room temperature. On the diagonal opposite corner 0.5 uL of matrix solution

was spotted and allowed to air-dry at room temperature.

Raman Spectroscopy/Surface-Enhance Raman Spectroscopy. Spectroscopical
characterization was carried out on a LabRAM HR Evolution confocal Raman microscope
(Horiba). The measurements were conducted with an excitation wavelength of 532 nm from a
Helium Neon Laser source. The laser was focused using a 50x objective (0.8 NA), thus leading
to a laser spot with a diameter of ca. 300 um. An exposure time of 3s with 6 accumulations was
employed. A CCD camera was used to collect the backscattered light that was dispersed by a
600 grooves per mm grating providing a spectral resolution of ~ 1 cm™. The corresponding Raman
spectra were then constructed by processing the data using Lab Spec 5 software. For
temperature dependent Raman spectroscopy, a Linkam Scientific THMS600 temperature stage
controlled with liquid nitrogen was employed. The measurements were performed after first
cooling the sample to the lowest available temperature and then warming it up to the selected
temperatures. After reaching the desired temperature, the sample was thermalized for 5 minutes
before each measurement. Background correction was applied after averaging several scans
across the substrate. Then, the intensities were normalized against a temperature-independent

feature at 1365 cm™.

Room temperature X-ray Photoelectron Spectroscopy (XPS). XPS measurements at
room temperature were performed on a Thermo Scientific™ K-Alpha™ X-ray photoelectron
spectrometer. All spectra are collected using Al Ka radiation (1486.6 eV), monochromatized by a
twin crystal monochromator, yielding a focused X-ray spot (elliptical in shape with a major axis
length of 400 ym) at 30 mA and 2 kV. For all the elements more than 50 spectra were recorded

employing a step of 0.1 eV with a focused spot of 400um. Stoichiometry was calculated by peak
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integration, using a theoretically estimated cross-section for each transition.* Semiquantitative
analysis has been estimated by areas of the deconvoluted peaks. Components were estimated
using CasaxXPS, a procedure involving Gaussian-Lorentzian line-shapes was fitted and the
background in the spectra was subtracted by means of a linear or Shirley baseline

Variable temperature XPS: XPS measurements were carried out in a UHV apparatus with
a base pressure in the 107° mbar range. Monochromatized Al Ka radiation was used for XPS
measurements (1486.6 eV, 100 W). The detector was an VSW hemispherical analyzer mounting
a 16-channel detector, the angle between the analyzer axis and the X-ray source was 54.44° and
the semicone angle of acceptance of the analyzer was 4°. The XPS spectra were measured with
a fixed pass energy of 44 eV. The binding energy (BE) scale was calibrated setting the C1s signal
of the sample at 285 eV. In order to minimize air exposure and atmospheric contamination,
samples were mounted on a sample holder under dry nitrogen. Variable temperature experiments
were performed using a liquid nitrogen-based cryostat connected to the XPS sample holder.
Every spectrum represented herein results from averaging several spectra collected after 1 h of
thermalization at a specific temperature. Stoichiometry was calculated by peak integration, using
a theoretically estimated cross-section for each transition.* Semiquantitative analysis has been
estimated by areas of the deconvoluted peaks. Components were estimated using CasaXPS, a
procedure involving Gaussian—Lorentzian line-shapes was fitted and the background in the

spectra was subtracted by means of a linear or Shirley baseline.

X-Ray Absorption Spectroscopy (XAS). XAS experiments were performed at the BL29-
BOREAS beamline of the Alba Synchrotron Light Facility (Barcelona, Spain). Fe and ColL3-edge
spectra were recorded at different temperatures in HECTOR cryomagnet endstation in the 100 -
370 K range, the chamber pressure being lower than 1 x 107° mbar, and photon flux ~5 x 10!
st in total electron yield (TEY) method with an energy resolution of ~70 meV. XMCD spectra
were recorded using alternatively left and right circularly polarized X-rays produced by an APPLE
Il undulator and a superconducting split coil setup generating a magnetic field up to 6 T in the

direction of propagation of the incident photons.

Low temperature PXRD. PXRD diffraction data was collected at different temperatures
using the PILATUS@SNBL diffractometer® at the BMO1A endstation of the Swiss—Norwegian
Beamlines at the ESRF (Grenoble, France); the wavelength of the synchrotron radiation was
set to E = 19.92 keV (0.62241 A). For single crystal measurements, the detector was set to
100 mm horizontal and 80 mm vertical positions. The images were taken at a single ¢, an

exposure time of 0.1 sec/img with steps of 0.1° and 3600 number of images per period. PXRD
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data was collected with the detector at 500 mm horizontal and 80 mm vertical positions, a
single of rotation of 100° and an exposure time of 10s, both experiments in a shutter-free
mode with the PILATUS2M detector. The raw data were processed with the SNBL Toolbox>;
the integrated intensities were extracted from the frames, scaled, and corrected for absorption
with the CrysAlisPro software®. The scans used to analyze the composition are an average

of the last single scans once the positions of the peaks were not changing drastically.
7.2. Materials

All reagents were purchased and used without further purifications.

Silicon dioxide substrates. Silicon substrates were sonicated 3 x 15 min in freshly
prepared H,O2/NH4OH/H,0 (1:1:2) solutions, rinsed with milli-Q water, sonicated for 10 min

in milli-Q water twice, and dried under a N2 stream.

Silver substrates. They were prepared by thermal evaporation of silver on top of silicon
dioxide or glass substrates previously covered with 2-3 nm of chromium as an adessive layer.
Mechanically roughened silver substrates were prepared by gently applying pressure with a sharp
tip over the surface. They were cleaned under the flame and immersed for 6 h in a 1 mM
anhydrous DMA solution of the complex. After that, they were washed and rinsed several times
(6 times) with clean DMA to remove any physiosorbed material and dried under N, stream.
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