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“Nothing in life is to be feared. it is only to be understood
Now is the time to understand maore, so that we may fear less.”

Marie Curie
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RESUMEN

Este trabajo de Tesis Doctoral recoge la sintesis y caracterizacion de una nueva
generacion de materiales moleculares conmutables que presentan el fenémeno de transicion
de espin (spin crossover, SCO). El objetivo principal de esta Tesis Doctoral se ha centrado
en el disefio racional de nuevos materiales multifuncionales de Fe(ll) para el desarrollo de
nuevas plataformas moleculares biestables que permitan el estudio detallado del
comportamiento SCO sincronizado con nuevas propiedades fisico-quimicas, como pueden
ser la quimica huésped-anfitrion, transiciones de fase sélido-liquido, dopaje quimico,... La
estrecha interrelacion entre el fenémeno SCO y la segunda propiedad ha sido monitorizada,
principalmente, mediante estudios magnéticos y cristalograficos, manifestandose relaciones
magneto-estructurales clave que potencian la incorporacién de estos materiales

prometedores en nuevas aplicaciones tecnolégicas.

El capitulo uno presenta los conceptos tedricos mas importantes del fenémeno SCO.
Este comportamiento singular implica la conmutacion electrénica reversible entre el estado
paramagnético de espin alto y el estado diamagnético de espin bajo que muestran algunos
complejos de metales de la primera serie de transicion (mayoritariamente compuestos de
Fe(ll)) cuando se estimulan con una perturbacion fisica externa, como puede ser un gradiente
de temperatura y/o de presion, irradiacién con luz o incluso interaccién con un analito. El
cambio de estado de espin en este tipo de materiales sensibles siempre va acompafado de
modificaciones de sus propiedades fisicas, destacandose cambios en la respuesta
magneética, el color, el volumen del material, su constante dieléctrica..., los cuales dependen

fuertemente de su estructura electrénica a nivel local.

Al final de este capitulo se introducen los objetivos principales que motivan al
desarrollo de esta Tesis Doctoral junto con la metodologia experimental establecida para la

sintesis y la caracterizacién de los diferentes compuestos presentados en este manuscrito.

El capitulo dos introduce la sintesis y caracterizacion de una nueva serie de polimeros
de coordinacion SCO bidimensionales (2D) y tridimensionales (3D) de tipo Hofmann basados
en el autoensamblaje de iones Fe(ll), el ligando 2-fluoropiracina (Fpz) y las unidades de

construccion [M"(CN)4]? (M" = Ni, Pd, Pt) o [AU'(CN)2], los cuales muestran unas propiedades



magnéticas, calorimétricas y opticas muy cooperativas. Los centros de Fe(ll) se encuentran
en centros de inversion definiendo centros octaédricos axialmente distorsionados. Las
posiciones ecuatoriales estan ocupadas por cuatro grupos puente centrosimétricos pa-
[M'(CN)4]> equivalentes mientras que las posiciones axiales las completan dos ligandos
terminales Fpz, generando las capas 2D onduladas {Fe(Fpz)2[M"(CN)s]} (FpzM). Los
derivados FpzPt y FpzPd presentan un comportamiento SCO termo- y foto-inducido,
caracterizado por temperaturas criticas Ti2 centradas sobre 155.5 y 116 K y ciclos de
histéresis térmica de alrededor de 22 K de anchura, mientras que el derivado FpzNi es de
espin alto en todo el rango de temperaturas estudiado, incluso al someterlo a presiones
hidrostaticas cercanas a 0.7 GPa. La gran estabilidad del estado de espin alto para el
derivado FpzNi se ha asociado al empaquetamiento mucho mas efectivo de las capas
bidimensionales, a diferencia de lo que se observa en los estados de espin alto y espin bajo
para los derivados FpzPt y FpzPd. Las redes tridimensionales con férmula molecular
{Fe(Fpz)[Pt(CN)4]}-1/2H20 (FpzPt3D) y {Fe(Fpz)[Au(CN)2]2} (FpzAu), donde el ligando Fpz
actla como puente, también se caracterizan detalladamente. La primera de ellas se
encuentra en el estado de espin alto en todo el rango de temperaturas estudiado, mientras
que la segunda muestra un comportamiento SCO muy cooperativo centrado a 243 K, y
acompafiado de un ciclo de histéresis de 42.5 K de ancho. Las estructuras cristalinas y las
propiedades SCO de estos nuevos compuestos se comparan con compuestos reportados
anteriormente de naturaleza similar, como son aquellos basados en los ligandos piracina, 3-
fluoropiridina y piridina.

En el capitulo tres se presenta la sintesis de los ligandos 1,3,5-tris(piridin-4-
iletinil)benceno (LN%) y 1,2,4,5-tetrakis(piridin-4-iletinil)benceno (LN%), y su uso como unidades
béasicas de construccion en los nuevos polimeros de coordinacién SCO de tipo Hofmann
formulados {Fe(LN3)[M'(CN)2]2}-G [M' = Ag (1-G) , Au (2:G); G = nitrobenceno (PhNOy),
benzonitrilo (PhCN), o-diclorobenceno (0-PhCl2)] y {Fe(LM)[Ag2(CN)3][Ag(CN)2]-H20 (3-H20),
respectivamente. La especie LN® actla como ligando bis-monodentado definiendo redes
tridimensionales doblemente interpenetradas que generan cavidades que son ocupadas por
moléculas aromaticas huésped. Las redes 1-G y 2-G son isoestructurales y muestran un
comportamiento SCO de primer orden termo- y foto-inducido, cuyas temperaturas criticas
(T2 y Tuesst) dependen de la naturaleza de la molécula huésped ubicada en los poros del
material. La formacion “in situ” de las unidades aniénicas Ag2(CN)s™ durante el proceso de
cristalizacion permite que LN logre actuar como un ligando tetrakis-monodentado dando lugar



al compuesto 3-H20, que estd constituido por la interpenetracion de tres redes
tridimensionales idénticas que no permiten la presencia de porosidad significativa. Esta red
presenta un comportamiento SCO gradual junto con una fotoconversion incompleta al estado

metaestable HS* a bajas temperaturas.

En el capitulo cuatro se presenta la sintesis, caracterizacion estructural y propiedades
magnéticas de dos nuevos compuestos tridimensionales porosos isoestructurales con
formula molecular general {Fe(pina)[M'(CN)2]2}-xMeOH (x =0 - 5; M'= Ag y X ~ 5 (1-xMeOH);
M'=Auy x ~ 5(2:xMeOH)), siendo pina el ligando ambidentado N-(piridin-4-il)isonicotinamida.
El analisis mediante difraccién de rayos X de monocristal revela que la estructura de
1.-xMeOH (y 2-xMeOH) viene definida por dos redes tridimensionales equivalentes
doblemente interpenetradas, las cuales se estabilizan a través de interacciones metalofilicas
M'.-M' (M' = Ag o Au) e interacciones por puente de hidrégeno de tipo C=0---HC entre
ligandos pina. A pesar de la doble interpenetracion de las redes, ambos compuestos
presentan canales donde es posible incorporar hasta 5 moléculas de metanol que se
encuentran interaccionando con los ligandos pina, estableciendo una red infinita de contactos
por puente de hidrégeno a lo largo de los canales. Las propiedades magnéticas muestran
que 1-xMeOH y 2-xMeOH presentan comportamientos SCO cooperativos termo-inducidos
en dos etapas y cuatro etapas, respectivamente. Sin embargo, la pérdida de las moléculas
de metanol conlleva en ambos compuestos un cambio drastico del comportamiento
magnético, presentando un comportamiento SCO mucho mas gradual e incompleto. Este
hecho evidencia la influencia decisiva de las moléculas incluidas en los poros sobre las
propiedades SCO de estos materiales. En el proceso de desorcion los cristales permanecen
intactos, hecho que ha permitido analizar la estructura por difraccion de rayos X de
monocristal de los compuestos desolvatados 1 y 2 (x = 0) y correlacionar los cambios

estructurales y la modificacion de las propiedades magnéticas.

El capitulo cinco describe la generacion de nuevas fases termo- y foto-inducidas del
compuesto [Fe(nBu-im)stren](PFs)2 ((nBu-im)stren = n-butilimidazoltris(2-etilamino)amina)
que presentan una estabilidad cinética extraordinaria, desvelando el mecanismo que conduce
a dicha estabilizacion. En un trabajo previo de nuestro grupo se demostré que este compuesto
singular presenta dos comportamientos SCO bien diferenciados, caracterizados por ciclos de
histéresis anchos que dependen de la velocidad de barrido de la temperatura. Para
velocidades de barrido mayores de 2 K min't, el comportamiento SCO se caracteriza por una



temperatura critica promedio T¢2 = 122 K y un ciclo de histéresis térmico de 14 K de anchura
(canal A). En cambio, para barridos inferiores a 0.1 K mint el comportamiento SCO tiene
lugar a la temperatura Tc2 = 156 K y presentan una anchura de histéresis térmica de 41 K
(canal B). Este comportamiento esta gobernado por una competicién entre dos fases
cristalograficamente independientes que se presentan en el estado de espin bajo: una fase
cinética (LS1), la cual es isoestructural a la fase encontrada en el estado de espin alto, y una
fase termodinamica (LSz). Las fases de espin bajo se diferencian en la disposiciéon de las
cadenas alquilicas butilo y la organizacion de los grupos PFe. En este capitulo se constata
que el desorden estructural intrinseco de las cadenas alifaticas butilo también juega un papel
fundamental en las cinéticas de relajacion HS* - LSi obtenidas a partir de las fases
metaestables HS* termo- y foto-generada a bajas temperaturas. Concretamente, la relajacion
HS* > LS presenta un periodo de desactivacion inusualmente grande de alrededor de 20 h,
una vez fotogenerado el estado HS* a 80 K. Este valor es mayor que el observado cuando el
complejo se irradia en el intervalo de temperatura 10 — 70 K. Este hecho se ha estudiado de
forma mas precisa mediante técnicas de espectroscopia de absorcién Optica y difraccion de
rayos X utilizando radiacion sincrotron sobre monocristal junto con medidas magnéticas.
Dependiendo de la temperatura a la que se lleva a cabo la irradiacion, el estado metaestable
HS* presenta una organizacion diferente de las cadenas butilo en los ligandos. De hecho, la
reorganizacion estructural que tiene lugar en las cadenas butilo durante el proceso de
relajacion para alcanzar la estructura termodinamicamente estable LS: es la principal
responsable de los tiempos de relajacion tan grandes observados en el proceso de

desactivacion del estado HS*.

El capitulo seis presenta una estrategia sintética para separar los procesos de
transicion de fase cristalografica y SCO mediante el bloqueo de los canales A y B descritos
previamente en el compuesto [Fe(nBu-im)stren](PFs)2 (L00P). Esta estrategia consiste en la
preparacion de aleaciones moleculares formuladas genéricamente como [FeixMx(nBu-
im)a(tren)](P1yAsyFe)2 (M = Zn", Ni"). El control cuidadoso de la composicion de esta serie
isomorfa de compuestos ha permitido discriminar entre los dos canales SCO. Por un lado, la
sustitucion AsFs~ < PF¢~ estabiliza el canal B observado en 100P para valores [x = 0, y =
0.7], donde la conformacién de los grupos butilo y de los aniones PFe/AsFs adoptan la fase
LS2. Por otro lado, cuando se sustituyen los centros activos Fe(ll) por Zn(Il) o Ni(ll) [x = 0.2,
y = 0] se favorece la conformacion de los grupos butilo y del anién PFe de la fase LS;,
caracteristica del canal A del compuesto 100P. De forma similar a 100P, el derivado puro



100As (x =0, y = 1) presenta un comportamiento SCO cooperativo acoplado a una transicién
de fase estructural reversible que tiene lugar a temperaturas mayores, sin duda debido a la
presién quimica inducida por el volumen mayor del ion AsFs, hecho que también influye sobre
las cinéticas de relajacion haciéndolas mucho mas rapidas e impidiendo la observacion de
los dos canales de forma independiente. Estos mismos efectos se consiguen aplicando
presiones hidrostaticas externas del orden de 0.1 GPa sobre 100P. Es interesante resaltar
que la aplicacién de presién externa sobre 100P, ademas, convierte su comportamiento SCO
termo-inducido en un proceso en dos etapas tal cual se observa para el compuesto 100As.
Este hecho resalta que la aplicacion de presion quimica interna y/o externa puede conducir

a efectos similares sobre el comportamiento SCO del material.

El capitulo siete presenta la sintesis y caracterizacion de una nueva serie de complejos
neutros [Fe''(L")2] con bajo punto de fusién basados en los ligandos de tipo base de Schiff L"
=pm2-n o pyH-n, derivados de la condensacion de benzohidracinas funcionalizadas con tres
cadenas alquilicas (CnHzn+1) (siendo n el nimero de atomos de carbono que constituyen las
cadenas alifaticas, que puede variar en el rango 4 — 14) con una acetona de pirimidina (pm2-
n) o un aldehido de piridina (pyH-n), respectivamente. En el estado sélido los compuestos
[Fe'(pm2-n)z] presentan dos motivos diferentes en el empaquetamiento cristalino en funcién
de la longitud de la cadena alquilica. Los compuestos con cadenas cortas (n = 4, 6, 8)
presentan una Tiz cercana a 400 K en el estado solido, lo que conduce a un cambio abrupto
en los valores de susceptibilidad cuando alcanza la fase liquida. Al enfriar, muestran un
comportamiento SCO regular muy cooperativo con histéresis térmica, cuyas temperaturas
criticas disminuyen al aumentar la longitud de las cadenas alquilicas. En cambio los
compuestos definidos por cadenas alquilicas largas (n = 10, 12, 14) muestran un
comportamiento SCO gradual en el estado sélido, caracterizado por una temperatura critica
T2 ~ 275 K. A temperaturas superiores a ~ 350 K, donde los compuestos son esencialmente
HS, se produce el cambio de fase solido = liquido que provoca un comportamiento SCO
cooperativo HS - LS inverso, entropicamente prohibido, el cual implica la transformacion de
alrededor el 50% de centros de Fe(ll). Este resultado sin precedentes en complejos SCO de
Fe(ll) proporciona una nueva forma de modular la direccion del comportamiento SCO
aprovechando la inestabilidad conformacional de las cadenas alifaticas.

En el capitulo ocho se presentan las conclusiones finales de la tesis doctoral.



Finalmente, se ha incluido un apéndice que recoge todos los articulos cientificos que

han dado lugar a la presente Tesis Doctoral.



SUMMARY

This thesis dissertation collects the synthesis and characterization of a new generation
of switchable molecular materials that displays the well-known spin crossover (SCO)
phenomena. The main goal of this Doctoral thesis has been focused on the rational design of
novel multifunctional Fe(ll) materials leading to excellent bi-stable molecular-based platforms
that has allowed an accurate study of SCO behaviors synchronized with others newfangled
physico-chemical properties, as can be host-guest chemistry, solid-liquid phase transitions,
chemical doping,...The interplay between SCO and other intimately interlaced property has
been monitored, mainly, by crystallographic and magnetic studies, manifesting key magneto-
structural relationships that boost the use of this promising materials in new practical

applications.

Chapter one of this thesis briefly reviews the most relevant theoretical concepts of the
SCO phenomena. This singular behavior is related to the reversible electronic switching
between a paramagnetic high spin state (HS) and diamagnetic low spin state (LS) showed by
some first-row transition-metal complexes (mostly Fe(ll) compounds) under an external
physical perturbation, as can be a variation of temperature, pressure or irradiating with a light.
The spin state change in this very sensitive class of materials is always accompanied by
modifications of many physical properties, i.e. magnetic response, color, volume of the

material, dielectric constant..., which strongly depends on their local electronic structure.

At the end of this chapter the motivational purpose in the development of this doctoral
thesis together the general experimental procedure stablished for synthesize and full

characterize the different herein presented compounds are introduced.

Chapter two of this thesis introduces the synthesis and characterization of new series
of two- (2D) and three-dimensional (3D) Hofmann-like spin crossover (SCO) coordination
polymers based on self-assembling iron(Il) ions, 2-fluoropyrazine (Fpz), and [M"(CN)4]> (M"
= Ni, Pd, Pt) or [AU'(CN)2]" building blocks, which display strong cooperative magnetic,
calorimetric, and optical properties. The iron(ll) ions, lying on inversion centers, define
elongated octahedrons equatorially surrounded by four equivalent centrosymmetric ps-
[M'(CN)4]> bridging groups. The axial positions are occupied by two terminal Fpz ligands
affording significantly corrugated 2D layers {Fe(Fpz)2[M"(CN)4]} (FpzM). The FpzPt and



FpzPd derivates undergo thermal- and light-induced SCO characterized by T12 temperatures
centered at 155.5 and 116 K and hysteresis loops 22 K wide, while the FpzNi derivate is high
spin at all temperatures, even at pressures of 0.7 GPa. The great stability of the high-spin
state in the FpzNi derivate has tentatively been ascribed to the tight packing of the layers,
which contrasts with that of FpzPt and FpzPd derivates in the high- and low-spin states. The
3D frameworks formulated as {Fe(Fpz)[Pt(CN)a4]}-1/2H20 (FpzPt3D) and {Fe(Fpz)[Au(CN)z]2}
(FpzAu), where Fpz acts as bridging ligand, are also characterized in detail. The former is
high spin at all temperatures, while the latter displays very strong cooperative SCO centered
at 243 K accompanied by a hysteresis loop 42.5 K wide. The crystal structures and SCO
properties are compared with those of related complexes derived from pyrazine, 3-

fluoropyridine, and pyridine.

Chapter three of this thesis presents the synthesis of ligands 1,3,5-tris(pyridin-4-
ylethynyl)benzene (LN?) and 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene (LN%), and their use
as basic building units in novel SCO Hofmann-like coordination polymers formulated as
{Fe(LN3)[M'(CN)2]2}-Guest [M' = Ag (1-Guest) , Au (2-Guest); Guest = nitrobenzene (PhNO2),
benzonitrile (PhCN), o-dichlorobenzene (o0-PhCl2)] and {Fe(LN*)[Agz2(CN)s][Ag(CN)2]-H20
(3-H20), respectively. The specie LN® acts as a bis-monodentate ligand in the double
interpenetrated tridimensional networks 1-Guest and 2-Guest, defining small cavities where
small aromatic molecules are located. The isostructural networks 1-Guest and 2-Guest
undergo first order thermal- and photo-induced SCO behavior, which critical temperatures
(T2 and TLessT) are characteristic of each guest molecule hosted in the pores. Favored by
the “in situ” generated Ag2(CN)s™ anionic units, the LN* ligand acts as a tetrakis-monodentate
in compound 3-H20, leading to a poorly porous triply intrincated tridimensional coordination
polymer. This uncommon network displays a gradual SCO behavior with an incomplete photo-

population of the HS* metastable state at low temperatures.

Chapter four of this thesis congregates the synthesis, structural characterization and
magnetic properties of two new isostructural porous 3D compounds with general formula
{Fe"(pina)[M'(CN)2]2}-xMeOH (x = 0-5; pina = N-(pyridin-4-yl)isonicotinamide; M' = Ag' and x
~5 (1-xMeOH); M'= Au' and x ~ 5 (2-xMeOH)). The single-crystal X-ray diffraction analyses
have revealed that the structure of 1-xMeOH (or 2-xMeOH) presents two equivalent doubly
interpenetrated 3D frameworks stabilized by both argentophilic (or aurophilic) interactions and
interligand C=0---HC H-bonds. Despite the interpenetration of the networks, these
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compounds display accessible void volume capable of hosting up to five molecules of
methanol which interact with the host pina ligand and establish an infinite lattice of hydrogen
bonds along the structural channels. Interestingly, the magnetic studies have shown that the
solvated complexes 1-xMeOH and 2-xMeOH display two- and four-step hysteretic thermally
driven SCO behavior, respectively. However, when these compounds lose the methanol
molecules, the magnetic behavior changes drastically giving place to gradual spin conversions
evidencing the relevant influence of the guest molecules on the spin-crossover properties.
Importantly, since the solvent desorption takes place following a single-crystal-to-single-
crystal transformation, empty structures 1 and 2 (x = 0) could be also determined allowing us
to evaluate the correlation between the structural changes and the modification of the

magnetic properties triggered by the loss of methanol molecules.

Chapter five of this thesis describes the extraordinary kinetic stability of new discovered
thermo- and photo-induced phases of [Fe(nBu-im)stren](PFe)2 ((nBu-im)stren = n-
butylimidazoltris(2-ethylamino)amine) compound, reveling the mechanism that leads to this
stabilization. In a previous work of our group was discussed the two well-differentiated SCO
behaviors characterized by large hysteresis loops of this mononuclear complex, which
critically depend on the sweeping rate of temperature. For scan-rates higher than 2 K min—t
the SCO is characterized by an average critical temperature Tc2 = 122 K with a hysteresis
loop 14 K wide (channel A). In contrast, for rates below 0.1 K min~ the SCO takes play at Tc?"
= 156 K and the hysteresis loop widens up to a value of 41 K (channel B). This behavior is
governed by competition between two crystallographically independent phases that manifest
in the LS state: a kinetic phase (LSi), which is isostructural to the HS state, and a
thermodynamic phase (LS2). The LS phases differ in the disposition of the butyl tails and the
organization of the PFe™ groups. Interestingly, the intrinsic structural disorder characteristic of
the aliphatic tails also plays a crucial role in the kinetic HS*-to-LS: relaxation properties of the
thermal and light generated metastable HS* phases at low temperatures. More precisely, the
HS*-to-LS1 relaxation shows an unusual long relaxation time of 20 h after light-induced excited
spin state trapping (LIESST) when irradiating at 80 K. This is more longer than when irradiating
in the interval 10 — 70 K. Optical absorption spectroscopy and X-ray diffraction using
synchrotron radiation as well as magnetic measurements were used to characterize and
compare the LIESST behavior of this compound after irradiation in the temperature interval
10 K and 100 K. Depending on the temperature at which the compound is irradiated, the
generated metastable HS* LIESST state differ in the arrangement of the butyl chains of the
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ligands. Hence, the structural reorganization of the butyl chains occurring during the relaxation
to adopt the structure of the thermodynamically stable LS1 phase seems to be responsible for

these differences.

Chapter six of this thesis introduces an efficient synthetic strategy to separate the
synchronous coupled crystallographic phase transition and SCO behavior of previously
studied compound [Fe(nBu-im)s(tren)](PFs)2 (LO0P). This strategy is based on the preparation
of molecular alloys generically formulated as [FeixMx(nBu-im)s(tren)](P1yAsyFs)2 (M = Zn",
Ni"). By controlling the composition of this isomorphous series, two cooperative thermally-
induced SCO events featuring distinct critical temperatures (Tc) and hysteresis width (ATc,
memory), can be selected at will. In fact, precise control of AsFs~ <> PFs~ substitution
selectively selects the memory channel B of 100P when [x = 0, y = 0.7], stabilizing the
arrangement of butyl groups and PFs/AsFs anions of LSz phase. In contrast, substitution of
active Fe' centers with Zn" or Ni"" [x = 0.2, y = 0] favors the arrangement of butyl groups and
PFe/AsFe anions of LS1 phase, characteristic of the low temperature memory channel A of
100P. Analogously to 100P, pure 100As (x = 0, y = 1) derivative displays a hysteretic SCO
behavior coupled with a structural phase transition, both located at higher temperatures due
to the higher molecular volume of AsFe. The internal chemical pressure induced by AsFe
anions provokes an increase of relaxation kinetics which avoid the appearance of two
independent switching channels. These effects are also reported when 100P compound is
stressed by an external hydrostatic pressure close to 0.1 GPa. Additionally, complex 100P
displays a two-step SCO behavior, as 100As shows, when is perturbed by an external
pressure, evidencing that a similar effect on the SCO properties of the material can be reached

via application internal/external pressure.

Chapter seven of this thesis presents the synthesis and characterization on a series of
charge neutral [Fe'(L")2] meltable complexes based on Schiff bases L" = pm2-n or pyH-n
derived from condensation of 2-pyrimidine ethyl ketone or pyridine aldehyde, respectively,
with benzohydrazide functionalized with three aliphatic chains CnHzn+1 (being n the number of
carbon atoms that defines the substituted alkyl chains, ranging between 4 — 14). In the solid-
state [Fe''(pm2-n)2] complexes show two different crystal packing motifs depending on alkyl
chain length (n). However, upon heating, the compounds melt into an isotropic phase and,
due to releasing the solid-state effects, reveal identical SCO behavior for all the compounds

with the SCO transition midpoint temperature T12 = 354 K. For short chain compounds (n = 4,
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6, 8), Tuz is far above 400 K in solid state, therefore they show an abrupt jump of the
susceptibility on passing to the liquid phase. Cooling back shapes regular LS-to-HS (“forward”)
spin transition hysteresis loop with the center shifting down on n growth. In contrast, the long
chain compounds (n = 10, 12, 14) display a gradual SCO behavior in the solid state with
characteristic critical temperatures T12 centered around ~ 275 K. However, at temperatures
above ~350 K, where are essentially HS, compounds on going to liquid phase and show
entropically prohibited HS-to-LS (“reverse”) SCO behavior of up to 50% of Fe' ions, while the
center of the shaped hysteresis shifts up with increasing n. This finding is unprecedented in
Fe(ll) SCO complexes and provides a method of guiding the spin transition direction and its

location in temperature taking in advantage the conformational instability of aliphatic chains.

Chapter eight assembled the general conclusions of this doctoral thesis.

Finally it is enlisted an appendix gathering all peer reviewed scientific articles that have
led to this Doctoral Thesis.
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CAPITULO 1

Introducciéon

1.1- Aspectos generales del fendmeno de transicién de espin (SCO)

El fendmeno de la transicion de espin (SCO) se enmarca en el campo de la
magnetoquimica, y ha estado enlazado histéricamente y de manera fundamental al
desarrollo de la quimica de coordinacion.! Los centros SCO muestran configuraciones
electrénicas labiles intercambiables entre los estados de espin alto (HS) y espin bajo (LS),
dando lugar a cambios caracteristicos en el magnetismo, el color y la estructura de la
materia, que pueden ser inducidos por variaciones de temperatura, presion, y por
irradiacion con luz. Cuando los cambios estructurales asociados a la transicion de espin se
transmiten de forma cooperativa a través del cristal se producen transiciones de espin
cooperativas acompafiadas de histéresis (efecto “memoria”), confiriendo caracter biestable

al material.

La idea de que una molécula o conjunto de moléculas puede comportarse como un
dispositivo electrénico ha estimulado la imaginacion de los cientificos desde hace mucho
tiempo.?11 Una de las estrategias mas simples se basa en el concepto de biestabilidad
molecular que se fundamenta en el cambio entre dos estados moleculares tal y como
sucede en un interruptor binario.[*2

La biestabilidad molecular ha sido definida como “la propiedad de un sistema
molecular para cambiar entre dos estados estables de una manera reversible y detectable
en respuesta a una perturbacién apropiada”.'3l En este contexto, el fenémeno de la
transicion de espin representa un ejemplo destacado de biestabilidad molecular. Este
fendmeno tiene lugar tanto en disolucién, en cristales liquidos y en estado soélido. En el
primer caso, el proceso es esencialmente molecular debido al aislamiento de las moléculas.
En estado soélido y en cristales liquidos la situacion es muy diferente y, en general, el
fendmeno viene acompafado por efectos cooperativos. La cooperatividad es una de las

facetas mas interesantes de las transiciones de espin, pues implica discontinuidad en las
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Introduccion

propiedades Opticas y magnéticas y, en ocasiones, viene acompafiada de histéresis
térmica. Esto le confiere a dichos sistemas capacidad potencial para almacenar informacién

a nivel molecular.

La dificultad en el estudio de la cooperatividad reside en su naturaleza
intermolecular. El control de las interacciones no covalentes entre unidades individuales
que constituyen un sélido es uno de los campos mas activos de lo que hoy en dia se
conoce como quimica supramolecular®#1%! y, en particular, de la ingenieria cristalina. Sin
embargo, a pesar de lo mucho que se ha avanzado en la Ultima década, no es posible
todavia predecir si una disposicion molecular en una red puede ser mas o menos efectiva
gue otra desde el punto de vista de la cooperatividad, o incluso si va a favorecer o impedir
la conversion de espin. A este respecto, podemos decir que actualmente el quimico carece
de una guia conceptual que le permita la sintesis dirigida de sélidos con unas propiedades

magnéticas determinadas.

A pesar de todos estos inconvenientes, el estudio de las transiciones de espin
presenta una riqgueza conceptual poco imaginable a primera vista. En este apartado se

presentan los conceptos mas importantes de las transiciones de espin.

1.1.1- Fundamento teérico del fendmeno SCO: teoria del campo de

ligandos y diagramas de energia potencial

En simetria octaédrica los complejos de metales de transicion con configuraciones
electronicas [Ar]3d*-3d” pueden presentar dos estados electronicos fundamentales
distintos, segun el desdoblamiento de los orbitales d en los subconjuntos €g Y tzg. Cuando la
separacion energética entre estos subconjuntos (fuerza del campo de ligandos), A, es
mayor que la energia de repulsién interelectronica, P, los electrones tienden a ocupar los
orbitales de mas baja energia, tzg, y el complejo metdlico adopta el estado de espin bajo
(LS). Si A es menor que P los electrones d cumplen la regla de maxima multiplicidad de
Hund y el complejo adopta el estado de espin alto. La mayoria de los complejos de Cr(ll),
Mn(Il), Mn(lll), Fe(ll), Fe(lll), Co(ll) y Co(lll) pueden presentar estas dos posibilidades
electronicas, si bien la familia de compuestos de Fe(ll) presentando transicion de espin es

la mas importante y la mas numerosa.
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Capitulo 1

En los alrededores del punto de cruce, A¢, donde A y P tienen valores similares, la
diferencia de energia entre los estados HS y LS es del orden de magnitud de la energia
térmica (ksT). En esta region singular nace una nueva familia de compuestos
denominados de transicion de espin (SCO). Estos pueden adoptar ambos estados de espin
e interconvertirse de manera controlada, detectable y reversible bajo el efecto de la

temperatura, presioén o irradiacion de luz.

A 1A

S SR ERPIPI

estado HS estado LS

5T,q //?\ Asg
S=2 @ S=0

Figura 1.- Diagrama Tanabe-Sugano simplificado ilustrando la dependencia relativa de los estados HS
y LS y las configuraciones electrénicas correspondientes.
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En el caso de compuestos de Fe(ll) los ligandos de campo débil, como el H20,
favorecen la estabilizacién del estado HS (cuyo estado fundamental es el 5T2g), mientras
que al aumentar la fuerza del campo de ligandos el estado LS (cuyo estado fundamental es

el 1A1g), se estabiliza automaticamente, disminuyendo su energia.

El fendbmeno de las transiciones de espin puede considerarse como una
transferencia electrénica intra-iénica, donde los electrones se mueven entre los orbitales eg
y tzg. Dado que el subconjunto eg tiene caracter antienlazante, su poblacién/despoblacion
tiene lugar junto a un aumento/disminucion de las distancias de enlace metal-ligando. Un
cambio opuesto se da en la poblaciéon del subconjunto tzg que afecta a la retro-donacion
entre el ion metalico y los orbitales 1 vacantes de los ligandos. Ambos factores o y 1
contribuyen al cambio de las distancias de enlace metal-ligando. ElI cambio en las
distancias de enlace metal-ligando, AR, es de aproximadamente 0.2, 0.15 y 0.10 A para el
Fe(ll), Fe(lll) y Co(lll), respectivamente. Asi pues, un cambio considerable de tamafio tiene
lugar durante la transicién de espin, no sélo en las distancias de enlace sino también en los
angulos. Consecuentemente, las moléculas experimentan un cambio drastico de A con el
comportamiento SCO, que se estima de Ais/Anus = (Arus/Aris)" con n =5 - 6. Por ejemplo
Ais = 1.75Ans para el Fe(ll). Esta estimacion abandona la dependencia angular de Ay

considera que Ar es el parametro de cambio estructural mas importante.[6]

La fuerza del campo de ligandos depende no sélo del ligando coordinado al centro
metdlico sino también de la distancia de enlace metal-ligando. Al pasar al estado de LS las
distancias Fe-N disminuyen, lo que implica un cambio en el orden de enlace y por lo tanto
un aumento de la energia de vibracion (facilmente observado por las espectroscopias IR y
Raman), como consecuencia del aumento de la constante de fuerza del enlace, f.

Asi pues, cada estado de espin puede asociarse en primera aproximacién a una
parabola caracterizada por una energia potencial:

Epi = %(fi Ri?) i=HS, LS 1)
Ri = distancia media Fe-N

20



Capitulo 1

Esta energia potencial representa esencialmente la energia electronica de los
estados HS y LS. Ambas parabolas estan separadas en sus minimos por las distancia R
caracteristicas para iones Fe(ll) Ris = 2.0 Ay Rus = 2.2 A (siendo ARu. = 0.2 A). Estas
curvas contienen informacién acerca de la energia vibracional. Asi pues, dichas pardbolas
representan también el modo de vibracion totalmente simétrico de octaedro (Aig). Una
representacion de las energias Epi de las parabolas asociadas a los estados HS y LS frente
a R se presenta en la Figura 2. El desplazamiento horizontal de ambas parabolas

corresponde a ARwL = 0.2 A, mientras que el desplazamiento vertical indica que para una

molécula aislada el estado LS esta estabilizado con respecto al HS por una energia AEHL.

EAJb HS

Ris Rus R(Fe'-L)

Figura 2. Curvas de energia potencial de los estados HS y LS mostrando la diferencia entalpica
AEy, la energia de activacion AE?, y los estados vibracionales correspondientes.

La energia vibracional de los diferentes niveles sera:
EVPY (n) = (n + 1/2) hv vi = 1/2 (fifm)Y2 (m es la masa reducida) )

Los niveles vibracionales se representan como lineas horizontales igualmente

espaciadas dentro de las correspondientes parabolas (figura 2). Dado que fis > fus el
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namero de niveles vibracionales por unidad de energia es mayor para el estado HS que
para el LS, es decir, la separacion entre los niveles vibracionales es menor en el estado HS.
Igualmente, la multiplicidad de espin del estado HS es mayor que la del estado LS.

A muy bajas temperaturas, la molécula se encuentra en el nivel vibracional
fundamental (n = 0) del estado LS. A medida que aumenta la temperatura, la molécula va
transformando la energia térmica aportada en energia vibracional ocupando niveles
vibracionales excitados hasta alcanzar el punto de cruce de ambas parabolas donde se
produce el cambio de estado de espin, en el que la geometria del estado precursor, el LS, y
el sucesor, el HS, es la misma. De acuerdo con el principio de Franck-Condon es en este
punto donde tiene lugar la transformacién HS < LS. Este punto de cruce, Ac, representa

una region inestable donde las especies transitorias pueden cambiar su estado de espin.

El coste energético para salvar la diferencia entdlpica, AEnL, entre ambos estados
esta compensado por la diferencia de entropia de los mismos, que favorece la poblacion del
estado HS a altas temperaturas. Visto de otra forma, la molécula absorbe energia para
compensar la diferencia entdlpica AEn. que desfavorece el estado HS. Dicha energia
absorbida es de origen entrépico y tiene dos componentes diferentes. Por un lado, hay una
componente electrénica relacionada con el cambio de multiplicidad de espin (2S + 1) [HS (S
=2)y LS (S=0) para el ion Fe(Il)]:

ASel. =R In [(2S + 1)ns/[(2S + 1)is] = R In (5/1) = 13.45 J Kt mol? 3)

Por otro lado, hay una componente vibracional que deriva del mayor nimero de
niveles vibracionales por unidad de energia (gi) asociado al estado HS, dada la menor
magnitud de la constante de fuerza de enlace fus:

ASuvibrintr. = R In (gHs/gLs) (4)

El acceso experimental a la relacion gus/gis conlleva serias dificultades pero es

posible estimarla a partir de la entropia total obtenida de las medidas de calorimetria y del

andlisis de los espectros IR y/o Raman correspondientes a los estados HS y LS.l Por
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consiguiente el comportamiento SCO térmicamente inducido es un proceso controlado por

la entropia.

La influencia de la presiéon en la transicion de espin también puede entenderse a
partir de los pozos de potencial. Sin tener en cuenta la fuente de la presién (quimica o
mecénica) el efecto principal de la presion es la desestabilizacion del estado HS, ya que el
volumen de éste es mayor que el del LS. Asi pues, la presion disminuye ARHL y aumenta
AEHL, por lo que la pardbola se desplaza verticalmente.['8l Como consecuencia, la
presion produce la disminucion de la energia de activacion, E2u, correspondiente a la
diferencia en energia entre el nivel vibracional n = 0 del estado HS y el punto de cruce
definido por los dos pozos de potencial.

Generalmente, a temperaturas mayores de 100 K la energia térmica, keT, es mayor
que la energia de activacion, E2ui, hecho que determina la cinética de la conversiéon HS «
LS, incluso a presién atmosférica. Por ello la cinética del proceso se caracteriza por una
constante de velocidad, knL = 108 — 102 s1, que garantiza el equilibrio termodinamico de las

magnitudes fisicas observadas.

Cuando la energia térmica es del orden o menor que la energia de activacion, ksT <
E24L, esta afirmacién ya no es vélida y la constante kn. disminuye hasta valores del orden
de 10t - 107 s, con lo que es posible “congelar” el estado HS a temperaturas donde no es
estable, ya que la molécula no dispone de la energia suficiente para superar la barrera de

paso E?uL desde el estado HS al LS.

A temperaturas del orden de 50 - 90 K es facil estudiar las cinéticas de relajacion,
gue en principio son de primer orden, pudiéndose correlacionar la variacion térmica de kno

en términos de la representacion de Arrhenius.

Para temperaturas muy bajas, en los compuestos tipicos SCO de Fe(ll), se observa
que el proceso de relajacidon ya no sigue una ley de Arrhenius pura, sino que se desvia,
mas cuanto menor es la temperatura, hasta observar una independencia térmica de In(kwL),
hecho que suele tener lugar por debajo de 40 K. De hecho por debajo de 30 K, kuL es muy

pequefia, [kai(T — 0)] = 107 s, e independiente de la temperatura, y el proceso de
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relajacion tiene lugar esencialmente via efecto tlnel. La velocidad de relajacion en la region
tunel puede relacionarse con los desplazamientos “vertical” y “horizontal” de las curvas de
energia potencial de los estados HS y LS a través del marco conceptual de los procesos de

relajacion no adiabaticos multifonénicos.[*!

Sin embargo este no es el caso para compuestos de Fe(lll) y Co(ll), que
normalmente presentan relajaciones muy rapidas incluso a temperaturas por debajo de 10
K. Para estos sistemas el cambio de energia configuracional es menor que para los
compuestos de Fe(ll), ya que el cambio en las distancias de enlace es mucho menor
también. La relajacion HS < LS en compuestos SCO es un proceso modelo que participa
del comportamiento clasico y el mecano-cuantico, y ha sido estudiado en profundidad por

Hauser y colaboradores entre otros.[?!

1.1.2- Fotoconversién en compuestos SCO: Efecto LIESST

La luz es un camino muy eficaz para “comunicarse” con un sistema molecular sobre
todo cuando se trata de encontrar posibles aplicaciones tecnoldgicas. La foto-induccion en
compuestos SCO fue observada por primera vez por primera vez por McGarvey y Lawthers
en disolucion a temperaturas relativamente altas,’?! sin embargo, el tiempo de vida media
de los estados inducidos era muy corto. Mas adelante, en 1994, Decurtins y colaboradores
observaron por primera vez el proceso de foto-inducciéon en materiales SCO en estado
solido a bajas temperaturas para el complejo [Fe(1-propiltetrazol)s](BF2)2.24 Al irradiar la
muestra en el estado LS con luz verde (A = 514.5 nm) a temperaturas bor debajo de 50 K el
color de la muestra pasa del purpura del estado LS al blanco, propio del HS. El fenémeno
fue denominado “light induced spin state trapping” (LIESST).

A temperaturas suficientemente bajas el estado LS esta totalmente poblado y el
espectro visible del sistema d® en simetria octaédrica se caracteriza por dos bandas
relativamente intensas correspondientes a las transiciones vi (*Aig — 1Tig) (= 12000 —
20000 cm?) y v2 (*A1g — 1T2g) (= 20000 — 25000 cm™!) que a menudo estan enmascaradas

por las bandas de transferencia de carga metal ligando TCML (dm = 1L).
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La irradiacion con luz verde estimula la transicion Ay — 1Tig. El tiempo de vida
media del estado excitado 'T1g s de tan s6lo nanosegundos, por lo que el sistema se relaja
rapidamente. Dicha relajacién deberia tener lugar normalmente al estado inicial *Aig. No
obstante, existe una pequefia probabilidad de relajacion a través de los estados de espin
intermedio 3T1g y 3T2g por mecanismos de cruce entre sistemas (“intersystem crossing”, ISC)
permitidos por acoplamiento espin-6rbita de segundo orden. La relajacion desde los
estados de espin intermedio puede ocurrir de nuevo por medio de dos procesos ISC, uno
implica la relajaciéon al estado fundamental *Aig y otro al metastable 5Ty donde las
moléculas permaneceran atrapadas, siempre que ksT sea suficientemente menor que E3uL.
A bajas temperaturas el estado metaestable 5Tzg tiene un tiempo de vida media muy largo,

dado que la relajacion 5T2g — A1g esta prohibida.

E
[820 nm|
HS
,_." qu
._7//
| ABy=keT

Figura 3. Esquema representativo del fenémeno de foto-induccion de una transicion de espin, efecto
LIESST.

La foto-excitacion durante un periodo de tiempo suficiente, implica la poblacion total
del estado metaestable HS, 5T,4, a costa del despoblamiento del LS, con lo que se invierte

la poblacién de los estados. El estado metaestable HS puede volver al estado LS de partida
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irradiando con luz roja (A = 820 nm), el llamado efecto LIESST inverso (°Tzg — 3T1g — A1g),

o simplemente aumentado la temperatura.

El descubrimiento del efecto LIESST represent6 un avance importante el estudio de
la dindmica del comportamiento SCO en estado soélido, dado que el rango de temperaturas
en las cuales el equilibrio termodinamico podia ser foto-perturbado se extendié
considerablemente. Desde entonces, el nimero de compuestos en los que se ha observado

el efecto LIESST ha aumentado considerablemente.

1.1.3- Comportamiento colectivo del conjunto de centros SCO:

cooperatividad

Aunque el origen del fenémeno de transicion de espin es puramente molecular la
manifestacion macroscépica del sélido es el resultado de la interaccidon cooperativa entre
las moléculas que constituyen el material. La naturaleza cooperativa de la conversion de
espin ha estimulado mucho interés dado que las transiciones de fase de primer orden que
se producen acompafadas de histéresis térmica confieren a estos materiales un cierto
grado de memoria, que podria ser potencialmente aprovechada en futuras aplicaciones. La
cooperatividad radica esencialmente en la diferencia de tamafio que presenta la molécula
en cada uno de los estados de espin. Asi pues, tiene un origen elastico que da lugar a
interacciones de largo alcance. Estas interacciones podrian ilustrarse como una presion
interna, que crece con el aumento de las especies LS e interactia con todas las

moléculas del cristal con la misma intensidad, independientemente de las distancias.?3

Es posible explicar el caracter continuo, discontinuo, histéresis o incluso la
temperatura critica T12 (temperatura para la cual la fraccion molar de especies HS y LS es
0.5) en términos de la termodinamica de transiciones de fase debida a Slichter y

Drickamer.[24]
Si se considera un numero N de moléculas que pueden dar lugar al fenémeno SCO,

cada molécula podra existir en el estado HS o en el estado LS, de manera que podemos

definir la fraccion molar de las moléculas HS como yhs, siéndola fraccion molar de
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moléculas LS (1 - yns). En ausencia de interacciones intermoleculares podemos introducir
en la expresion de la energia libre de Gibbs, G, un término para la entropia de mezcla, Smix.
Este término representa las diferentes posibilidades de distribuién de las poblaciones HS
(yHs) y LS (1 - ynus), para el total de moléculas N. La entropia de mezcla Smix se expresa

como:
Smix = K[NInN-yusN InyusN — (1 - yus) N In (1 - yus) N] (5)

que puede rescribirse como:

Smix = -R[YHs I yhs — (1 - yus)In(l - yrs)] (6)

donde R es la constante de gases. Smix €s maxima para Yxs = 0.5 y desaparece para
yus = 0 0 1. Al tener en cuenta el término Smix, la expresion de la energia libre de Gibbs

queda:
G =YHs GHs + (1 - yHs)GLs — T Smix ©)

donde Grs y Gis corresponden a las energias libres de Gibss para los estados

electronicos HS y LS, respectivamente. La derivada parcial de G con respecto a YHs €S

G
(—) = AG+RTIn (Vﬁ> (8)
Nys 1-Vys

La condicion de equilibrio térmodinamico para el fendmeno SCO a cualquier

temperatura y presion es:

Nus T.P

por lo que

1- AG AH AS
In<$>— = —- = (10)

Vs / RT RT R
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Teniendo en cuenta que AG = 0 cuando yus = yis = 0.5 y que por tanto Tz = AH/AS,
se obtiene

1
Vs = M1 1
vew |2 \e 7

Las interacciones moleculares vienen reflejadas en el modelo de Slichter y

(11)

Drickamer por un parametro de interaccion, Gint.

Gint = I yus (1 — yHs) (12)

donde I es el parametro de la cooperatividad.

Tomando GLs como el origen de energias, podemos escribir,

G = yusAH + Myus(1 - yus) + T[RyHsInyHs + R(L - yHs)IN(L - yHs) - YHsAS] (13)

Esta ecuacién permite representar curvas de energia libre, G, frente a la fraccion

molar de HS, yus, para diferentes valores de AH, AS, I' y T. Teniendo en cuenta de nuevo la

condicion de equilibrio se llega a

1- AH +T(1-2y,..) AS
In ( VHS) - (-2Vi) AS (14)

Yus RT R

Si AG < 0 el estado electrénico de las moléculas es HS y cuando AG > 0 el estado
de las moléculas es el LS. En condiciones de equilibrio termodinamico, AG = 0 y yHs = yLs.
Si ademas se tiene en cuenta la influencia de la presion en la TS, se introduce un nuevo

término en la ecuacién, quedando:

(15)

| v\ _ AH+PAV +T(1-2y,5) AS
A - RT R

Yus

Resumiendo, la ecuacion de estado puede describirse de la forma siguiente:
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IN[(1-yHs)/yus] = [AH + PAV + T (1 — 2 yus) — T AS] / RT (16)

siendo yws la fraccion molar de HS. AH y AS son las variaciones de entalpia y
entropia por mol involucradas en el cambio de estado de espin y se pueden obtener
directamente a partir de las medidas de calorimetria (Cp vs. T), y AV es el cambio de
volumen molar asociado a SCO que se suele obtener directamente de las medidas de
difraccion de rayos X a bajas temperaturas (este término es despreciable a presion
atmosférica). Es importante resaltar que la relacion AH/AS corresponde a la temperatura
caracteristica de la transicion, Tc o Ti2, a la cual ynus = yLs = 0.5, y se obtiene directamente
de la curva SCO. Por otro lado, se considera que el término PAV es puramente entélpico y

aumenta principalmente la diferencia de energia libre entre las fases HS y LS.

El parametro de la cooperatividad, I', representa la tendencia que tiene una molécula
0 centro activo, en un estado de espin determinado, a rodearse de moléculas o centros
activos con el mismo espin. Por tanto, I es un reflejo de la eficacia con que se transmiten a
lo largo del cristal los cambios estructurales asociados a la transicién de espin via
interacciones intermoleculares y es responsable de la manifestacion cooperativa de las

propiedades fisicas del sistema.

1 . 17 1

THS s /.-Ir-———__ ™S

0.8 0.8 | | 0.8
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04 0.4 I I 0.4
Loy

02 0.2 | ] 0.2
I _

0 . . . . i 0 __-——'—"J"' - - _ 0 - - - - - |
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Figura 4.- Tipos principales de curvas SCO representadas en la forma de yus frente a T: gradual
(izquierda), abrupta y con histéresis (centro) y en dos etapas (derecha).

La ecuacion de estado hace posible simular los comportamientos mas
representativos de las curvas SCO, que van desde la transicion gradual (I' = 0) a una

transicion de primer orden y con histéresis (I' > 2RTc) (Figura 4 izquierda y centro,
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respectivamente). Si se modifica esta ecuacién de la manera conveniente pueden
simularse también transiciones incompletas con fracciones residuales de HS y/o LS a
temperaturas bajas y altas respectivamente, o incluso transiciones en dos etapas (4

derecha).

El pardmetro yus se obtiene normalmente a partir de medidas magnéticas,
espectroscopia Mdossbauer (en el caso de compuestos con hierro), espectroscopia
electronica (en el visible) y vibracional o incluso a partir de medidas de difraccién de rayos
X.

Este modelo, al igual que otros equivalentes explica los aspectos principales de la
transicion de fase. Por lo tanto, es insensible con respecto a pequefias modificaciones
estructurales y electrénicas, que afectan drasticamente a la cooperatividad y al campo de
ligandos del centro metalico. Estas modificaciones vienen inducidas normalmente por
grupos voluminosos, o ligandos capaces de dar lugar a apilamiento = 0 a interaccién por
puentes de H, pero también por la presencia de moléculas de disolvente y aniones en la red
cristalina.

Otro punto importante es la aparicion de polimorfismo, que puede surgir a raiz de
pequefias diferencias en el proceso de cristalizacion, tales como temperaturas distintas,
métodos distintos, mezclas de disolventes, etc. Por desgracia, la racionalizacion de estos
factores es relativamente dificil, dado que no son siempre coherentes de un sistema a otro

y por lo general son impredecibles.

1.1.4- Técnicas de caracterizacion de compuestos SCO

Las técnicas experimentales que se emplean en la caracterizacion de los materiales

con transicion de espin pueden agruparse segun el tipo de informacioén que proporcionen.

Por un lado se emplean técnicas para investigar las configuraciones electronicas de
los centros SCO, entre las que se encuentran la espectroscopia UV-Visible, la
espectroscopia IR, la espectroscopia Mdssbauer y las medidas de susceptibilidad
magnética. Por otro lado, encontramos técnicas que permiten obtener los parametros

termodinamicos asociados al fenédmeno SCO, entre las que se encuentran las medidas de
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calorimetria (DSC). Por ultimo, los métodos de resolucion estructural permiten estudiar los
cambios estructurales que tienen lugar en la esfera de coordinacion de los centros SCO, asi
como cambios en la red cristalina. Entre los distintos métodos encontramos la difraccion de
rayos X (para polvo y monocristal), estudios de radiacién sincrotrén (XAS o “X-ray
Absorption Spectroscopy”, EXAFS o “Extended X-ray Absorption Fine Structure”, XANES o
“X-ray absorption near edge structure”, NFS o “Nuclear Forward Scattering”).[?!

Ademas de las técnicas arriba mencionadas, el desarrollo y el avance en el estudio
de las transiciones de espin ha comenzado a hacer uso de técnicas no tan convencionales
que permiten obtener informacién y realizar un seguimiento de la conversién, como por
ejemplo la resonancia magnética nuclear (RMN), la resonancia paramagnética electrénica
(EPR, sbélo para compuestos de Fe'' y Cao"), la elipsometria, la espectroscopia de

aniquilacion de positrones (PAS) o la rotacion del espin mudénico (MuSR).[2]

1.2- Objetivos de la tesis doctoral

Aprovechando la dilatada experiencia de nuestro grupo de investigacion en el
estudio de materiales multifuncionales conmutables que presentan el fenémeno SCO, la
presente tesis doctoral se ha centrado en el disefio racional de una nueva generacion de
complejos de Fe(ll) biestables que permitan estudiar nuevas sinergias entre el
comportamiento SCO y otras propiedades fisico-quimicas de interés (quimica huésped-

anfitrion, transformaciones solido-liquido,...).

A grandes rasgos, los trabajos presentados en la correspondiente tesis doctoral

pueden dividirse en dos grupos:

El primer grupo (incluye a los capitulos dos, tres, y cuatro) esta focalizado en el
desarrollo de una nueva familia de polimeros de coordinacion porosos de Fe(ll) con
estructuras de tipo Hofmann, con el objetivo de explotar la gran estabilidad quimica y
riqueza estructural de este tipo de derivados para investigar nuevas propiedades fisico-
guimicas interesantes. En el capitulo dos se propone la utilizacion de una piracina
funcionalizada, concretamente la 2-fluoropiracina, para construir nuevos clatratos de

Hofmann de diferente dimensionalidad. La motivacion en el uso de este ligando se basa en
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la consecucion de un compuesto isoestructural al complejo modelo 3D {Fe(pz)[Pt(CN)a]},
para estudiar mas tarde el efecto del &tomo de fluor sobre las propiedades SCO. En el
capitulo tres se buscan nuevas topologias estructurales dentro de la familia de los clatratos
de Hofmann de Fe(ll) en base a la utilizacion de ligandos de topologia no lineal, como son
los ligandos tritopico y tetratopico LN3 y LN4, respectivamente. Al mismo tiempo, dado el gran
tamafio de estos ligandos, se busca conseguir redes de gran porosidad que permitan
investigar la capacidad de inclusiéon de moléculas huésped en los canales del material para
investigar como influye su naturaleza en el comportamiento SCO. En el capitulo cuatro se
desea utilizar el ligando lineal bis-monodentado pina para construir polimeros de
coordinacion de tipo Hofmann de gran porosidad. El grupo amida que define el ligando pina
favorece, muy probablemente, la inclusién de moléculas de naturaleza polar en los canales
del material, permitiendo asi estudiar como la adsorcién-desorciéon de moléculas huésped

afectan a las propiedades SCO del material.

El segundo grupo (el cual incluye los capitulos cinco, seis y siete) tiene como reto
sintético la obtenciéon de entidades moleculares de Fe(ll) funcionalizadas con cadenas
alquilicas hidrocarbonadas de diferente longitud, con el objetivo de encontrar
organizaciones supramoleculares singulares en las que la disposicion de las cadenas
alquilicas tengan una influencia notable sobre las propiedades SCO del material. En los
capitulos cinco y seis se propone utilizar el complejo multiestable [Fe(nBu-im)stren](PFs)2
como plataforma idénea para investigar nuevas propiedades ligadas a su intrinseca
transicion de fase cristalogréfica, la cual implica la reorganizacion de las cadenas butilo y
los aniones PFs en la red cristalina. Asi, en el capitulo cinco se desea estudiar nuevas
fases generadas del complejo [Fe(nBu-im)stren](PFs)2 al irradiar dicho complejo en el rango
de temperaturas 10 — 100 K. En cambio, en el capitulo seis, se busca desacoplar la
transicion de fase y el comportamiento SCO de [Fe(nBu-im)stren](PFs)2 utilizando el dopaje
quimico como herramienta sintética. En el capitulo siete se propone sintetizar una nueva
familia de complejos de Fe(ll) constituidos por ligandos de tipo base de Schiff
funcionalizados, cuya reorganizacion molecular durante el cambio de fase sélido = liquido

influya notablemente sobre las propiedades SCO del material.
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1.3- Metodologia

Preparacion de ligandos. Los ligandos no comerciales LN3, LN4, pina, [nBu-im]stren
y pm2-n se sintetizaron segun procedimientos experimentales estandarizados y
previamente publicados. Posteriormente, fueron caracterizados mediante estudios de

resonancia magnética nuclear (RMN)

Sintesis de los compuestos SCO. La sintesis de los polimeros de coordinacion
SCO de tipo Hofmann se llevaron a cabo mediante técnicas de cristalizacion basadas en la
difusion lenta de los reactivos. Principalmente, los recipientes utilizados para realizar las
cristalizaciones fueron tubos en forma de H (o0 alguna de sus variantes, como son los tubos
de 3 brazos) y tubos de ensayo. Para los complejos mononucleares SCO se propusieron
técnicas de precipitacion en disolucién bajo atmosfera inerte. La evaporacion lenta de estas
disoluciones facilité la obtencion de monocristales que se utilizaron para analizar mediante

difraccién de rayos X.

Caracterizacion fisico-quimica. En una primera etapa, los compuestos SCO
sintetizados se caracterizaron a través de analisis elemental, andlisis EDX, anélisis
termogravimétrico (TGA) y espectroscopia infrarroja. Posteriormente, las propiedades
magnéticas de cada material se evaluaron mediante el susceptémetro SQUID en el rango
de temperaturas 2 — 400 K. A continuacién se realizaron medidas de calorimetria diferencial
de barrido (DSC) en el intervalor de temperatura 120 — 410 K, lo cual permitié conocer los
parametros termodinamicos AH y AS asociados al fenémeno SCO. Finalmente, la
estructura cristalina de los diferenes compuestos SCO se determind a diferentes
temperaturas mediante técnicas de difraccién de rayos X sobre monocristal y/o polvo
microcristalino, utilizando en alguno de los casos radiacion sincrotrén. Ademas, en algin
ejemplo en concreto, se monitorizé6 el comportamiento SCO en funciéon de la temperatura

mediante espectroscopia de absorcion UV-vis.
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CAPITULO 2

Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"" Hofmann-
Like Coordination Polymers Based on 2-Fluoropyrazine

2.1.- Abstract

Self-assembling iron(ll), 2-fluoropyrazine (Fpz), and [M"(CN)4]> (M" = Ni, Pd, Pt) or
[AU(CN)2]" building blocks have afforded a new series of two- (2D) and three-dimensional
(3D) Hofmann-like spin crossover (SCO) coordination polymers with strong cooperative
magnetic, calorimetric, and optical properties. The iron(ll) ions, lying on inversion centers,
define elongated octahedrons equatorially surrounded by four equivalent centrosymmetric
p4-[M"(CN)4]? groups. The axial positions are occupied by two terminal Fpz ligands affording
significantly corrugated 2D layers {Fe(Fpz)2[M"(CN)4]}. The Pt and Pd derivates undergo
thermal- and light-induced SCO characterized by Ti2 temperatures centered at 155.5 and
116 K and hysteresis loops 22 K wide, while the Ni derivate is high spin at all temperatures,
even at pressures of 0.7 GPa. The great stability of the high-spin state in the Ni derivate has
tentatively been ascribed to the tight packing of the layers, which contrasts with that of Pt
and Pd derivates in the high- and low-spin states. The synthesis and structure of the 3D
frameworks formulated {Fe(Fpz)[Pt(CN)4]}-1/2H20 and {Fe(Fpz)[Au(CN)z]2}, where Fpz acts
as bridging ligand, which is also discussed. The former is high spin at all temperatures, while
the latter displays very strong cooperative SCO centered at 243 K accompanied by a
hysteresis loop 42.5 K wide. The crystal structures and SCO properties are compared with

those of related complexes derived from pyrazine, 3-fluoropyridine, and pyridine.

2.2.- Introduction

Iron (ll) spin crossover (SCO) complexes are a well-known class of switchable
molecular materials.l*l They switch between the electronic low-spin (LS) and high-spin (HS)
states in a reversible, controllable, and detectable manner through the action of external
stimuli, i.e., temperature, light, pressure, analytes, and electric and magnetic fields. The
switch occurs with concomitant changes in the magnetic, optical, electric, and structural
properties. In some cases the changes are strongly cooperative and confer to the material a

bistable character, i.e., hysteresis. These features have fueled much activity in the field and
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created important expectancies in view of potential applications in molecular spintronics,

sensors, and memories.?

Hofmann-like SCO compounds are one of the most important sources of bistable
SCO materials and have stimulated much research in the last 15 years. The prototypal
Hofmann-like compound, {Ni(NHs)2[Ni(CN)4]}, was reported by Hofmann and Kiispert in
1897.81 Its structure was described in 1950s by Powell and Rainer as a pile of two-
dimensional (2D) layers constituted of square-planar [Ni(CN)4]? centers equatorially linked to
octahedral Ni(ll) sites, which saturate its coordination sphere with two axial NHzs molecules.
Schwarzenbach®! and later lwamotol® and coworkers synthesized the first heterobimetallic
2D {M(NH3)2[M'(CN)4]} derivates and three-dimensional (3D) {M(L)[M’(CN)4]} homologues,
generically referred as Hofmann clathrates due to their ability to adsorb small aromatic
molecules. In 1996 Kitazawa and co-workers reported the first Hofmann-like 2D SCO
coordination polymer {Fe(pyridine)2[Ni(CN)4]}.l7 This compound displays a cooperative
thermal-induced SCO accompanied by drastic changes of the magnetic and optical (color)
properties. Later, our group extended this idea to the homologous [Pd(CN)4]* and
[Pt(CN)4]> SCO derivatives, the new 3D porous {Fe(pyrazine)[M"(CN)4]} (M" = Ni, Pd, Pt),®
and the 2D and 3D {FeLM'(CN)z]2} related families of SCO coordination polymers (L =
monodentate or bis-monodentate ligand; M' = Cu, Ag, Au).[¥ Systematic replacement of
pyridine and pyrazine with related monodentate and bismonodentate L ligands afforded an
important number of coordination polymers with interesting thermo-, piezo-, photo-, and
chemoswitchable cooperative SCO behaviors, which combine with a rich variety of
additional relevant properties such as reversible ligand exchange in the solid state,
polymorphism, metallophilic interactions, or porosity and inclusion chemistry. Furthermore,
the amenability to being processed as thin films and nanocrystals has converted the porous
{Fe(L)[Pt"(CN)4]} derivatives in excellent platforms to systematically investigate the SCO
behavior at nanoscale. The structure and properties of these thermo-, piezo-, photo-, and
chemoswitchable SCO iron(ll)-metallocyanate-based coordination polymers have been

recently reviewed.[%!

Despite the short time elapsed since this review, interest in these materials has been
continuously growing. For example, in the series of {Fe(pyrazine)[M"(CN)a]} the quality of
continuous and nanopatterned thin films of {Fe(pyrazine)[Pt"(CN)4]} has been assessed by
means of atomic force microscopy and surface plasmon resonancel’ as well as by
synchrotron X-Ray diffraction.!? The cooperative SCO properties of {Fe(pyrazine)[M"(CN)a4]}
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nanocrystals were modulated through chemical pressure, induced by different polymeric
coatings (M" = Pt),113 and through correlative effects between size decrease and increase of
stiffness in ultrasmall (ca. 2 nm) nanoparticles (M" = Ni).[4 Interest has also been focused
on the modulation of the critical temperatures and cooperativity of the SCO induced by
guests. In this respect, precise control of the critical SCO temperature has been achieved
through the combined effects of oxidative |2 adsorption, on the Pt' sites, and chemical
migration of the iodine centers.!*S] Modulation of cooperativeness has been described for
clathrate systems constituted of thiourea (M" = Pd, Pt),[*8] maleic anhydride (M" = Pt),['7l and
five-membered aromatic rings (furan, thiophene, pyrrole; M" = Pt)l!8l as guest molecules. In
addition, the effect of the spin state on the adsorption of CO2,'% the stabilization of the LS
state upon SO: adsorption,? and the adsorption of H> and its catalytic ortho-para
conversion in the pores?l have been recently investigated. The effect of host-guest
interactions and its influence on the SCO behavior has also been a subject of interest from a
theoretical point of view.[16:182022 Application of specific physical techniques have
uncovered new important properties of {Fe(pyrazine)[M"(CN)4]}. For example, combination
of neutron spectroscopy and NMR solid-state studies has demonstrated, for M" = Pt, that
the pyrazine pillars act as switchable molecular rotators whose frequency depends on the
spin state of the iron(ll) center and on the presence of guests.l?3l Synchrotron powder
diffraction on microcrystalline samples of M" = Pt showed complete photoconversion of the
LS state to the metastable HS state and subsequent relaxation at 10 K.[24 Photoconversion
between the LS and the HS states at ca. 290K irradiating inside the hysteresis loop has
been analyzed through differential scanning calorimetry (DSC)% and single-crystal X-ray

diffraction. 26!

The synthesis of new 2D and 3D Hofmann-like coordination polymers has also
attracted much interest in the last years. On one hand, replacement of pyrazine with longer
rod-like ditopic ligands, L, has allowed us to investigate new series of 3D {Fe(L)[M"(CN)a4]}
SCO homologues with enhanced porous capacity.?” Similarly, the use of monodentate
ligands conveniently functionalized has afforded 2D {Fe(L)2[Pt"(CN)s]} SCO compounds
featuring interdigitated interlayer structures with tailored host-host and host-guest
interactions.?8! On the other hand, interesting inclusion chemistry and cooperative SCO
behaviors have been described for the series related 2D and 3D Hofmann-like compounds
based on the [M'(CN)2]" (M' = Ag and Au) bridging ligands.[?%
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In this context Gural'skiy and co-workers recently reported a new family of 2D
Hofmann-like coordination polymers {Fe(L)[M"(CN)4]} (M" = Ni, Pd, Pt) based on 2-
substituted pyrazine ligands.2%¢! Cooperative SCO was observed for the 6 complexes
derived from 2-chloropyrazine and 2-methylpyrazine complexes. Coincidently, with the
aforementioned work, we focused our attention on the synthesis of Fe! SCO Hofmann-like
coordination polymers based on 2-fluoropyrazine (Fpz). Here, we report on the synthesis,
crystal  structure, magnetic, photomagnetic, and calorimetric  properties  of
{Fe(Fpz)2[M"(CN)a]} (M" = Ni (FpzNi), Pd (FpzPd), Pt (FpzPt)), {Fe(Fpz)[Pt"(CN)4]}-1/2H20
(FpzPt3D), and {Fe(Fpz)[Au'(CN)2]2} (FpzAu).

2.3.- Results
2.3.1.- Magnetic properties

The thermal dependence of the ymT product measured at 2 K/min (ym is the molar
magnetic susceptibility and T temperature) for FpzNi, FpzPd, and FpzPt is shown in Figure
la. The ywT value about 3.84 cm?® K mol* indicates that the three derivates are HS at 300 K.
It remains practically constant down to 151 and 118 K for FpzPt and FpzPd. Upon further
cooling, ymT drops abruptly to a value of 0.16 cm® K mol* at 137 K (FpzPt) and 0.22 cm® K
mol? at 110 K (FpzPd), indicating that these derivatives undergo a complete spin transition
characterized by equilibrium temperatures Tll/zz 144.5 (FpzPt) and 105 K (FpzPd). The yvT
vs T plot in the heating mode shows the occurrence of a 22 K wide hysteresis loop with
Tf/zz 166.5 (FpzPt) and 127 K (FpzPd). Consequently, these spin transitions are strongly
cooperative. The magnetic behavior of FpzNi is characteristic of an Fe' ion in the HS state;
the slight decrease of ymT below 100 K can be ascribed to the effect of zero-field splitting
and/or very weak magnetic coupling. This HS behavior persists even at pressures as high
as 0.7 GPa (see Figure Sl in Sl). A similar thermal dependence of ymT at ambient pressure

has been observed for FpzPt3D (see Figure S2 in Sl).

Photogeneration of the metastable HS* state at low temperature, the so-called light-
induced excited spin state trapping experiment (LIESST), was carried out on
microcrystalline samples of FpzPt (1.7 mg) and FpzPd (2.1 mg) spread over a 16 mm?
surface, fastened with permanent adhesive (Figure 1b and 1c). The samples were cooled

down to 10 K where ymT = 0.10 cm® K mol, and then irradiated with green (FpzPt, A = 532
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Figure 1.- () ymT vs T plots for FpzNi, FpzPd, and FpzPt (temperature scan rate 2 K min'). LIESST
effect for compounds FpzPd (b) and FpzPt (c) (see text for experimental details).

nm) or red (FpzPd, A = 633 nm) light, attaining a ymT saturation value of ca. 1.80 (FpzPt)
and 2.15 cm® K mol? (FpzPd) in ca. 3 h. The light was then switched off and temperature
increased at a rate of 0.3 K min'. In the 10-39 K temperature range ymT increased up to a
maximum value of ca. 2.26 (FpzPt) and 3.21 cm3 K mol! (FpzPd) at 39 K, which reflects the
thermal population of the different microstates arising from the zero-field splitting of the HS*
(S = 2) state and/or antiferromagnetic coupling. This suggests that the light-induced
population of the HS* state is ca. 57% and 85% at 10 K for FpzPt and FpzPd, respectively.
For FpzPd, ywT drops slowly to attain a value of 3.04 cm® K mol* at 60 K and then rapidly
decreases and reaches a value of about 0.24 cm® K mol? at ca. 72 K, indicating complete
HS* - LS relaxation. By contrast, ymT drops rapidly to 0.16 cm3 K mol at 58 K. The Tiiesst

temperature®! determined from the maximum variation of ymT in the HS - LS relaxation is
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56.3 and 65.5 K for FpzPt and FpzPd, respectively. These values reflect the relative
stabilization of the LS state with respect to the HS state in each compound, and it is a
consequence of the so-called inverse energy-gap law, i.e., the metastability of the

photogenerated HS* species decreases as the stability of the LS increases.l2
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Figure 2.- yuT vs T plots for compound FpAu (see text; temperature scan rate 1 K min'®).

The magnetic properties of compound FpzAu measured at 1 K/min are displayed in
Figure 2. At 300 K ywT is ca. 3.6 cm® K mol! and remains practically constant down to 208
K. Below this temperature yvT displays a steep and complete spin transition (ymT = 0 at 180
K) characterized by a small plateau at ca. 91% of the HS - LS transformation (centered at

187 K) and Tll/2 = 196 K. Upon heating ymT does not match the cooling mode. Indeed, a

more marked plateau occurs at 23% of LS - HS transformation, and Tf/z = 262 K shows
the occurrence of a hysteresis 66 K wide. In order to check the hysteresis stability, the same
cooling-heating cycle was repeated three times more at the same scan temperature rate. In
the second cycle, the cooling mode shows that the spin transition takes place at Tll/zz 221
K, 25 K higher than observed for the first cycle, while small differences are observed in the
heating mode (TlT/2 = 263 K). The third and fourth cycles give essentially the same transition
as the second one. Consequently, the stable hysteresis loop is 42 K wide, which indeed
reflects a strong cooperative behavior. It deserves to be noted that these measurements

were performed on single crystals and that after the cycles the crystals are self-destroyed
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becoming powder. Precipitated microcrystalline samples of FpzAu behave in a similar way
(see Figure S3 and Table S1 in SlI). However, they show the following relevant differences
with respect to the single-cystal ones: (i) they display approximately 10% of residual
paramagnetism; (ii) the first and second cycles show Tll/2 = values ca. 14 K smaller (larger
hysteresis) while essentially coincide for the third and fourth cycles, (iii) the small step
observed in the yuT vs T plot for the single-crystals samples is not observed for the
precipitated ones. The different texture of these samples and/or the presence of residual

paramagnetism are two reasonable speculative explanations for this observation.
2.3.2.- Calorimetric properties

Quantitative differential scanning calorimetry (DSC) measurements were carried out
at a temperature scan rate of 10 K/min for FpzPt and FpzAu (T2 values for FpzPd are out
of the temperature range of our DSC). The anomalous variation of the molar specific heat
ACp versus T for the cooling and heating modes is displayed in Figure 3. The average
enthalpy AH and entropy AS variations are gathered in Table 1 together with the critical
temperatures obtained from the maximum/minimum values of AC,. The critical temperatures
obtained from these DSC data agree reasonably well with those deduced from the
magnetism measurements for FpzPt and FpzAu. The large AS and AH values are
consistent with those reported for related Hofmann-like coordination polymers undergoing

strong cooperative spin transitions.%
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Figure 3.- Anomalous heat capacity (DSC) for FpzPt (left) and FpzAu (right). Red, blue, and green
curves in FpAu refer to the first, second, and third cooling-heating cycles (temperature scan rate 10 K
mint).
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Table 1. Thermodynamic data obtained from calorimetric DSC measurements for the SCO of FpzPt
and FpzAu.

FpzPt FpzAu

cycle
1st 2nd 3rd
Tll/2 (K) 142.5 193.1 221.5 2234
TlT/2 (K) 165.7 260.4 261.0 261.0
AT (K) 22 66 39.5 37.6
AS?  (J K1 mol?) 71.2 73.4 73.7 75.1
AH&  (kJ mol?t) 10.95 16.57 17.34 18.14

2.3.3.- Crystal structures

2.3.3.1.- Structures of the 2D complexes FpzM

The crystal structure was measured at 200 K for FpzNi, FpzPd, and FpzPt and at
98.5 and 120 K for FpzPd and FpzPt, respectively. These compounds are isostructural (see
Figure S4 in Sl) and, in the temperature interval investigated, show the orthorhombic Pmna
space group. Crystallographic data, bond distances, and angles are given in Tables 2 and 3.
Figure 4a displays an ORTEP view of a fragment of the structure showing the asymmetric
unit with the numbering atom scheme representative for the three compounds. The Fe'
atom lies at an inversion center which defines an elongated octahedral coordination site
[Fe'Ne]. The equatorial positions are occupied by the nitrogen atoms of four equivalent
centrosymmetric square-planar [M(CN)a]? groups. The Fe-Neq bond distances [Fe-N(2)eq =
2.145(3) A (FpzNi), 2.138(2) A (FpzPd), and 2.135(3) A (FpzPt) at 200 K] are shorter than
the axial positions, which are occupied by the nitrogen atoms of the Fpz ligands [Fe-N(1)ax =
2.240(4) A (FpzNi), 2.229(3) A (FpzPd), and 2.225(4) A (FpzPt)]. The M'-C and C-N bond
distances are in the range 1.855 - 1.998 and 1.137 - 1.157 A, respectively. The Fe-N
average bond length of about 2.170 A is consistent with the Fe' in the HS state, in

agreement with the magnetic data at this temperature.

At 98.5 (FpzPd) or 120 K (FpzPt) the Fe-N(1)ax are shortened by 0.242 (FpzPd) and
0.235 (FpzPt) A while the decrease of the Fe-N(2)eq bond lengths is slightly smaller, 0.195
(FpzPd) and 0.194 (FpzPt) A. The total average variation of about 0.21 A is consistent with
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Table 2. Crystal data of FpzM (M = Ni, Pd, Pt), FpzPt3D and FpzAu.

FpzNi FpzPd FpzPt
Empirical formula ClesNngNiFe ClesNngdee ClesNngPtFe
Mr 41481 462.50 551.19
Crystal system orthorhombic orthorhombic orthorhombic
Space group Pmna Pmna Pmna
T/ K 200 98.5 200 120 200
a(A) 7.2842(2) 7.2646(2) 7.4526(5) 7.2572(3) 7.4534(4)
b (A) 6.9449(2) 6.9726(3) 7.1125(4) 6.9861(3) 7.1275(4)
c (A 14.4255(5) 14.7703(5) 14.7770(11) 14.9922(6) 15.0455(10)
BC)
V (A3 729.75(5) 748.17(5) 783.28(9) 760.10(5) 799.28(8)
Z 2 2 2 2 2
D, (mg cm™®) 1.888 2.053 1.961 2.408 2.290
F(000) 412 448 512
p (Mo-Kg)(mm™) 2.319 2.206 2.107 10.181 9.682
Crystal size (mm) 0.12x0.15x0.15 0.08x0.08x0.15 0.06x0.10x0.10
No of total
reflections 1006 1018 1144 1091 1167
No. of reflections
[1>20(1)] 869 761 933 816 968
R [1>20(1)] 0.0482 0.0346 0.0349 0.0200 0.0242
R [all data] 0.0482 0.0564 0.0496 0.0318 0.0319
S 0.970 0.975 1.178 0.951 1.088
FpzPt3D FpzAu
Empirical formula CgH3FNgOg sPtFe CsHsNgFAU,Fe
Mr 461.10 651.93
Crystal system monoclinic orthorhombic
Space group P2/m Cmca
T/ K 120 120 250
a(A) 7.2782(3) 7.1107(10) 7.2563(3)
b (A) 7.5613(2) 10.1715(13) | 10.1992(5)
c (A 7.4820(4) 17.657(2) 17.8959(7)
BE) 101.494(5)
S 403.50(3) 1277.1(3) 1324.46(10)
z 1 4 4
D, (mg cm™) 1.898 3.391 3.270
F(000) 210 1143
 (Mo-Kg)(mm™) 9.559 24.040 23.180
Crystal size (mm) 0.06x0.02x0.02 0.06x0.06x0.08
No of total reflections 1413 812 906
No. of reflections [1>20(1)] 1384 524 659
R [1>20(1)] 0.0406 0.0516 0.0301
R [all data] 0.0421 0.0825 0.0439
S 0.985 0.885 1.005

3R, = X ||Fo| - |Fc|| / £ |Fo|; wR =[ Z [w(Fo? - Fc?)?] /  [w(Fo?)]]¥% w = 1/ [0%(Fo?) + (m P)? + n P] where
P = (Fo? + 2Fc?) / 3;

m = 0.0231 (200 K), 0.0177 (98.5 K), 0.0121 (200 K), 0.0254 (120 K), 0.0172 (200 K), 0.0702 (120 K),
0.0155 (120 K), 0.0324 (250 K); n = 6.0177 (200 K), 1.5654 (98.5 K), 0.7115 (200 K), 0.9728 (120 K),
1.7518 (200 K), 0.000 (120 K), 160.1028 (120 K), 0.000 (250 K).
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Table 3. Selected bond lengths [A] and angles [°] of FpzM (M = Ni, Pd, Pt), FpzPt3D and FpzAu.

FpzNi FpzPd FpzPt FpzPt3D FpzAu
T/K 200 98.5 200 120 200 120 120 250
Fe-N(1) 2.240(4) 1.987(4) 2.229(3) 1.990(4) 2.225(4) 2.175(9) 2.046(9) | 2.235(7)
Fe-N(2) 2.145(3) 1.943(3) 2.138(2) 1.941(3) 2.135(3) 2.133(5) 2.04(2) 2.131(6)
Fe-N(3) 2.07(2) 2.142(6)
Ni-C(5) 1.855(3)
Pd-C(5) 1.998(3) 1.992(3)
Pt-C(5) 1.989(4) 1.986(3)
Pt-C(3) 1.978(5)
Au-C(2) 1.78(5) 1.990(7)
Au-C(3) 2.05(2) 1.981(8)
N(1)-Fe-N(2) 87.71(11) 88.39(11) | 88.27(8) | 88.54(12) | 88.37(11) 88.1(2) 90.00 90.00
N(1)-Fe-N(3) 90.00 90.00
N(2)-Fe-N(3) 87.0(6) 86.9(3)
C(2)-Au-C(3) 176.1(11) | 179.8(3)
Fe-N; 2177 1.958 2.168 1.957 2.165 2.147 2.052 2.169
P 19.12 15.28 16.04 15.28 14.76 18 12 12.4
Table 4. Interlayer short contacts of FpzM (M = Ni, Pd, Pt).
FpzNi FpzPd FpzPt

Short Contact 200 K 200 K 98.5 K 200 K 120 K

M:--N3' 2.981(5) | 3.206(4) | 3.514(5) | 3.358(6) | 3.670(5)

C5---N3! 3.292(6) | 3.485(4) | 3.482(5) | 3.545(7) | 3.532(5)

F---C4' 3.130(7) | 3.281(5) | 3.270(6) | 3.327(7) | 3.352(7)

complete transformation of the [Fe''Ns] core from the HS state to the LS state, a fact
confirmed by the magnetic data. The sum of deviations from the ideal octahedron of the 12
“cis” N-Fe-N angles (Z = }§1|9i—90|) shows that the coordination center is weakly
distorted in the HS state with X values in the range 15-19° and do not change significantly

in the LS state.

The [M(CN)4]*> groups link four equivalent Fe', thereby generating 2D [Fe2M"2(CN)a]n
grids which are markedly corrugated (Figure 4b). The equatorial [FEN4®9] plane defines an
angle 36.9° (FpzNi), 35.7° (FpzPd), and 33.1° (FpzPt) with respect to the [M(CN)4]*> plane
at 200 K and decreases down to 26.1° and 20.3° for the Pd and Pt derivates at 98.5 and 120
K, respectively (Figure 4c). The layers stack in such a way that the metallic atoms of a layer,
which lie in the (100) plane, project on the center of the [Fe-CN-M]4 square windows defined
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by adjacent layers. The separation between consecutive planes is 7.213(6) (FpzNi),
7.388(5) (FpzPd), and 7.523(7) A (FpzPt) at 200 K and 7.385(6) (FpzPd) and 7.496(6) A
(FpzPt) at 98.5 and 120 K respectively. The protruding Fpz ligands of consecutive layers
interdigitate, defining almost face-to-face superposition along the [100] direction with
centroid-to-centroid distances indicating the occurrence of weak T stacking: 3.642 (FpzNi),
3.726 (FpzPd), and 3.727 A (FpzPt) at 200 K and 3.632 (FpzPd) and 3.629 A (FpzPt) at
98.5 and 120 K, respectively (Figure 4c). Interestingly, due to the singular disposition of
consecutive layers, the uncoordinated N atom of the Fpz of one layer points directly toward
the unsaturated axial coordination positions of the [M(CN)4]* groups of the adjacent layers,
with the distance being particularly short for FpzNi (d(Ni---N(3)) is 2.981(5) A). Other very
short contacts between layers are defined by the atoms N(3) and F with the C(5) atom of the
CN group (d(N(3)---C(5)) = 3.292(6) A) and the C(4) atom (d(F---C(4)) = 3.130(7) A),
respectively. These short contacts are remarkably larger for Pd and Pt, and interestingly, the
M---N(3) contact increases by ca. 0.3 A when moving from the HS to the LS state (see Table
4). Most likely, this is a consequence of the aforementioned change of dihedral angle
between the equatorial FeNs and the [M(CN)4]?> planes.

a) H3

Figure 4. (a) ORTEP representation of a molecular fragment of FpzM (M = Ni, Pd, Pt) (thermal
ellipsoids are given at 50% probability for M = Ni at 200 K). (b) View of a layer along the [001] direction.
(c) Crystal packing view along the [100] direction. Hydrogen atoms have omitted for simplicity in b and
c.
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2.3.3.2.- Structure of the 3D complex FpzPt3D

Compound FpzPt3D shows the monoclinic P2/m unit cell in the temperature range
120-200 K (Tables 2 and 3). Figure 5a displays an ORTEP view of a fragment of the
structure showing the asymmetric unit together with atom numbering. The Fe" and Pt"
atoms lie at an inversion center. The former defines a slightly elongated octahedral
coordination [Fe''Ng] site with axial and equatorial Fe-N bond distances Fe-N(1) = 2.175(9) A
and Fe-N(2) = 2.133(5) A, respectively. The latter defines square-planar [Pt(CN)4]> units
with usual Pt-C and C-N bond distances [Pt-C(3) = 1.978(5) A and C-N = 1.154(8) A]. The
average Fe-N bond length, 2.147 A, clearly indicates that this compound is HS at 120 K, in

agreement with the magnetic properties.
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Figure 5. (a) ORTEP representation of a molecular fragment of FpzPt3D (thermal ellipsoids are given
at 30% probability). (b) Crystal packing view along the [010] direction showing only one of the two
equivalent positions for the F atom (hydrogen atoms have been omitted for simplicity).

As described for the FpzM series, 2D [Fe2M"2(CN)4]n grids are generated by
coordination of the equatorial Fe" sites by four equivalent [Pt(CN)4]%> units, thus generating
an infinite stack. However, at variance with FpzM, the [Fe2M"2(CN)a]n 2D layers are almost
planar and the Fpz ligands act as pillars linking adjacent layers through the Fe' centers in a
similar way as described for the 3D Hofmann clathrate system {Fe(pz)[M(CN)4]} (Figure 5b).
Indeed, the structure of FpzPt3D is a slightly distorted version of {Fe(pz)[Pt(CN)4]} since the
equatorial plane of the [Fe'Ne] sites is not strictly in the same plane of the [Pt(CN)4]?* sites.
In spite of this, the angle defined between these sites, 13.7°, is ca. 59% smaller than that

observed for compound FpzPt. The F atom displays static disorder with an occupation factor
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of 0.5. The water molecules are located at the middle of the channels, showing positional
disorder (see Figure S5 in Sl).

2.3.3.3.- Structure of the 3D FpAu Complex

The compound FpzAu was investigated at 250 and 120 K. At both temperatures the
unit cell corresponds to the orthorhombic Cmca space group (Tables 2 and 3). The Fe' lies
in an inversion center and defines an elongated [FeNs] octahedron whose axial positions are
occupied by two equivalent Fpz ligands, while the equatorial positions are occupied by four

Figure 6. (a) ORTEP representation of a molecular fragment of FpzAu (thermal ellipsoids are given at
50% probability). (b) Crystal packing view along the [010] direction showing only one of the four
equivalent positions for the F atom (hydrogen atoms have been omitted for simplicity). (c) View

illustrating the two interpenetrated 3D frameworks.

equivalent [Au(CN)2] groups (Figure 6a). It is worth noting that due to symmetry reasons the
fluorine atom is occupationally disordered (occupation factor of 0.25). At 250 K, the axial
bond lenghts, Fe-N(1) = 2.235(7) A, are remarkably longer than the equatorial ones (Fe-N(2)
=2.131(6) A and Fe-N(3) = 2.142(6) A). As in the precedent examples the angular distortion
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of the coordination center is small (X = 12.4°) and the Fe-NC-Au linkage is not linear since it

forms an average angle of 156.8° and changes very little with the spin state change. The
average Fe-N bond length of 2.169 A is consistent with HS state of the Fe'" fully populated,
in agreement with the magnetic properties at the same temperature. However, at 120 K the
axial (Fe-N(1)) and equatorial (Fe-N(2), Fe-N(3)) bond lengths decrease down to 2.046(9)
and 2.04(2) A and 2.07(2) A, respectively. The average decrease of the axial bond length,
0.19 A, is ca. 20% smaller than observed for the FpzM, while the average decrease of the
equatorial bond lengths, 0.08 A, is ca. 58% smaller than expected. Despite the satisfactory
R value obtained for this structure at 120 K, and as aforementioned, the single crystals
deteriorate markedly during the SCO. This is particularly reflected in the strong distortion of

the thermal ellipsoids of the C2 atoms in the LS.

The four [Au(CN)2]" groups equatorially coordinated to the Fe" site act as bis-
monodentate bridging ligands linking four equivalent Fe' sites, thus generating 2D
{Fes[Au(CN)2]a}n grids which lie in the plane (011). In a similar way as described for
FpzPt3D, the grids stack along the [100] direction and are pillared through the Fpz ligands,
which act as bridges linking the Fe' sites (Figure 6b). However, at variance with FpzPt3D,
the [Au(CN)2]" group defines a much more expanded 3D framework which allows the mutual

interpenetration of two identical 3D coordination polymers (Figure 6c).

2.4.- Discusion

This work was undertaken to investigate the coordination abilities of the Fpz ligand to
form new 3D Hofmann-like SCO materials based on [M"(CN)4]?> and [M'(CN)2] (M" = Ni, Pd,
Pt; M' = Ag, Au) building blocks. A priori, the steric hindrance and electron withdrawing
induced by F atom should debilitate the capability of Fpz to act as a bridging ligand and,
consequently, favor the formation of 2D frameworks. The results obtained with [M"(CN)4]*
confirm in part this conjecture. Three light-yellow 2D coordination polymers, FpzM (M" = Ni,
Pd, Pt), are obtained by direct precipitation and slow diffusion in H-shaped containers.
However, the presence of the F atom in the pyrazine ring does not fully deactivate the
capability of Fpz to act as a bismonodentate ligand. Indeed, slow diffusion of the
components using the layering method forms exclusively the red porous 3D Hofmann-like

coordination polymer FpzPt3D (the homologous Pd compound is also formed in the same
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conditions but with much lower yield). By contrast, whatever the synthetic method used the

yellow 2D system is obtained when M = Ni.

The three FpzM (M" = Ni, Pd, Pt) derivatives display significantly corrugated 2D
layers, a fact that contrasts with the much less corrugated layers defined by the homologous
ClpzNi structure reported by Gural’skiy and co-workers28¢! or related 3X-pyridine (X = F, Cl)
2D derivatives formulated XpyM (Pd, Pt) previously reported by our group.3 Similarly, the
HS compound FpzPt3D displays almost flat {Fe[Pt(CN)4]}n layers, which in this case are
pillared by the axial linkers Fpz. In the latter, the F atom shows positional disorder due to
symmetry reasons, and consequently, the Fe-N(1) (Fpz) axial bond length is averaged.
Paradoxically, this bond length is ca. 0.05-0.04 A shorter than that observed for FpzPt and
the homologous 3D compound {Fe(pz)[Pt(CN)4]} in the HS state. In spite of this FpzPt3D
remains HS at all temperatures. A reasonable conjecture to explain this fact could be related
to the low thermal stability shown by FpzPt3D. This compound includes ca. 0.5 disordered
water molecules in the channels that desorb at 350 K, a temperature at which the Fpz ligand
starts to be lost (see figure S6 in Sl). By contrast, the 2D FpzPt and 3D {Fe(pz)[Pt(CN)a4]}
homologues are clearly more stable since no lost of Fpz/pz occurs up to 395/480 K (see
Figure S6 in Sl). Although it is always speculative to give an explanation in these
circumstances, the lack of SCO and low thermal stability of FpzPt3D might reflect a much
more strained structure. By contrast, the lack of thermal SCO in FpzNi could be related to
the tight crystal packing and very short interlayer contacts observed in the HS state, which
presumably prevents the change to a more packed LS structure even at pressures of 0.7
GPa. Furthemore, an important feature of the two SCO complexes FpzPd and FpzPt is the
drastic change of color from light-yellow (HS) to dark-red (LS) upon SCO.

FpzAu invariably affords a 3D coordination polymer whatever the synthetic method
employed. This structure resembles that of FpzPt3D, but obviously the latter is more
reticulated due to the different connectivity of [M"(CN)4]> and [M'(CN)2]" building blocks.
Consequently, FpzAu affords a more open and presumably less strained framework. In this
respect, the thermal stability of this framework is notably higher (ca. 480 K, see Figure S6 in
SI) than that of FpzPt3D. In FpzPt3D the two metallic building blocks act as 4-connected
nodes and must match their coordination angles as close to 90° as possible. By contrast, the
FpzAu structure is more relaxed since there is only one type of 4-connected node, namely,
the Fe' linked to other equivalent sites through four [Au(CN)2] linkers defining infinite
{Fes[Au(CN)2]a}n grids. Although the equatorial angles in the [FeNs] coordination center
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deviate only 3.1° from 90°, the Fe-N-C-Au-C-N linkages deviate 23.2° from linearity, and
consequently, the Fes units define rhombuses. As in FpzPt3D, the {Fes[Au(CN)2]a}n grids
are similarly connected through Fpz bridges. The F atom is averaged in four positions
defining Fe-N(Fpz) bonds similar to that found for FpzPt, which is ca. 0.06 A longer than
those found for FpzPt3D. The void space generated by the resulting less dense 3D
framework enables interpenetration of an identical framework. This situation has been
previously reported by our group for the homologous compound {Fe(pz)2[Ag(CN)z]2} and
more recently by Ni and Tong et al. for [Fe(2,5-bpp){Au(CN)z}2]-xSolvent (2,5-bpp = 2,5-
bis(pyrid-4-yl)pyridine),2%4 Kepert et al. for [Fe(bipytz)(Au(CN)2)2] (bpytz = 3,6-bis(4-pyridyl)-
1,2,4,5-tetrazine),’?®1 and more recently by Gural’'skiy et al. for {Fe(pz)[Au(CN)z]2} (hereafter
HpzAu).B34

Table 5. Characteristic temperatures of the SCO for the related compounds HpyM, FpyM and FpzM
(see text).

compound | T,/ K | T}, /K | AT/K | nD ref.
HpyNi 186 195 9 2D 7
HpyPd 208 213 5 2D 8
HpyPt 208 216 8 2D 8
HpyAu - - - 2D 35a?
FpyNi 205.8 234.4 286 | 2D 33
FpyPd 213.6 248.4 348 | 2D 33
FpyPt 214 239.5 255 | 2D 33
FpyAu 123.9° | 108.8°> | 15.1° | 2D 35b
HpzNi 287 307 20 3D 36
HpzPd 286 310 24 3D 36
HpzPt 285 309 24 3D 36
HpzAu 349 367 18 3D 34
FpzNi HS HS HS 2D | this work
FpzPd 105 127 22 2D | this work
FpzPt 1445 166.5 22 2D | this work
FpzAu 2215 264.5 43 3D | this work

aThis compound is HS at all temperatures. "This compound displays two steps with Tf}z = 147K
T%=98.2K, T{% =118.6 K, and T}, = 147 K.

54



Capitulo 2

Following the same synthetic method described for FpzAu, mixtures of Fe'/Fpz
solutions with solutions of [Ag'(CN)2]- gave in all cases dark-gray precipitates. After many

attemps we concluded that the homologous compound FpzAg is not a stable species.

Table 5 gathered the spin transition temperatures for the series of complexes here
investigated and related pyridine (HpyM),[":83%a 3-fluoropyridine (FpyM)[33 3% and pyrazine
{Fe(pz)[M(CN)x]z} (M" = Ni, Pd, Pt, x = 4, z = 1;B% and M' = Au,B x = 2, z = 2) (HpzM)
derivatives. From the critical temperatures observed for the title FpzM 2D compounds, it is
safe to state that the LS state is desestabilized when moving from Pt to Ni derivate.
However, rationalizing of this trend is not obvious, as it seems to depend on the particular
studied system. For example, the opposite trend has been observed for the related series of
2D compounds ClpzM (M = Ni, Pd, Pt).[2%¢] Another relevant observation is the increase of
cooperativeness regarding HpyM (M = Ni, Pd, Pt). This is, presumably, due to the presence
of short interlayer contacts facilitated by the presence of the fluorine atom in the pyridine
and pyrazine rings in the series FpyM and FpzM (M = Ni, Pd, Pt). It is worth noting that
when comparing HpyM and FpyM series the increase in cooperativeness is essentially
reflected in the increase of the characteristic Tf/z transition temperatures. The clear
destabilization of the LS state in the 2D FpzM (M = Ni, Pd, Pt) series can be ascribed to the
weaker ligand field induced by the ligand pz with respect to the ligands py and Fpy. As far
as the gold derivatives are concerned, the strong cooperative behavior and much higher T12

temperatures reflect the change of dimensionality from 2D to 3D.

The light-induced excited spin state trapping (LIESST) effect has been investigated
for the three derivates undergoing thermal-induced SCO. As a consequence of the
characteristic high-spin transition temperature, relaxation of the photogenerated HS* state in
FpzAu is very rapid, even at 10 K, and no LIESST effect could be recorded in our
magnetometer set up. This is consistent with the rapid HS* & LS relaxation (ca. 15 min)
observed at 10 K for the 3D compound {Fe(pz)[Pt(CN)4]2}-nH20 which undergoes a
cooperative SCO characterized by a hysteresis ca. 25 K wide centered at about 290 K.[24
Despite the average Ti2 not being too high for FpzPt, only 57% of HS* population was
produced at 10 K. In contrast, practically complete transformation to the HS* was achieved
for FpzPd compound. The TLesst values, 56.3 and 65.5 K, respectively, compare well with
that obtained for the related 2D Hofmann-like compound ClpyPd, which undergoes a two-

step cooperative spin transition with characteristic temperatures centered at 162 and 145
K.B37
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2.5.- Conclusion

The SCO behavior of a new series of 2D and 3D Hofmann-like Fe'" compounds
obtained from self-assembling of Fe", fluoropyrazine (Fpz), and [M"(CN)4]> (M" = Ni, Pd, Pt)
and [Au'(CN)2] building blocks has been investigated. The compounds based on [M'(CN)4]>
building blocks are stable 2D coordination polymers, FpzM. The Pd and Pt derivatives
undergo strong cooperative thermal- and light-induced SCO behavior accompanied by
drastic color changes from light-yellow (HS) to deep-red (LS), in contrast to the Ni derivate
that is HS at all temperatures even at a pressure of 0.7 GPa. From Ti2 values
destabilization of the LS state follows the trend Pt > Pd > Ni. The lack of SCO in the Ni
derivate has tentatively been associated with dense packing of the corrugated layers. The
3D metal organic framework FpzPt3D, obtained from different synthetic conditions, is a
distorted version of the well-known Hofmann-like compound {Fe(pz)[Pt(CN)4]}. It displays
unusual low thermal stability tentatively ascribed to structural strain and is HS at all
temperatures. By contrast, the 3D compound FpzAu constituted of two identical
interpenetrated 3D frameworks displays very cooperative SCO with a stable hysteresis

larger than 40 K.

2.6.- Experimental section

All chemicals were purchased from commercial suppliers and used without further
purification. Elemental and thermogravimetric analyses were performed, respectively, on
LECO CHNS-932 and Mettler Toledo TGA/SDTA 851e (working in the 290-800 K
temperature range under a nitrogen atmosphere with a rate of 10 K min?) analyzers. IR
spectra were recorded at 293 K by using a Nicolet 5700 FTIR spectrometer with the
samples prepared as KBr discs. Powder X-ray measurements where performed on a

PANalytical Empyrean X-Ray powder diffractometer (monochromatic Cu Ka radiation).

2.6.1.- Synthesis of {Fe(Fpz)2[M(CN)4]}

Mycrocrystalline samples of FpzM (M = Ni, Pd, Pt) were obtained in Ar atmosphere
by adding dropwise, under vigorous stirring, an aqueous solution of K2[M(CN)4]-3H20 (0.4
mmol, 5 mL) to an aqueous solution containing Fe(BF)s-6H20 (0.4 mmol, 3 mL) and
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fluoropyrazine (0.8 mmol, 3 mL). The resulting yellowish solid was stirred for 15 min, filtered,
washed with water, and dried in air (yield ca. 80%). Suitable single crystals for X-ray studies
were prepared by slow diffusion methods using a H-shaped tube. In one side of the H tube
were dissolved 0.15 mmol (41.7 mg) of FeSO4:7H20 and 0.3 mmol (29.4 mg) of
fluoropyrazine in 1 mL of water, while the opposite side contained 1 mL of a solution (0.15
mmol) of K2[M(CN)4]-3H20 [36.2 mg (Ni); 51.5 mg (Pd) and 64.7 mg (Pt)]. The H vessel was
carefully filled with water and sealed. Yellow single crystals of the title compounds appear in
2 weeks (yield ca. 20%). EDX analysis (energy-dispersive X-ray analysis) confirmed the
stoichiometric relationship between metallic coordination centers: [Fe:Ni] = [1:1], [Fe:Pd] =
[1:1], and [Fe:Pt] = [1:1]. The CN bond stretching mode features intense IR bands at v(CN) =
2157 cm? (shoulder) and 2145 cm (sharp) for FpzNi, 2161 cm™ (sharp) for FpzPd, and
2168 cm? (shoulder) and 2158 cm™ (sharp) for FpzPt. Anal. Calcd for Ci2HsF2FeNsgNi: C,
34.75; H, 1.46; N, 27.02. Found: C, 33.98; H, 1.52; N, 27.45. Anal. Calcd for
Ci2HsF2FeNsPd: C, 31.16; H, 1.31; N, 24.23. Found: C, 31.01; H, 1.35; N, 23.98. Anal.
Calcd for Ci2HsF2FeNsPt: C, 26.15; H, 1.10; N, 20.33. Found: C, 26.38; H, 1.15; N, 20.98.

2.6.2.- Synthesis of {Fe(Fpz)[Pt(CN)4]}-1/2H20

Compound FpzPt3D was produced by slow diffusion method, more precisely by
layering in standard test tubes. The layering sequence was as follows: the bottom layer
contains a mixture of Mohr's salt (0.2 mmol, 76 mg), fluoropyrazine (0.4 mmol, 40 mg), and
a few crystals of ascorbic acid in 3 mL of water. Then an interphase containing a mixture of
water:isopropanol (5 mL, 1:1) was added. Finally, a solution of K2[Pt(CN)4]-3H20 (0.2 mmol,
86.3 mg) in water:isopropanol (5 mL, 1:4) was gently poured on top of the interphase. The
tube was sealed, and red single crystals appeared in 3-4 weeks (yield ca. 30-40%). EDX
confirms the stoichiometric relationship between metallic coordination centers: [Fe:Pt] =
[1:1]. The CN bond stretching mode features an intense IR band at v(CN) = 2168 cm™. Anal.
Calcd for CgHaFFeNsOosPt: C, 20.84; H, 0.66; N, 18.23. Found: C, 20.68; H, 0.70; N, 18.60.

2.6.3.- Synthesis of {Fe(Fpz)[Au(CN)2]2}

Mycrocrystalline samples of FpzAu were prepared in Ar atmosphere by adding

dropwise, under vigorous stirring, an aqueous solution of K[Au(CN)z] (0.4 mmol, 5 mL) to an
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aqueous solution containing Fe(BFa4)2:6H20 (0.2 mmol, 3 mL) and fluoropyrazine (0.2 mmol,
3 mL). The resulting yellowish solid was stirred for 15 min, filtered, washed with water, and
dried in air (yield ca. 85%). Suitable single crystals for X-ray studies were prepared by
layering of the components as follows: the bottom layer contained a mixture of FeClz-4H20
(0.2 mmol, 39.8mg), fluoropyrazine (0.2 mmol, 19.6 mg), and a few crystals of ascorbic acid
in 3 mL of water. Then an interphase was generated adding 10 mL of a H20:MeOH (3:1)
mixture. Finally, a solution of K[Au(CN)z] (0.4 mmol, 2 mL) in a H20:MeOH (1:2) mixture was
gently poured on top of the interphase. EDX analysis confirms the stoichiometric relationship
between metallic coordination centers: [Fe:Au] = [1:2]. The CN bond stretching mode
features an intense IR band at v(CN) = 2175 cm and a shoulder at 2159 cm™. Anal. Calcd
for CsHsAuzFFeNs: C, 14.74; H, 0.46; N, 12.89. Found: C, 14.92; H, 0.50; N, 13.05.

2.6.4.- Single-crystal X-ray diffraction

Single-crystal X-ray data were collected on an Oxford Diffraction Supernova. In all
cases Mo Ka radiation (A = 0.71073 A) was used. A data scaling and empirical or multiscan
adsorption correction was performed. The structures were solved by direct methods using
SHELXS-2014 and refined by full-matrix least-squares of F2 using SHELXL-2014.[38 Non-
hydrogen atoms were refined anisotropically, and hydrogen atoms were placed in calculated
positions refined using idealized geometries (riding model) and assigned fixed isotropic

displacement parameters.

2.6.5.- Magnetic and calorimetric measurements

Variable-temperature magnetic susceptibility data (15-20 mg) were recorded with a
Quantum Design MPMS2 SQUID susceptometer equipped with a 7 T magnet, operating at
1T and at temperatures 2-400 K. Variable-temperature magnetic measurements under
pressure were performed on FpzNi using a hydrostatic pressure cell made of hardened
beryllium bronze with silicon oil as pressure transmitting medium and operating over the
pressure range 10° Pa < P < 1.2 GPa (accuracy ca. +0.025 GPa). The compound was
packed in a cylindrically shaped sample holder (1 mm in diameter and 5-7 mm in length) (8-
10 mg) made up of very thin aluminium foil. The pressure was calibrated using the transition
temperature of superconducting lead of high purity, 99.999%. Experimental
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susceptibilities were corrected for diamagnetism of the constituent atoms by use of Pascal’s

constants.

Differential scanning calorimetry (DSC) measurements were performed on dry
samples of the title compounds using a Mettler Toledo DSC 821e DSC calorimeter. Low
temperatures were obtained with an aluminium block which was attached to the sample
holder, refrigerated with a flow of liquid nitrogen, and stabilized at a temperature of 110 K.
The sample holder was kept in a drybox under a flow of dry nitrogen gas to avoid water
condensation. The measurements were carried out using about 10 mg of crystalline samples
sealed in aluminium pans with a mechanical crimp. An overall accuracy of 0.2 K in the
temperature and 2% in the heat capacity is estimated. The uncertainty increases for
determination of the anomalous enthalphy and entropy due to substraction of an unknown

baseline.

2.7.- References

[1] See for example: (a) Goodwin, H. A. Coord. Chem. Rev. 1976, 18, 293. (b) Giitlich, P.
Struct. Bonding (Berlin) 1981, 44, 83. (c) Kdnig, E; Ritter, G.; Kulshreshtha, S. K. Chem.
Rev. 1985, 85, 219. (d) Hauser, A. Comments Inorg. Chem. 1995, 17, 17. (e) Kdnig, E.
Struct. Bonding (Berlin, Ger.) 1991, 76, 51. (f) Gutlich, P.; Hauser, A.; Spiering, H.
Angew. Chem., Int. Ed. Engl. 1994, 33, 2024. (g) Sato, O. Acc. Chem. Res. 2003, 36,
692. (h) Real, J. A.; Gaspar, A. B.; Niel, V.; Mufioz, M. C. Coord. Chem. Rev. 2003,
236, 121. (i) Gutlich, P.; Goodwin, H. A. Topics in Current Chemistry 2004, Vols. 233-
235. (j) Real, J. A.; Gaspar, A. B.; Mufioz, M. C. Dalton Trans. 2005, 2062. (k) Halcrow,
M. A. Polyhedron 2007, 26, 3523. (I) Halcrow, M. A. Coord. Chem. Rev. 2009, 253,
2493. (m) Olguin, J.; Brooker, S. Coord. Chem. Rev. 2011, 255, 203. (n) Bousseksou,
A.; Molnér, G.; Salmon, L.; Nicolazzi, W. Chem. Soc. Rev. 2011, 40, 3313.

[2] (a) Meded, V.; Bagrets, A.; Fink, K.; Chandrasekar, R.; Ruben, M.; Evers, F.; Bernand-
Mantel, A.; Seldenthuis, J. S.; Beukman, A.; van der Zant, H. S. J. Phys. Rev. B:
Condens. Matter Mater. Phys. 2011, 83, 245415. (b) Prins, F.; Monrabal-Capilla, M.;
Osorio, E. A.; Coronado, E.; van der Zant, H. S. J. Adv. Mater. 2011, 23, 1545. (c)
Cavallini, M.; Bergenti, I.; Milita, S.; Kengne, J. C.; Gentili, D.; Ruani, G.; Salitros, |.;
Meded, V.; Ruben, M. Langmuir 2011, 27, 4076. (d) Miyamachi, T.; Gruber, M

59



Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"!' Hofmann-Like Coordination Polymers Based on 2-
Fluoropyrazine

(3]
(4]
(5]
(6]

(7]

(8]

&

Davesne, V.; Bowen, M.; Boukari, S.; Joly, L.; Scheurer, F.; Rogez, G.; Yamada, T. K;
Ohresser, P.; Beaurepaire, E.; Wulfhekel, W. Nat. Commun. 2012, 3, 938. (e) Martinho,
P. N.; Rajnak, C.; Ruben, M. In Spin-Crossover Materials: Properties and Applications;
Halcrow, M. A. Ed.; Wiley: 2013, pp 376-404 and references therein. (f) Sheperd, H. J.;
Molnar, G.; Nicolazzi, W.; Salmon, L.; Bousseksou, A. Eur. J. Inorg. Chem. 2013, 653.
(9) Rotaru, A.; Dugay, J.; Tan, R. P.; Guralskiy, I. A.; Salmon, L.; Demont, P.; Carrey,
J.; Molnar, G.; Respaud, M.; Bousseksou, A. Adv. Mater. 2013, 25, 1745. (h) Gural'skiy,
I. A.; Quintero, C. M.; Costa, J. S.; Demont, P.; Molnar, G.; Salmon, L.; Shepherd, H. J.;
Bousseksou, A. J. Mater. Chem. C 2014, 2, 2949. (i) Bartual-Murgui, C.; Akou, A,
Thibault, C.; Molnar, G.; Vieu, C.; Salmon, L.; Bousseksou, A. J. Mater. Chem. C 2015,
3, 1277. (j) Aragonés, A. C.; Aravena, D.; Cerd4, J. |.; Acis-Castillo, Z.; Li, H.; Real, J.
A.; Sanz, F.; Hihath, J.; Ruiz, E.; Diez-Pérez, |. Nano Lett. 2016, 16, 218.

Hofmann, K. A.; Kiispert, F. A. Z. Anorg. Allg. Chem. 1897, 15, 204.
Powell, H. M.; Rayner, J. H. Nature (London, U. K.) 1949, 163, 566.
Baur, R.; Schwarzenbach, G. Helv. Chim. Acta 1960, 43, 842.

(a) lwamoto, T. In Inclusion Compounds; Atwood, J. L.; Davies, J. E. D.; MacNicol, D.
D., Eds. Oxford University Press: Oxford, 1991, 5, 177. (b) lwamoto, T. In Chemistry of
Microporous Crystals; Inui, T.; Namba, S.; Tatsumi, T., Eds. Kodansha/Elsevier: Tokyo,
1991, 1. (c) Soma, T.; Yuge, H.; lwamoto, T. Angew. Chem., Int. Ed. Engl. 1994, 33,
1665.

Kitazawa, T.; Gomi, Y.; Takahashi, M.; Takeda, M.; Enomoto, M.; Miyazaki, A.; Enoki,
T. J. Mater. Chem. 1996, 6, 119.

Niel, V.; Martinez-Agudo, J. M.; Mufioz, M. C.; Gaspar, A. B.; Real, J. A. Inorg. Chem.
2001, 40, 3838.

(a) Niel, V.; Mufioz, M. C.; Gaspar, A. B.; Galet, A.; Levchenko, G.; Real, J. A. Chem. —
Eur. J. 2002, 8, 2446. (b) Niel, V.; Galet, A.; Gaspar, A. B.; Mufioz, M. C.; Real, J. A.
Chem. Commun. 2003, 1248.

[10] Mufioz, M. C.; Real, J. A. Coord. Chem. Rev. 2011, 255, 2068.

60



Capitulo 2

[11] Bartual-Murgui, C.; Salmon, L.; Akou, A.; Thibault, C.; Molnar, G.; Mahfoud, T.; Sekkat,
Z.; Real, J. A. New J. Chem. 2011, 35, 2089.

[12] Otsubo, K.; Haraguchi, T.; Sakata, O.; Fujiwara, A.; Kitagawa, H. J. Am. Chem. Soc.
2012, 134, 9605.

[13] Raza, Y.; Volatron, F.; Moldovan, S.; Ersen, O; Huc, V.; Martini, C.; Brisset, F.; Gloter,
A.; Stéphan, O.; Bousseksou, A.; Catala, L.; Mallah, T. Chem. Commun. 2011, 47,
11501.

[14] Peng, H.; Tricard, S.; Félix, G.; Molnar, G.; Nicolazzi, W.; Salmon, L.; Bousseksou, A.
Angew Chem., Int. Ed. 2014, 53, 10894.

[15] Ohtani, R.; Yoneda, K.; Furukawa, S.; Honrike, N.; Kitagawa, S.; Gaspar, A. B.; Mufioz,
M. C.; Real, J. A.; Ohba, M. J. Am. Chem. Soc. 2011, 133, 8600.

[16] Mufioz-Lara, F. J.; Gaspar, A. B.; Aravena, D.; Ruiz, E.; Mufioz, M. C.; Ohba, M,;
Ohtani, R.; Kitagawa, S.; Real, J. A. Chem. Commun. 2012, 48, 4686.

[17] Bao, X.; Shepherd, H. J.; Salmon, L.; Molnar, G.; Tong, M. L.; Bousseksou, A. Angew,
Chem,, Int. Ed. 2013, 52, 1198.

[18] Aravena, D.; Arcis-Castillo, Z.; Mufioz, M. C.; Gaspar, A. B.; Yoneda, K.; Ohtani, R.;
Mishima, A.; Kitagawa, S.; Ohba, M.; Real, J. A.; Ruiz, E. Chem. - Eur. J. 2014, 20,
12864.

[19] Culp, J. T.; Chen, D. L.; Liu, J.; Chirdon, D.; Kauffman, K.; Goodman, A.; Johnson, J. K.
Eur. J. Inorg. Chem. 2013, 511.

[20] Arcis-Castillo, Z.; Mufioz-Lara, F. J.; Mufioz, M. C.; Aravena, D.; Gaspar, A. B.;
Sanchez-Royo, J. F.; Ruiz, E.; Ohba, M.; Matsuda, R.; Kitagawa, S.; Real, J. A. Inorg.
Chem. 2013, 52, 12777.

[21] Kosone, T.; Hori, A.; Nishibori, E.; Kubota, Y.; Mishima, A.; Ohba, M.; Tanaka, H.; Kato,
K.; Kim, J.; Real, J. A,; Kitagawa, S.; Takata, M. R. Soc. Open. Sci. 2015, 2, 150006.

[22] Cirera, J.; Babin, V.; Paesani, F. Inorg. Chem. 2014, 53, 11020.

61



Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"!' Hofmann-Like Coordination Polymers Based on 2-
Fluoropyrazine

[23] Rodriguez-Velamazan, J. A.; Gonzalez, M. A.; Real, J. A.; Castro, M.; Mufioz, M. C.;
Gaspar, A. B.; Ohtani, R.; Ohba, M.; Yoneda, K.; Hijikata, Y.; Yanai, N.; Mizuno, M.;
Ando, H.; Kitagawa, S. J. Am. Chem. Soc. 2012, 134, 5083.

[24] Delgado, T.; Tissot, A.; Besnard, C.; Guénée, L.; Pattison, P.; Hauser, A. Chem. - Eur.
J. 2015, 21, 3664.

[25] Castro, M.; Roubeau, O.; Pifieiro-Lépez, L.; Real, J. A.; Rodriguez-Velamazan, J. A. J.
Phys. Chem. C 2015, 119, 17334.

[26] Collet, E.; Henry, L.; Pifieiro-Lopez, L.; Toupet, L.; Real, J. A. Curr. Inorg. Chem. 2016,
6, 61.

[27] (a) Bartual-Murgui, C.; Ortega-Villar, N. A.; Shepherd, H. J.; Mufioz, M. C.; Salmon, L.;
Molnar, G.; Bousseksou, A.; Real, J. A. J. Mater. Chem. 2011, 21, 7217. (b) Bartual-
Murgui, C.; Akou, A.; Salmon, L.; Molnar, G; Thibault, C.; Real, J. A.; Bousseksou, A.
Small, 2011, 7, 3385. (c) Bartual-Murgui, C.; Salmon, L.; Akou, A.; Ortega-Villar, N. A;
Shepherd, H. J.; Mufioz, M. C.; Molnar, G.; Real, J. A.; Bousseksou, A. Chem. - Eur. J.
2012, 18, 507. (d) Mufoz-Lara, F. J.; Gaspar, A. B.; Mufioz, M. C.; Arai, M.; Kitagawa,
S.; Ohba, M.; Real, J. A. Chem. - Eur. J. 2012, 18, 8013. () Mufioz-Lara, F. J.; Gaspar,
A. B.; Muioz, M. C.; Ksenofontov, V.; Real, J. A. Inorg. Chem. 2013, 52, 3. (f) Sciortino,
N. F.; Scherl-Gruenwald, K. R.; Chastanet, G.; Halder, G. J.; Chapman, K. W.; Létard,
J. F.; Kepert, C. J. Angew. Chem., Int. Ed. 2012, 51, 10154. (g) Pifieiro-Lépez, L.;
Seredyuk, M.; Mufioz, M. C.; Real, J. A. Chem. Commun. 2014, 50, 1833.

[28] (a) Ohtani, R.; Arai, M.; Ohba, H.; Hori, A.; Takata, M.; Kitagawa, S.; Ohba, M. Eur. J.
Inorg. Chem. 2013, 738. (b) Ragon, F.; Yaksi, K.; Sciortino, N. F.; Chastanet, G.;
Létard, J. F.; D'Alessandro, D. M.; Kepert, C. J.; Neville, S. M. Aust. J. Chem. 2014, 67,
1563. (c) Klein, Y. M.; Sciortino, N. F.; Ragon, F.; Housecroft, C. E.; Kepert, C. J.;
Neville, S. M. Chem. Commun. 2014, 50, 3838. (d) Gaspar, A. B.; Levchenko, G;
Terekhov, S.; Bukin, G; Valverde-Mufioz, J.; Mufioz-Lara, F. J.; Seredyuk, M.; Real, J.
A. Eur. J. Inorg. Chem. 2014, 429. (e) Kucheriv, O. I.; Shylin, S. I.; Ksenofontov, V.;
Dechert, S.; Haukka, M.; Fritsky, I. O.; Gural'skiy, I. A. Inorg. Chem. 2016, 55, 4906.

[29] (a) Shepherd, H. J.; Bartual-Murgui, C.; Molnar, G.; Real, J. A.; Mufioz, M. C.; Salmon,
L.; Bousseksou, A. New J. Chem. 2011, 35, 1205. (b) Yoshida, K.; Kosone, T.;
Kanadani, C.; Saito, T.; Kitazawa, T. Polyhedron 2011, 30, 3062. (¢) Mufoz-Lara, F.J.;

62



Capitulo 2

Gaspar, A. B.; Mufioz, M. C.; Lysenko, A. B.; Domasevitch, K. V.; Real, J. A. Inorg.
Chem. 2012, 51, 13078. (d) Arcis-Castillo, Z.; Mufioz, M. C.; Molnar, G.; Bousseksou,
A.; Real, J. A. Chem. - Eur. J. 2013, 19, 6851. (e) Li, J. Y.; Yan, Z.; Ni, Z. P.; Zhang, Z.
M.; Chen, Y. C.; Liu, W.; Tong, M. L. Inorg. Chem. 2014, 53, 4039. (f) Xu, H.; Xu, Z. L;
Sato, O. Microporous Mesoporous Mater. 2014, 197, 72. (g) Pifieiro-Lopez, L.; Arcis-
Castillo, Z.; Mufioz, M. C.; Real, J. A. Cryst. Growth Des. 2014, 14, 6311. (h) Yan, Z,;
Li, J. Y.; Liu, T.; Ni, Z. P.; Chen, Y. C.; Guo, F. S.; Tong, M. L. Inorg. Chem. 2014, 53,
8129. (i) Sugaya, A.; Ueno, S.; Okabayashi, J.; Kitazawa, T. New J. Chem. 2014, 38,
1955. (j) Clements, J. E.; Price, J. R.; Neville, S. M.; Kepert, C. J. Angew. Chem., Int.
Ed. 2014, 53, 10164. (k) Li, J. Y.; Chen, Y. C.; Zhang, Z. M.; Liu, W.; Ni, Z. P.; Tong, M.
L. Chem.- Eur. J. 2015, 21, 1645.

[30] (a) Decurtins, S.; Gitlich, P.; Kéhler, P. C.; Spiering, H.; Hauser, A. Chem. Phys. Lett.
1984, 105, 1. (b) Hauser, A. Chem. Phys. Lett. 1986, 124, 543. (c) Hauser, A. Top.
Curr. Chem. 2004, 234, 155.

[31] Létard, J. F. J. Mater. Chem. 2006, 16, 2550.

[32] (a) Hauser, A. Coord. Chem. Rev. 1991, 111, 275. (b) Hauser, A.; Enachescu, C.;
Daku, M. L.; Vargas, A.; Amstutz, N. Coord. Chem. Rev. 2006, 250, 1642.

[33] Martinez, V.; Gaspar, A. B.; Mufioz, M. C.; Bukin, G. V.; Levchenko, G.; Real, J. A.
Chem. - Eur. J. 2009, 15, 10960.

[34] Gural'skiy, I. A.; Golub, B. O.; Shylin, S. I.; Ksenofontov, V.; Shepherd, H. J.; Raithby,
P. R.; Tremel, W.; Fritsky, I. O. Eur. J. Inorg. Chem. 2016, 3191.

[35] () Kosone, T.; Kachi-Terajima, C.; Kanadani, C.; Saito, T.; Kitazawa, T. Chem. Lett.
2008, 37, 754. (b) Kosone, T.; Kachi-Terajima, C.; Kanadani, C.; Saito, T.; Kitazawa, T.
Chem. Lett. 2008, 37, 422.

[36] () Bonhommeau, S.; Molnar, G.; Galet, A.; Zwick, A.; Real, J. A.; McGarvey, J. J.;
Bousseksou, A. Angew. Chem., Int. Ed. 2005, 44, 4069. (b) Ohba, M.; Yoneda, K;
Agusti, G.; Mufioz, M. C.; Gaspar, A. B.; Real, J. A.; Yamasaki, M.; Ando, H.; Nakao,
Y.; Sakaki, S.; Kitagawa, S. Angew. Chem., Int. Ed. 2009, 48, 4767. (c) Southon, P. D.;
Liu, L.; Fellows, E. A.; Price, D. J.; Halder, G. J.; Chapman, K. W.; Moubaraki, B.;
Murray, K. S.; Létard, J. F.; Kepert, C. J. J. Am. Chem. Soc. 2009, 131, 10998.

63



Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"!' Hofmann-Like Coordination Polymers Based on 2-
Fluoropyrazine

[37] Martinez, V.; Arcis-Castillo, Z.; Mufioz, M. C.; Gaspar, A. B.; Etrillard, C.; Létard, J. F;
Terekhov, S. A.; Bukin, G. V.; Levchenko, G.; Real, J. A. Eur. J. Inorg. Chem. 2013,
813.

[38] Sheldrick, G. M. Acta Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112.

[39] Eiling, A; Schilling, J. S. J. Phys. F: Met. Phys. 1981, 11, 623.

2.8.- Supporting Information

Figure S1.- Magnetic behavior of FpzNi at 1 bar (10* GPa) (blue) and at 7 kbar (0.7 Gpa) (red).
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Figure S2.- a) Magnetic behavior of FpzPt3D at 1bar (10 Gpa). b) Powder X-ray diffraction pattern of
FpzPt3D: i) calculated from single crystal; ii) measured from microcrystalline powder. c¢) IR spectrum of

FpzPt3D.
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Figure S3.- Precipitated microcrystalline FpzAu sample: a) Magnetic behavior (several cycles); b)
Powder X-ray patterns: i) calculated from single crystal data (blue); ii) experimental obtained from
precipitated samples (red). C) IR spectrum.
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Figure S4.- IR spectra (a) and powder X-ray diffraction patterns (b) for precipitated samples of FpzNi,
FpzPd, and FpzPt.
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Figure S5.- Perspective view, along [100] direction, of the porous compound FpzPt3D showing the
location of the H,O molecules.

Figure S6.- Thermogravimetric analysis of FpzAu, Fpz3D and FpzPt.
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Figure S6 (cont).- Thermogravimetric analysis of FpzAu, Fpz3D and FpzPt.
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Table S1.- Equilibrium temperatures, Tf/z and Tf/z for single crystal and precipitated crystalline samples
of FpzAu. These temperatures correspond to the 50% of spin conversion where the molar fractions of

the HS and LS molar fractions are equal to 0.5. T' (plateau) corresponds to the temperature at which
the small plateau (ca. 23%) occurs in the heating branch.

Single crystals Precipitated microcrystalline
Cycle | T{o/K | TL,/K | T' (plateau)/K | Tio/K | T1H/K | T' (plateau)/K
1 196 262 247 183 265 250
2nd 221 263 246 207 264 248
3¢ 220 263 245 219 265 245
4 222 263 245 218 267 243
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CAPITULO 3

Switchable Spin-Crossover Hofmann-Type 3D Coordination Polymers
Based on Tri- and Tetratopic Ligands

3.1.- Abstract

Fe'' spin-crossover (SCO) coordination polymers of the Hofmann type have become
an archetypal class of responsive materials. Almost invariably, the construction of their
architectures has been based on the use of monotopic and linear ditopic pyridine-like
ligands. In the search for new Hofmann-type architectures with SCO properties, here we
analyze the possibilities of bridging ligands with higher connectivity degree. More precisely,
the synthesis and structure of {Fe'(LN®)[M!(CN)z]2}-(Guest) (Guest = nitrobenzene,
benzonitrile, o-dichlorobenzene; M' = Ag, Au) and {Fe"(LN*)[Ag2(CN)s]J[Ag(CN)2]}-H20 are
described, where LN3 and LM are the tritopic and tetratopic ligands 1,3,5-tris(pyridin-4-
ylethynyl)benzene and 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene. This new series of

Hofmann clathrates displays thermo- and photoinduced SCO behaviors.

3.2.- Introduction

Iron (lI) spin crossover (SCO) complexes are remarkable types of responsive
molecular materials that can be reversibly switched between the electronic high-spin (HS)
and low-spin (LS) states in response to environmental stimuli, such as temperature,
pressure, light irradiation, and analytes.l! The LS <> HS switch is manifested by reversible,
controllable, and detectable changes in the physicochemical properties (optical, magnetic,
electrical, and structural), making these functional molecular materials excellent prototypes

of sensors, switches, and memories.?

Within the so-called polymeric approach to the synthesis of Fe'" SCO compounds,
Hofmann-type coordination polymers have been gaining considerable attention in the past
decade and now they constitute an archetypal family in the SCO area.l®! They are a class of
two- and three-dimensional cyanide-bridged bimetallic compounds formulated as
{Fe"(L)x[M"(CN)a]}n, where M" is Ni, Pd, or Pt and L can be an N-donor monodentate (x = 2)

or bis-monodentate rodlike (x = 1) ligand. The structure is invariably constituted of parallel
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stacks of two-dimensional {Fe'[M"(CN)4]}n square grids in which Fe" is equatorially
coordinated to four [M"(CN)4]? planar units through the N atom while the axial positions are
occupied by two L ligands, defining two-dimensional (2D) or three-dimensional (3D)M!
coordination polymers when L is a terminal monodentate or a bis-monodentate bridging
ligand, respectively. The latter connects the Fe! centers of consecutive layers, thus
generating bifunctional porous fsc (RCSE database) frameworks in which SCO properties

and host-guest chemistry interplay in a synergetic way.5h6l

Coordination polymers with the formula {Fe'"(L)x[M'(CN)z2]2}n, where M! = Cu, Ag, Au,
are usually included in the family of Hofmann-type compounds. The Fe' sites can be
structurally described in the same terms as for {Fe'(L)x[M"(CN)a4]}n. However, the linear bis-
monodentate rodlike [M'(CN)2]- bridges produce more open frameworks with pcu topology,
which usually favor double, triple, and even quadruple interpenetration of the
frameworks.?acl At variance with {Fe"(L)2[M"(CN)4]}n, which only form 2D frameworks,
monodentate L ligands can also form 3D frameworks with more varied topologies (e.g., nbo
and cds among others).l’l Usually, the {Fe"(L)x[M'(CN)z]2}n frameworks interact with each
other through short M'-M' metallophilic contacts. Furthermore, the susceptibility of M'-(Cu,
Ag) to expand the coordination sphere or generate oligomers (e.g., [Ag2(CN)s]) also adds

interesting features to this subfamily of compounds.

Hofmann-type Fe'' SCO coordination polymers have afforded excellent examples of
thermo- and piezohysteretic behaviors, multistep cooperative transitions, relevant examples
of porous systems where the SCO behavior can be tuned by guest molecules favoring
selective host-guest interactions, catalytic activity, and/or solid-state transformations.®! In
addition, these compounds are excellent platforms to investigate the SCO properties at the
nanoscale (nanocrystals, thin films)®*9 and their potential application as prototypes of
spintronic and micromechanical devices.!® Thus, the design and synthesis of new
Hofmann-type Fe" SCO compounds are essential steps for discovering new, interesting
properties and applications. In this respect, almost all Hofmann-type Fe" SCO compounds
so far investigated have been prepared from mono- and ditopic ligands. Indeed, as far as we
know, the only exception corresponds to the porous coordination polymers
{Fe(TPT)23[M(CN)2]2}-n(Guest), where TPT is 2,4,6-tris(4-pyridyl)-1,3,5-triazine, a tritopic
ligand with Dsh symmetry.[*]
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As a further step in this study, herein we report on the synthesis and characterization
of two unprecedented series of Fe'' SCO coordination polymers based on the tritopic and
tetratopic ligands LN = 1,3,5-tris(pyridin-4-ylethynyl)benzene and LN = 1,2,45-
tetrakis(pyridin-4-ylethynyl)benzene (Scheme 1) and ditopic [M'(CN)2]- inorganic bridges.
The LM ligand is an expanded version of the previously investigated TPT ligand, while the
topology of the LM ligand is investigated for the first time in the family of Hofmann
clathrates. More precisely, we will present the crystal structures and magnetic and
photomagnetic properties of {Fe'(LN3)[M'(CN)2]z}-(Guest) (M' = Ag (1-Guest), M' = Au
(2-Guest); Guest = CsHsX X = NOz, CN), 0-CeH4Cl2) and
{Fe"(LNY[Ag2(CN)3][Ag(CN)2]}-H20 (3-H20).

Scheme 1. Organic bridging ligands used in this work.

3.3.- Results
3.3.1.- Synthesis

The synthesis of the title compounds was conditioned by the high insolubility of the
ligands LN® and LN* and the resulting coordination polymers. Thus, in order to get reasonably
good microcrystalline samples and single crystals of 1-Guest, 2-Guest, and 3-H:20, the
synthesis was carried out by slow diffusion of the components (see also the Experimental
Section). The presence of guest molecules was an additional key condition for the synthesis
of complexes with LN3, Thus, we found that the use of an H-type diffusion system made up
of four connected vessels resulted in the most appropriate strategy. In such configuration,
methanolic solutions of Fe" and [M(CN)2]- were poured separately into the peripheral
vessels, while LN® was placed as a solid (due to its insolubility) at the bottom of the vessel

next to the Fe' solution, and a large excess of Guest was placed in the remainder vessel.
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Alternatively, to slow the diffusion, it is also possible to add the Fe" and [M(CN)2] salts as
solids at the bottom of the corresponding tubes. Finally, the four vessels were filled with
methanol and sealed (Figure S1). The most appropriate guest molecules turned out to be
the following benzene derivatives: PhNO2, 0-PhClz, and PhCN. In contrast, the use of five-
membered rings as guests, i.e. pyrrole, furan, and thiophene, was unsuccessful and no
product was formed. PXRD patterns for the 1-Guest and 2-Guest series are practically
identical, demonstrating their isostructural nature (Figure S2). Despite the high crystallinity of
these compounds, adequate single crystals to get reasonably good structural X-ray

diffraction analyses were achieved only for 1-PhNO2 and 2-PhNO..

Given that LM is soluble in CHCIz and that the structure of 3-H20 cannot accept
guest molecules (vide infra), a three-vessel modification was employed (see Figure S1). At
variance with 3-H20, self-assembly of Fe', LN*, and [Au(CN)2]" does not give any type of
complex even in the presence of guest molecules. This may be due to metric and/or
geometric incompatibilities between connectors and nodes and the fact that the Au atom

cannot expand the coordination sphere as Ag does in the case of 3-H20 (vide infra).

The thermogravimetric analysis (TGA) for 1-Guest, 2-Guest, and 3-H20 confirmed
the amount of guest molecules (Figure S3). The TGA for fresh samples of 1-PhNO. and
2:-PhNOz2 shows, prior to the loss of the PhNO2 molecule, a quite small weight loss (ca. 0.5
and 0.3%, respectively) on starting from room temperature, which could be tentatively
associated with the presence of a quite small amount of methanol. Because the amount of
these molecules is less than ca. 1/8 CH3sOH and these species are very labile, we have
considered that, under vacuum conditions of the SQUID magnetometer or even under
ambient storage conditions, these molecules spontaneously desolvate, as suggested by the
structure analysis and the magnetic properties (vide infra). The average yields for 1-Guest
and 2-Guest were ca. 15-20%, and that of 3-H20 was 10-15%.

3.3.2.- Crystal structures

The crystal structure was determined by single-crystal X-ray analysis at 120 and 250
K for 1-PhNO2 and 3-H20 and at 100 and 250 K for 2:PhNO2. Compounds 1-PhNO2 and
2:PhNO2 crystallize in the orthorhombic Pbcn space group, while compound 3-H20
crystallizes in the triclinic P1 space group. Relevant crystallographic parameters are shown
in Table 1. Selected significant bond lengths and angles are given in Table 2 and Table S1,

respectively.
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Table 1. Crystallographic parameters for 1.:PhNO,, 2:PhNO,, and 3-H,0.

1-PhNO, 2-PhNO, 3-H,0
]‘EOTI'TF]J[I.H;aI C37H20AngeN302 C37H20AU2F9N302 ngngAggFeNgo
Mr 880.20 1058.39 1008.08
Crystal system Orthorhombic Orthorhombic Triclinic
Space group Pbcn Pbcn P-1
T/K 120 K 250 K 100 K 250 K 120 K 250 K
a (A 36.5834(10) | 36.806(2) | 36.7927(12) | 36.931(2) | 7.9977(5) | 7.9807(5)
b (A) 15.2354(4) | 15.8826(5) | 15.1716(5) | 15.6980(4) | 9.5996(9) | 9.8952(6)
c (A 13.2204(3) | 13.4475(5) | 13.1200(4) | 13.3384(4) | 13.5845(5) | 13.8305(8)
a 89.642(5) 89.434(4)
B 80.717(5) | 80.842(5)
y 71.166(7) | 71.898(5)
V (A3 7368.6(3) | 7861.0(5) 7323.6(4) | 7732.8(4) | 973.00(12) | 1024.00(11)
Y4 8 8 8 8 1 1
F(000) 3472 3984 490
D, (mg cm®) 1.587 1.487 1.920 1.818 1.720 1.661
p (Mo-Kg)(mm'™?) 1.484 1.391 8.427 7.982 1.895 1.804
No. of total
reflections 7681 5381 7739 6638 3694 3496
[1>25(1)]
R [1>20 (1)] 0.0681 0.0672 0.0383 0.0463 0.0609 0.0670
wWR[I>20(1)] 0.1453 0.1674 0.0905 0.0859 0.1569 0.1776
S 1.068 1.014 1.033 1.066 1.046 1.050
Table 2. Selected bond lengths (A) for 1.-PhNO,, 2:PhNO,, and 3-H0.
1-PhNO, 2-PhNO, 3:-H,0
120 K 250 K 100 K 250 K 120 K 250 K

Fe-N1 2.033(4) | 2.217(6) | 2.048(5) | 2.220(5) | 2.045(4) | 2.241(4)

Fe-N2 2.046(4) | 2.228(5) | 2.061(5) | 2.217(5) | 1.955(4) | 2.117(5)

Fe-N3 1.968(4) | 2.166(5) | 1.975(5) | 2.157(6) | 1.957(4) | 2.141(5)

Fe-N4 1.969(4) | 2.145(5) | 1.994(5) | 2.148(5)

Fe-N5 1.971(5) | 2.151(5) | 1.982(5) | 2.149(6)

Fe-N6 1.973(5) | 2.151(5) | 1.986(5) | 2.154(6)

Ag1-C28 2.043(5) | 2.031(6)

Agl-C29 2.044(5) | 2.049(6)

Ag2-C30 2.053(6) | 2.052(6)

Ag2-C31 2.059(6) | 2.060(6)

Aul-C28 1.986(6) | 1.987(7)

Aul-C29 1.970(6) | 1.982(7)

Au2-C30 1.989(7) | 1.989(7)

Au2-C31 1.983(6) | 1.977(6)

Aul-Au2 3.268(1) | 3.270(1)

Ag1-N4 2.435(4) | 2.470(6)

Agl-N5 2.119(5) | 2.095(7)

Agl-C18 2.068(5) | 2.054(6)

Agl-C19 2.119(5) | 2.095(7)

Ag2-C20 2.058(5) | 2.060(6)

Agl-Ag2 3.275(1) | 3.247(1)
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3.3.2.1.- Structures of 1:-PhNO2 and 2:PhNO>

Given that 1-PhNO2 and 2-PhNO:2 are isostructural, we will describe their structures
simultaneously. There is a crystallographycally unique Fe' site that is situated in the center
of a slightly elongated [FeNes] octahedron. Figure 1 displays the coordination sphere of the
Fe' with the atom labeling of the asymmetric unit, which is the same for 1-PhNO: and
2:PhNOz2. The axial positions (Fe-N1 and Fe-N2), occupied by the pyridine moieties of the
ligand LN3, are about 3% longer than the equatorial positions. The four equatorial positions
are occupied by two crystallographically distinct [M'(CN)2]" groups (Agl/2 and Aul/2). The
average [FeNe] bond lengths are 1.993(5) [2.176(5)] A for 1-PhNO2 at 120 K [250 K] and
2.008(5) [2.174(6)] A for 2-PhNO2 at 100 K [250 K]. The difference values AR between high-
and low-temperature forms equal to 0.183 A (1-PhNO2) and 0.166 A (2-PhNO>) are in
agreement with the magnetic data and are consistent with the occurrence of a practically
complete SCO transition for 1-PhNO2z and 90% conversion at 100 K for 2:-PhNO.. It is worth
stressing at this point that, when single crystals of the latter compound are selected directly

from the mother liquour and cooled to 120 K, the crystal parameters and Fe-N bond lengths

Figure 1. (a) Coordination center of 1-PhNO; at 120 K showing the atom labeling of the
asymmetric unit (the atom labeling for the Au derivative (2-PhNQOy) is the same). (b) Fragment of the
zigzag chain running along [100]. (c) {FesJ[M'(CN).].} corrugated 2D grids.
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are similar to those obtained at 250 K and are consistent with the results obtained from the
magnetic data measured in solution: namely, that 2-PhNO: remains in the HS state (vide
infra) (see Table S2). Consistent with TGA, this notable difference suggests the presence of
very small amounts of strongly disordered labile methanol molecules included in the
structure (ca. less than 0.2 molecule) at 120 K. Indeed, there is some nonassigned electron
density within the cavities of the structure. An analysis using PLATON shows the occurrence
of a void volume of 2 x 67 A3 centered at (0.0, 0.72, 0.25) close (ca. 2.7 A) to the
uncoordinated N7 atom. No such behavior was observed for the single-crystal study of
1-PhNO:..

The sums of deviations from the ideal octahedron of the 12 “cis” N-Fe-N angles
(X = X{2,16; —90]) are respectively 17.3° [26.8°] and 24.1° [25.3°] for 1-PhNO: and
2:PhNO:2 at 120 K [250 K], confirming that the [FeNe] site is weakly distorted, whatever the
spin state of the Fe' centers. The average Fe-N-C(M') angles separate from 180° by 15.4°
(250 K) and 10.2° (120 K) for Fe-N-C(Ag) and 16.8° (250 K) and 11.7° (100 K) for Fe-N-
C(Au). Similarly, the average M'-C-N angles deviate from linearity by 6.5° (250 K) and 10.6°
(120 K) for [Ag(CN)2]" and 4.6° (250 K) and 7.4° (100 K) for [Au(CN)2].

The L3 ligand is not completely flat. Indeed, the mean planes defined by the pyridine
moieties containing N1, N7, and N2 define angles with respect to the mean plane containing
the benzene ring equal to 4.7° (4.2°), 18.9° (26.99), and 5.4° (13.6°) for 1-PhNO2 at 120
(250) K and 4.6° (4.2°), 18.9° (29.1°), and 5.1° (6.8°) for 2-PhNO2 at 100 (250) K,
respectively. It is noteworthy to stress the strong dependence of the angles defined by N2
and N7 on the spin state of the Fe'. Furthermore, the pyridine-benzene connectors deviate
slightly from linearity (by 5-6°). The pyridyl group containing the N7 atom does not
coordinate either the Fe' or M' ion and is strongly disordered. Consequently, LN acts as a
ditopic ligand, thereby defining zigzag chains running along [100]. In addition, the [M'(CN)J-
linkers radiate almost perpendicularly to the [100] direction connecting the Fe' centers of
four adjacent zigzag chains. Alternatively, the structure can be seen as a parallel stack of
slightly corrugated 2D grids {Fes[M'(CN)z]4} connected by LN3. The distances between two
Fe! centers of consecutive layers connected by LN are 18.466 (1) A at 120 K for 1-PhNO2
and 18.396(2) A at 100 K for 2-PhNO2. The resulting 3D network generates enough empty
room so as to favor interpenetration of two identical networks (Figure 2). The frameworks

interact with each other through weak metallophilic M'---M' interactions (see Table 2) but,
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Figure 2. Perspective views of a fragment of the 3D framework of 1.PhNO, at 120 K: a single
framework running along the [001] (a) and [010] (b) directions and the same perspectives showing the
double-interpenetrated frameworks loaded with PhNO; (c, d).

more importantly, through the LN? ligands, which stack along the c direction, generating a
large number of intermolecular C:--C 11 short contacs smaller than the sum of the van der
Waals radii (ca. 3.7 A). These contacts increase in number and intensity when the
compound moves from the HS state to the LS state (see Figures S4 and S5 and Table S3).
Despite this fact, the interpenetrating frameworks generate room for inclusion of one PhNO:2
molecule, which are located between the LN3 ligands (Figure 2) and define strong
interactions with one of the pyridine rings coordinated to the Fe" centers, while the other
coordinated pyridine group also interacts via T with the central benzene ring of a LN ligand
belonging to the adjacent framework (see Figures S4 and S5).
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3.3.2.2.- Structure of 3-H20

Ho 2

Figure 3. Coordination center of 3-H,O at 120 K showing the atom labeling of the asymmetric unit (a).

Perspective views of a fragment of the 3D framework of 3-H,O at 120 K: two perspectives of the same

fragment of a single framework emphasizing the coordination mode of LN* and [Ag2(CN)s] bridges (b)
and the connection of the formed layers via [Ag(CN)_] ligands (c).

Figure 3 displays a fragment of the structure of 3-H20 at 120 K together with the
atom labeling of the asymmetric unit. There is one crystallographically unique [FeNe] site
which lies in an inversion center defining a slightly elongated octahedron. The axial bond
lengths are occupied by the pyridine moieties of the LN* ligand (Fe-N1), while the four
equatorial positions are occupied by [Ag(CN)z]" and [Ag2(CN)s] units through the Fe-N2 and
Fe-N3 bonds. The [FeNg] values equal to 1.986(4) and 2.166(4) A at 120 and 250 K,
respectively, indicate that the Fe' centers are essentially in the LS and HS spin states
according to the magnetic data. In this case the angular distortions of the [FeNs] octahedron,
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F120K = 6,9(2)° and Y?°%K = 5.0(2)°, are remarkably smaller than those in the case of

1-PhNO:2 and 2:PhNO:a.

The LM ligand is essentially flat, but the pyridine moiety bearing the N1 atom is
rotated 27.1° with respect to the plane defined by the central benzene ring, which also lies in
an inversion center. The Ag site in the [Ag(CN)z]" unit is strictly linear. In contrast, the Ag site
in the in situ generated [Ag2(CN)s]" species expands the coordination sphere to 3, affording
a distorted-trigonal geometry. The trigonal geometry is generated through coordination of
the N4 atom belonging to LN*. Consequently, LN* acts as a tetratopic ligand connecting the
Fe' and the Ag' of the [Agz(CN)s] units, defining an irregular 2D grid with triangular and
hexagonal windows. These layers are connected through the linear [Ag(CN)2] bridges, thus
defining a quite open 3D framework. Alternatively, the structure can be described as
constituted by an infinite stack of undulated {Fes[Ag(CN)z2]2[Ag2(CN)s]2}n layers pillared by
LN4. The space generated by the undulated rectangular windows allows interpenetration of
two additional identical frameworks, thus filling the void space and affording a triple-
interpenetrated system where there is only free room for one H20 per formular unit (see
Figure S6a). A simplified version of the structure showing the topology of the resulting (2-
¢)(3-c)2(4-c)(6-c) 4-nodal net analyzed with ToposProl*? is given in Figure S6b.

3.3.3.- Magnetic and photomagnetic properties

The thermal dependence of the ymT product (ym is the molar magnetic susceptibility
and T is the temperature) was measured at 1 K min't using a magnetic field of 1 T in the
temperature region 10-300 K for compounds 1-Guest, 2-Guest, and 3-H20. The
corresponding xmT versus T curves are shown in Figure 4. At 300 K, the yuT value was
found in the interval 3.70-3.76 cm® K mol* for 1-Guest and 2-Guest and 3.34 cm® K mol?
for 3:H20. These values are typical for an S = 2 ground state with noticeable orbital
contribution, as usually observed for the Fe' ion in the HS state. For 1-Guest and 2-Guest,
xmT is nearly constant in the temperature interval 300-210 K. Upon further cooling, ymT
decreases abruptly, attaining values in the interval 0.10-0.25 cm® K mol* at 50 K, indicating
that the LS state (S = 0) is practically fully populated. The equilibrium temperatures of the
SCO, at which the molar fractions of the HS and the LS species are equal to yLs = yus = 0.5
(AGHL = 0), have T2 values equal to 156 K (1-PhCN), 145 K (2-PhCN), 166 K (1-PhNO),
143 K (2-PhNO2), 180 K (1-0PhCl2), and 187 K (2:0PhCl>).
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As mentioned in the structural analysis, an apparent inconsistency in the degree of
spin-state conversion was found when the ywmT product and the averaged Fe-N bond
distance of 2:PhNO2 at 120 K were correlated. This was associated with the clathration of a
variable small amount of loosely attached methanol molecules, which spontaneously desorb
at higher temperatures. To clarify this, the thermal variation of ymT was recorded for a
crystalline sample of 2-:PhNO2 soaked in mother liquor. The results included in Figure 4
(open circles) demonstrates that under these conditions 2-PhNO2 remains in the HS state at

all temperatures.
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Figure 4. Magnetic and photomagnetic properties of 1-Guest, 2-Guest, and 3-H,O: irradiation at 10 K
(red triangles); thermal dependence of xuT upon heating at 0.3 K/min (blue circles) and heating/cooling
at 1 K/min (black circles); thermal variation of xuT for crystals of 2-:PhNO, soaked in mother liquor (open
circles).

Compounds 3-H20 experiments a similar SCO behavior starting at higher
temperature (ca. 250 K), but the ymT product decreases more gradually. Indeed, the ymT
value changes from 3.34 to 0.56 cm® K mol? (yus = 0.17) in the temperature interval 250-150
K. Furthermore, a subsequent smoother decrease of ymT is observed in the temperature
range 150-50 K, attaining a value of 0.26 cm® K mol? at 50 K (yns = 0.08). The SCO can

also be considered complete and characterized by a Ti2 value of ca. 187 K.
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Photogeneration of the metastable HS* state at low temperature, the so-called light-
induced excited spin state trapping (LIESST) experiment,[*3l was carried out at 10 K on
irradiation of microcrystalline samples (0.8 mg) of 1-Guest and 2-Guest with red light (A =
633 nm), in the time required to attain saturation (Figure 4 and Figure S7). Under these
conditions, the samples saturate in 3 h, with values of yuT in the interval 2.97-2.21 cm3 K
mol. Subsequently, the light irradiation was switched off and the temperature increased at
arate of 0.3 K min't, Then, ymT keeps on increasing to reach a maximum of 3.72-3.54 cm® K
mol? in the temperature interval 37-50 K. This increase in yuT corresponds to the thermal
population of different microstates originating from the zero-field splitting of the S = 2 HS*
spin state. At higher temperatures, ymT decreases rapidly until it joins the thermal SCO
curve in the 65-84 K temperature range, indicating that the metastable HS* state has
completely relaxed to the stable LS state. In contrast, after saturation ymT values experience
just a slight increase to attain a maximum of ca. 2.47 cm® K mol? at 14 K for 3-H20. This
less stable HS* state relaxes back to the LS state at significantly lower temperatures. The
characteristic Tuesst temperatures,i*4 obtained from dymT / 4T in the 10-77 K interval, are
63.6 K (1-PhCN), 70.5 K (2:PhCN), 61.0 K (1-PhNO2), 66.0 K (2-PhNO2), 60.5 K
(1-0PhCIz2), and 60.0 K (2:0PhCl2), and 37 K (3-Hz0).

3.4.- Discussion

The objective of the present work was to investigate new cyanido-bridged bimetallic
Fe'-M' SCO coordination polymers. We focused our attention on LN® and LN* tri- and
tetratopic ligands, respectively. As mentioned above, it is relevant to stress that the
isostructural doubly interpenetrated frameworks 1-Guest and 2-Guest could only be
obtained in the presence of appropriate guest molecules such as PhNO2, o-PhClz, and
PhCN, which apparently act as templates during the self-assembly process. In addition, this

template function was critically dependent on the size of the guest molecule.

Despite being LN topologically identical with the ligand TPT, they form in
combination with Fe' and [M'(CN)2]" (M' = Ag, Au) complexes with different stoichiometries
and radically distinct {Fe[M'(CN)z2]2}n frameworks.[1 The complexes
{Fe(TPT)23[M'(CN)2]2}-n(Guest) (M' = Ag, Au) generate two interlocking 3D networks with an
NbO-type topology defined by the [N=C-M'-C=N] linkers. The c axis of the network
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coincides with one of the diagonals of the NbO units, which in turn runs along the Cz axis
passing through the TPT ligands (see Figure 5). Indeed, the TPT ligand is perfectly
complementary with the voids generated by the pseudohexagonal circuits {Fe[M'(CN)2]}s
(chair conformation) and acts as an additional tritopic bridge between the Fe" centers.
Obviously, extension of the linker between the pyridine and triazine moieties of the TPT
ligand with alkaline spacers to afford a ligand having the same metrics as LN3 would provoke
a severe misfit of the resulting ligand with respect to the size of the {Fe[M'(CN)]}s circuits.
As a consequence, the framework {Fe[M'(CN)z]2}n cannot generate the intricate 3D NbO-
type structure observed for the TPT system; in contrast, it readapts to form an infinite stack
of 2D corrugated layered structures pillared by LN to afford 1-Guest and 2-Guest
frameworks. Apparently, there is no stable structural arrangement compatible with LN3 acting

as a tritopic ligand.

= - I- =
Feil N=C-M'-C=N

TP

Figure 5. Fragment of the {Fe(TPT),;s[M'(CN).].} framework displaying the NbO-type topology defined
by blue bars connecting the Fe' centers (red spheres). The [M'(CN)_] units are the undulating gray
segments linking the Fe" centers. The orange line denotes the diagonal and C; axis of the structure

passing through the TPT ligands.

In contrast to LN3, self-assembly of Fe'", LN*, and [M'(CN)2] only gave positive results
for M' = Ag, affording 3-H20 in low yield. During the slow diffusion process, part of the
[Ag'(CN)2] groups dissociate to generate in situ the relatively uncommon oligomeric species
[Ag'2(CN)s];, which has been described for a few related SCO compounds.® This fact
together with the particular configuration of the pyridine rings in LN* favors the expansion of

the coordination number of the two equivalent Ag' centers of [Ag'2(CN)s] to 3
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(pseudotrigonal), thereby provoking strong distortion from linearity in this species and
marked corrugation in the resulting 2D {Fe[Ag(CN)z][Ag2(CN)s]}n layers. These layers stack
along the [100] direction and are firmly attached to each other through LN4, which act as
double pillars linking two Fe'" and Ag' (pseudotrigonal) pairs of adjacent layers, forming an
open 3D framework. Furthermore, the wide rectangular {FesAg(CN)z]2[Ag2(CN)3]2} windows
facilitate interpenetration of two other identical frameworks in such a way that there is no
rooms for inclusion of guest molecules. Indeed, only a loosely attached molecule of water is
retained. The much more inert nature of the Au' coordination sphere does not enable
generating similar species, and consequently, the homologous gold compound of 3-H20

cannot form.

As far as the SCO equilibrium temperatures (Ti2) are concerned, a moderate
increase in T12 is observed for 1-Guest in the sequence PhCN (156 K) < PhNO: (166 K) <
0-PhCl2 (180 K). A possible explanation for this trend could be related to the slightly different
sizes and shapes of these molecules. Their different accommodation requirements in the
available space most likely favors distinct distributions of the intermolecular interactions
which enhance the stabilization of the LS. This is also valid, to a first approximation, for
2-Guest (PhCN (145 K) = PhNO:2 (143 K) < 0-PhCl2 (187 K)), although it is not obvious to
explain why Ti2 for the PhNO: derivative is virtually the same as that for the PhCN
derivative. In this respect, it is well known the high sensivity of T12 to very small changes in
free energy between the HS and LS states, AGwL, [l is well-known, which in turn reflects the
high sensivity of the SCO centers to chemical pressure. Consequently,
stabilization/destabilization of the LS (HS) state, and hence the value Ti2, depends on a
delicate balance between electronic and structural factors that often are difficult (if not

impossible) to evaluate/discuss without a notable dose of speculation.

The general trend of the TLesst values is consistent with the empirical inverse-
energy-gap-law.l'l i.e., the metastability of the photogenerated HS* species decreases as
the stability of the LS increases. This is particularly true for the T2 - Tuessti*¥ values of
homologous pairs 1-Guest-2-Guest (Guest = PhCN, PhNO3), although in the case of Guest
= 0-PhClz the smaller difference in Tuz is reflected in virtually similar Tuesst values (the
same can be observed when 2:PhCN and 2-PhNO2 are compared). It is important to remark
that all the Ti2 - Tuesst pairs in the 1-Guest-2-Guest series are located close to the
correlation line Tuesst = To — 0.3T12, with To = 100 K being typical for less rigid coordination

centers [Fe''Ns] constituted of monodentate ligands and being consistent with their
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isostructural nature.l*4 In contrast, despite the fact that [Fe''Ns] centers are similar for 3-H-0,
its corresponding Ti2 - Tuesst pair is well below this line. This may reflect the distinct
structural nature of the latter, which displays a densely packed triply interpenetrated 3D rigid
structure versus a less densely packed and probably less rigid doubly interpenetrated 3D

structure in 1-Guest and 2-Guest.

It is a general fact when series of isostructural Ag' and Au' SCO complexes are
compared that (T12)A9 > (T12)A. This is usually rationalized in terms of lower donor ability
associated with the greater electron-withdrawing ability of the cyanide group due to a more
covalent NC-Au interaction. This general trend applies for the isoestructural 1-Guest and
2-Guest compounds when Guest is PhNO2 and PhCN, but it does not apply for o-PhClz. In
line with what is mentioned above, the presume extra space required by o-PhCl. together
with the more rigid nature of the Au' framework, in comparison with the Ag' framework, may
favor an extra chemical pressure which results in a higher than expected Ti2 value. This
conjecture is supported by the greater number of short intermolecular contacts observed for
2:PhNOz2 in comparison with 1-PhNO..

3.5.- Conclusions

Two new ligands with unusual coordination denticities, trigonal (LN®) and square
(LN, have been included in the library of SCO Hofmann-type metal-organic frameworks
derived from [M'(CN)2]- (M' = Ag, Au). Using slow diffusion methods in presence of
appropriate guest molecules, LN affords six new isostructural clathrate compunds
generically formulated as 1-Guest and 2-Guest with Guest = PhCN, PhNO2, o-PhCl.. The
structure of the PhNO:2 derivative shows that LN® works as a bis-monodentate ligand to
satisfy, most likely, the metrics imposed by the {Fe[M'(CN):]2}n layers, thereby acting as a
pillar between the layers, thus affording an open 3D framework. Two identical frameworks
interpenetrate in the same space and hold together through short intermolecular interactions
including weak M'---M' metallophilic interactions. The six clathrates exhibit thermal- and
light-induced SCO properties. Concerning the ligand LN4, one should expect coordination of
four Fe" and generation of a complicated framework via [M'(CN)z]"; however, the occurrence
of geometric incompatibilities is apparent, which are solved for the Ag' derivative by virtue of
its much more labile coordination sphere. Consequently, the structure of 3-H20 is made up

of extended {Fe[Ag'(CN)2][Ag2'(CN)z]} layers pillared by two opposite pyridine rings of LN4,
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which act as axial ligands of Fe'", while the remaining two pyridine rings coordinate the Ag'
centers of the in situ generated [Ag2'(CN)3]" units. The much more inert of Au' prevents the
formation of this uncommon triple-interpenetrated network. The higher characteristic Tir
value of the SCO is consistent with the incomplete photogeneration of the LS state at low

temperatures.

3.6.- Experimental section

Fe(BF4)2:6H20, K[Ag(CN)z2], K[Au(CN)2], and organic precursors were purchased
from commercial sources and used as received. 4-Ethynylpyridine an the ligands LN® and

LN* were prepared by the published methods.[*”]

3.6.1.- Synthesis of {Fe"(LN%)[M'(CN)2]2}-Guest (M' = Ag (1-Guest), Au (2-Guest))

Crystals of 1-Guest and 2-Guest were obtained in the same manner by slow
diffusion of methanolic solutions of four reagents placed in a modified H-shaped vessels
with four arms. Each reagent was deposited in of the arms, in the following order:
Fe(BF4)2:6H20 (0.0787 mmol, 26.6 mg), LN® (0.0787 mmol, 30 mg), Guest (= PhNO2, PhCN,
0-PhCl2; 2 mL, large excess), and K[Ag(CN)z] (0.1574 mmol, 31.5 mg) (1) / K[Au(CN)z]
(0.1574 mmol, 47.3 mg) (2). Finally, the vessel was filled completely with methanol and
sealed. In all cases, yellow crystals appeared within 2 weeks, in low yield (ca. 20%). EDX
analysis (energy dispersive X-ray analysis) confirmed the stoichiometric relationship

between metallic coordination centers: for 1-Guest, Fe:Ag = 1:2; for 2-Guest, Fe:Au = 1:2.

Complex 1-Guest. Anal. Calcd for Cs7H20Ag2FeNsO2 (880.20): C, 50.49; H, 2.29; N,
12.73. Found: C, 50.38; H, 2.32; N, 12.58. Calcd for Cs7H10Ag2FeN7Clz (904.09): C, 49.16;
H, 2.12; N, 10.85. Found: C, 50.18; H, 2.22; N, 10.98. Calcd for CzsH20Ag2FeNs (860.22): C,
53.06; H, 2.34; N, 13.03. Found: C, 52.58; H, 2.32; N, 12.68. IR (cm™): v(C=C) 2219 cm
(m), v(C=N) 2163 cm™ (s), v(C=N) 1613 (vs), v(pyridine ring) 1418 (s), 825 (s). The
symmetric and asymmetric stretching modes of the NO2 group in PhNO: were
unambiguously assigned to va(NO2) 1525 (vs) and vs(NO2) 1344 (vs). No singular signals
could be associated with PhCN and o-PhClz.
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Complex 2-Guest. Anal. Calcd for Cs7H20Auz2FeNsO2 (1058.39.20): C, 41.99; H, 1.90;
N, 10.59. Found: C, 41.78; H, 1.98; N, 10.43. Calcd for Cs7Hi0Au2FeN7Cl. (1082.29): C,
41.06; H, 1.77; N, 9.06. Found: C, 42.03; H, 1.85; N, 10.43. Calcd for CssH20Au2FeNs
(1038.41): C, 43.95; H, 1.94; N, 10.79. Found: C, 43.58; H, 2.01; N, 10.68. IR (cm™): v(C=C)
2220 cm? (m), v(C=N) 2170 cm™ (s), v(C=N) 1610 (vs), v(pyridine ring) 1420 (s), 820 (s).
The symmetric and asymmetric stretching modes of the NO:z group in PhNO:2 were
unambiguously assigned to va(NO2) 1520 (vs) and vs(NO2) 1340 (vs). No singular signals
could be associated with PhCN and o-PhClz.

3.6.2.- Synthesis of {Fe"(LN*) [Ag2(CN)3][Ag(CN)2]}-H20 (3-H20)

Crystals of 3-H20 were obtained by slow diffusion of solutions of three reagents
placed in a modified H-shaped vessel with three arms, the arm in the middle being broader
than the peripheral arms. This feature was introduced due to the high insolubility of LN* (a
high volume of solvent was needed to dissolve the appropriated amount of ligand). The
peripheral vessel arms contained Fe(BFa4)2:6H20 (0.05925 mmol, 20 mg) and K[Ag(CN)z]
(0.1185 mmol, 23.7 mg), respectively; the central vessel arm contained a solution of LM
(0.05925 mmol, 28.6 mg, dissolved in 7 mL of CHCIs). Finally, the tube was filled completely
with methanol and sealed. Orange single crystals of 3-H20 appeared within 4 weeks, in low
yield (ca. 20%). EDX analysis (energy dispersive X-ray analysis) confirmed the

stoichiometric relationship between metallic coordination centers for 3-H20, Fe:Ag = 1:3.

Complex 3-H20. Anal. Calcd for CsaoH20AgsFeNoO (1010.10): C, 46.37; H, 2.00; N,
12.48. Found: C, 46.59; H, 2.10; N, 12.73. IR (cm™): v(C=C) 2212 cm™ (w), v(C=N) 2150
cm (m), v(C=N) 1604(vs), v(pyridine ring) 1419 (s), 813 (s).

3.6.3.- Physical characterization

Variable-temperature magnetic susceptibility measurements were performed on
samples (20-30 mg) consisting of crystals, using a Quantum Design MPMS2 SQUID
susceptometer equipped with 5.5 T magnet, operating at 1 T and at temperatures in the
range 300-1.8 K. Experimetal susceptibilities were corrected for diamagnetism of the

constituent atoms by the use of Pascal's constants. Thermogravimetric analysis was
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performed on a Mettler Toledo TGA/SDTA 851e instrument in the 290-800 K temperature
range under a nitrogen atmosphere with a rate of 10 K min-t.

3.6.4.- Single-crystal X-ray diffraction

Single-crystal X-ray data were collected with an Oxford Diffraction Supernova
diffractometer. In all cases, Mo Ka radiation (A = 0.71073 A) was used. Data scaling and
empirical or multiscan absorption corrections was performed. The structures were solved by
direct methods using SHELXT or SIR2004 and refined by full-matrix least-squares
techniques on F2 with SHELXL.['8] Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were placed in calculated positions and refined in idealized geometries

(riding model) with fixed isotropic displacements parameters.
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3.8.- Supporting Information

Figure S1.- Experimental set up for the synthesis of 1-Guest and 2-Guest (a) and for the synthesis of
3:H20 (b).

(b)
@

Fe(BFa4)2:6H20 N3 Guest K[M!(CN)2]

Fe(BF4)2-6H20 LN4 K[Ag'(CN):]
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Figure S2.- Experimental PXRD patterns for 1.Guest and 2-Guest.
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Figure S3.- Thermal analysis of 1-Guest, 2-:Guest and 3-H;0.

A 100 R
95
95+
-PhNO, - PhNO,
g "l £
E
£ h E bl ¥
o 85 -
H 2
= E 85
80 =
75 801
1-:PhNO, 2-PhNO;
70 T T T T T % T T T T T
300 400 500 600 700 800 900 300 400 500 600 700 8OO 900
TIK TIK
100 e
95 2
-1 oPhCI 2
2 -1 l:ul-"hlf!l2
= 90 2 90
W
8 g
2 88 = 8
= el
£ 80 z 80
75 75+
2-0PhClI, 1-0PhCl;
70 T T T T - 70 T T
300 400 500 600 700 800 900 300 400 500 600 700 B00 500
TIK TIK
100+ - 1004 n
" -PhCN 951 -PhCN
= B+ Y -
E E ¥
£ £M
@ B85 3
g E 857
# go ®
80
75
1-PhCN 2:PhCN
70 75 T i T i v
300 400 500 600 700 GO0 800 300 400 500 600 700 BOO 900
TIK TIK
100 i
-H,0
T‘E‘ 95
2
5
00-|
3-H;,0
85 ; T
300 400 500 €00 700 800
TIK

96



Capitulo 3

Table S1.- Selected angles (°) for 1.-PhNO,, 2.-PhNO, and 3-H0.

1.PhNO; 2-PhNO, 3.H,0
120 K 250 K 100K | 250K | 120K | 250K

N1-Fe-N2 177.2(2) 176.02) | 177.3(2) | 176.6(2) | 90.9(2) | 90.0(2)

N1-Fe-N3 89.0(2) 92.2(2) 89.0(2) | 92.2(2) | 90.3(2) | 90.2(2)

N1-Fe-N4 92.1(2) 89.0(2) 92.4(2) | 88.4(2)

N1-Fe-N5 90.6(2) 88.4(2) 90.8(2) | 88.4(2)

N1-Fe-N6 89.4(2) 90.8(2) 89.1(2) | 91.5(2)

N2-Fe-N3 92.1(2) 84.5(2) 92.3(2) | 85.0(2) | 90.5(2) | 91.3(2)

N2-Fe-N4 85.4(2) 93.2(2) 85.2(2) | 93.4(2)

N2-Fe-N5 92.02) 89.4(2) 91.6(2) | 89.8(2)

N2-Fe-N6 89.5(2) 92.6(2) 89.6(2) | 91.3(2)

N3-Fe-N4 88.7(2) 87.3(2) 88.3(2) | 87.4(2)

N3-Fe-N5 90.8(2) 92.7(2) 90.8(2) | 92.6(2)

N3-Fe-N6 178.4(2) 176.8(2) | 178.1(2) | 176.1(2)

N4-Fe-N5 177.3(2) 177.4(2) | 176.7(2) | 176.8(2)

N4-Fe-N6 91.1(2) 91.7(2) 91.7(2) | 91.7(2)

N5-Fe-N6 89.6(2) 88.4(2) 89.3(2) | 88.6(2)

C28-Ag1-C29 176.7(2) 177.8(3)

C30-Ag2-C31 171.6(2) 172.9(3)

C28-Aul-C29 177.2(2) | 178.0(3)

C30-Au2-C31 173.6(2) | 174.5(3)

N5-Agl-N4 89.6(2) | 90.7(2)

C18-Agl-N4 126.2(2) | 121.9(2)

C19-Agl-N4 89.6(2) | 90.7(2)

C18-AgL-N5 143.7(2) | 146.8(3)

C18-Agl-C19 143.7(2) | 146.8(3)
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Figure S4.- (a) Stacking of the ligands LN down to [001] direction. (b) Same view projected in the [010]
direction. Short C:--C contacts (smaller than the sum of the van der Waals radii) between PhNO, (c) or
central benzene ring of LN (d) and the pyridyl groups coordinated to Fe" for 2:PhNO, at 100 K,
respectively.
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Figure S5.- Short C---C contacts (smaller than the sum of the van der Waals radii) between consecutive
L™ ligands (two different arrangements, see stacking Figure S4b) in 2:PhNO; at 100 K.
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Table S2.- (a) Crystallographic data for 2-PhNO, single crystals selected from the mother liqguor and
measured directly at 120 K. (b) Fe"-N and Au-C bond lengths (A) and angles (°) of the [FeNs] [AuC;]
coordination spheres. The average Fe'-N bond length equal to 2.174 A is consistent with the HS state
of the Fe" centers and the magnetic properties of this compound measured soaked with the mother
liquor.

@
Empirical formula Cs7H20AUzFENO,
Mr 1058.39
Space group Pbcn
T/K 120 K
a(A) 36.9053(11)
b (R) 15.9660(5)
c(A) 13.0127(4)
V (A% 7667.5(4)
z 8
F(000) 3984
D, (mg cm™) 1.834
p (Mo-Kg)(mm') 8.050
No. of total reflections 7740
[1>20(1)]
R [I>20(1)] 0.0750
WR[I>20 ()] 0.1757
(b)
| Bond Lengths | Bond Angles
T=120K
Fe-N1 2.212(11) N1-Fe-N2 176.3(4)
Fe-N2 2.196(12) N1-Fe-N3 91.6(4)
Fe-N3 2.154(12) N1-Fe-N4 90.0(4)
Fe-N4 2.155(12) N1-Fe-N5 93.1(4)
Fe-N5 2.156(12) N1-Fe-N6 84.7(5)
Fe-N6 2.171(12) N2-Fe-N3 91.4(5)
Aul-C28 1.962(14) N2-Fe-N4 87.9(4)
Aul-C29 1.969(15) N2-Fe-N5 89.0(4)
Au2-C30 1.988(13) N2-Fe-N6 92.4(5)
Au2-C31 2.002(14) N3-Fe-N4 88.1(5)
N3-Fe-N5 91.5(5)
N3-Fe-N6 175.8(5)
N4-Fe-N5 176.8(5)
N4-Fe-N6 93.9(5)
N5-Fe-N6 86.7(5)
C28-Aul-C29 | 174.1(6)
C30-Au2-C31 | 177.0(6)
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Table S3.- Short intermolecular contacts for 1-PhNO, and 2-PhNO,.

C---C Interactions between PhNO,and L™ (pyridyl ring)

1-PhNO, 250 K 2:PhNO, 250 K 1-PhNO, 120 K 2-PhNO, 100 K
C22-C32' | 3.54(3) C22-C34' | 3.59(3) C22-C32' | 3.412(9) | C22-C32 | 3.36(2)
C23-C32' | 3.82(3) C22-C35 | 3.56(3) C22-C37' | 3.407(9) | C23-C32 | 3.45(2)
C23-C35 | 3.66(2) C23-C35 | 3.66(3) C23-C32' | 3.599(10) | C23-C33 | 3.63(2)

C23-C36i | 3.67(2) C23-C35 | 3.633(9) | C27-C35 | 3.690(11)
C24-C36' | 3.56(2) C23-C36' | 3.523(9) | C24-C36 | 3.468(12)
C23-C37 | 3.506(9) | C23-C36 | 3.512(12)

C24-C36' | 3.551(8) | C23-C37 | 3.435(13)

C22-C37 | 3.453(13)

C23-C35 | 3.660(10)

C16-C35 | 3.641(12)

C---C Interactions between adjacent L™ ligands

1-PhNO, 250 K 2:PhNO, 250 K 1-PhNO, 120 K 2-PhNO, 100 K
C3-C9" | 3.801(11) | C2-C16" | 3.658(13) | C3-C11' | 3.431(8) | C3-C11' | 3.468(10)
C4-C10" | 3.740(11) | C3-C11" | 3.410(10) | C3-C12" | 3.623(8) | C6-C8" 3.516(10)
C7-C7" | 3.389(12) | C4-C11" | 3.497(11) | C4-C10" | 3.632(9) | C6-CO" 3.461(9)
C7-C8 | 3.441(11) | C4-C14"™ | 3.673(11) | C4-C11" | 3.356(9) | C7-C7" 3.298(9)
C7-C12" | 3.718(13) | C6-C12" | 3.489(10) | C6-C11" | 3.601(9) | C7-C8" 3.326(9)
C7-C13" | 3.860(12) | C6-C8¥ | 3.554(11) | C6-C12" | 3.447(9) | C8-C8' 3.633(10)
C8-C8" | 3.763(11) | C7-C7¥ | 3.326(11) | C7-C7" 3.300(9) | C8-C8" 3.637(9)
C8-C13" | 3.894(12) | C7-C8¥ | 3.393(11) | C7-C8" 3.342(9) | C12-C3" | 3.635(9)
C8-C15" | 3.758(14) | C7-C9" | 3.501(10) | C7-C8' 3.698(9) | C12-C7" | 3.578(9)

C8-C8" | 3.562(10) | C7-C12" | 3.654(9) | C13-C7" | 3.432(9)

C9-C9" | 3.505(10) | C7-C13" | 3.465(8) | C13-C13" | 3.454(9)

C11-C6" | 3.578(10) | C7-C13" | 3.793(10) | C12-C6" | 3.402(9)

C12-C3" | 3.648(10) | C8-C6" 3.520(9) | C20-C20" | 3.50(4)

C13-C6" | 3.525(10) | C8-C8' 3.632(8) | C21-C21" | 3.53(3)
C8-C13" | 3.670(8) | C3-C9" 3.695(10)
C13-C13" | 3.463(8) | C4-C11" | 3.348(9)
C20-C20" | 3.43(7) C4-C10" | 3.674(10)
C21-C21" | 3.43(6) C11-C6" | 3.584(9)
C6-CO" 3.486(9) | C6-C15" | 3.693(11)
C8-Cg" 3.658(9) | C13-C8" | 3.595(9)
C14-C4" | 3.654(9)

1.PhNO, 250 K:
i=x-1/2, -y+3/2, -z+2; ii= -x+1, y, -z+5/2
2:PhNO, 250 K:
i= -x+3/2, -y+1/2, z+1/2; ii= -x+1, -y, -z+1; iii= -x+3/2, y-1/2, z; iv= -x+1, y, -z+3/2
1-PhNO; 120 K:
i= -x+1/2, -y+1/2, z+1/2; ii= =X, -y+1, -z+1; iii= -X, y, -z+3/2
2:PhNO, 100 K:
i= X, -y+1, z+1/2; ii= -x+1, -y+1, -z+1; iii= -x+1, y, -z+1/2
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Figure S6.- (a) Fragment of the structure of 3-H,O showing the triple interpenetration of the network
marked in different colors (red, violet and green). Orange spheres correspond to the oxygen atom of the
included water molecule. (b) Fragment of a simplified view of the tetranodal framework of 3-H,O with
2,3,4,6-c net and stoichiometry (2-c)(3-c)(4-c)(6-c) characterized by the point symbol for net with loops:
{42.62.8.6}{42.6°.87}{42.6}.{6}. For this definition of network the site Ag(2) has been considered as a 2-
connected node. Code color: Ag(1) (3-connected, grey), Ag(2) (2-connected, green), LN* (4-connected,
blue) and Fe" (6-connected, red).

(b)
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Figure S7. Time dependence of the y»T product upon irradiation with red light (A = 633 nm) during the

LIESST effect at 10 K.
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CAPITULO 4

Influence of Host-Guest and Host-Host Interactions on the Spin-
Crossover 3D Hofmann-type Clathrates {Fe'(pina)[M'(CN)z]2}-xMeOH
(M'= Ag, Au)

4.1.- Abstract

The synthesis, structural characterization and magnetic properties of two new
isostructural porous 3D compounds with general formula {Fe"(pina)[M'(CN)z]2}-xMeOH (x =
0-5; pina = N-(pyridin-4-yl)isonicotinamide; M' = Ag' and x ~ 5 (1-xMeOH); M' = Au' and x ~
5 (2:xMeOH)) are presented. The single-crystal X-ray diffraction analyses have revealed
that the structure of 1-xMeOH (or 2-xMeOH) presents two equivalent doubly interpenetrated
3D frameworks stabilized by both argentophilic (or aurophilic) interactions and interligand
C=0---HC H-bonds. Despite the interpenetration of the networks, these compounds display
accessible void volume capable of hosting up to five molecules of methanol which interact
with the host pina ligand and establish an infinite lattice of hydrogen bonds along the
structural channels. Interestingly, the magnetic studies have shown that the solvated
complexes 1-xMeOH and 2-xMeOH display two- and four-step hysteretic thermally driven
spin transitions, respectively. However, when these compounds lose the methanol
molecules, the magnetic behavior changes drastically giving place to gradual spin
conversions evidencing the relevant influence of the guest molecules on the spin-crossover
properties. Importantly, since the solvent desorption takes place following a single-crystal-to-
single-crystal transformation, empty structures 1 and 2 (x = 0) could be also determined
allowing us to evaluate the correlation between the structural changes and the modification
of the magnetic properties triggered by the loss of methanol molecules.

4.2.- Introduction

The spin crossover (SCO) is a molecular phenomenon observed for first row d*-d”
transition metal complexes that involves the reversible conversion between the low spin (LS)
and the high spin (HS) electronic states. This spin-state switching, that has been mostly
studied for Fe" complexes, can be induced by the application of external perturbations

(temperature or pressure changes, light, or guest molecules adsorption)i*-4 and, importantly,

107



Influence of Host-Guest and Host-Host Interactions on the Spin-Crossover 3D Hofmann-type Clathrates
{Fe"(pina)[M'(CN)2]2}-xMeOH (M' = Ag, Au)

leads to the modification of many physical parameters, i.e., the magnetic response, dielectric
constant, color, or volume of the material. Indeed, this fascinating external perturbation-
physical change coupling makes of this kind of complexes promising materials for their

further practical applications.

The versatility offered by the coordination chemistry when designing and
synthesizing new SCO materials provides the possibility of accessing to multitude of
different structural topologies and dimensionalities.>®! This rational way of synthesis is
crucial because the control of the degree of connectivity between SCO centers is directly
related to the cooperativity of the system and therefore is the key to modulate and predict
the spin transition properties. In the last 2 decades, many scientific groups have focused a
special attention on two-dimensional (2D) and three-dimensional (3D) systems and,
especially, on complexes presenting the Hofmann-like clathrate topology {Fe"(L)x[M"(CN)a4}
(x=1o0r 2; M = Pt" Pd" or Ni"), probably due to their attracting SCO properties,[”! host-
guest chemistry*® and the possibility of obtaining them as nanoparticles!®! or thin
films.'2131 Hence, when L is a monotopic ligand, these compounds display 2D structures
formed by planes that are pillared presenting poor, if any, porosity.*4 Conversely, if L is a
ditopic bridging ligand, then the resulting complexes exhibit 3D topologies and use to be

porous structures.

Another well-known synthetic approach deals with introducing dicyanometalates
anions (JAg'(CN)z] or [AU/(CN)2]) instead of the [M'"(CN)4]? ones giving place to compounds
of the type {Fe"(L)[M'(CN)2J2}.1 In this case, the high void space volume of the 3D
generated structures is occupied by interpenetrating two (or more) networks. The first
examples of this kind of compounds were published in 2002 by our group, being M! = Ag'
and L = pyrazine (pz), 4,4'-bipyridine (4,4'-bipy) or bis-pyridil-ethylene (bpe) which acted as
ditopic bridging ligands.[*® The magnetic measurements showed that the pyrazine derivative
is in the LS state in the studied temperature range, whereas the 4,4'-bipy based complex is
HS in all range of temperatures although an incomplete SCO can be induced by applying an
external pressure of at least 4.6 kbar. Besides, the bpe derivative displays an incomplete

SCO curve with a wide hysteresis (95 K) at room pressure.

This family of compounds has been enlarged in the past decade by the use of a
number of bridging ligands such as bpac,'6171 bpmp,['8 bpben,1920 pz,[21.221 4 4'-bipy,®El
bipytz/bipydz,[2324 2 5-bpp,29 4-abpt,2%1 Fpz,271 and naphty.l28 Interestingly, despite their
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interpenetrated nature, most of these frameworks are able to host guest molecules showing
an interplay between the host-guest chemistry and the SCO behavior. Moreover, in some of
them,[2428] the adsorption of guest molecules induces the apparition of hysteretic multi-
steeped spin transitions which are relatively rare but very interesting since they allow for the
possibility to act as a multiswitching system. According to these studies, the multistep
phenomenon stems from strong and directional H-bonds generated between the trapped

solvents and the pillar ligand that may provoke symmetry breaking during the SCO.

Here, we report on the synthesis, crystal structures and magnetic behavior of two
new doubly interpenetrated 3D Hofmann-type clathrates formulated as
{Fe"(pina)[M'(CN)2]2}-xMeOH [being x a value between O and 5; pina = N-(pyridin-4-
yl)isonicotinamide (Figure la); M' = Ag' and x = 5 (1-xMeOH) or M' = Au' and x = 5
(2:xMeOH)] and its desolvated forms 1 and 2 (x = 0). The novelty of the pina bridging ligand,
which was previously used to design other SCO-activel?® (and -inactive)® Fe' complexes,
is that both carbonyl and -NH moieties of the amide group are susceptible of interacting via
H-bonding with the adsorbed guest molecules. Indeed, our magnetic characterizations show
a strong impact of the presence of intrapore methanol guest molecules on the SCO
properties and, in particular, reveal the generation of hysteretic multistep spin transitions

presumably related to the presence of host-guest H-bonding interactions.

(a) — o)

(b)

1:xMeOH

Figure 1. (a) Structure of the ligand pina. (b) Single crystals of compound {Fe"(pina)[Ag'(CN),]2}-xMeOH
(left) and {Fe'(pina)[Au'(CN).].}-xMeOH (right) in mother liquor (1-xMeOH and 2-xMeOH, x = 5) and
desolvated dry product (1 and 2, x = 0).
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4.3.- Results
4.3.1.- Synthesis

The slow diffusion of Fe(BFa)2:6H20, pina ligand and the corresponding K[M'(CN)2]
salt (M' = Ag' or Au") in methanol solutions vyielded, after 2 weeks, single crystals
corresponding to compounds {Fe'(pina)[Ag'(CN)2]2}-xMeOH (1-xMeQOH) or
{Fe"(pina)[AU'(CN)2]2}-xMeOH (2-xMeOH) with x = 5. Out of the mother liquor, the included
ca. 5 molecules of methanol undergo rapid desorption provoking loss of crystallinity and
apparent change of color from orange to almost black and from yellow to dark orange for
samples 1-xMeOH and 2-xMeOH, respectively (Figure 1b), giving rise to the desolvated
counterparts 1 and 2. Figure 2 displays the X-ray powder diffraction patterns of 1 and 2
recorded at 298 K (blue and red spectra, respectively) together with the simulated ones from
single-crystal X-ray diffraction data for 1-xMeOH, 2-xMeOH, 1, and 2 (vide infra) also
depicted for comparison. Although the powder samples of 1 and 2 present low crystallinity,
the similarity of the spectra confirms that both compounds are essentially isostructural since
the most intense peaks are clearly reproduced for both derivatives, in particular those in the

intervals 6-7° and 15-20°. Moreover, they are also comparable to the simulated patterns of

1:xMeOH sim. (110 K) 1-xMeOH sim. (110 K)

I ] J‘LA_JL_»'L, JJJ"WMJ-\W

M * \ 1(298 K)

-xMeOH sim. (120 K ' . [ 2:xMeOH sim. (120 K}
- . JII WA A MR A
2 sim. (225 K)| | 2 sim. (225 K)
JLJ\ .‘,)\J\’k e I AN A
2 (298 K) 2 (298 K)
e A

I
6 6.5 7 75 5 10 15 20 25 30 35
20/° 20/°

Figure 2. Ranges of 20 = 5-35° (right) and 26 = 6-7.5° (left) of the X-ray powder diffraction patterns for 1
(blue line) and 2 (red line), collected at room temperature. Simulated spectra of solvated (1-xMeOH
sim. (110 K) and 2-xMeOH sim. (120 K)) and empty (1 sim. (250 K) and 2 sim. (225 K)) are also
shown for comparison.
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the compounds before (1-xMeOH sim. [110 K] and 2-xMeOH sim. [120 K]) and after (1 sim.
[250 K] and 2 sim. [225 K]) desorption of the methanol molecules. Indeed, in spite of the
slight differences observed between the simulated patterns of the solvated and desolvated
samples, it is not straightforward to assess which is more similar to the experimental
spectra. Nevertheless, the slight downshift of about 0.15° observed for most of the simulated
peaks in the desolvated samples (1 sim. [250 K] and 2 sim. [225 K]), and especially for the
peak centered around 26 = 6.5° (Figure 2 left), seems to match better with the desolvated
experimental ones. This shift is clearly related to an increase of the unit cell volume due to a
LS —» HS transition (vide infra) whose structural changes facilitate the labilization and
concomitant desorption of the included methanol molecules. The complete desorption of the
methanol molecules in 1 and 2 was confirmed by thermogravimetric analysis of samples
freshly taken (ca. 15 minutes) from the mother solution since no loss of mass was observed
between 298 K and 500-550 K where the decomposition of the samples starts (Figure S1).

4.3.2.- Magnetic properties

The solvated compounds 1-xMeOH and 2:xMeOH were measured soaked with their
mother liquor to prevent the desorption of the methanol molecules. Afterwards, the same
samples were removed from the solution to allow the desorption of MeOH to give 1 and 2.
The thermal dependence of the ymT product (where ym is the molar magnetic susceptibility
and T is temperature) for 1-xMeOH and 2-xMeOH and their desolvated forms (1 and 2),

measured at 1 K min't in the cooling and heating mode, is depicted in Figure 3.

At 290 K, 1-xMeOH shows a ymT value of 3.0 cm® K mol?, although it is consistent
with an octahedral Fe" ion in the HS state, this value can be considered lower than that
typically observed (3.3-3.8 cm® K mol?). This slightly low yMmT may be attributed to an
overestimation of the considered mass which should also vary with the solvent content. This
value remains practically constant down to 245 K when a relatively sharp drop of ymT in two
steps takes place reaching a value of 0.1 cm?® K mol? at 150 K. This behavior is consistent
with a complete HS <> LS thermal spin transition. The yuT vs T curve in the heating mode
does not match that of the cooling mode defining a narrow hysteresis loop ~ 5 K wide. The
critical temperatures (Tc) of 1-xMeOH are Tei(]) = 215 K, Te2(]) = 179 K for the cooling
mode, and Tci1(1) = 220 K, Tc2(1) = 185 K for the heating mode (Figure 3a).
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{Fe"(pina)[M'(CN)2]2}-xMeOH (M' = Ag, Au)

B

34 4 b
;" 3,5
'y
2,6 1-xMeOH {.
g 7! a
'8 -
3 24 ;{.‘ 5 251 \{
£ :(‘ £, 2-xMeOH reads.
= i
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Figure 3. xymT versus T plots for (a) 1-xMeOH and 1 and (b) 2:xMeOH, 2, and 2-xMeOH reads. Red
and blue triangles correspond to the cooling and heating modes for the solvated compounds, orange
circles correspond to the solvent free derivatives, and gray circles correspond to the readsorbed
sample.

Compound 2:xMeOH displays a ymT value ca. 3.50 cm® K mol* at room temperature
indicating that 100% of Fe' ions are in the HS state (S = 2) but with slightly higher orbital
contributions than 1-xMeOH (Figure 3b). This value remains constant until 210 K when the
xmT product decreases abruptly, first reaching a tiny plateau at 194 K which corresponds to
25%LS:75%HS state and, later, a second wider plateau between 185 and 150 K
consolidating a 50%LS:50%HS mixed spin state. Further cooling of the sample unveils two
additional steps giving an almost complete SCO curve. The steps are separated by a narrow
plateau centered at a ymT value ca. 1.40 cm3 K mol* at 142 K which involves and additional
xmT drop ca. 15% reaching a = 65LS:35HS state. In the heating mode, the steeped spin
transitions for the last three steps are shifted to higher temperatures generating thermal
hysteresis of 2, 16 and 17 K, for the second, third and fourth step, respectively. The critical
temperatures, extracted from the d( ymT)/3T vs T plot (Figure S2), are Tc1(]) = 199 K, Te2(]) =
191 K, Te3(]) = 144 K, Tea(l) = 137 K for the cooling mode, and Tc1(1) = 199 K, Te2(1) = 193
K, Te3(1) = 160 K, Tca(1) = 154 K for the heating mode.

As observed in Figure 3, freshly prepared 1 and 2 samples display substantial
changes in the magnetic properties. At 300 K, ymT value for 1 and 2, 3.00 and 3.3 cm®K mol
1 respectively, is similar to that of the corresponding solvated forms. However, upon cooling

down, an almost complete but much more gradual HS — LS spin state conversion without
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marked steps takes place. The yuT attains values of 0.4 cm®K mol* (1, T12(]) = 204 K) and
0.2 (2, Tuz(l) = 225 K) cm® K mol? at 50 K. The yuT vs T plots in the heating mode do not
match those observed in the cooling mode, thereby generating a hysteresis of 3 K
(T12(1)=204) and 9 K (T12(1)=234) for 1 and 2, respectively. Interestingly, evolution of these
xmT vs T plots was observed during a period of 2 weeks. As shown in Figure 4, the SCO
behavior becomes extremely gradual and incomplete with high percentages of HS and LS
centers at low and high temperatures, respectively. Comparison of the PXRD patterns of 2
freshly prepared and two weeks later shows that the most characteristic reflections of the
structure can be identified in both patterns, namely [0,0,1] at 20 = 6.5° (d = 13.56 A)
associated with the first-order reflection of planes containing the {Fes[Au(CN)2]4} layers (vide
infra) and the subsequent second- (26 = 13.04°; d = 6.78 A), third- (20=19.61°; d = 4.52 A)
and fourth-order (20 = 26.25°;, d = 3.39 A) planes. This indicates that the main features of

the structure remain in the aged sample 2 (see Figure S3).

3da b
3,5
1 (desolvated) 2 (desolvated)
2,5 1 day
3
T 2 5 25-
£ E
x 2 weeks x 2
§ 15 E “
- . 1,54
oF 14 3 1 day,
2] 1] 2 weeks
1 week
05 0.5
yons
e L T T T D T T T
50 100 150 200 250 300 50 100 150 200 250 300
TIK TIK

Figure 4. Aging of the desolvated compounds (a) 1 and (b) 2 monitored through time evolution of the
xvmT versus T plots.

After immersing 1 in pure methanol for 1 month, the almost black crystals (Figure 1)
recover neither the orange color nor the original spin transition properties of 1.-xMeOH
indicating the irreversibility of the desolvation process. In contrast, and despite being
isostructural, in the same conditions, the dark orange crystals 2 become bright yellow
(Figure S4) and essentially recover the HS «<» LS thermal spin transition likely due to the
readsorption of MeOH molecules yielding 2-xMeOH reads. Effectively, 2-xMeOH reads
shows the four-step spin transition of the genuine solvated 2-xMeOH although presenting a
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~ 10 K down shift of the critical temperatures as well as an increase by 5 K of the hysteresis
width (Tea(]) = 189 K| Te2(]) = 181 K, Te3(]) = 134 K, Tea(]) = 126 K for the cooling mode,
and Tci(7) = 194 K, Te2(1) = 189 K, Tea(1) = 156 K, Tea(1) = 150 K for the heating mode (see
gray line in Figure 3b).

4.3.3.- Single crystal X-Ray diffraction (SCXRD)

Given the lability of the MeOH molecules in compounds 1-xMeOH and 2-xMeOH, the
crystals were picked directly from the mother liquor, immersed in oil and immediately placed
on the goniometer at 110 and 120 K, respectively, and subsequently their LS crystal
structures measured. Then, based on their magnetic behavior and trying to avoid any
desorption of MeOH preserving the quality of the single crystals, the structures of the
corresponding HS states were measured at the lowest possible temperatures, namely 250
and 225 K, respectively. As we will see, the resulting structures corresponded to those of
desolvated 1 and 2 forms. The relevant structural parameters are shown in Table 1.

Compounds 1-xMeOH and 2-:xMeOH crystallize in the monoclinic P21/n space group.
Tables S1 and S2 contain a list of significant bond lengths and angles, respectively. Both
solvated complexes are isostructural, and will be described simultaneously. The Fe'" defines
slightly elongated [Fe''Ns] octahedral sites with the axial positions occupied by the pina

Table 1. Crystallographic parameters for the studied compounds at different temperatures.

Compound 1.xMeOH 1 2-xMeOH 2

T (K) 110 250 120 225
Empirical C20H29F9A92N706 C15H9FeAgzN7O Cis5H105F€AUsN;O; 5 CisHgFeAu,N;O
formula

Mr 735.09 574.88 768.59 753.07
Crystal monoclinic

system

Space group P2i/n P2:/m P2i/n P2;/m
a(A) 16.4143(9) 10.585(2) 16.3264(4) 10.327(2)
b (A) 10.2435(5) 10.588(2) 10.1192(2) 10.3245(14)
c(A) 17.1163(8) 13.659(2) 17.0738(4) 13.491(2)
Yij 104.701(5) 96.70(2) 105.493(2) 93.689(11)
V (A% 2783.7(2) 1520.4(4) 2718.27(11) 1435.4(3)
4 4 2 4 2

D, (mg cm™®) 1.754 1.256 1.878 1.742
F(000) 1464 552 1394 680

u (Mo-Kg) 1.953 1.757 11.310 10.706
(mm)
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ligand and the equatorial positions by the CN moiety of two crystallographically distinct
[M(CN)2]" anions (Figure 5a). The average axial Fe-Nax bond length, 1.996 A (1-xMeOH)
and 1.998 A (2.xMeOH), are slightly larger than the equatorial Fe-Neq one, 1.929 A
(1-xMeOH) and 1.928 A (2:xMeOH). These values are typical for the Fe' ion in the LS state

in agreement with the magnetic properties.

The two crystallographically distinct [M'(CN)2]" groups are essentially linear and
connect two adjacent Fe' centers defining a stack of almost planar 2D {Fe"[M'(CN)z]}» grids.
The layers are pillared by the axial pina ligands, thus defining a 3D framework with typical
pcu topology. Although the two pyridine rings of the pina ligand are ordered, the asymmetric
amide moiety that connects both rings is disordered and has been modeled in two positions
with 50% occupational distribution (Figure S5). The open nature of the framework allows the
interpenetration of a second equivalent network (Figure 5b) in such a way that the pina
ligands of one framework threads the {Fe'"4[M'(CN)2]s} windows of the other framework. In
addition to argentophyllic [Ag---Ag = 3.080 A, 1.xMeOH] or aurophyllic [Au---Au = 3.131 A,
2-xMeOH] short contacts, there have been observed reciprocal C=0---HC interactions
[C=0(1)---C(11) = 3.260(14) A and C=0(1)---C(12) = 3.37(2) A] for 1:-xMeOH and
[C=0(1a)---C(11) = 3.33(2) and C=0O(1b)---C(12) = 3.28(2) A] for 2-xMeOH established
between the C=0O moiety and the pyridinic hydrogen atoms of adjacent pina ligands

belonging to different frameworks (see Figure 5c).

Figure 5. a) ORTEP representation of the Fe' environment displaying the numbering of the
asymmetric unit for 1x-MeOH. b) Fragment of the two 3D interpenetrated networks denoted in beige
and blue. c) View of the C=0---HC hydrogen-bonding (red and white dashed line) and metallophyllic

interactions (blue and white dashed line).
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Table 2. Selected H-bond lengths (&) found in compounds 1-xMeOH, 2-xMeOH, 1 and 2.

1.-xMeOH 2:xMeOH 1 2
H-bond (110 K) (120 K) (250 K)  (225K)
01-04 3.14(2)
02-03' 3.35(2)
02-06' 2.73(3)
03-04 3.73(3)
03-05" 2.82(3)
04-05 3.50(3)
05-06 2.69(3)
02-N7 2.92(3) 2.84(4)
0O3-N7i 3.22(3)

01-C1li  3.260(14)

01-C12i  3.37(2)

0Ola-C11V 3.33(2)

01b-C12V 3.28(2)

o1-c4¥ 3.51(6)

01-C5" 3.60(6)

01-Cc4" 3.47(5)
01-C5" 3.48(5)

i = -x+3/2, y-1/2, -z+3/2; ii = -x+3/2, y+1/2, -z+3/2; iii = -x+1, -y+2, -
Z+1; iV = -X+2, -y, -Z; V = -X+2, -y+1, -z; vi = -x+1, -y+1, -z.

The free space of the structure is filled with solvent molecules but the results denote
the mentioned marked lability of the MeOH molecules even at low temperatures (Figure 6
and S6). Regarding compound 1-xMeOH, five methanol molecules per Fe' are located in
defined positions with occupancies ranging from 0.5 to 1 (although for practical reasons the
structure has been modelled with an occupancy equal to 1 for all methanol molecules)
whereas for 2-xMeOH, due to their even larger lability, only one discrete methanol molecule
with an occupancy of 0.5 could be observed. This latter methanol molecule interacts with the
—NH moiety of the pina ligand via H-bonding (2.84(4) A). However, in the case of complex
1-xMeOH, an infinite virtual intricate H-bonding lattice is generated throughout the channels
of the structure: three of the five guest methanol molecules interact directly with the amide
group of the pina ligand [two of them are connected to the -NH moiety (N(7)---O(2) = 2.92(3)
and N(7)---O(3) = 3.22(3) A) and the other one with the carbonyl group (O(4)---O(1)=C =
3.14(2) A)]. Besides, all methanol molecules are interconnected in such a way that they
establish intra- and inter-network communications between pina ligands through H-bond
interactions (Figure S6). The distances of the strongest H-bonds found are summarized in
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Table 2 and the most relevant interatomic distances and angles are showed in Tables S1
and S2.

In order to characterize the HS state and taking into account the lability of the MeOH
molecules we measured the crystals at temperatures as low as possible according to their
magnetic curves (Figure 3), namely at 250 K for 1-xMeOH and 225 K for 2-xMeOH. Upon
increasing the temperature both compounds display a crystallographic transformation from
the P2i/n (monoclinic) to the P2:/m (monoclinic) space group. As we will see below, this
change of symmetry seems to be most likely driven by a complete loss of solvent molecules.

Figure 6. Top view of the two interpenetrated networks displaying the MeOH guest molecules. The red
dashed lines represent the C=0---HC connections between the interpenetrated frameworks.

Although essentially the crystal structure is very similar to that described above for
the LS state, it presents several important differences: i) the Fe-N average distance
increases by 0.198 A for 1 and 0.111 A for 2, indicating that whereas the former presents a
practically complete LS — HS spin transition, only 50-60% of the Fe'" ions switch to the HS
state for the latter; ii) Unlike the LS structures, the pyridine rings and the amide moiety of the
pina ligand are disordered in two different orientations with respect to the b axis (Figure S7);
iii) Although the C=0---HC contacts are kept in the framework, they are significantly weaker
(C=0(1)---C(4) = 3.51(6) and C=0(1)---C(5) = 3.60(6) A for 1; C=0(1)---C(4) = 3.47(5) and
C=0(1)---C(5) = 3.48(5) A for 2); iv) Due to the positional disorder of the pina ligand, the
C=0---HC interactions are not only reciprocally established between adjacent pina pairs as
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previously shown for 1.xMeOH and 2-xMeOH in Figure 5c¢ and schematized in Figure 7a,
but also between a given pina ligand and two different neighboring pina ligands (red dashed
lines in Figure 7b); v) The argentophyllic and aurophyllic interactions are weakened (3.110
and 3.155 A). vi) The lack of meaningful residual electronic density within the cavities of the

structure suggests that no solvent molecules, x = 0, remain within the structural cavities.

Figure 7. The two operative hydrogen bonding C=0---HC interactions established between consecutive
pina ligands of different interpenetrated frameworks in 1 and 2: (a) Reciprocal interactions generated
between pina ligands with parallel pyridine groups; (b) Non reciprocal interactions arisen from the two

orthogonal possible orientations of the pyridine rings.

4.4.- Discussion

The reaction between Fe', [Ag'(CN)2]" or [Au'(CN)2]- and the ditopic pina ligand has
originated two new porous 3D Hofmann clathrates with general formula
{Fe'(pina)[M'(CN)2]2}-xMeOH (M' = Ag' or Au'). On the basis of the magnetic and structural
data, the samples soaked in the mother liquor are consistent with a value of x = 5 (1-xMeOH
and 2-xMeOH). The xwT vs T plots reveal that both solvated complexes undergo
cooperative spin transitions featuring two and four steps for 1.xMeOH and 2-xMeOH
derivatives, respectively. However, the labile MeOH molecules spontaneously desorb
affording 1 and 2 when they are out of the mother liquor. This fact provokes subtle structural

modifications accompanied by dramatic changes in the magnetic properties. Interestingly,
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the methanol desorption process occurs following a single-crystal-to-single-crystal
transformation allowing us to determine the structures for both the solvated and desolvated
counterparts and giving the possibility to relate them with their corresponding SCO
properties. The higher cooperativity observed for the stepped SCO in the methanol
containing derivatives is likely associated to the efficient transmission of the structural
changes occurred during the SCO in the Fe" environments. This cooperativity may be
promoted by both the intricate H-bonding lattice generated by the MeOH molecules along
the structural channels and by the reciprocal inter-framework C=0---HC interactions
established between pina ligands. Contrarily, when the methanol molecules are desorbed
the communication between the Fe' ions is disrupted thereby affording gradual SCO curves.
This decrease in cooperativity demonstrates the efficiency of the host-guest and host-host
H-bonging interactions in these systems. Related results were recently reported on
analogue compounds. For example, complex {Fe'(bipydz)[Au'(CN)2]2}-4EtOH (bipydz = 3,6-
bis(4-pyridyl)-1,2-diazine), which presents a four-step hysteretic SCO similar to that of
2-xMeOH, switches to a gradual one-step spin transition behavior when it desorbs the
ethanol guest molecules.’ In the same Iline, whereas compound {Fe'(4-
abpt)[Ag'(CN)2]2]-2DMF-EtOH (4-abpt = 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole) displays
also a SCO in four steps, its solvent-free counterpart loses completely this property showing
a constant ywT corresponding to a 50% HS/LS Fe'" ions mixture.8 In addition, compound
{Fe"(dpni)[Ag'(CN)2]2}-4CH3CN (dpni = N,N'-di-(4-pyridyl)-1,4,5,8-naphthalene
tetracarboxydiimide) shows an evident decrease of cooperativity and change of SCO nature
(from a complete two steps to an incomplete single step spin transition) when reversibly
desorbs acetonitrile molecules.BY All these examples highlight the close relationship
between the host-guest interactions (and particularly, the H-bonding contacts) and the

occurrence of a multistep SCO behavior.

The high lability of the methanol molecules observed for the as-synthesized
1-xMeOH and 2-xMeOH compounds, even at temperatures as low as 250 K, did not allow
us to characterize the intermediate structures associated to the plateaus observed in the
magnetic curves of the solvated complexes. However, despite the nominal differences in
MeOH content between the single crystals used for the crystal analysis and the methanol
soaked microcrystalline samples used in magnetism, the average Fe-N bond length inferred
from the crystal structures at 110/120 K correlates reasonably well with the fully populated

LS state expected from the magnetic curves. When heating up the crystals to 250/225 K, the
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absence of meaningful electronic density within the pores in both structures confirms the
desorption of the MeOH molecules vyielding the desolvated frameworks 1 and 2. The
variations of the average Fe-N bond length (AR) observed for 1 and 2 with respect to the LS
structures is AR = 0.198 A and 0.111 A, respectively. On the basis of the fact that the typical
AR value for a complete LS <> HS transformation is c.a. 0.2 A, these values are consistent
with ca. 99% and 55% transformation from the LS to the HS state and correlate reasonably
well with the values of ymT at the same temperature, which corresponds to ca. 86% and 53%
for 1 and 2, respectively. The slight discrepancies can be ascribed to the time dependence
of the magneto-structural properties observed for both compounds (although more marked
for 2) activated upon the loss of the solvent molecules. Consequently, the HS fraction at
225/250 K markedly depends on the elapsed time (especially within the first hours after the
desorption) and provokes misfits between the magnetic and the crystallographic results due
to aging. Unfortunately, the rapid deterioration of the desolvated crystals quality prevented
us from analyzing the aged structures. A similar time-dependent process of the SCO
behavior was previously reported for the double interpenetrated coordination polymer
{Fe'(TPT)23[Ag'(CN)2]2}-nSolv  (TPT = [(2,4,6,-tris(4-pyridyl)-1,3,5-triazine]) with NbO
structure type.Bd In the latter case, aging was associated with subtle structural
reorganization/relaxation of the structure denoted by a noticeable decrease, 25%, of the unit
cell volume, which was tentatively related to the flexible nature of the [Ag(CN)2]" moiety,
together with mutual displacement and/or compression of the interpenetrated frameworks.
The compression mechanism was demonstrated for the double interpenetrated 3D
coordination  polymer {(Znl2)s(TPT)z2}-6CeHsNO2 where desorption/sorption of the
nitrobenzene molecules involves reversible distortion of the interpenetrated frameworks.[3!
A similar hypothesis can be drawn for both desolvated derivatives 1 and 2. However, it is
clear that the aging process does not occur exactly in the same way in both compounds
since 2 readsorbs reversibly the methanol molecules with subsequent recovering of the
magnetic properties. The small difference in SCO critical temperature, T12, of about 10 K
between the as-synthesized (2-xMeOH) and readsorbed (2:xMeOH reads.) samples may
arise from small differences in methanol content. Taking into account the isostructural
character of both compounds, it is in principle surprising that, in the same conditions, 1
cannot recover the original SCO properties indicating that no methanol is readsorbed. A
pure speculative explanation could be based on the higher flexibility of the [Ag(CN)2]

moiety, namely, its easy tendency to depart from linearity. This flexibility can conduct to
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structural differences characterized by much slower recovering kinetics, which cannot be

expected for 2 due to the much more rigid nature of the [Au(CN)2]" moiety.

4.5.- Conclusion

Herein, we have shown that functionalization of a 3D double interpenetrated porous
Hofmann-type coordination polymer with a pillar ligand such pina, bearing an amide group,
favors the interplay between host-guest and host-host interactions which have dramatic
consequences on the SCO properties of the material. Similar host-guest effects were
already observed for a series of iron(ll) 1D coordination polymers with the general formula
[Fe'L1(pina)]-xsolvent with L1 being a tetradentate N202?~ coordinating Schiff-base-like
ligand.??l The spin crossover properties of these compounds turned out to be highly
dependent on the solvent content which in turn was intimately interacting with the pina
ligand via H-bonding. Similarly, the not-SCO-active 2D compound
[Fe'(NCS)z(pina)2]-2(CH3CN) not only presents H-bonds between the amide moieties and
the acetonitrile molecules but also between the pina ligands through C=0---HN contacts.3%
Here, we have implemented, for the first time, the bridging pina ligand to build a 3D structure
that exhibits accessible void volume, ca. 40%, where methanol molecules can be trapped
affording an infinite lattice of H-bonds. Besides, we have proved the readsorption of the
MeOH molecules, thus recovering the original SCO properties of the Au derivative. This
result opens the door to investigate the adsorption of other protic and aprotic guest
molecules in order to modulate the steeped SCO characteristics. Furthermore, the double
interpenetrated structure is also stabilized by strong interligand C=0---HC interactions which
are very common in biologic systemsl®4 but as far as we know are uncommon for 3D SCO

porous compounds.

4.6.- Experimental section

All precursors reagents were obtained from commercial sources.
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4.6.1.- Synthesis of ligand N-(pyridin-4-yl)isonicotiamide (pina)

First, 2 g of isonicotinic acid (16.24 mmol) and 160 mL of THF were gently stirred
obtaining a white suspension. Hereafter, 1.64 g of trimethylamine (16.24 mmol, 2.26 mL)
was added in one portion, and the resulting mixture was stirred over 10 minutes. After
cooling down to 0 °C using an ice-bath, 1.95 g of ethyl chloroformate (18 mmol, 1.71 mL)
was added dropwise, keeping the mixture under vigorously stirring for 30 minutes. Then, to
the ice-cooled white suspension, was gradually added of 1.27 g of 4-aminopyridine (13.52
mmol) previously dissolved in 40 mL of THF, and the mixture was stirred at 0 °C for 1 h.
Finally, the solution was allowed to warm up to room temperature under continuously stirring
overnight, registering an apparently change of color from white to yellowish. THF solvent
was removed under reduce pressure, collecting a white-yellowish powder, which was
washed with K2COs aqueous solution (10% w/w) [3 x 10 mL), cold water [2 x 10 mL] and
Et20 [2 x 20 mL]. The resulting white powder was dried completely in a desiccator for 5 days
(vield = 75%). H-NMR (DMSO-ds) = 7.74 (2H, dd), 7.88 (2H, dd), 8.47 (2H, dd), 8.78 (2H,
dd).

4.6.2.- Synthesis of complexes 1-xMeOH and 2-xMeOH

A slow diffusion method using a modified H-shape container with 3 tubes was used
for growing single-crystals of the double interpenetrated networks
[Fe'(pina)(Ag'(CN)2)2]- xMeOH (1-xMeOH) and [Fe'(pina)(Au'(CN)2)2]-xMeOH (2-xMeOH).
The peripheral tubes were filled with 0.1 mmol (33.7 mg) of Fe(BF4)2-6H20 and 0.2 mmol of
K[M'(CN)2] (39.8 mg [M' = Ag'], 58.0 mg [M' = Au"]), respectively, and finally the center arm
was filled with 0.1 mmol (20 mg) of the pina ligand. Afterwards, each individual tube was
carefully filled with MeOH and sealed with parafilm. After 2 weeks, orange (1-xMeOH) and
yellow (2-:xMeOH) platelet crystals suitable for single crystal X-ray analysis appeared within
the H tube. Elemental Analysis: Calculated for 1 [CisHoAg2FeN7O (574.9) (%)]: C 31.34; H
1.58; N 17.06. Found (%): C 31.18; H 1.65; N 16.58. Calculated for 2 [CisHoAu2FeN7O
(753.1) (%): C 23.92; H 1.20; N 13.02. Found (%): C 24.12; H 1.22; N 12.93.
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4.6.3.- Physical measurements

Variable-temperature magnetic susceptibility data were recorded with a Quantum
Design MPMS2 SQUID magnetometer equipped with a 7 T magnet, operating at 1 T and at
temperatures 1.8-400 K. Experimental susceptibilities were corrected for diamagnetism of
the constituent atoms by the use of Pascal's constants. Powder X-ray measurements where
performed on a PANalytical Empyrean X-ray powder diffractometer (monochromatic CuKa
radiation). Thermogravimetric analysis was performed on a Mettler Toledo TGA/SDTA 851e,

in the 290-900 K temperature range under nitrogen atmosphere with a rate of 10 K min.

4.6.4.- Single-crystal X-ray diffraction

Single-crystal X-ray data were collected on an Oxford Diffraction Supernova
diffractometer using graphite mono-chromated Mo Ko, radiation (A = 0.71073 A). A multi-
scan absorption correction was performed. The structures were solved by direct methods
using SHELXS-2014 and refined by full-matrix least squares on F2 using SHELXL-2014.133
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in
calculated positions refined using idealized geometries (riding model) and assigned fixed

isotropic displacement parameters.
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4.8.- Supporting Information

Table S1.- Selected bond lengths (A) for compounds 1-xMeOH, 1, 2:-xMeOH, and 2.

Compound 1.xMeOH 1 2:xMeOH 2

T X=Ag'(110K) | X=Ag'(250K) | X=Au'(120K) | X =Au' (225 K)

Fe-N1 1.993(8) 2.190(12) 1.994(6) 2.111(10)

Fe-N2 1.999(11) 2.186(13) 2.002(5) 2.122(10)

Fe-N3 1.931(8) 2.13(2) 1.923(9) 2.05(2)

Fe-N4 1.923(8) 2.106(13) 1.933(8) 2.013(14)

Fe-N5 1.931(8) 2.09(2) 1.927(8) 2.07(2)

Fe-N6 1.930(8) 1.931(8)

X1-C13 2.066(10) 1.994(11)

X1-C15 2.046(9) 2.014(12)

X2-Cl4 2.076(11) 1.978(10)

X2-C16 2.045(10) 2.004(10)

X1-C12 1.96(2) 2.01(2)

X1-C14 2.12(2) 1.98(2)

X2-C13 2.04(2) 2.01(2)

X1-X2 3.0805(13) 3.110(3) 3.1296(6) 3.1552(12)
Table S2.- Selected angles (°) for compounds 1-xMeOH, 1, 2-xMeOH, and 2.

Compound 1:xMeOH (110 K) | 1 (250K) | 2:xMeOH (120 K) 2 (225K)

L) X =Ag' X =Ag' X =Au' X =Au'

N1-Fe-N2 178.1(4) 179.6(10) 178(2) 176.0(6)

N1-Fe-N3 87.7(3) 92.2(8) 91(2) 91.5(5)

N1-Fe-N4 89.5(3) 88.9(11) 92(2) 89.5(3)

N1-Fe-N5 90.7(3) 87.4(8) 90(2) 90.4(6)

N1-Fe-N6 91.1(3) 87(2)

N2-Fe-N3 90.5(4) 87.7(8) 89.3(3) 84.5(6)

N2-Fe-N4 90.0(4) 90.7(4) 90.5(3) 90.5(3)

N2-Fe-N5 91.1(4) 92.7(8) 89.9(4) 93.6(6)

N2-Fe-N6 89.4(4) 90.8(3)

N3-Fe-N4 89.5(3) 91.0(4) 89.6(3) 90.7(4)

N3-Fe-N5 178.3(3) 179.6(7) 179.1(4) 178.0(6)

N3-Fe-N6 90.2(3) 90.4(3)

N4-Fe-N4’ 177.5(8) 178.4(7)

N4-Fe-N5 90.0(3) 89.0(4) 90.0(4) 89.3(4)

N5-Fe-N6 90.3(3) 90.0(4)

C13-X1-C15 178.1(4) 178.2(4)

C14-X2-C16 176.4(4) 177.2(4)

C12-X1-C14 179.5(8) 176.6(7)

C13-X2-C13 175.2(10) 178.2(7)
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Figure S1.- Thermogravimetric analysis of desolvated networks 1 and 2.
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Figure S2.- Representation of xuT and d(xuT)/dT vs T of 1.xMeOH and 2-xMeOH. The cooling and the
warming modes are shown in red and blue, respectively.
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Figure S3.- PXRD patterns of compound 2 a few hours (up) and two weeks (bottom) after desorption of
the methanol molecules.
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Figure S4.- Picture showing the aspect of crystals of compounds 1 (left) and 2 (right) after 1 month in
methanol solution.
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Figure S5.- View of the bridging pina ligand showing the positional disorder of the amide group in
compounds 1-xMeOH and 2-xMeOH. Color codes: Fe (orange), N (blue), C (dark grey) and O (red).

Figure S6.- View of a fragment of the two interpenetrated frameworks of 1-xMeOH illustrating the H-
bonds between methanol molecules (black dashed lines) and between the pina ligands an the methanol
molecules (green dashed lines).
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Figure S7. Positional disorder of the pyridine and amide groups on the bridging pina ligand in
compounds 1 and 2. Color codes: (Fe (orange), N (blue), C (dark grey) and O ( red).
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CAPITULO 5

Very Long-Lived Photogenerated High-Spin Phase of a Multistable
Spin-Crossover Molecular Material

5.1.- Abstract

The spin-crossover compound [Fe(nBu-im)s(tren)](PFe)2 shows an unusual long
relaxation time of 20 h after light-induced excited spin state trapping when irradiating at 80
K. This is more than 40 times longer than when irradiating at 10 K. Optical absorption
spectroscopy, magnetometry, and X-ray diffraction using synchrotron radiation were used to
characterize and explain the different relaxation behaviors of this compound after irradiation
below and above 70 K. Rearrangement of the butyl chains of the ligands occurring during
the relaxation after irradiation above 70 K is thought to be responsible for the unusually long

relaxation time at this temperature.

5.2.- Introduction

Responsive switchable materials have always attracted widespread attention
because they afford excellent study examples for the understanding of mechanisms
involved in phase transitions and provide opportunities for future and emerging

technologies.[*-!

Some of the most investigated switchable molecular materials are pseudo-octahedral
iron(ll) spin-crossover (SCO) complexes. They reversibly switch between the high-spin (HS,
tag’eg?) and low-spin (LS, txg®eq®) electronic states by the action of external stimuli
(temperature, pressure, light and analytes). Given the antibonding nature of the eq orbitals,
the HS < LS conversion is accompanied by changes in Fe-ligand bond lengths and angles,
which confer bistability (memory) to the magnetic, optical, dielectric, structural, and
mechanical properties, when elastic interactions between the SCO centers favor strong
cooperativity in the crystal.*% This appealing feature can be combined with other relevant
properties such as luminescence, electronic transport, chirality, or host-guest chemistry in a

synergetic fashion, thereby transferring their intrinsic bistable nature to the second property,
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thus resulting in multifunctional materials that can be processed at different levels, from bulk

to single molecules.["8!

These important attributes have created solid expectancies for the generation of
sensors, actuators and spintronic devices based on the on-off switching properties of the
SCO materials.[*2 In this context, light is a desirable channel for triggering the HS « LS
switch since it may improve flexibility and storage density in such devices.l*3! In fact, it is
possible to achieve a quantitative LS — HS conversion in Fe'' SCO complexes by irradiating
the sample in the UV-Vis or near-IR regions at low temperature, typically at 10 K. This
phenomenon is known as light-induced excited spin state trapping (LIESST).[*®! The lifetime
of the photogenerated metastable HS state is inversely proportional to the thermal SCO
temperature, Tu2, at which the molar HS and LS fractions are equal to 0.5 and the Gibbs
free energy difference AGwL is equal to 0.'6171 The kinetic stability of the photogenerated HS
state can be roughly estimated following a precise protocol that determines the
characteristic temperature TLesst at which the photogenerated HS state relaxes to the LS
state within a few minutes.'®l The goal is to correlate Tuesst - Ti2 data with relevant
structural parameters that may help chemical design aiming at increasing Tiesst toward
room temperature. The FeNs core, determined by the nature of the ligands, plays a crucial
role in the magnitude of Tuesst.['® In pure SCO compounds Triesst values are usually in the
interval 20 - 100 K.

On the other hand crystallographic studies are crucial to provide the knowledge of
the structural rearrangements occurring during the spin transition.!*9! Different kinds of phase
transitions can accompany the spin crossover, for example, order-disorder transitions
originating from the counteranions,?%-23 the solvent,’?*271 or some part of the ligand.[22:28-30]

[Fe(nBu-im)stren](PFe)2 [(nBu-im)s(tren) = n-butylimidazoltris(2-ethylamino)amine]
has a complex behavior previously studied by magnetic measurements. Two different
thermal spin transitions have been observed depending on the sweeping rate of the
temperature.3Y For a scan rate of 4 K/min, the SCO between the HS and the LS phase
(called LS1) is characterized by an average critical temperature of 122 K with a hysteresis
loop of 14 K, while for a slower scan rate of 0.1 K/min the SCO between the HS phase and
a different LS phase (called LSy) is characterized by an average critical temperature of 156

K and a hysteresis loop of 41 K. For intermediate scan rates, coalescence of the two
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hysteric behaviors is observed. The phase transition occurring between the HS and LS
states involves several conformational changes of the butyl chains of the substituent of the
ligand. Besides the usual HS to LS FeNs coordination sphere rearrangements, the HS and
LS: structures only differ by moderate structural modifications. The HS and LS: structures,
on the other hand, strongly differ from each other in the orientation of several butyl groups
and of the counteranions. In other words, the two different LS phases, LS:1 and LSz, present
remarkable structural differences. Consequently, the crystal packing is different due to
different C---F contacts between the complex and the PFe groups. In the HS phase, only
one discrete C---F interaction is produced, whereas in the case of the LS:1 and LS: phases,

many interactions are present.

Herein, the scan rate dependence of the thermal spin transition of [Fe(nBu-
im)atren](PFe)2 is confirmed, and the LIESST behavior of the LS: and LS: phases
investigated by single-crystal optical absorption spectroscopy measurements and X-ray
diffraction. Irradiating LS1 below 70 K quantitatively photogenerates an HS state which
relaxes within half an hour at 80 K. Unexpectedly, irradiating LS: at the relatively high
temperature of 80 K quantitatively photogenerates another HS state, which relaxes
unusually slowly, in around 20 h. The structures of both HS states were characterized by
single-crystal diffraction, and the structural rearrangements explaining the long relaxation

after irradiation above 70 K were monitored by synchrotron single-crystal X-Ray diffraction.

5.3.- Results and discussion
5.3.1.- Thermal Spin Transition

Crystals of around 20 + 1 uym thickness were used for all the measurements. The
dependence of the thermal spin transition behavior with the scan rate of the temperature
observed by Real et al.BY was confirmed by absorption spectroscopy measurements (see
Figure S1 in Supporting Information for more details) and powder diffraction measurements
(Figure S2). By looking more carefully at the 3D plots of the powder diffraction
measurements, it is possible to observe that the transition is mainly associated with an
intensity change of the HS and LS peaks without large shifts of the peaks in both heating
and cooling. This can be associated with a nucleation and growth phenomenon.i8l

Furthermore, the HS — LS2 thermal relaxation was followed by optical spectroscopy at
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different temperatures around the HS-LS: thermal transition. This confirmed that the
relaxation rate decreases with the temperature, which is in line with a first order phase
transition.[® The relaxation is strongly sigmoidal due to the kinetics of the crystallographic

phase transition reflecting the nucleation and growth mechanism (Figure S3).

5.3.2.- Kinetics of the HS - LS; relaxation

5.3.2.1.- HS — LS: relaxation after irradiation of the LS: phase at 10 K followed by

absorption spectroscopy
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Figure 1. Evolution of the normalized photoinduced HS fraction as function of time at various
temperatures for the HS - LS; relaxation after irradiation of the LS; phase. All the experiments start
from a quantitative population of the HS state at 10 K followed by a relaxation at the indicated
temperature.

The LS:1 phase was obtained using a cooling rate of 4 K/min. The absorption
spectrum collected after irradiation at 10 K corresponds to a pure HS state (Figure S4a).
Considering the TLiessT(HS) value of 79.8 K (Figure S14a), we selected six temperatures for
the relaxation: 80, 77.5, 75, 72.5, 70, 65, and 60 K. For all the temperatures, a plateau is
present in the relaxation curves when the HS fraction is around 0.5 (Figure 1 and Figure
S7). This can be due to a specific structural reorganization, which could be, for example, an
ordering of the HS and/or LS states.[*? Evidently, the mean-field approach is not appropriate
in this case. Instead, average relaxation rate constants were taken from the time necessary

to relax to yus = 0.5. The linear evolution of In kn. vs 1/T indicates that the relaxation from
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the photoinduced HS state to the ground state LS is quasi thermally activated (Figure S5a).
An activation energy of 10.2 kJ/mol (850 cmt) was extracted from the slope of the Arrhenius
plot. This indicates that we are in a transition regime between low-temperature tunnelling

and classical behaviour.1

5.3.2.2.- HS — LS: relaxation after irradiation of the LS: phase around Tiiesst

followed by magnetometry and absorption spectroscopy

As shown in Figure 2a, the obtained relaxation curves at 80 K by optical
spectroscopy after irradiation at 10 K and 80 K of the LS: phase differs tremendously:
irradiating at 80 K leads to a relaxation time close to 20 h - more than 40 times that of the
relaxation time observed when irradiating at 10 K (Figure 2a) - with a very long nucleation
process of around 14 h. The relaxation curve is very sigmoidal, with a kink observed at an

HS fraction of around 0.4.

Using magnetometry, we recorded the HS — LS1 relaxation at 80 K after irradiation
at different temperatures. We observed that the relaxation gets longer after irradiation above
70 K (Figure 2b).

Experiments were also performed by absorption spectroscopy with irradiation and
relaxation at 80 K, 87 K, 90 K, and 100 K (Figure S8b). At 87 K, the process is considerably
faster (total relaxation time 11 h, nucleation time 4 h) and a second step is observed after
approximately 5 h when the HS fraction is around 0.6. At 90 K and 100 K the plateau can be
still observed, and the relaxation becomes faster when the temperature increases.

In summary, irradiation at temperatures above 70 K of the LS: phase leads to
unexpectedly long HS — LS relaxation times. The relaxation curves show a plateau for the
HS fraction of around 0.4, and a small change in the irradiation and relaxation temperature

can drastically change the relaxation time.
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Figure 2. Evolution of the normalized photoinduced HS fraction as a function of time at 80 K for the HS
- LS; relaxation after irradiation of the LS; phase at various temperatures. (a) Optical spectroscopy
data. (b) Magnetic data. All the experiments start from a quantitative population of the HS state by
irradiation at the indicated temperature followed by a relaxation at 80 K.

5.3.2.3.- Structural studies

In order to understand the different relaxation behaviors for the LIESST HS state
generated below and above 70 K from the LS1 phase, structural investigations were carried
out using single crystal X-ray diffraction. In particular the butyl chains of the ligands, which
adopt different conformations in the already characterized LS1, LS2 and HS states, were

closely examined.
An LSz structure was obtained at 25 K[*2 | which is similar to the one reported at 110

K.31 The sample was then irradiated with a 532 nm laser for 1 h while continuously rotating

the crystal, and a HS structure was obtained (Table S1). The HS structure of the irradiated
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sample at 25 K, which we will call HS:Y", presents a complete ordering of all the alkyl
substituents, in the same conformation as in the LS1 state. There is no noticeable change in
the geometry of the ligands between the LS: and HS1%" structures, except some structural
rearrangements induced by the different Fe-N bond lengths between the two spin states

(Figure S9, superposition).
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Figure 3. Relaxation curve obtained by single crystal X-ray diffraction using synchrotron radiation at 90
K after irradiation at the same temperature of the LS; phase. The HS fraction curve (black) is derived
from the crystallographic Fe-N distances. The structure of the complex is shown at three different
relaxation times on this curve, with displacement ellipsoids depicted at 40% probability level. An
order/disorder phase transition takes place in two different butyl groups of the ligand, chains A and B
during the relaxation from HS;'™ to LS;. For each chain, two different positions of the butyl group are
observed, represented with different colors. The occupancy factor defines the proportion of the chain
being in the given position. The evolutions with time of the occupancy factors for chain A and chain B
are shown below the relaxation curve.

Using a liquid-nitrogen cooler, an LS: structure was recorded around 90 K, which is
very similar to the LS: structure determined at 25 K (Figure S10, superposition).*s! The
sample was then irradiated at 690 nm with 10 mW/mm? during 10 min and the structure of
the metastable HS excited state that we will call HS:1?™ was subsequently determined. The
structures of HS:1Y™ and HS:?™ differ: in HS12™, one of the butyl chains is disordered and
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another butyl chain is in a different conformation compared to the structure of LS1 or HS;4™.

(Figure S11, superposition).

The HS:1%™ — LS: relaxation was also monitored by single-crystal X-ray diffraction at
90 K after photoexcitation. The time evolution of the HS fraction was calculated through
Vegard’s law on the Fe-N bond length (Equation 1).

TEe-N) DT (Feny g

Vus@® = {1}

T(Fe-N)yg ™ (Fe-N) g

where 7\ (t) is the average Fe-N distance at the time t, T (Fe-N) s is the average Fe-N

distance of the HS state at 90 K (obtained under continuous irradiation) and T(Fe-N) is the

average Fe-N distance of the LS: state at 90 K. The corresponding used Fe-N bond length
and unit-cell parameters obtained for all the structures taken during the relaxation are
summarized in Table S3. The relaxation curve obtained by single-crystal diffraction is
compared to the relaxation curves obtained by absorption spectroscopy in Figure S8c. The

relaxation time indicates a temperature of around 90 K.

The structures during the relaxation are shown in Figure 3 alongside the obtained
relaxation curve. In the photoinduced HS1?™ state, the butyl chain of one ligand is disordered
(chain A) with two randomly distributed orientations (red and violet chains). The other butyl
chains (B and C) are ordered. After cutting off the laser irradiation, the relaxation proceeds
very slowly for approximately 1 h. During this nucleation time, disorder grows on chain B
(green and orange chains). As the relaxation becomes faster, chain A orders in one of its
initial orientations (red). Chain B also starts to order, flipping its initial orientation (from the
initial orange chain to the final green one). Clearly, this order/disorder phase transition that
takes place in two different butyl groups of the ligands is directly related with the kink
observed in the middle of the relaxation and with the long relaxation time. The
rearrangements of the structure create different interactions patterns between the butyl
groups and the counteranions, especially through the H (butyl) — F(PFs’) bonds (Tables S4
and S5).

Alternatively, the unexpected long-time scale of the HS:%™ — LS: relaxation was also

monitored by magnetic measurements (Figure S15) and synchrotron-based X-ray powder
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diffraction (Figure S16). The timescale of the relaxation obtained by both techniques are on
the same order of magnitude than the one observed on single crystals. However, the
nucleation time decreases and the relaxation speeds up compared to single-crystal XRD

(Table S6 summarizes the different relaxation time obtained by the different measurements).

The differences observed between the different measurement techniques can be
attributed to the sample preparation. Indeed, the crushing of the crystals to produce
powdered samples affects the crystal quality. We have also observed that the exact shape
of the relaxation curve differs slightly from crystal to crystal. Two relaxation cycles on the
same crystal gave reproducible results (Figure S17 and Figure S8d). However, as shown in
Figure S8d, we observed different relaxation curves on the same crystal after irradiation at
90 K when going back to room temperature and cooling again to 90 K between the
irradiations. Cycling to room temperature induces cracks and defects in the crystals, which
reduces the size of the domains and cancels the long nucleation time during which chain B
is slowly disordering. As a consequence, the relaxation time is shortened and the relaxation

curve depends on the size/quality of the crystals.

Alkyl chain possible conformations
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Figure 4. Simplified structural diagram of [Fe(nBu-im)stren](PFs),; (nBu-im)s(tren) = n-butyl
imidazoltris(2-ethylamino)amine). The different conformations that the alkyl chains can adopt are shown
on the right. For each phase of the phase diagram, three colored disks indicate the positions adopted by

chain A, B and C. Two-colored disks indicate that the chain is disordered over both positions. For the
quenched phases, a small disorder on chain B is sometimes observed, depending on the temperature,
but only the main conformation of the chain has been indicated (see table S7a).
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Finally, quenching of the HS phase by quickly lowering the temperature gave a
HSauench phase whose structure is similar to HS:1%™. The relaxation of this quenched phase
was studied by magnetic measurements and the relaxation time is of the same order of
magnitude than the photo-excited HS1?™ phase (Figure S18). This is expected, as the same

rearrangement of the butyl chains has to occur during the relaxation.

In Figure 4, the structural diagram of the different HS and LS states, whose
structures are elucidated, is presented. This system is a very nice example of how
multistability can influence the spin crossover properties. Two low spin states are observed
for different cooling rates. Two HS states are also observed at low temperature, one that can
be reached by irradiation below 70 K and one that can be reached either by irradiation
above 70 K or quenching of the room-temperature HS state. The reorganization of the butyl

side chains between these states governs the LIESST relaxation kinetics.

5.3.3.- Kinetics of the HS — LS relaxation

5.3.3.1.- HS — LS> relaxation after irradiation of the LS2 phase at 10 K followed by

absorption spectroscopy

The LSz phase was obtained using a cooling rate 0.1 K/min. The spectrum collected
after irradiation at 10 K corresponds to a pure HS state (Figure S4b). Considering the
Tuesst(HS2) value of 50 K (Figure S14b), six temperatures for the relaxation were selected:
55, 50, 45, 40, 35 and 30 K. The relaxation curves show a slightly sigmoidal behavior
(Figure 5). Therefore, they were fitted within the framework of the mean-field model,[*4! with
the relaxation rate constant kn. depending not only on the temperature but also on the LS
fraction (Equation 2) in such a way that in the differential equation of dyns/dt, a new term

that accounts for the cooperative effects is introduced (Equation 3).

kHL(Tﬁ YHS) = kHL(T’ Yus = O)Q“VLS 2}
dy, —Ea
dl:s = —k{; - eksT . ¥ (17VHS) .y 3}
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In equation (2) k%, is the relaxation rate constant and Ea the activation energy at the
beginning of the relaxation, and a is the acceleration factor. k%; was obtained from the slope
of the relaxation curve considering only the first relaxation points, that is, betweent=0 and t
= 1000 s. The apparent Ea value was then calculated from the slope of an Arrhenius plot
(Figure S5b). The resulting value for Ea of 3.3 kJ/mol (276 cm™?) is rather small and indicates
that in the temperature interval from 30 to 55 K the system is only just above the low-
temperature tunneling regime. This is also born out by the slight curvature of the Arrhenius
plot. The above value of Ea has subsequently been introduced into equation 2 in order to
obtain the value of a via least squares numerical fitting. The calculated value of a is 1.5 at
35 K (Figure S6) and corresponds to a moderately cooperative relaxation curve. It should be
noted that toward the end of the relaxation curve, the experimental data deviate quite
strongly from the calculated mean-field curve. Such a behavior, with a long tail, is indicative

of a comparatively large inhomogeneous distribution of activation energies. 4
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Figure 5. Evolution of the normalized photoinduced HS fraction as a function of time at various
temperatures for the HS — LS, relaxation after irradiation of the LS, phase. All the experiments start
from a quantitative population of the HS state at 10 K followed by a relaxation at the indicated
temperature.

Overall, the HS — LS relaxation after irradiation of the LSz phase (irradiation at 10 K)
is faster than the HS — LS relaxation after irradiation of the LS1 phase (irradiation at 10 K).
This can be directly correlated with the thermal transition temperature, which is higher for
LS: (see Figure S1).
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5.3.3.2.- HS — LS relaxation after irradiation of the LS, phase around Tiiesst,

studied by magnetometry

Contrary to what we observed with the LS1 phase, irradiating at higher temperature
does not significantly change the relaxation time for a given relaxation temperature. The
relaxation curves measured at 45 K overlap wherever the irradiation is performed at 10 K or
45 K (Figure S19a). As expected, the lifetime of the irradiated HS: is short at 55 K, and no
complete conversion could be reached (Figure S19b). This suggests that for LS: the

photogenerated state is the same, whatever the irradiation temperature.

5.4.- Conclusion

The two different thermal transitions previously observed by Real et al. with the
[Fe(nBu-im)s(tren)](PFs)2 compound have been confirmed by single-crystal optical
absorption spectroscopy. The HS — LS relaxation after irradiation has been studied for both
LS phases after excitation at 10 K. In each case, we observed a sigmoidal behavior
characteristic of cooperative effects, with a plateau observed only in the HS > LS:
relaxation. The larger Ea values obtained for the HS — LS1 relaxation compared to the HS
— LSz relaxation (10.2 kJ/mol compared to 3.3 kJ/mol) agrees with the slower dynamics
found for the HS — LS: relaxation and the thermal stabilization of the LSz observed during

the thermal spin transition.

For the LS: phase, we observed two relaxation behaviors depending on the
irradiation temperature. Irradiation above 70 K led to unexpected long relaxation time
compared to irradiating below 70 K. This was explained by the existence of two different
photogenerated HS states: HS:'™" state, whose structure was determined under irradiation at
25 K, and the HS:?" state, whose structure was determined under irradiation of LS at 90 K.
The conformations of the butyl chains of the ligand are identical in HS:%™ and in LS: state,
whereas two of the HS:?™ butyl chains adopt a different conformation. Alongside the
relaxation, followed by single crystal X-ray diffraction, reorientations of the butyl chains occur
through order/disorder transitions. We believe that these reorientations of the butyl chains

are responsible for the long relaxation time after excitation above 70 K.
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Interestingly, an HSduench state can also be reached via thermal quenching, with a
structure identical to the HS12™. The relaxation time of those structurally identical states are

of the same order of magnitude.

With the exception of a few Fe-Co charge transfer systems with a cyanide bridge,
(Prussian blue analogues) there are only two SCO pure systems that have a T2 above 100
K,[#548] while other SCO complexes of Fe (Il) present a Tesst around 90 - 100 K. However,
in the present study, a new type of spin-crossover compound is presented: a spin-crossover
compound with Tuesst = 80 K that can be completely populated back to the HS by irradiating
at 80 K with a surprisingly high kinetic stability of the photogenerated state.

5.5.- Experimental section
5.5.1.- Single-crystal optical absorption spectroscopy

Single crystals of [Fe(nBu-im)s(tren)](PFs)2 were mounted on a copper plate with a
previously drilled hole of approximately 150 um in diameter. One crystal was deposited in
the middle of the hole and fixed with silver paste to ensure a good thermal conductivity. The
sample was then introduced into a closed cycle cryostat (Janis-Sumimoto SHI-4.5), which
operates between 4 and 300 K and is equipped with a programmable temperature controller
(Lakeshore Model 331). The cryostat was introduced into a double beam spectrometer
(Varian Cary 5000).

In all experiments, an LS reference spectrum was first collected at 10 K. Then the
sample was irradiated with a 690 nm laser, which corresponds to the tail of the LS band
centered at 669 nm, during 10 min at 10 mW/mm?, and a reference HS spectrum was

recorded likewise at 10 K. The HS fraction (yxs) was obtained using equation 4.

Yus = (ODLs — OD7)/ (ODy g — ODys) {4}

where ODvs is the optical density of the LS state, ODws is the optical density of the HS state
at 10 K and ODr is the optical density at a given temperature. The optical density is
corrected from an eventual baseline jump or shift by taking the difference between the OD at

600 nm and the OD at 750 nm, where there is no noticeable absorption in the two states.
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In the case of the LIESST experiment, after irradiation at 10 K, the temperature was quickly
raised to the desired temperature for the relaxation measurement (at about 20 K/min), and
spectra were then recorded in appropriate time intervals during the relaxation. In the case of
the LIESST experiment at 80 — 100 K, the irradiation and the relaxation was performed at
the same temperature. In these cases yus is calculated using equation 4 but replacing ODt

by ODy, which is the optical density at a given time during the relaxation.

5.5.2.- Synchrotron-based X-ray diffraction

The thermal and photoinduced spin transitions were studied using X-ray diffraction at
the Swiss Norwegian Beamline at the European Synchrotron Radiation Facility in Grenoble
(France). The same diffractometer equipped with a 2D PILATUS2M detector was used for
single-crystal and powder diffraction experiments. The temperature was controlled using an
Oxford Cryostream 700. All the samples (single crystals and powders) were placed in
Mitegen Kapton loops.

For single crystals: 360° phi-rotations of 6 min each were collected. Data were
integrated with CryAlis Pro.’2 Further X-ray data analyses were carried out using the Olex2
Crystallography Softwarel®3 and Shelxl.?4 For the relaxation experiment, the samples were
irradiated at 90 K with a DPSS 690 nm laser during around 10 minutes at 10 mW/mm?,

For powders, the powder was obtained by carefully crushing a few single crystals of
[Fe(nBu-im)s(tren)](PFs)2. For the thermal transition, the scan rate was 4 K/min. The
relaxation was followed by recording diffraction patterns every 22 s. The 2D data were
integrated using the SNBL-home-made software BUBBLE.[3®! Further X-ray data analyses
were carried out using the Topas academic software.[38

5.5.3.- Home-lab X-ray diffraction

The single-crystal diffraction data for the 10 K thermally quenched and 125 K
thermally quenched states were collected with an Oxford Diffraction SuperNova
diffractometer equipped with an Atlas CCD detector, an helium open flow cryosystem
(Oxford Diffraction Helijet), or a nitrogen cryostream cooling device, depending on the

temperature. The unit-cell determination and data reduction were performed using the
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CryAlis Prol3@ program suite on the full data set. An analytical absorption correction was
carried out. The crystal structures were refined on F? by weighted full-matrix least-squares
methods using the SHELXL97 program.34

The 25 K diffraction data was collected using a Nonius Kappa CCD diffractometer
equipped with a Helix He cryosystem. In a first step, the small size (100 ym) single-crystal
sample was quickly cooled to 120 K, then slowly down to 25 K in the LS1 state. A complete
data set on the LS state was recorded at 25 K. The sample was then irradiated with a laser
at 532 nm (laser power of 10 mW, enlarging the beam to ensure a homogeneous irradiation)
for 1 hour while continuously rotating the crystal, and a complete data set on the HS state
was then recorded. The diffraction data were integrated and reduced using the HKL
package.3”! An empirical absorption correction was applied. The crystal structures were
refined on F? by weighted full-matrix least-squares methods using the SHELXL97
program.34

5.5.4.- Magnetic measurements

Magnetic susceptibility measurements were carried out using a Quantum Design
MPMS2 SQUID susceptometer equipped with a 5.5 T magnet, operating at 1 T and at
temperatures from 300-1.8 K. Irradiations were performed at 690 nm.
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5.7.- Supporting Information

Figure S1.- a) Evolution of single crystal absorption spectra of [Fe(nBu-im)s(tren)](PFg).] during heating
at 4 K/min; b) evolution of the normalized HS fraction as a function of the temperature for temperature
scan rates of 4 K/min and 0.1 K/min and of c¢) 2 K/min, d) 1 K/min and e) 0.25 K/min. All the absorption
spectra were recorded from 400 to 750 nm to follow the evolution of the absorption bands characteristic
of the LS state centered at 600 and 670 nm (Figure S1a). In all probability these bands can be assigned
to spin-allowed d-d transitions of the LS state, that is, the low-symmetry split components of the 'A; 2>
T, transition. The evolution of the HS fraction (yus) can be obtained by following the evolution of the LS

absorption band intensity at 600 nm (see full article).
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Figure S2.- Evolution of the X-ray pattern during the heating (top) and cooling (bottom) at 4 K/min of
[Fe(nBu-im)s(tren)](PFe).] powder obtained by carefully crushing small crystals.
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Figure S3.- Absorption spectra of the thermal HS — LS; relaxation of [Fe(nBu-im)s(tren)](PFe).] at 130
K after cooling from 290 K at 5 K/min (top) and evolution of the normalized HS fraction as a function of
time at 130, 140 and 150 K after cooling from 290 K at 5 K/min (bottom).
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Figure S4.- Absorption spectra of [Fe(nBu-im)s(tren)](PFs). during a) the thermal HS - LS; relaxation
at 70 K after irradiation of the LS, phase at 10 K and during b) the thermal HS > LS relaxation at 50 K

after irradiation into the LS, phase at 10 K. Irradiation was made with a 690 nm laser during 10 min at
10 mw/mm?2.
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Figure S5.- Average rate constant values estimated from the experimental relaxation curves at different
temperatures as a function of 1/T for a) the HS - LS; relaxation after irradiaton of the LS; phase and
for b) the HS > LS, relaxation after irradiation of the LS, phase.
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Figure S6.- Evolution of the normalized photo-induced HS fraction as a function the time for the HS —
LS, relaxation after irradiation of the LS, phase at 35 K and the corresponding mean-field fit.
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Figure S7.- Evolution of the normalized photo-induced HS fraction as a function of time at various
temperatures for the HS - LS; relaxation after irradiation of the LS; phase at 10 K. All the experimentS
start from a quantitative population of the HS state by irradiation at 690 nm.
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Figure S8.- a) Absorption spectra during the thermal HS — LS; relaxation at 90 K after irradiation with a
690 nm laser at 90 K during 10 min at 10 mW/mm?. The red arrow indicates the irradiation in the LS;
phase spectrum at 690 nm with a quantitative conversion into the HS phase. The blue arrow indicates
the evolution of the spectrum from the HS to the LS; at the LS; maximum during the HS;#"— LS,
relaxation after photo-excitation at 90 K; b) evolution of the normalized photo-induced HS fraction as a
function of time at various temperatures for the HS - LS; relaxation after irradiation of the LS; phase at
temperatures 80 K-100 K at 690 nm at 10 mW/mm? during 10 min; ¢) comparison of the HS;2"™ = LS,
relaxation curves obtained by absorption spectroscopy and XRD, and d) HS,?™ - LS; relaxation curves
obtained at 90 K on the same crystal after a first irradiation at 90 K (grey), after a second irradiation at
90 K (pink), and after going to room temperature and back to 90 K at 4 K/min and performing a third
irradiation at 90 K (black).
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Table Sla.- Crystal data and structure refinement for the LIESST HS state at 25K.
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Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 25(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=9.1236(13) A | b=10.3986(17) A | c =21.917(3) A

o = 82.664(6)° B =79.143(8)° | y=81.73507)°

Volume 2010.0(5) A3

Y4 2

Density (calculated) 1.478 Mg/m3
Absorption coefficient 0.547 mm™L
F(000) 924

Crystal size 0.15 x 0.07 x 0.07 mm3

Theta range for data collection

1.90 to 25.00°

Index ranges

-10<=h<=10, -12<=k<=12, -26<=I<=26

Reflections collected

20736

Independent reflections

6907 [R(int) = 0.1560]

Completeness to theta = 25.00°

97.5%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.963 and 0.922

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6907 /0/496

Goodness-of-fit on F2

1.084

Final R indices [I>2sigma(l)]

R1 =0.0851, wR2 = 0.1570

R indices (all data)

R1 =0.1816, wR2 = 0.1965

Largest diff. peak and hole

0.659 and -0.433 e.A™3
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Table S1b.- Crystal data and structure refinement for the LIESST LS state at 25K.

Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 25(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=9.0037(6) A | b=10.6349(8) A | c =20.9238(16) A

o = 87.427(3)°

B = 80.838(4)° y = 83.926(3)°

Volume 1966.1(2) A3

Y4 2

Density (calculated) 1.511 Mg/m3
Absorption coefficient 0.559 mm™L
F(000) 924

Crystal size 0.22 x 0.14 x 0.13 mm3

Theta range for data collection

1.93 to 25.00°

Index ranges

-10<=h<=10, -12<=k<=12, -24<=|<=24

Reflections collected

19314

Independent reflections

6874 [R(int) = 0.0849]

Completeness to theta = 25.00°

98.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.931 and 0.887

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6874 /0/496

Goodness-of-fit on F2

1.109

Final R indices [I>2sigma(l)]

R1 =0.0623, wR2 = 0.1129

R indices (all data)

R1 =0.1025, wR2 = 0.1234

Largest diff. peak and hole

0.547 and -0.407 e.A™3
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Figure S9.- LS; &> HS LIESST transition at 25 K. No order-disorder phase transition associated to the
spin state change is observed.

LS1at25K

HS* at 26 K

Figure S10.- Superposition of the LS; (25 K) in red and LS; (90 K) in blue molecular structures. The two
structures are almost superimposable.
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Figure S11.- Superposition of the HS,*™ (25 K) in green and HS;?" (90 K) molecular structures. For this
latter, the different butyl groups of the chains A and B are coloured according to figure 3 of the
manuscript.
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Table S2a.- Crystal data and structure refinement for the LS state at 80 K before irradiation. (The

unit-cell was chosen to match the setting of the HS state, see fig S10).
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Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 80 K
Wavelength 0.7121 A
Crystal system Triclinic
Space group P1

Unit cell dimensions

a=28.9994(7) A | b=10.5624(9) A | c=21.358(2) A

o =90.096(8)° | B=104.654(8)° | vy =96.526(7)°

Volume 1950.4(3) A3
Y4 2
Density (calculated) 1.523 Mg/m3
Absorption coefficient 0.564 mm™L
F(000) 924

Theta range for data collection

1.976 to 25.468°

Index ranges

-10<=h<=10, -10<=k<=10, -24<=l<=24

Reflections collected

6788

Independent reflections

3532 [R(int) = 0.0269]

Completeness to theta = 25.294°

49.8%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.97080

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3532/0/499

Goodness-of-fit on F2

1.296

Final R indices [I>2sigma(l)]

R1 =0.0771, wR2 = 0.1755

R indices (all data)

R1 =0.0879, wR2 = 0.1821

Extinction coefficient

n/a

Largest diff. peak and hole

0.742 and -0.296 e A™3




Capitulo 5

Table S2b.- Crystal data and structure refinement for the HS state at 80 K under irradiation.

Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 80 K
Wavelength 0.7121 A
Crystal system Triclinic
Space group P1

Unit cell dimensions

a=9.2022(7)A | b=10.1887(7) A | ¢ =21.8917(18) A

a=91.390(6)° | B=101321(7)° | y=98.577(6)°

Volume 1987.1(3) A3
z 2
Density (calculated) 1.495 Mg/m3
Absorption coefficient 0.553 mm™L
F(000) 924

Theta range for data collection

1.904 to 25.586°

Index ranges

-11<=h<=11, -10<=k<=10, -25<=I<=25

Reflections collected

6962

Independent reflections

3599 [R(int) = 0.0284]

Completeness to theta = 25.294°

49.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.93650

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3598 /38/513

Goodness-of-fit on F2

1.002

Final R indices [I>2sigma(l)]

R1 = 0.0368, wR2 = 0.0862

R indices (all data)

R1 = 0.0651, wR2 = 0.0991

Extinction coefficient

n/a

Largest diff. peak and hole

0.303 and -0.283 e A™3
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Table S3a. Selected bond lengths, angles and unit-cell parameters during the HS;?™ - LS; relaxation.
The unit-cell settings of the HS phase were used for all the integrations, since the LS, phase can be
transformed to the HS phase via the transformation shown in Figure S11. The indicated times
correspond to the middle of the data collection, which lasted 326 s. For times between 3330 and 4411
the data collection was divided in two sets of images so that the integration time is only 163 sec.

Time(s) 0 490 817 1144 1471 1797 2124
Fe(1)-N(2) 2193 2.18 217 2.161 2.16 2.15 2.146
Fe(1)-N(3) 2192 2.185 2.174 2.164 2.161 2.16 2.159
Fe(1)-N(5) 2.189 2.183 2177 2174 2172 2.167 2.16
Fe(1)-N(6) 2.158 2.149 2.139 2131 2122 2.117 2.111
Fe(1)-N(8) 2.158 2.155 2.148 2.144 2.139 2.132 213
Fe(1)-N(9) 22 2.188 2177 2174 2.165 2.16 2.156
Fe—N 2.182 2.178 2.164 2.158 2.153 2.148 2.144
a(A) 9.2022(7) | 9.1980(7) | 9.1923(7) | 9.1878(7) | 9.1826(7) | 9.1794(7) | 9.1759(7)
b (&) 10.1887(7) | 10.1937(7) | 10.2050(7) | 10.2125(7) | 10.2202(7) | 10.2270(7) | 10.2325(7)
c &) 21.892(2) | 21.863(2) | 21.841(2) | 21.830(2) | 21.819(2) | 21.810(2) | 21.799(2)
a () 91.390(6) | 91.353(6) | 91.361(6) | 91.349(6) | 91.355(7) | 91.359(7) | 91.366(7)
B ) 101.321(7) | 101.360(7) | 101.400(7) | 101.450(7) | 101.484(7) | 101.531(7) | 101.575(7)
YO 98.577(6) | 98.564(6) | 98.535(6) | 98.508(6) | 98.486(6) | 98.467(6) | 98.437(6)
V. N 1987.1 1984.4 1983.2 1982.5 1981.8 1981.3 1980.4
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Table S3a (cont). Selected bond lengths, angles and unit-cell parameters during the HS;?"™ - LS;

relaxation.

Time(s) 2451 2777 3104.5 3340 3503.5 3667 3830.5
Fe(1)-N(2) 2.139 2.137 2.131 2.116 2.09 2.059 2.02
Fe(1)-N(3) 2.144 2.144 2.111 2.114 2.09 2.06 2.02
Fe(1)-N(5) 2.154 2.152 2.145 2.151 2.14 2.09 2.08
Fe(1)-N(6) 211 2.106 2.094 2.1 2.068 2.05 2.017
Fe(1)-N(8) 2.125 2.117 2.116 2.118 2.11 2.09 2.07
Fe(1)-N(9) 2.148 2.143 2.134 2.119 2.107 2.068 2.03
Fe—N 2.137 2.133 2.122 2.12 2.101 2.07 2.04
a(R) 9.1702(7) 9.1650(7) 9.1532(9) 9.1083(1) 9.0968(1) 9.0644(1) 9.0529(2)
b (A) 10.2411(7) 10.2526(8) 10.2755(1) 10.3493(2) 10.3793(1) 10.4367(2) | 10.4700(2)
c A 21.790(2) 21.785(2) 21.783(3) 21.757(4) 21.714(4) 21.644(5) 21.573(4)
a (9 91.387(7) 91.434(7) 91.574(9) 91.896(1) 91.900(1) 91.603(1) 91.280(1)
B 101.666(7) 101.753(8) | 102.013(10) | 102.747(1) 103.003(1) 103.486(2) | 103.733(2)
y 98.388(6) 98.355(6) 98.252(8) 97.960(1) 97.753(1) 97.474(1) 97.202(1)
Ve (A3) 1979.6 1979.7 1979.6 1976.7 1975.1 1970.6 1967.8

Time(s) 4085 4411.5 4738.5 5065.5 5392 5451

Fe(1)-N(2) 2.022 1.991 1.987 1.986 1.987 1.981

Fe(1)-N(3) 2.026 2.012 2.008 2.002 2.002 2

Fe(1)-N(5) 2.023 2.022 2.014 2.016 2.013 2.007

Fe(1)-N(6) 1.963 1.961 1.96 1.965 1.964 1.962

Fe(1)-N(8) 1.989 1.978 1.968 1.968 1.974 1.971

Fe(1)-N(9) 2.019 1.995 1.99 1.987 1.986 1.986

Fe—N 2.007 1.993 1.988 1.987 1.988 1.985

a(A) 9.0258(1) | 9.0113(7) | 9.0078(7) | 9.0052(7) | 9.0053(7) | 9.0051(7)

b (A) 10.5229(1) | 10.5472(9) | 10.5511(8) | 10.5560(8) | 10.5576(8) | 10.5576(8)

c (A) 21.465(3) | 21.405(2) | 21.385(2) | 21.381(2) | 21.378(2) | 21.3771(2)

a (9 90.750(1) | 90.403(8) | 90.316(7) | 90.294(7) | 90.284(7) | 90.281(7)

B 104.243(1) | 104.476(8) | 104.532(8) | 104.558(8) | 104.577(8) | 104.560(7)

y @ 96.838(9) | 96.691(7) | 96.643(7) | 96.642(7) | 96.630(7) | 96.644(6)

Ve (A3) 1960.1 1955.1 1953 1952.8 1952.7 1952.7
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Table S3b: Selected bond lengths at nominally* 80 K in the dark before and after LS; - HS irradiation
and corresponding [Fe(nBu-im)s(tren)](PF). structure.

HS. RT | 80K dark | HS80K under irrad

Fe(1)-N(@2) | 2.179 1.981 2.193
Fe(1)-N@3) | 2.185 1.989 2.192
Fe(1)-N(5) | 2.186 1.997 2.189
Fe(1)-N(6) | 2.164 1.963 2.158
Fe(1)-N(8) | 2.170 1.963 2.158
Fe(1)-N(9) | 2.204 1.979 2.2

Fe—N 2.181 1.979 2.182

Figure S12. Numbering for Table S3a and S3b.
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Figure S13. [Fe(nBu-im)s(tren)](PFs), structure (left) and view of the metastable HS;™ structure along
the b axis (right). The HS unit cell is represented by the black lines. The LS; unit cell, obtained via the

-1 0 -1
axis transformation ( 0 1 0 ) , is represented by the blue line.
0 0 -1
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Table S4. Tables of short intermolecular contacts between the hydrogen atoms of the butyl chains and
neighbouring molecules for the structure number 1 (HS, beginning of the relaxation). All contacts less
than 3 A are indicated.

H atom Neighbouring atom,
distance, symmetry
code*

H27A F1 2492 665
F4 2.492_665
H20B 2.64 1_545
H20E 2.89 1_545

H27B F1 2501 645
H19D 2.86 1_545F2
2941 6458

H28A H20A 2.342_765
H20D 2.60 2_765
F1 2.682_665H19B
2.74 2_765 H20E 2.95
2_765

H28B -

H29A -

H29B -

H30A H25 2.69 1_655 H19A
2.69 1_655
H18A 2.711_655
H16 2.801_655

H30B H26 2.452_765
F4 2.851 655

H30C H20D 2.46 2_765

H atom Neighbouring atom,
distance, symmetry
code*

H17C F3 2551 655

H17D H9A 2.56 1 565

H18C H5 2.581 565

H18D H5 2.781 565

H19C H5 2551 565

H19D F1 2741 655
C24 2.831 565
H27B 2.86 1_565
N10 2.89 1_565
H23 2.911 565 C23
2.941 565

H20D H30C 2.46 2_765
H28A 2.60 2_765

H20E H27A 2.89 1_565
H28A 2.952_765

H20F H20B 2.452_675

H26 2.99 2_665

168

H atom Neighbouring atom,
distance, symmetry
code*

H17A F3 2.891 655

H17B H5 2.751_565

C5 2.791_565
H9A 2.891 565

H18A H30A 2.711 455
H18B -
H19D F1 2741 655

C24 2.831 565
H27B 2.86 1_565 N10
2.891 565

H23 2.911_565

C23 2941 565

H19C H5 2.551 565
H20A H28A 2.342_765
H30B H26 2.452_765
F4 2.851_655
H30C H20D 2.46 2_765

*The symmetry code after the distance gives the
symmetry operation to generate the neighbouring
molecule. The symmetry generators are given as S_XYZ
where S=1 indicates the identity operation and 2 the
inversion and the XYZ part indicates the translation (X-5
gives the translation in integer number of a, Y-5 inin
integer number of b and Z-5 in integer number of c).
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Table S5. Tables of short intermolecular contacts between the hydrogen atoms of the butyl chains and
neighbouring molecules for the structure number 20 (LS, end of the relaxation). All contacts of less than
3 A are indicated.

Hatom | Neighbouring atom,
distance, symmetry code*
H27A F1 2.402_665
F4 2.79 2_665
H20C 2.911 545
H27B F1 2441 645
F2 2.741_645
H20B 2.851_545
H19B 2.911 545
H28A H20B 2.29 2_765
F1 2.952 665
H28B -
H29A F6 2.981 655
H29B F1 2.792 665
H30A H25 2.94 1 655
H20B 3.00 2_765
H30B H25 2.70 1_655
H16 2.801_655
C16 2.941_655
H30C H26 2.452_765

F4 2.921_655

H atom Neighbouring atom,
distance, symmetry code*
H17A H9A 2.89 1_565
F3 2971 655
H17B HO9A 2.56 1_565
H6 2.841_565
C6 2971 565
H18A F3 2921 655
H18B -
H19A H5 2.531_565
H19B H27B 2.911_565
F3 2.941 655
H20A H26 2.70 2_665
H20C 2.722_675
H20B H28A 2.29 2_765
F1 2.481_655
H27B 2.851_565
H30A 3.002_765
H20C H20C 2.552_675

H20A 2.72 2_675
H27A 2.911_565

*The symmetry code after the distance gives the symmetry operation to generate the neighbouring
molecule. The symmetry generators are given as S_XYZ where S=1 indicates the identity operation and
2 the inversion and the XYZ part indicates the translation (X-5 gives the translation in integer number of

a, Y-5in in integer number of b and Z-5 in integer number of c).
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Figure S14. LIESST experiment followed by magnetism in order to extract the corresponding values of

TLesst for the HS state photogenerated from a) LS; and b) LS..
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Figure S15. a) Photo-generation of HS after irradiation of LS; at 80 K on a polycrystalline in the SQUID

magnetometer. The HS is fully populated as observed by absorption spectroscopy and X-ray diffraction.

b) HS,?™ LS, relaxation followed by magnetism.
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Figure S16. a) Evolution of the diffraction pattern of the sample during the HS;?"™ - LS; relaxation at 90

K after photo-excitation at 690 nm with 10 mW/mm? during 10 min and b) corresponding time evolution

of the HS,2" fraction.
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Figure S17. HS,Y" - LS; relaxation curves obtained at 80 K after irradiation at 10 K.

1.0 4 —e— Irrad 10 K, Relax 80 K (1st crystal)
Irrad 10 K, Relax 80 K (2nd crystal)
08 — Irradl10 K, Relax 80 K (2nd crystal)
2nd time
z(.l']
= 04—
0.2 —
0.0 —

time /s

A first crystal was irradiated at 10 K, heated up at 80 K (at 20 K/min) and its

relaxation curve is shown in black.
A second crystal was irradiated at 10 K, heated up at 80 K (at 20 K/min) and the

relaxation curve is shown in blue. It was then cooled back to 10 K at 4 K/min, irradiated
again at 10 K, heated up at 80 K (at 20 K/min) and the relaxation curve is shown in purple.
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Figure S18. Relaxation curves after thermal quenching at the indicated temperatures.
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Table S6. Different measured relaxation time at 80 K and 90 K.

0 100 200 300 400 500 600 700 800

phase Measurement method Sample T (K) | Relaxation time (s)
HS11™ | Absorption spectroscopy Single crystal 80 800

HS:2™ | Absorption spectroscopy Single crystal 80 70000
HS:2™ | Absorption spectroscopy Single crystal 90 6000

HS12™ | Absorption spectroscopy | Cracked single crystal | 90 4000
HS12™ | Single crystal diffraction Single crystal 90 5000

HS12m Powder diffraction Powder 90 5000

HS:?™ | Magnetic measurements Powder 80 60000
HS4?™ | Magnetic measurements Powder 80 40000
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Table S7a. Structure of the different quenched states obtained at different temperatures.

Quenched HS at 10 K

Quenched HS at 125 K

Quenched at 125 K, then

slowly cooled to 100 K

Chain A is disordered (red,
violet)
Chain B is slightly

disordered (orange, green).

Chain A is disordered (red,
violet)
Chain B is disordered

(orange, green).

Chain A is disordered (red,
violet)

Chain B is ordered (orange).
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Table S7b. Crystal data and structure refinement for the quenched HS state at 10 K.

Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 10(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=9.2011(7) A | b=10.1991(9) A | c = 21.9496(8) A

a=91.624(5)° | B=101.414(5° | y=98.816(7)°

Volume 1991.6(2) A3
Y4 2
Density (calculated) 1.492 Mg/m3
Absorption coefficient 0.552 mm™L
F(000) 924

Theta range for data collection

2.842 to 30.508°

Index ranges

-12<=h<=13, -14<=k<=13, -31<=I<=31

Reflections collected

30700

Independent reflections

12061 [R(int) = 0.0349]

Completeness to theta = 25.242°

99.8%

Absorption correction

Analytical

Max. and min. transmission

0.964 and 0.909

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

12061 /7 /511

Goodness-of-fit on F2

0.985

Final R indices [I>2sigma(l)]

R1 =0.0540, wR2 = 0.1171

R indices (all data)

R1 =0.0697, wR2 = 0.1304

Extinction coefficient

n/a

Largest diff. peak and hole

1.981 and -1.646 e.A-3
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Table S7c. Crystal data and structure refinement for the quenched HS state at 125 K.

176

Empirical formula

C30 H48 F12 Fe N10 P2

Formula weight 894.57
Temperature 125(2) K
Wavelength 0.71069 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=9.2642(4) A | b=10.2705(5) A | ¢ = 22.0624(11) A

a=91.906(4)° | B=101.684(4)° | y=098.679(4)°

Volume 2027.73(17) A3
Y4 2
Density (calculated) 1.465 Mg/m3
Absorption coefficient 0.542 mm™L
F(000) 924

Theta range for data collection

2.848 to 30.505°

Index ranges

-13<=h<=13, -14<=k<=13, -31<=I<=31

Reflections collected

25896

Independent reflections

12375 [R(int) = 0.0447]

Completeness to theta = 25.240°

99.8%

Absorption correction

Analytical

Max. and min. transmission

0.946 and 0.874

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

12375/7/516

Goodness-of-fit on F2

1.037

Final R indices [I>2sigma(l)]

R1 = 0.0546, wR2 = 0.1329

R indices (all data)

R1 =0.0785, wR2 = 0.1516

Extinction coefficient

n/a

Largest diff. peak and hole

0.543 and -0.417 e A™3
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Table S7d. Crystal data and structure refinement for the quenched HS state at 125 K slowly cooled at
100K.

Empirical formula C30 H48 F12 Fe N10 P2

Formula weight 894.57

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.2763(6) A | b=10.2063(5) A | ¢ =22.0345(13) A
a=91.425(5)° | B=101.334(5)° y = 98.996(5)°

Volume 2017.0(2) A3

Y4 2

Density (calculated) 1.473 Mg/m3

Absorption coefficient 0.545 mm™1

F(000) 924

Theta range for data collection 2.833 to 30.508°

Index ranges -13<=h<=13, -14<=k<=12, -30<=I<=31

Reflections collected 24051

Independent reflections 12303 [R(int) = 0.0873]

Completeness to theta = 25.242° 99.8%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.94950

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 12303 /4 /509

Goodness-of-fit on F2 1.040

Final R indices [I>2sigma(l)] R1 =0.0949, wR2 = 0.2099

R indices (all data) R1 =0.2072, wR2 = 0.2651

Extinction coefficient n/a

Largest diff. peak and hole 1.045 and -0.640 e.A™3
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Figure S19: Magnetic measurements of the relaxation at 45 K (a) and 55 K (b). For both
measurements, a first relaxation curve was collected after irradiation at 10 K, and then a second one
was collected after irradiation at the relaxation temperature (45 K for a and 55 K for b ). For
measurement b, only 54% conversion to the HS state could be reached at 55 K. This dropped to about

15% when irradiating at 65 K (The relaxation was not measured) and almost no conversion could be
achieved with irradiation at 80 K).
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CAPITULO 6

Discrimination between two memory channels by molecular alloying
in a doubly bistable spin crossover material

6.1.- Abstract

A multistable spin crossover (SCO) molecular alloy system [Fei1xMx(nBu-
im)s(tren)](P1yAsyFe)2 (M = Zn", Ni"; nBu-im)s(tren) = tris(n-butyl-imidazol(2-
ethylamino))amine) has been synthesized and characterized. By controlling the composition
of this isomorphous series, two cooperative thermally-induced SCO events featuring distinct
critical temperatures (Tc) and hysteresis widths (ATc, memory) can be selected at will. The
pristine derivative 100As (x = 0, y = 1) displays a strong cooperative two-step SCO and two
reversible structural phase transitions (PTs). The low temperature PT'T and the SCO occur
synchronously involving conformational changes of the ligand’s n-butyl arms and two
different arrangements of the AsFe anions [Tc! = 174 K (AT = 17 K), Te? = 191 K (ATc? = 23
K) (scan rate 2 K min)]. The high-temperature PTHT takes place in the high-spin state
domain and essentially involves rearrangement of the AsFe anions [TcPT= 275 K (AT = 16
K)]. This behavior strongly contrasts with that of the homologous 100P [x = 0, y = 0]
derivative where two separate cooperative one-step SCO can be selected by controlling the
kinetics of the coupled PT'T at ambient pressure: (i) one at low temperatures, Tc = 122 K
(ATe = 9 K), for temperature scan rates (> 1 K min?) (memory channel A) where the
structural modifications associated with PTS are inhibited; (ii) the other centered at Tc = 155
K (ATc = 41 K) for slower temperature scan rates < 0.1 K min't (memory channel B). These
two SCO regimes of the 100P derivative transform reversibly into the two-step SCO of
100As upon application of hydrostatic pressure (ca. 0.1 GPa) denoting the subtle effect of
internal chemical pressure on the SCO behavior. Precise control of AsFe~ <> PFs~
substitution, and hence of the PT'T kinetics, selectively selects the memory channel B of
100P when x = 0 and y = 0.7]. Meanwhile, substitution of Fe" with Zn" or Ni" [x = 0.2, y = 0]
favors the low temperature memory channel A at any scan rate. This intriguing interplay
between PT, SCO and isomorphous substitution was monitored by single crystal and

powder X-ray diffractometries, and magnetic and calorimetric measurements.
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6.2.- Introduction

Responsive switchable materials attract great attention due to affording excellent
study examples for understanding the mechanisms of phase transitions (PTs) and provide
application prospects for future and emerging technologies.”! Some of the most investigated
switchable molecular materials are pseudo-octahedral Fe" spin-crossover (SCO)
complexes, reversibly altering the high-spin (HS, t2g*e¢?) and low-spin (LS, t2g°e¢®) electronic
states by the action of physicochemical stimuli (temperature, pressure, light, and chemical
substrates). The LS-HS conversion involves an electron transfer between the eg and tg
orbitals strongly coupled with structural changes in the coordination core of the Fe' centres,
which essentially affect Fe-ligand bond lengths and angles, and in turn the molecular
conformation. In favourable cases these changes propagate cooperatively in the crystal,
conferring bistability (memory) to the magnetic, optical, dielectric, structural and mechanical

properties.i?

New developments in this area are crucial not only for elucidating background
mechanisms behind observed properties and understanding the fundamental aspects of the
SCO behavior, but also for opening new perspectives in the field, such as the use of SCO
compounds for creation of fully controllable “smart” materials responding to external stimuli
in a desired way.?® For example, SCO can be combined with other relevant functions such
as fluorescence,®4 electroluminescence,®¢ electronic transport,® and non-linear optic
responsel® thereby transferring their intrinsic bistable nature to the second property resulting
in multifunctional materials that can be processed at different levels, from bulk to

nanoscale.[”

The control of the SCO characteristics, i.e. critical temperature and hysteresis width,
remains one of the key focuses in the field. Tackling this problem by chemical methods
requires engineering both the coordination site of the SCO centers and the cohesive elastic
interactions between them through supramolecular and/or polymeric approaches.
Furthermore, the strong sensitivity of the SCO behavior to subtle changes in the elastic
interactions makes it possible to control the SCO through crystal lattice rearrangements. In
this respect, isomorphous substitution of SCO metal centres/complexes with non-SCO metal
ionst/non-SCO complexes! is an effective means to modulate the SCO behavior. For
example, substantial dilution with passive Ni" or Zn"-based complexes breaks cooperativity

between SCO centres and brings on a considerable downward shift of the SCO

182



Capitulo 6

equilibrium/critical temperature T12/T¢, while low concentrations of the dopant can fine tune
the SCO behavior.[?d Metal dilution is a particular case of a more general concept of solid
solution of molecules, also known as molecular alloys, consisting in precise control of the
stoichiometry of mixed ionic or molecular components during the synthetic step. This offers
an unrivalled tool for optimization of desired magnetic, optical or electrical properties, as
demonstrated by examples from adjacent fields,['®! and for a few SCO systems.[3 Another
relevant strategy, yet little explored, is based on the possibility of controlling the SCO
properties by a PT.M It has been demonstrated for several systems that changes in the
interaction binding between the components of the crystal due to a solid-solid or solid-

liquid/liquid crystal PT may be sufficient for altering the spin state.[11b. 12]

In this context, the complex [Fe(nBu-im)s(tren)](PFs)2 ((nBu-im)s(tren) = tris(n-butyl-
imidazol(2-ethylamino))amine) affords an uncommon example of thermal hysteretic SCO
behavior deeply influenced by a synchronous symmetric crystallographic PT, leading to a
reorganization of the crystal lattice due to significant conformational changes of the alkyl
groups and displacement and rotation of the PFe anions, taking place during the LS <> HS
conversion.!*1®! Playing with the slow kinetics featuring this PT, two well separate hysteretic
thermally induced SCO behaviors (two memory channels) were found.'*! Thus, high-
temperature sweep rates (= 2 K mint) quench the crystallographic PT thereby stabilizing
channel A, which is characterized by a cooperative SCO, between the phases HS! and LS?,
centred at 122 K with a hysteresis 14 K wide. In contrast, low temperature-sweep rates (<
0.1 K min!) stabilize channel B, characterized by a much more cooperative SCO, between
the HS* and LS? phases, centred at ca. 155.5 K featuring a hysteresis loop 41 K wide (see
Scheme 1). The phases display different arrangement 1 and arrangement 2 of the flexible
butyl groups and of the anions. Furthermore, the LS? phase affords an uncommon very long-
lived photogenerated HS'* phase after light irradiation at 80 K. The very slow relaxation
kinetics is controlled by conformational rearrangements of the butyl groups during the

HS*— LS! transformation.[*1f]

In order to understand more in depth the correlation between SCO and structural PT
in 100P and find reliable chemical means to discriminate between the two thermal memory
channels, we have investigated the isostructural compound [Fe(nBu-im)s(tren)](AsFe)2
(100As) and the solid solutions [Fe1xMx(nBu-im)s(tren)](P1yAsyFe)2 (see Scheme 1). Herein,
we show that the SCO behavior of 100P (x = 0; y = 0) is highly sensitive to application of
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external hydrostatic low pressure and, consequently, the resulting SCO behavior is similar to
that of 100As (x = 0; y = 1) which also displays double bistability due to SCO and PTs but at
higher temperatures. Furthermore, modulating the internal “chemical pressure” built up by
partial substitution of Fe(ll) with M(Il) (xM, x <100 and y = 0, M = Zn, Ni) or P with As (yAs,
x = 0 and y < 100) leads to effective discrimination of the two memory channels resulting
from interplay of the SCO and a PT in the pure 100P.

HS! % of As,x=10 label

" Channel A 0% 100P = 00 As
3l 12% 12As
2% 22As . (P14AS,Fo)2
T 25 38% 38As \
g 46% 46As :
x 2 56% 56As </N N N=—
g 63% 63As CeH _/@ :L 3
= 15 1% 71As T AN | 2SO
7 86% 86As A =S
Ty Channel B VN
! Fs 100% 100As Cato
0.54 o, [T J—
2 Yo of M", y =0 Z =Fe .M
ol i 21%, Zn 21Zn e
80 100 120 140 160 4180 200 17%, Ni 17Ni
TIK 100%, Ni 100Ni
Scheme 1. Description of the SCO behavior of 100P. [Fei..M\(nBu-im)s(tren)](P1.yAsyF)-
system (M = Ni, Zn).
6.3.- Results

6.3.1.- SCO properties of 100As

The magnetic behavior of 100As, recorded at 1 K min* between 10 and 300 K, is
shown in Figure 1a in the form of xmT vs T (xm is the molar magnetic susceptibility and T is
the temperature). At 300 K, the ymT value is close to 3.68 cm® K mol* as expected for Fe'"
compound in the HS state (S = 2). On cooling a gradual decrease of yuT value down to 3.56
cm?® K mol? is followed by a limited but abrupt jump up to 3.80 cm® K mol2. This bistable
behavior is associated with a reversible crystallographic PT within the HS phase [HS'«—HS?]
(vide infra).
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Figure 1. Spin crossover behavior of 100As: (a) magnetic and photomagnetic properties; (b)
differential scanning calorimetry (DSC); and (c) quenching of the HS state. Blue and red filled circles
correspond to the cooling and heating modes, respectively. Gray lines correspond to the heat flow

measured by DSC.

The shaped hysteresis is centered at TcPT = 276 K with the loop width ATPT = 17 K.
Further cooling does not reveal any marked evolution of ymT down to 188 K, where an
abrupt two-step decrease down to zero value is detected (S = 0) with a well-defined plateau
of the ascending curve at 50% conversion upon subsequent heating. The two-steps centred
at Tc!= 175 K and T¢2 = 193 K are characterised by a hysteresis loops AT¢! = 14 K and AT¢?

= 23 K, respectively. In opposite to 100P, no remarkable kinetic effects were observed for
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the range of temperature-sweeping rates 4-0.5 K min in the magnetic response of 100As
(Figure S1). However, when cooling from 300 K to 80 K in ca. 15 s (= 900 K min™!) partial
thermal trapping of the sample was observed (Figure 1c). At 80 K the ymT value of the
trapped sample is ca. 1 cm® K mol~* and upon heating at 0.3 K min! it increases to reach a
maximum value of 2.37 cm® K mol? at 120 K, which corresponds to ca. 62% of the Fe'
centres in the HS state. Then, at higher temperatures, the compound relaxes back to the LS
state and upon further heating reaches the HS state. As a hypothesis and by similarity with
100P the trapped state could be a mixture of the states LS! and HS! and the LS state
attained after relaxation should correspond to the LS? phase (vide infra).

Quantitative photo-generation of the metastable HS* state at low temperature, the
so-called light induced excited spin state trapping (LIESST) experiment,['3! was carried out
at 10 K by irradiating a microcrystalline sample (0.75 mg) of 100As with red light (A = 633
nm) over 3 h. Further heating of the sample in the photo-stationary HS* state in the dark at
0.3 K min't uncovers a two-step LIESST relaxation process with Tiiesst1 = 45 K and Tuesst2

=57 K (Figure 1a) relevant to the two-step thermal SCO.

Differential scanning calorimetry (DSC) measurements were carried out for 100As in
the cooling and heating modes to support the magnetic bistability data and quantify the
thermodynamic parameters associated with the SCO and PT. The corresponding
anomalous variation of the heat capacity ACp vs T plots is depicted in Figure 1b overlaid
with the magnetic data. Upon cooling/heating three processes are detected at critical
temperatures Tc¢l= 174 K (ATct = 17 K), T2 = 191 K (AT¢? = 23 K) and TcPT= 275 K (ATPT =
16 K) confirming reversibility of the two-step SCO process and of the PT. The enthalpy and
entropy changes of the PT averaged over both runs, AHPT = 3.94 kJ mol~* and ASPT = 14.29
J K mol?, account for the substantial rearrangements associated with order/disorder
events of the butyl groups and the anions (vide infra). The averaged enthalpy and entropy
for the two low temperature peaks, AHsco = 10.3 kJ mol? and ASsco = 59.5 J K'* mol?,
respectively, exceed values reported for each of the two transitions LS < HS in 100P
[AHsco(LS! <> HSY) = 5.2 kJ mol™ and ASsco(LS? «<» HSY) = 41.6 J K™ mol; AHsco(LS? <>
HSY) = 6.8 kJ mol and ASsco(LS? <> HS?) = 39.5 J K- mol-1).[11b]
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6.3.2.- SCO properties of 100P under pressure

The SCO properties of 100P (channel A and channel B) and 100As differ in critical
temperatures, hysteresis width and more notably in nature (one or two step). The observed
30 K upward shift of the average critical temperature when replacing PFe with AsFe
suggests the introduction of additional chemical pressure in 100As as a result of the slightly
larger ionic radius of As. To support this hypothesis, we have investigated the effect of small
applied hydrostatic pressure on the SCO behaviour of 100P. At ambient pressure, in the
cooling mode (1 K mint), 100P displays essentially the behaviour of channel A. At a
pressure of 0.11 GPa the SCO shifts upwards by 100 K, and, surprisingly, it becomes two-
step with critical temperatures centred at Tc! = 221 K and T¢? = 251 K, characterised by a
hysteresis loop AT:! = 13 K and AT = 39 K, respectively, and a well-defined intermediate
plateau on heating as shown in Figure 2. This SCO is practically that of 100As at ambient
pressure. Increasing pressure up to 0.14 GPa shifts the transition to higher temperatures
(T = 245 K, ATt = 13 K and T2 = 285 K, AT = 36 K). Interestingly, these results
demonstrate very similar effects on the SCO of the complex cation whatever the nature of
the applied pressure, i.e. external or “internal” generated by PFs < AsFe anion substitution.
A second relevant finding is hypersensitivity of 100P towards imposed external pressure
with dependence d<Tc.>/dp = 1000 K/GPa, where <Tc> = (Ta1 + Tc2)/2, although regularly
observed value lies in the range of 150-200 K/GPa'*! (Figure S2).

Xy T/cm® K mol”

0
80 120 160 200 240 280 320
TIK

Figure 2. Temperature dependence of xuyT vs. T for 100P at different pressure values.
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6.3.3.- Study of [FeixMx(nBu-im)s(tren)](P1yAsyFe)2 molecular alloys

The high sensitivity of the SCO properties of 100P to external hydrostatic pressure,
also apparent when internal “chemical pressure” increases when replacing PFs with AsFs’,
prompted us to study solid solutions based on anion (PFs" — AsFes) and metal (Fe' — M")
substitution. A series of solid solutions were prepared in the same way as 100P and 100As
but containing mixtures of PFe” and AsFe anions in calculated ratio. It was found that the
PXRD profiles of 22As—56As, as well as of 21Zn and 17Ni, are indistinguishable from that
of 100P (Figure 3). On the other hand, for 71As, a shift/coalescence of diffraction peaks is
observed in the high angle range, in addition to the change of peaks intensity, although in
the low angle range the diffraction patterns perfectly match that of 100P. These findings are
consistent with the evolution of the magnetic properties on isostructural substitution in the

aforementioned series.

100As

71As

56As
17Ni

21Zn

100P

4 6 8 10 12 14 16 18 20 22 24
20 / deg.

i

Figure 3. X-ray powder diffraction patterns of indicated diluted compounds at RT.

Gradual substitution of PFe~ with AsFs anions continuously reshapes the original
SCO behaviour of 100P stabilizing a phase which compares well with channel B. This is
illustrated in Figures 4b-g where the SCO of pristine 100P, recorded at scan rate 2 K mint,
is also included for comparison (grey line). For 22As, channel A is prevailing and a low

temperature hysteresis is still observed but an increase of the relaxation rate favouring
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channel B is obvious (Figure 4b). Increasing the concentration of AsFe in 29As, 38As, 46As
and 56As progressively accelerates relaxation and suppresses channel A in favour of
channel B, which finally in 71As produces a single-step hysteresis loop centred at Tc = 171
K with ATc = 34 K. Further increase of AsFe affords compound 86As that gives rise to a
narrow two-step SCO similarly to that of the pristine 100As (Figure S3). It is worth
mentioning that the PT within the HS phase HS'-HS? increases in amplitude and
decreases in temperature as the amount of AsFe increases in the molecular alloy (see
Figure S4).
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Figure 4. (a) SCO behavior of 100P, (red and blue curves measured at 4 K min't and 0.25 K min,
respectively) (b-f) Influence of successive replacement of PFg and AsFs on the SCO properties. The
red curve corresponds to heating, blue curve to cooling, and grey curve to the SCO of 100P measured
at 2 K mint. (g and h) Effective separation of the two channels.
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Interestingly, stabilization of channel A is achieved by partial substitution above
certain threshold value of Fe" with Zn" or Ni', i.e. y =2 0.21 for Zn" or y 2 0.17 for Ni". The
resulting isostructural solid solutions 21Zn or 17Ni display one step cooperative SCO with
critical temperatures centred at Tc = 117 and 121 K, characterized by AT: = 7 and 3 K wide
hysteresis loops, respectively, at any rate down to 0.5 K min~! (Figure 4h for 17Ni, see also
Figure S5). The pure compound 100Ni shows a constant susceptibility value of ymT = 1.2

cm?® K mol-t in the temperature range 50-300 K without any irregularities (Figure S6).
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Figure 5. Thermal quenching of the HS state for 71As. Blue and red filled circles correspond to the
cooling and heating modes, respectively.

It is worth noting that despite the clear kinetic stabilization of channel B for 71As,
thermal quenching allows trapping the sample into the hidden channel A. For example, after
cooling 71As from 300 K to 80 at ca. 800 K mint the ymT value is essentially that of the Fe'"
in the LS state (0.22 cm® K mol™?) (see Figure 5). Then, when heating at 0.3 K/min, ymT
increases to attain a value of 3.20 cm® K mol? at 127 K, indicating that the compound is
essentially HS. Upon further heating the system first relaxes back to a LS phase and later

attains the thermodynamically stable HS state.

6.3.4.- Structural analysis

6.3.4.1.- Structure of 100As

Compound 100As is essentially a structural analogue of 100P. Based on the
magnetic behaviour (see Figure 1la and b), the crystal structure of 100As was investigated
at 120 K, 230 K and 300 K where, respectively, the LS?, HS! and HS? phases are stable.
The transformation between these three phases involves two consecutive crystallographic
PTs associated with important structural reorganisation, which involves remarkable volume
change without symmetry changes (space group P1, Table S1). However, after many
attempts, it was impossible to achieve a full structural analysis of the LS? phase because
single crystals shatter during the HS' — LS? transformation. The same reason prevented us

from structurally characterising the plateau centred at 190 K in the heating branch of the LS?
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— HS! transition. The unit cell consists of two crystallographically identical complex cations
of opposite chirality and four AsFe counterions (two crystallographically distinct sites,
denoted Asl and As2) balancing the charge. The Fe' ion is wrapped by three n-butyl-1H-
imidazol-2-ylimino moieties, defining a pseudo-octahedral [FeNs] coordination environment
(Figure 6a), with Fe—N average bond lengths typical for the HS state and does not change
substantially due to the PT: 2.199(4) A and 2.190(7) A at 230 K (HS?) and 300 K (HS?),
respectively (Figure 6b, Table S2).

Figure 6. (a) Projection of the cation 100As with atom numbering scheme at 230 K.
Displacement ellipsoids are shown at the 30% probability level. Hydrogen atoms are omitted for clarity.
(b) Minimized overlay of the complex cation in the HS? (red) and HS? (grey) phases.

Upside-down arranged complex molecules are self-organized in bilayer assemblies
extending in the ab plane whereas the AsFs~ anions occupy both surfaces and the inner
space of the bilayer (Figure 7). At 230 K (HS! phase), the inner pace anions (AslFes") are
substantially shifted from the centre whereas the axes of anions are inclined with respect to
the layer plane; the anions are ordered as well as butyl substituents of the complex cations,
arrangement 1 in Figure 7. On passing the temperature of the PT, the anisotropic change of
the lattice decreases the lattice parameter ¢ by 0.44 A that is reflected on shrinking the
interlayer distance from 22.01 A at 230 K down to 21.85 A at 300 K. Furthermore, the PT

promotes arrangement 2 (HS? phase), for which inner space anions As1F¢ are located
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Arrangement 1 Arrangement 2
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HS! (230 K) ~ HS? (300 K)

Figure 7. Supramolecular bilayer organization of the complex molecules showing the location of
the two crystallographycally distinct AsF¢/PFg anions [blue As2Fs/P2F¢ and red AslF¢/P1Fg
octahedrons], illustrating arrangement 1 and arrangement 2.

closer to the centre of the interspace between layers with their axes almost perpendicular to
the layer plane (Figure 7). Substantial disorder of the anions and butyl groups suggests that
increasing entropy of the system is the driving force of the PT. Clearly, the transition is not
related to the SCO as the coordination sphere of the Fe' remains practically intact, although
the rearranged anions and butyl groups change the pattern of intermolecular contacts
CH---F in the lattice. For example, in the HS* phase one discrete interaction C24---F2(As1)
=3.087(4) A is below the van der Waals radii (3.17 A),l!! in contrast to the HS? phase where
no viable C---F contacts are operative. Furthermore, percentage of weak intermolecular
contacts C---F, N---H and C---H substantially changes due to the PT too, see Table S4. This
lattice dynamics in close proximity to the metal centre seems to noticeably affect the ligand
field strength/g-factor and produce detectable magnetic bistability.*6!

It is worth recalling that similar structural rearrangement was observed for 100P. For
cooling rates higher than 0.5 K min, 100P displays arrangement 1 in the LS state (LS!
phase) through channel A, while above TcPT = 127 K it adopts arrangement 2 (LS? phase)
from channel B. Finally, on further heating it recovers arrangement 1 once the system
reaches the HS state (HS! phase) just above Tc' = 176 K (Figure 3). It deserves to be noted

the increase of disorder in the alkyl chains when both compounds adopt the arrangement 2,

192



Capitulo 6

see comparison of the colour mapped complex cation in pairs LS-LS? and HS'-HS? in

Figure S7, which is supposed to be driving force of the observed PTs.

On cooling 100As, a second transition occurs as deduced from the magnetic data
(Figure 1a), however, the crystal rapidly and irreversibly deteriorates due to the SCO and
therefore it was impossible to collect crystallographic data of the LS? phase at 120 K or of

the intermediate plateau at 190 K.

6.3.4.2.- Structure of 71As and 100Ni

The impossibility of obtaining sufficient structural information about the nature of the
LS state of 100As, prompted us to try more robust single crystals from the xAsFs:(100-
X)PFs solid solutions. It was expected to obtain direct information not only about the type of
arrangement adopted by the LS state in this solid solution, which could be extrapolated to
100As, but also to obtain structural information about the HS state, in particular that of the
metastable quenched HS'9 at 120 K (see Figure 5). Indeed, robust single crystals of 71AsF¢
:29PF¢ (71As) appropriate for single crystal X-ray analysis were prepared. A single crystal
of 71As was firstly measured at 230 K (see Tables S1 and S2) where the structure presents,
as expected, the arrangement 1 and the Fe' centres are in the HS state (average Fe-N
distance = 2.196 A). The whole cation complex is virtually identical to that of 100As
including the conformation of the butyl groups. Afterwards, the same crystal was slowly
cooled from 230 K to 120 K to avoid any thermal quenching, and then the temperature was
increased up to 157 K to place the system in the middle of the LS branch of the hysteresis
and measured at this temperature (see Figure 5). The corresponding structure exhibits the
arrangement 2 for the counterions with the butyl groups showing strong configurational
differences with respect to the structure at 230 K (Figure 8a). According to the magnetic
properties, the Fe—N average distance, 1.964 A, shows the occurrence of a complete HS! —

LS? phase transformation (Table S2).

Another single crystal of 71As was cooled directly from 300 K to 120 K and the
structure of the HS9 phase analysed (see Tables S1 and S2). Despite the crystals being
rather robust, we observed their deterioration of them during the measurement process due
to relaxation from the quenched HS9 to the LS? phase at 120 K. Consequently, in order to

get reasonably good crystal data, initial partial data collection for the resolution of the
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structure was recorded. Indeed, this relaxation was slow enough to allow the acquisition of
the required data (stable for ca. 45 min) to determine the structure before the collapse of the
crystal. The analysis of the structure is consistent with the magnetic data and, based on the
Fe—N average bond length, only ca. 5% of the Fe'" centres have relaxed to the LS? state.
The metastable quenched HS retains the arrangement 1 of the parent HS! phase and the
[Fe(nBu-im)s(tren)]?* cation is essentially the same except for the butyl [Im—C7-C8-C9—

C10] which adopts a divergent configuration (see Figure 8b).

The crystal structure of 100Ni, solved at 110 K, closely resembles that of 100P in LS?*
phase,lj.e. shows arrangement 1 (Figure S8 and Table S1 and S3).

(b)

7 HS (120 K)

" # L2 (157K)

Figure 8. Overlay of the complex cation in 71As: (a) combination of the HS? (red, 230 K) and LS?
(green, 157 K) and HS (blue, 120 K) phases; (b) combination of the HS? (red, 230 K) and HS (blue,
120 K) phases showing the different configuration of the [Im-C7-C8-C9-C10] moiety.

6.4.- Discussion

The underlying reason for the observed rich magnetic behaviour of the systems 100P
and 100As lies in their ability to exhibit ordered arrangement 1 and less ordered
arrangement 2 in addition to the SCO transition between the HS and LS spin states. Both
systems exhibit SCO behaviour synchronized with a structural PT featuring very slow
kinetics compared with that of the SCO. Playing with this kinetics, the bistability domains of
both transitions can overlap in temperature or can occur separately so that 100P and 100As

can potentially form phases LS?!, HS! and LS?, HS? and display transitions between them.
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Indeed, for 100P the phase bistability is operative in a temperature region overlapping with
the SCO bistability giving transition HS! — LS2. Additionally, a narrow temperature window
exists where the transition HS! — LS? occurs without change of the lattice arrangement.
Moreover, the transition LS — LS? is operative without change of the spin state but with a
change of the lattice arrangement. The experimental data show possibility of such
transitions also for 100As and, additionally, at higher temperature another structural

rearrangement HS! — HS? occurs within the HS state.

Thus, both systems can exhibit "ordered" LS and HS?! phases and "disordered" LS?
and HS? phases. For 100As we observe all four phases, for 100P all except the HS?, which
is shifted so much in temperature that it does not occur below the melting temperature of
100P. The transition to the arrangement 2 phase occurs because the disordered n-butyl
chains increase the entropy and decrease the Gibbs free energy of the system. The more
prone tendency of 100As to disorder can be associated with the small volume expansion of
the lattice induced by the PFs — AsFe substitution and evidenced by the much faster
kinetics featuring the LS? «» HS! transition. The slightly larger AsFe anions separate the
SCO complex cations, thereby facilitating their n-butyl groups to become disordered and
favoring the phases LS? and HS?. This is corroborated by the transition HS? <> HS? (not
coupled with the SCO) and by the fact that this transition is not observed for 100P.

The shift of the SCO and phase bistabilities of the PT on passing from 100P to
100As might be rationalized considering the “chemical pressure” (CP) of the anions as a
qualitative measure of average intermolecular interactions and electrostatic pressure in the
lattices. Indeed, external pressure applied to 100P progressively shifts HS! «» LS? transition
toward higher temperature and, more importantly, changes the hysteresis loop, which
becomes two-step similarly to 100As. It is worth mentioning that the positive CP generated
by application of “external” hydrostatic pressure increases the intermolecular contacts and
stabilises the LS state by reducing the unit cell volume. In contrast, similar positive “internal”
CP is generated upon PFe — AsFe substitution, which involves an increase of the unit cell
volume in 42.44 A3, To explain this apparent paradox we compared the crystal structures of
100P and 100As at the same temperature (230 K) making use of the Hirshfeld surface
analysis.'”1 This analysis shows that the percentage of C---F contacts doubles when

replacing PFe with AsFe (more moderate increase of contacts is also observed for F---H
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and C:--H) (Figure S9, Table S4). This can be rationalised from the estimated void space,
46.54 and 43.83 A3, available for 100P and 100As, respectively.['”] Interestingly, the smaller
empty space found for 100As shows that void space does not increase in parallel with of the
unit cell volume increase. This the reason why the number of F---C contacts is larger for
100As. A factin line with the observed increase of CP in 100As.

The similar chemical nature of both compounds makes them well suited for the study
of isomorphous series with varying ratio between the both. At fixed scan rate of 2 K min=!
the kinetics of transitions HS! — LS! and HS! — LS? (memory channels A and B,
respectively) is dramatically affected by changing the PFe¢ : AsFe ratio. This is reflected in
the changing contribution of the two channels to the shape of the observed hysteresis loops.
Progressively increasing the amount of AsFs” favours the SCO with structural rearrangement
and makes observation of the process HS' — LS! impossible on passing a threshold
concentration. Thus, for 71As the coalescence of the two hysteretic spin transitions
vanishes affording a rectangular well-shaped hysteresis loop, which corresponds to the

transition HS! — LS? where the structural rearrangement is realized.

Opposite to the [Fe(nBu-im)s(tren)](P1—yAsyFs)2 substituted systems, where included
AsFe anions create “positive” internal pressure and shift SCO upward in temperature, metal
substitution in [Fe1rxMx(nBu-im)s(tren)](PFe)2 (21Zn or 17Ni) can be considered as creating
“negative” internal pressure, stabilizing low temperature SCO. Indeed, as follows from the
experimental data, dilution with Zn" or Ni" ions, both more voluminous than the LS Fe' ion,
predictably favours SCO transition to the more voluminous LS! phase and disfavours
compact LS? (cell volume 1994.7(5) and 1950.8(15) A3, respectively)'*! and makes the low
temperature transition LS! < HS? the only option for the system. Thus, metal dilution with
the Ni' or zn" stabilizes the voluminous arrangement 1 in both spin states and effectively

suppresses transition to the arrangement 2.

6.5.- Conclusion

In summary, we have reported an isomorphically substituted series of unusual Fe'"
SCO complex displaying two memory channels. We found that metal substitution with Ni" or

Zn'" selectively favours arrangement 1 in both spin states, thus promoting a low temperature
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hysteretic SCO transition (channel A). On the other hand, substitution of its PFs~ anion with
AsFe~ promotes high temperature hysteretic SCO transition (channel B) as a result of
favoured transformation to disordered arrangement 2 in the LS state, and thus high

temperature hysteretic transition is preferred.

For the first time, we demonstrate that decoupling of two synchronous cooperative
events such as SCO and intrinsic structural phase transition can be chemically achieved by
choosing the appropriate isomorphous substitution (metal ion or anion in the present case)
to selectively discriminate between two separate hysteretic SCO behaviours. The design of
fully controllable smart materials able to respond to external stimuli in a desired way is a
challenging target in materials science. The results here reported supports the idea that
bistable molecular materials exhibiting synergetic interplay between two or more phase

transitions in the same crystal are particularly well-suited to this end.

6.6.- Experimental section

All chemicals were purchased from commercial sources and used without further
purification. 1-Butyl-1H-imidazole-2-carbaldehyde and the complexes were synthesized

according to the reported procedures.[11b]

6.6.1.- Synthesis of 100As

A filtered solution of FeClz-4H20 (0.043 g, 0.21 mmol) in absolute ethanol (5 mL) was
added dropwise to a boiling solution of 1-butyl-1H-imidazole-2-carbaldehyde (0.10 g, 0.65
mmol), tris(2-ethanolamine)amin (tren) (0.031 g, 0.21 mmol) and [TBA]JAsFs (0.17 g, 0.43
mmol) in 5 ml of absolute ethanol. The resulting dark red-purple solution was stirred for 5
min. After keeping the solution for several days at 25 °C in a thermostat bath, well-shaped
red-brown crystals of the product were formed and isolated. Calcd for CzoH4sAs2F12FeN1o: C,
36.68; H, 5.01; N, 14.10. Found: C, 36.39; H, 5.35; N, 14.25.
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6.6.2.- Synthesis of substituted compounds

The series [Fe(nBu-im)s(tren)](P1-yAsyFs)2 was synthesized in analogy to 100P and
100As by adding the appropriate mixture of [TBA]JAsFs and [TBA]PFs salts to the freshly
prepared ethanolic solution of the complex cation [Fe(nBu-im)atren]?*. Energy-dispersive X-
ray spectroscopy (EDXS) was used to confirm the P and As stoichiometry of the formed
crystals: 100P (100% P, 0% As); 12As (88% P, 12% As); 22As (78% P, 22% As); 38As
(62% P, 38% As); 46As (54% P, 46% As); 56As (44% P, 56% As); 63As (37% P, 63% As);
71As (29% P, 71% As); 86As (14% P, 86% As); 100As (0% P, 100% As). The successive
replacement PFs” <> AsFs” was semi-quantitatively monitored following their characteristic IR
modes: n(PFs) = 839 cm™ (vs), 12(PFe¢) = 557 cm-1, vi(AsFe) = 700 cm (vs) (see Figure
S10).

Similarly, the solid solutions [FeixMx(nBu-im)s(tren)](PFe)2 (M = Zn", Ni') were
confirmed via EDXS analysis: 17Ni (83% Fe, 17% Ni), 21Zn (79% Fe, 21% Zn).

6.6.3.- Magnetic measurements

Variable-temperature magnetic susceptibility data for bulk crystalline/microcrystalline
samples [FeixMx(nBu-im)s(tren)](P1-yAsyFs)2 (ca. 20 mg) were recorded with a Quantum
Design MPMS2 SQUID susceptometer equipped with a 7 T magnet, operating at 1 T and at
temperatures 10-400 K. Experimental susceptibilities were corrected for diamagnetism of
the constituent atoms by the use of Pascal’'s constants. The LIESST experiments were
performed at 10 K in a commercial sample holder (Quantum Design Fiber Optic Sample
Holder), wherein a quartz bucket containing 0.75 mg of microcrystals of 100As, was held
against the end of a quartz fiber coupled with a red laser (633 nm). The raw data was
corrected for a background arising from the sample holder. The resulting magnetic signal
was calibrated by scaling to match obtained high temperature values with those of bulk
sample. Magnetic measurements under pressure were performed on 100P using a
hydrostatic pressure cell made of hardened beryllium bronze with silicon oil as the pressure
transmitting medium and operating over the pressure range 10°-10° Pa.[8l The compound,
10 mg, was packed in a cylindrically shaped sample holder (1 mm in diameter and 5-7 mm
in length) made up of very thin aluminum foil. The pressure was calibrated using the
transition temperature of superconducting lead of high-purity 99.999%.19
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6.6.4.- Calorimetric measurements

Differential scanning calorimetry measurements were performed using a Mettler
Toledo DSC 821e calorimeter. Low temperatures were obtained with an aluminium block
attached to the sample holder, refrigerated with a flow of liquid nitrogen and stabilized at a
temperature of 110 K. The sample holder was kept in a dry box under a flow of dry nitrogen
gas to avoid water condensation. The measurements were carried out using around 12 mg
of microcrystalline 100As sealed in aluminium pans with a mechanical crimp. Temperature
and heat flow calibrations were made with standard samples of indium by using its melting
transition (429.6 K, 28.45 J g1). An overall accuracy of +0.2 K in temperature and +2% in
the heat capacity is estimated. The uncertainty increases for the determination of the

anomalous enthalpy and entropy due to the subtraction of an unknown baseline.

6.6.5.- Powder X-ray diffraction measurements (PXRD)

PXRD measurements where performed on a PANalytical Empyrean X-ray powder

diffractometer (monochromatic CuKa radiation).

6.6.6.- Single crystal X-ray diffraction

Single-crystal X-ray data were collected with an Oxford diffraction supernova single
crystal diffractometer using graphite monochromated MoK, radiation (1 = 0.71073 A). A
multi-scan absorption correction was performed. The structures were solved by direct
methods using SHELXS-2014 and refined by full-matrix least squares on F? using SHELXL-
2014.2% Non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed
in calculated positions refined using idealized geometries (riding model) and assigned fixed

isotropic displacement parameters.
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6.8.- Supporting Information

Table S1.- Crystallographic parameters for 100As, 71As, and 100Ni.

100As 71As 100Ni

T (K) 230K 300 K 230K 120 K 157 K 110 K
(quenched)

Emorical .
foTn?g;ga CaoHasAs2F12FeNyo CaoHasAS1 42F12FEN10P0 58 CaoHasF12N10NiP2
Mr 982.47 956.98 897.43
Crystal system triclinic triclinic triclinic
Space group P1 P1 PT
a(A) 9.4189(8) 9.6140(7) 9.411(3) 9.2858(5) 9.588(3) 9.1245 (3)
b (A) 10.3506(9) | 10.2571(6) 10.309(3) 10.4090(6) 10.065(2) 10.5150 (2)
c(A) 22.444(2) | 21.9999(13) 22.379(5) 22.272(2) 21.074(4) 21.6376 (4)
a 91.428(7) 91.522(5) 91.520(11) 83.796(5) 93.89(2) 83.769 (2)
B 100.894(7) 96.193(6) 100.995(12) 78.275(5) 93.68(2) 78.852 (2)
¥ 99.001(7) 98.456(6) 98.955(16) 81.416(5) 100.47(2) 81.928 (2)
V (A3) 2118.8(3) 2131.3(2) 2101.8(11) 2077.5(2) 1989.2(8) 2009.56 (9)
z 2 2 2
F(000) 996 996 976.0 975 975 928
D, (mg cm™®) 1.540 1.531 1.514 1.530 1.598 1.483
p (Mo-Kg)(mm'™?) 1.993 1.982 1.597 1.597 1.668
No. of total
reflections 5545 3523 10380 4016 2958 6677
[>20(1)]
R [I>20(1)] 0.0646 0.0903 0.0563 0.0516 0.1247 0.042
WR[I>20 (1)] 0.1470 0.2341 0.1406 0.0969 0.2859 0.131
S 1.013 0.946 1.050 1.047 1.008 0.72
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Table S2.- Selected bond lengths (A) and angles (°) for 100As and 71As at indicated temperatures.

100As 71As
230 K (HS)) 300 K (HS?) | 120 K (HSWLSY) 157 K (LS?) 230K (HSD)
Fe-N1 2.228(4) 2.219(7) 2.206(5) 1.962(11) 2.222(3)
Fe-N2 2.184(4) 2.185(6) 2.164(4) 1.969(10) 2.181(3)
Fe-N3 2.214(4) 2.212(6) 2.204(4) 1.967(10) 2.215(3)
Fe-N4 2.194(4) 2.173(7) 2.194(5) 1.948(11) 2.196(3)
Fe-N5 2.174(4) 2.165(6) 2.154(3) 1.959(10) 2.173(3)
Fe-N6 2.198(4) 2.169(7) 2.190(4) 1.980(9) 2.192(3)
<Fe-N> 2.199 2.187 2.185 1.964 2197
N1-Fe-N2 75.0(2) 74.9(2) 75.4(2) 80.6(4) 74.99(10)
N1-Fe-N3 92.9(2) 91.6(2) 93.8(2) 93.0(4) 92.64(11)
N1-Fe-N4 167.6(2) 166.4(3) 168.9(2) 173.8(4) 167.34(11)
N1-Fe-N5 84.4(2) 85.2(2) 84.5(2) 91.4(4) 84.38(11)
N1-Fe-N6 88.2(2) 88.9(2) 87.8(2) 89.1(4) 88.57(11)
N2-Fe-N3 98.2(2) 97.8(2) 97.60(14) 92.1(4) 98.22(11)
N2-Fe-N4 102.5(2) 103.4(2) 102.4(2) 96.0(4) 102.73(11)
N2-Fe-N5 158.4(2) 159.7(2) 159.0(2) 171.8(4) 158.30(11)
N2-Fe-N6 97.1(2) 99.5(2) 97.19(14) 96.6(4) 96.78(11)
N3-Fe-N4 75.3(2) 75.2(2) 75.6(2) 81.9(4) 75.24(10)
N3-Fe-N5 89.2(2) 86.7(2) 89.49(14) 90.3(4) 89.26(11)
N3-Fe-N6 164.4(2) 162.1(2) 165.05(13) 171.3(4) 164.74(11)
N4-Fe-N5 99.0(2) 97.0(2) 98.4(2) 92.1(4) 98.87(11)
N4-Fe-N6 104.3(2) 104.7(3) 103.3(2) 96.5(4) 104.08(10)
N5-Fe-N6 75.4(2) 75.5(3) 75.85(14) 81.3(4) 75.72(11)

204



Capitulo 6

Table S3.- Selected bond lengths (A) and angles (°) for 100Ni at 110 K.

100Ni

Ni-N1

Ni-N2

Ni-N3

Ni-N4

Ni-N5

Ni-N6

<Fe-N>

N1-Ni-N2

N1-Ni-N4

N1-Ni-N6

N2-Ni-N4

N2-Ni-N6

N3-Ni-N1

N3-Ni-N2

N3-Ni-N4

N3-Ni-N6

N4-Ni-N6

N5-Ni-N1

N5-Ni-N2

N5-Ni-N3

N5-Ni-N4

N5-Ni-N6

2.100(2)
2.119(2)
2.098(2)
2.131(2)
2.064(2)
2.147(2)

2.110

78.43(6)
172.44(6)
88.44(6)
96.71(6)
94.45(6)
95.96(6)
95.34(6)
78.62(6)
169.90(6)
97.76(6)
89.36(6)
166.24(6)
92.20(7)
96.06(6)

78.72(6)
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Table S4.- Percentage of intermolecular contacts and void space obtained from Hirshfeld surface!! for
100P and 100As at 230 K (HS') and 100As at 300 K (HS?).

Intermolecular 100P 100As 100As
contact (HS?, 150 K) (HS?, 230 K) (HS2, 300 K)
C---F (%) 0.7 14 0.9
F---H (%) 31.9 33.1 34.1
N---H (%) 3.7 3.1 1.7
C---H (%) 6.4 8.2 3.0
Void space/A3 (a2 46.54 43.83 27.10
Unit cell volume/A3 2076.46 2118.8 2131.3

% void space® 2.24 2.07 1.27

2|sovalue 0.0003 e AU?; P Referred to unit cell volume.

[1] Turner, M. J.; McKinnon, J. J.; Wolff, S. K.; Grimwood, D. J.; Spackma, P. R.; Jayatilaka, D.;
Spackman, M. A. CrystalExplorerl?7 (2017). University of Western Australia. http://hirshfeldsurface.ne

[2] Turner, M. J.; McKinnon, J. J.; Jayatilaka, D.; Spackman, M. A. CrystEngComm 2011, 13, 1804.
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Figure S1.- Dependence of ymT vs T on the scan rate of 100As.
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Figure S3.- Temperature dependence of yuT vs T for the molecular alloys 86As, 63As, and 12As (scan

rate 2 K min).
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Figure S5.- Temperature dependence of yuT vs T for 17Ni.
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Figure S7.- Comparison of cation [Fe(nBu-im)s(tren)]?*, illustrating larger disorder or butyl groups in LS?
and HS? phases in comparison with LS and HS?, respectively. Brighter color as well as larger size of
thermal ellipsoids shown at 50% probability corresponds to larger disorder.
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Hst HS?
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Figure S8.- (a) Projection of the cation and two anions of 100Ni with atom numbering scheme.
Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted for clarity.
(b) Overlay of the unit cells for 100P in LS? phase (grey bonds) and 100Ni (red bonds and atoms), both

structures at 110 K.

(b)
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Figure S9.- The Hirshfeld surface mapped with dnom for the complex cation [Fe(nBu-im)s(tren)]** (top)
and unit cell voids (bottom) for indicated phases.
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Figure S10.- Infra-red spectra of representative [Fe(nBu-im)3(tren)](P1-yAsyF6)2 molecular alloys.
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CAPITULO 7

Breaking the rule: access to thermodynamically prohibited “reverse”
spin crossover in iron(ll) complexes

7.1.- Abstract

Modulation of the spin-crossover (SCO) behaviour by phase transitions in amphiphilic
Fe'' complexes with aliphatic chains is a relevant strategy to find new cooperative
behaviours and potential applications. In this context, we report on a series of charge neutral
[Fe'(L")2] meltable complexes based on Schiff bases L" = pm2-n or pyH-n derived from
condensation of 2-pyrimidinyl ethyl ketone or pyridine aldehyde, respectively, with aromatic
hydrazide functionalized with three aliphatic chains CnHzn+1. In the solid-state [Fe'(pm2-n)2]
show two different crystal packing motifs depending on n. However, upon heating, the
compounds melt into an isotropic phase and, due to releasing the solid-state effects, reveal
identical SCO behaviour for all the compounds with the SCO transition midpoint temperature
T2 = 354 K. In contrast, in solid state, for short chain compounds (n = 4, 6, 8), Tuz is far
above 400 K in solid state, therefore they show an abrupt jump of the susceptibility on
passing to the liquid phase. Cooling back shapes regular LS-to-HS (“forward”) spin transition
hysteresis loop with the centre shifting down on n growth. For the long chain compounds (n
=10, 12, 14), the solid state Ti2 is at ca. 275 K, i.e. below the liquid value. Due to this, the
long chain compounds on going to liquid phase show thermodynamically prohibited HS-to-
LS (“reverse”) spin transition of up to 50% of Fe'" ions, while the centre of the shaped
hysteresis shifts up with increasing n. This finding is unprecedented and provides a method

of guiding the spin transition direction and its location in temperature.

7.2.- Introduction

The search for responsive materials with switching properties is a very active
research area having prospects for future and emerging technologies.! One of the most
investigated switchable molecular materials are pseudo-octahedral Fe' spin-crossover
(SCO) complexes, reversibly switching between the low-spin (LS, t2g%e4°) and high-spin (HS,

t2g*eg?) electronic states by action of physicochemical stimuli (temperature, pressure, light,
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chemical substrates etc.).’ The LS-to-HS conversion on temperature rise is observed for
the absolute majority of the SCO compounds in solution and in solid state.?® ¢l The reason
for this regular or “forward” SCO is that the process is an entropy-driven event due to
noticeable metal-to-ligand bond lengths elongation on passing to the HS state and
consequent increasing freedom degree of the systems. In the fluid phase the SCO process
follows the Boltzmann population of the excited HS state, whereas in solid state, the
intermolecular bonding and electrostatic interactions come into play that drastically changes
completeness, cooperativity, and occurrence in temperature up to the stabilization of the LS
or HS states. The adopted lattice type, the chemical nature of the ligand and the ligand

substituents are among the most important factors influencing the SCO behavior.!

Particularly, aliphatic substituents in amphiphile SCO compounds are known to
promote formation of two-dimensional lamellar packing with microphase separation to head-
groups and aliphatic sublattices.! The latter acts mostly as a buffer diminishing
communication between SCO centers and deteriorating cooperativity with some
exceptionsP®! but, on the other hand, aliphatic-based Fe" compounds can form liquid
crystalline phases due to the low melting character.l®! That is, aliphatic compounds can
exhibit “solid” SCO up to the melting point and, additionally, after melting to liquid crystalline
phase can exhibit “liquid” SCO with partially or completely eliminated solid-state effects. If
the manifestation of the two SCOs is different at the melting point, a jump-like change of the
susceptibility is observed.l’l Most of the meltable systems reported up to now, however, or
suffer irreversibility on passing phase transition (PT) point, 8 or their melting to liquid
crystalline does not substantially change the SCO,["a" 9 so that on melting/solidifying only a

minor variation of the susceptibility is observed.

Further development of the concept of meltable SCO material lead us to
understanding of essential criteria to achieve effective synchronicity between phase
transition and SCO. We assumed that the compound should be: i) mononuclear Fe(ll)
complex with aromatic planar substituents for -1 interactions; ii) neutral to avoid buffering
action of anions; iii) with optimal number of aliphatic substituents imparting controllable
melting character to the compound; iv) meltable directly to isotropic phase omitting ordered
liguid crystalline phases. Following this line we reported on a series of aliphatic Fe'" neutral
complexes pyN-n, derivatives of deprotonable Schiff base with the donor set NNO, obtained

by condensation of aromatic hydrazide with three aliphatic CaHzn+1 groups (a) and 2-pyridinyl
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ketones with aliphatic substituent CnHan+1 (b) (see Scheme 1). The complexes exhibit
abrupt and perfectly reversible “forward” SCO upon melting to isotropic liquid, so that their
magnetic curves resemble regularly observed hysteretic SCO transition of solid state
compounds.* We found, that the hysteresis width of the phase transition is a function of n,
while the temperature of melting/solidification point is dependent on N. As a continuation of
the work we report here new thermally isotropisable Fe" complexes, derivatives of 2-

pyrimidiny! ethyl ketone or 2-pyridine aldehyde, pm2-n or pyH-n, respectively (Scheme 1).
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Scheme 1. Synthetic procedure followed for the preparation of the series pyN-n (m =1, 2, 4, 5,14; n =
4, 8,10, 12, 14, 16), pm2-n (n =4, 6, 8, 10, 12, 14) and pyH-n (n = 6, 8).

We found that on melting the complexes can display “forward” and additionally rare
“reverse” SCO of Fe' ions as a function of n. The “reverse” SCO is unexpected since it
contradicts the fact that increasing temperature should favor the less ordered HS state of
Fe'. The thermally induced “reverse” HS-to-LS transition on temperature rise is known for
aliphatic Co" complexes undergoing solid-solid transitions,!!l and also observed for a few
Fe'' complexes on passing solid-solid®®!2 or solid-liquid crystal phase transition.[’> 7€l
However, the “reverse” SCO on heating is minor for all Fe" compounds reported up to now
due to substantial entropy loose on passing back the LS state which disfavors such a
transition. This observation even raised the question on the origin of the effect, because the

magnitude of the change might be attributed as well to the changing geometry of the
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coordination polyhedron and the corresponding g value associated with a crystal-to-crystal
phase transition.l? 12 A strong correlation of the spin state on the adopted phase in the
complexes reported here, however, demonstrates that the thermodynamically prohibited
“reverse” SCO can be a realistic scenario for Fe" compounds too and involve substantial

fraction of the Fe" SCO centers.

7.3.- Results and discussion
7.3.1.- Magnetic properties

The magnetic behaviour of compounds pm2-n, recorded at 0.5 K min' is shown in
figure 1 in the form of xmT vs T (xmT is molar susceptibility, T is temperature). Compound
pm2-4 is LS (xmT = 0) in the whole temperature range while pm2-6 and pm2-8 undergo
abrupt conversion from the LS state to paramagnetic state on melting and reach xmT of 2.7
cm® K mol at 400 K for both compounds. Cooling down the samples leads to abrupt drop
of the xmT back to zero at the solidification point. The shaped hysteresis is centered at TcF =
366 K with the loop width AT = 28 K for pm2-6, and 352 K and 29 K, respectively, for
pm2-8 (F stands for “forward” SCO). Since both samples melt into a fluid phase, the SCO

after melting is gradual as it obeys simple Boltzmann distribution. 22

Compounds with longer chains behave differently. The homologue pm2-10 shows
gradual increase of xmT alternating with two abrupt drops on heating (Figure 1). Cooling
down restores the initial gradual curve with a minor “reverse” SCO hysteresis loop at TcR =
287 K, ATnR = 12 K and a major loop at TcR = 346 K, ATwR = 26 K (R stands for “reverse”
SCO). Compound pm2-12, behaves similarly to pm2-10 but in the low temperature region it
shows two minor anomalies of xuT centered at 288 and 320 K related to unidentified solid-
solid phase transitions (Figure 1). The main reverse SCO hysteresis loop is located at TcR =
351 K, AThR = 21 K. On the contrary, the compound pm2-14 does not suffer interfering solid-
solid phase transitions in the low temperature region and therefore shows complete regular
SCO centered at T12 = 275 K with a 1 K wide hysteresis. Upon further heating a “reverse”
SCO occurs with TcR = 355 K, ATwR = 17 K. For the three compounds a trend towards rise

“reverse” SCO midpoint temperature is observed with the highest value for pm2-14.
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Figure 1. Temperature dependence of yuT vs T for annealed indicated compounds at 0.5 K min~. The
insets show mismatch of cooling (blue) and heating (red) curves.

The percentage of Fe" ions undergoing the phase transition driven SCO was
evaluated for compounds pm2-n as a difference between yvT values of cooling and heating
curves at temperature TcF or TcR, accounting that the complete SCO LS-to-HS corresponds
to AxmT = 3.52 cm?® K mol (as measured for pm2-14 with complete SCO before melting).

The calculated values are collected in Table 1.

The “forward” and “reverse” SCO in the studied compounds are sensitive to scan rate
as higher rates greatly distort hysteresis loops due to the quenching of samples on cooling
and subsequent relaxation on heating (Figure S6), which reflects the occurrence of a
kinetically hindered crystallization process of the compounds. On the other hand, both

“forward” and “reverse” SCOs are robust as follows from tests performed on samples pm2-6
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and pm2-10 over ten heating-cooling cycles (Figure S9). It is well-know, that due to
brittleness, the molecular SCO compounds suffer the self-grinding effect resulting in
deterioration of SCO characteristics (completeness, abruptness, hysteresis width), which is
the major obstacle for a real physical application.'3! In the case of pm2-6 or pm2-10 no sign
of fatigue is observed, supposedly as a result of “self-healing” due to complete reversibility
of changes on passing the melting/solidification point.

Worth to note, that the pm2-n series is not the only NNO-ligand based system
displaying a switch from “forward” to “reverse” SCO on changing the aliphatic chain length.
We found that compound pyH-6 displays phase transition driven “forward” SCO at the
melting point with TcF = 340 K and ATi" = 1 K (Figure S5). For longer chains a gradual SCO
in solid is observed which is interrupted on heating by a “reverse” SCO with TcR = 346 K and
ATrR = 8 K for pyH-8, and TcR = 351 K and ATwR = 3 K for pyH-10 (Figure S5). It should be
said, however, that the effect of the “reverse” SCO is weaker for pyH-n in comparison to the
pm2-n series, apparently because of a little difference between midpoint SCO temperatures
in solid and fluid phase.

Table 1. Parameters of the hysteresis loops and thermodynamic parameters evaluated form the DSC
profiles.

% of Fe'

Te, ATy, SCO undergoing AH, AS_’1J

Compound .2 K
K K type phase-transition mol- mol-

driven SCO

pm2-6 366 28 forward 60 46,9 128,1
pm2-8 352 29 forward 50 46.6 132.3
pm2-10 287 12 reverse 10 4.8 16.7
346 26 reverse 43 54.0 156.1
pm2-12 351 21 reverse 33 71,4 203,4
pm2-14 355 17 reverse 50 66,3 186,8
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7.3.2.- Calorimetric measurements

Differential scanning calorimetry (DSC) experiments collected at 0.5 K min™! reveal
the presence of exothermic/endothermic processes on the cooling/warming paths,
respectively, peaked at similar temperatures to those observed for the magnetic data of the
compounds at 0.5 K mint (Table 1, Figure S7). The evaluated variations of enthalpy (AH)
and entropy (AS) far exceed the corresponding typical values for strong cooperative SCO
transitions (that is, AH = 20 kJ mol! and AS = 100 kJ mol).'¥! The thermodynamic values
observed for the title compounds confirme occurance of high-energetic processes of melting
synchronized with the SCO.

7.3.3.- Structural characterization: single-crystal and powder X-ray diffraction

Figure 2. Molecular structure of pm2-6 at 30% probability ellipsoids. Short inter-molecular contacts
below sum of the van der Waals radii are shown as dashed lines. Symmetry codes: (i) —x,—y,—z; (i) =X,
1-y, —=z; (iii) =1 + x, y, z. Displacement ellipsoids are drawn at the 30% probability level. The hydrogen

atoms are omitted for clarity.

To structurally characterize the solid state structure of the as-synthesized and
annealed compounds, single crystal X-ray diffraction and powder X-ray diffraction studies
were done. The study of pm2-6 reveals that the Fe'-center is located in a distorted
octahedral N4O2 coordination environment generated by the two deprotonated ligand

molecules (Figure 2; Tables S1 and S2). At 120 K, the average bond lengths, <Fe—N> =
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head-groups

aliphatic chains

Figure 3. Projection of the crystal lattice pm2-6 along [100]. Highlighted is the supramolecular dimer of
complex molecules with the shortest Fe---Fe separation. IL stands for inter-layer distance d'-. Symmetry
codes: (i) —x,~Yy,-z; (i) =, 1~y, —z.

1.901(3) A and <Fe-0> = 1.962(3) A, are within the region reported for LS Fe' complexes of
similar type.['% 131 Because of the asymmetric substitution of the ligand, the coordination part
remains undecorated enabling effective displaced -1 stacking between coplanar pyrimidine
rings of neighbour molecules in a dimer, the basic supramolecular fragment of the structure;
the closest C3---C4' and C4---C3' contacts below the sum of the van der Waals radii are
3.313 A, Fe---Fe' separation is 7.986 A (i: —x, —y, —z) (Figure 3). The dimers are bound by
inter-dimer contacts C12.--C34i, C12-.-C35" and 04...C35' (ii: —x, 1-y, —z), with separation
3.390, 3.388 and 3.143 A, serially, into a 1D supramolecular chain along [010]; the closest
Fe.---Fel is 10.987 A. Worth noting, that a similar pyridine-based complex with a methyl
instead of ethyl substituent of ketone consists of uniform supramolecular chains with Fe---Fe
separation of 7.676 A.l20 This points out a hampering of a closer approach of neighbour
dimers due to the ethyl groups. The supramolecular chains are stacked in layers within [110]
with the closest inter-chain separation coinciding with cell parameter a = 8.8252(3) A.
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Finally, the layers are stacked into a lipid-like structure formed by alternating layers of head-
groups and interlayer space filled by hexyl chains with methylene groups in trans and

gauche conformations. Some chains are severely disordered (Figure 2 and 3).

Powder X-ray diffraction (PXRD) characterization of the as-synthesized compounds
confirms the formation of highly crystalline lamellar structures (Figure 4a). For pm2-6, a
good coincidence with the theoretical profile calculated from single crystals data is observed

(Figure S2). At 400 K, all samples become fluid and display featureless XRD profiles
corresponding to the isotropic phase (Figures 4b, S3).
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Figure 4. XRD profiles of pm2-n with indicated aliphatic chains: (a) as-synthesized at RT; (b) at 400 K;
(c) after cooling at RT. SP stands for stacking periodicity; AH — for alkyl halo.
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Upon cooling the samples solidify and partially recover the crystal-like character of
the PXRD profiles (Figure 4c). The XRD profiles render well separated lamellar peaks up to
the 6" order revealing retention of a long-range periodicity of annealed samples. The
number of carbon atoms (n) plotted against the corresponding interlayer distance d',
calculated from Miller’s index peaks (10) (pm2-6 and pm-8) or (20) (pm2-10, pm2-12, pm2-
14) show a linear regression (Figure S4), thereby confirming their similar structural
arrangement. However, similarly to the magnetic data, additional analysis of the profiles
points out two subgroups of compounds. The diffractograms of annealed pm2-6 and pm2-8
manifest a broad peak with the barycentre at 20 = 11.5°, d-spacing = 7.7 A, corresponding
to the Fe---Fe stacking periodicity within sublattice formed by head-groups.l'®! This is an
indication of retained uniform 1D supramolecular chains similarly to the reported crystalline
and annealed pyridine-based systems (7.676 A) also exhibiting “forward” SCO.[® For
annealed pm2-10, pm2-12 and pm2-14, this stacking periodicity peak appears at 8.1°, d-
spacing = 10.9 A, presumably reflecting formation of supramolecular chains with a larger
separation Fe---Fe, similar to the observed between dimers of the pm2-6. Another common
feature of all profiles is the presence of a broad peak with the barycentres at 26 = 21.5°, d-
spacing = 4.12 A (pm2-6, pm2-8) or 28 = 21°, d-spacing = 4.21 A (pm2-10, pm2-12, pm2-
14), a signature of the aliphatic sublattice.['”]

On the basis of the obtained experimental data we postulate distinct packing motifs
for short and long chain compounds which contribute differently to the macroscopic
properties of solid samples. Indeed, lower n promotes formation of an aliphatic sublattice
that stabilize dense packing with short Fe---Fe distances stabilizing the LS state of the Fe'"
ions, while longer aliphatic chains fortuitously antagonises the dense packing of head-

groups and stabilize the HS state.

7.3.4.- Infrared spectroscopy

To elucidate the conformation of aliphatic chains, the IR absorptions spectra of the
pm2-n compounds were evaluated.'®! For chains with significant presence of gauche
methylene units, the characteristic values of C—H groups lie in the regions 29242928 and
2854-2856 cm for vani and vsym absorption bands, respectively. For all-trans extended
chains, the bands are in the regions 2915-2920 and 2846-2850 cm=, respectively. On this
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basis, for pm2-6 and pm2-8 the vani at ca. 2925 cm™ and vsym at ca. 2856 cm suggest
significant gauche population of aliphatic chains that corroborates the single crystal data of
pm2-6 (Figure 5). On the other hand, peak frequencies at ca. 2922 and ca. 2850 cm™ are
suggesting that the majority of methylene units of aliphatic chains of pm2-10, pm2-12, pm2-
14 are in the trans conformation. Obviously, on passing from pm2-8 to pm2-10 we observe
a change in conformation of aliphatic chains that impact their packing as follows from the

changed position of the aliphatic halo.

v,«(CH,) v (CH)

anti sym
2850 C14
2922 | c12

Transmittance —»

3100 3000 2900 2800 2700
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Figure 5. A fragment of the IR absorbance spectra of annealed pm2-n with indicated aliphatic chains
showing the position of characteristic C—H absorption bands.

7.4.- Conclusion

In summary, this report gives an excellent example of how the dependence of SCO
properties on the adopted structure or state of matter aggregation can be exploited to
control the SCO direction (“forward” or “reverse”) and its occurrence in temperature. As
discussed by Halcrow et al., in solid state the lattice packing caused therefore molecular
deformation which, together with chemical pressure of the surrounding, shift the intrinsic

midpoint SCO value T2 by AT(latt) in temperature.i*®! We have discovered that within the
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series of the herein reported compounds pm2-n the packing effect can vary from positive to
negative with respect to the intrinsic SCO midpoint value T12 observed under unconstrained
conditions in fluid phase. Despite the precise study of the local structure of annealed pm2-n
or pyH-n is a non-trivial task accounting their poorly ordered soft nature, the XRD and IR
give the scent of the gross and local packing features in solid. As follows from the
experimental data, after passing a threshold chain length n, which is 10 for pm2-n and 8 for
pyH-n, aliphatic chains form a sublattice with most of the methylene groups in trans
conformation while shorter chains form sublattice with substantial fraction of gauche
methylene groups. Different conformation of the chains is influencing their packing and in
turn also the packing of covalently tethered head-groups. It was elucidated that shorter
Fe---Fe distances are observed for short chains and larger distances for longer chains. The
changed head-groups packing changes also the lattice contribution to the ligand field
stenght by affecting the incorporated Fe' ions. This shifts the solid SCO transition midpoint
below or above the corresponding value in fluid phase. On melting/solidification a jump-like
change of the susceptibility is observed, while the hysteresis is reflecting the structural

phase transition solid—liquid.

We have demonstrated that up to 50% of Fe' ions can be converted back to the LS
state on heating, but, actually, there is no fundamental reason why the “reverse” SCO
cannot be observed as a quantitative process with 100% HS-to-LS transition on temperature
elevation. The approach reported here demonstrates that this is the question of the sufficient
difference between midpoint SCO values on both sides of the phase transition. Further

experimental efforts in this regard are underway.

7.5.- Experimental section
7.5.1.- Synthesis of precursors and complexes

All chemicals were purchased from commercial suppliers and used without further
purification. The long chain 3,4,5-triakoxybenzohydrazides and 2-pyrimidinyl ethyl ketone

were synthesized according to the reported procedures.['%
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The complexes were obtained by condensation of 1 eq. of the corresponding
hydrazide and 1.1 eq of ketone in abs. EtOH overnight in the presence of a two drop of
glacial acetic acid and by subsequent complexation with 0.5 eq. of Fe(BF4)2:6H20 to give a
violet cationic complex. Then a green solution was obtained after deprotonation with 1 eq. of
NEts. The neutral complexes were isolated by slow cooling the solution to ambient

temperature and subsequent filtering off the formed crystalline dark green precipitate.

pm2-4: From 3,4,5-tris(butyloxy)benzohydrazide (208 mg, 0.59 mmol), 2-pyrimidinyl
ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82
pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of
vapours of diethyl ether over one week. Elemental analysis calcd (%) for Cs2H74FeNgOs: C,
62.77; H, 7.50; N, 11.26. Found C, 62.87; H, 7.47; N, 11.23.

pm2-6: From 3,4,5-tris(hexyloxy)benzohydrazide (258 mg, 0.59 mmol), 2-pyrimidinyl
ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82
pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of
vapours of diethyl ether over one week. Elemental analysis calcd (%) for CesHogsFeNgOs: C,
66.07; H, 8.49; N, 9.63. Found C, 66.10; H, 8.43; N, 9.65.

pm2-8: From 3,4,5-tris(octyloxy)benzohydrazide (307 mg, 0.59 mmol), 2-pyrimidinyl
ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82
pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of
vapours of diethyl ether over one week. Elemental analysis calcd (%) for CzeH122FeNgOs C,
68.55; H, 9.23; N, 8.41. Found C, 68.50; H, 9.20; N, 8.39.

pm2-10: From 3,4,5-tris(decyloxy)benzohydrazide (357 mg, 0.59 mmol), 2-
pyrimidinyl ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts
(60 mg, 82 pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow
diffusion of vapours of diethyl ether over one week. Elemental analysis calcd (%) for
CssH146FeNsOs C, 70.46; H, 9.81; N, 7.47. Found C, 70.53; H, 9.87; N, 7.53.

pm2-12: From 3,4,5-tris(dodecyloxy)benzohydrazide (407 mg, 0.59 mmol), 2-

pyrimidinyl ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts
(60 mg, 82 pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow
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diffusion of vapours of diethyl ether over one week. Elemental analysis calcd (%) for
CiooH170FeNsOs C, 71.99; H, 10.27; N, 6.72. Found C, 72.05; H, 10.20; N, 6.65.

pm2-14: From 3,4,5-tris(tetradecyloxy)benzohydrazide (456 mg, 0.59 mmol), 2-
pyrimidinyl ethyl ketone (94 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts
(60 mg, 82 pL, 0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow
diffusion of vapours of diethyl ether over one week. Elemental analysis calcd (%) for
Cu12H194FeNsOs C, 73.24; H, 10.65; N, 6.10. Found C, 73.30; H, 10.70; N, 6.09.

pyH-6: From 3,4,5-tris(hexyloxy)benzohydrazide (258 mg, 0.59 mmol), 2-pyridine
aldehyde (70 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82 pL,
0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of vapours
of diethyl ether over one week. Elemental analysis calcd (%) for Ce2Ho2FeNsOs: C, 67.37; H,
8.39; N, 7.60. Found C, 67.28; H, 8.32; N, 7.67.

pyH-8: From 3,4,5-tris(octyloxy)benzohydrazide (307 mg, 0.59 mmol), 2-pyridine
aldehyde (70 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82 pL,
0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of vapours
of diethyl ether over one week. Elemental analysis calcd (%) for C74H116FeNsQOs: C, 69.79;
H, 9.18; N, 6.60. Found C, 69.83; H, 9.21; N, 6.65.

pyH-10: From 3,4,5-tris(decyloxy)benzohydrazide (357 mg, 0.59 mmol), 2-pyridine
aldehyde (70 mg, 0.65 mmol), Fe(BF4)2:6H20 (100 mg, 0.29 mmol) and NEts (60 mg, 82 pL,
0.59 mmol) in 40 mL of absolute EtOH. Crystals were obtained by slow diffusion of vapours
of diethyl ether over one week. Elemental analysis calcd (%) for CssH140FeNsOs C, 71.64; H,
9.79; N, 5.83. Found C, 71.58; H, 9.84; N, 5.79.

7.5.2.- Magnetic measurements

Variable-temperature magnetic susceptibility data (10 mg) were recorded on
thermally treated samples (already heated up to 400 K) at the rate 0.5 K mint with a
Quantum Design MPMS2 SQUID susceptometer equipped with a 7 T magnet, operating at 1
T and at temperatures 10—400 K.
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7.5.3.- Calorimetric measurements

DSC measurements were performed on already heated samples on a Mettler Toledo
TGA/SDTA 821e, in the 200—-400 K temperature range under a nitrogen atmosphere with a
rate of 0.5 K min~’. The DSC data were analyzed with Netzsch Proteus software with an

overall accuracy of 0.2 K in the temperature and 2% in the heat flow.

7.5.4.- Powder X-ray diffraction measurements (PXRD)

X-ray measurements where performed on a PANalytical Empyrean X-ray powder
diffractometer (monochromatic Cu Kq radiation). Each plot is superposition of three scans
collected at the rate 5.6° min~1. The interlayer distances were calculated according Bragg's

equation.

7.5.5.- Single crystal X-ray diffraction

Single-crystal X-ray data of pm2-6 were collected on a Nonius Kappa-CCD single
crystal diffractometer using graphite mono-chromated MoKa. radiation (A = 0.71073 A). A
multi-scan absorption correction was performed. The structures were solved by direct
methods using SHELXS-2014 and refined by full-matrix least squares on F? using SHELXL-
2014.2% Non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed
in calculated positions refined using idealized geometries (riding model) and assigned fixed

isotropic displacement parameters.
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7.7.- Supporting Information

Table S1.- Crystallographic data for pm2-6 at 120 K

Crystal size (mm) 0.04%0.06%0.06
Empirical formula CesaHgsNsOgFe
Mr 1163.35
Crystal system triclinic
Space group P-1
a(A) 8.8252(3)
b (A) 17.5445(10)
c(A) 21.5988(12)
a(®) 96.159(5)
B(°) 97.440(4)
vy (°) 101.926(4)
V (A% 3213.4(3)
4 2

D, (mg cm™®) 1.202
F(000) 1256

2 (Mo-Kg) (mm'?) 0.293
No. of total reflections 16164
No. of reflections [I1>20(1)] 9301

R [I>20(1)] 0.0993
WR [I>20(1)] 0.2552

S 0.949

Ry =2 ||Fo| - |Fc|| / Z |Fo|; wR = [ Z [w(Fo? - Fc?)?] / Z [w(Fo?)3]Y2.
w = 1/ [04(Fo?) + (m P)? + n P] where P = (Fo? + 2Fc?)/ 3; m = 0.1765; n = 7.7911.
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Table S2.- Bond lengths (A), angles (°), distortion parameters 52, ®° and inter-molecular contacts below
sum of the van der Waals radii for pm2-6 at 120 K.

Fe-O(1) 1.955(3)
Fe-0(2) 1.969(3)
Fe-N(1) 1.933(4)
Fe-N(2) 1.861(3)
Fe-N(3) 1.937(4)
Fe-N(4) 1.873(3)
O(1)-Fe-0(2) 91.94(13)
O(1)-Fe-N(1) 161.80(13)
O(1)-Fe-N(2) 80.60(14)
O(1)-Fe-N(3) 89.5(2)
O(1)-Fe-N(4) 96.91(14)
O(2)-Fe-N(1) 88.21(14)
O(2)-Fe-N(2) 102.89(13)
0(2)-Fe-N(3) 162.12(13)
O(2)-Fe-N(4) 80.48(13)
N(1)-Fe-N(2) 81.6(2)
N(1)-Fe-N(3) 95.9(2)
N(1)-Fe-N(4) 101.1(2)
N(2)-Fe-N(3) 94.9(2)
N(2)-Fe-N(4) 175.8(2)
N(3)-Fe-N(4) 81.7(2)
C3---C4' 3.313
04---C35' 3.143
C12-..C34i 3.390
C12-.-C35 3.388
C10---C48 3.398

s 10.43

@ 81.55

25 = 3,%(|¢i-90]), ¢ is the cis—N—Fe—N angles in the coordination sphere;!%l
b @ = 5,260 - 8), 6 is the angle generated by superposition of two opposite faces of the octahedron;?
Symmetry codes: (i) =X, =y, =z; (i) =x, 1 -y, —z; (i) =1 + X, y, z.
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Figure S1. Calorimetric profile for pm2-4 on heating.
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Figure S3. A series of XRD profiles of pm2-6 on heating from 300 K up to 390 K with photographs of a
crystal before and after melting.
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Breaking the rule: access to thermodynamically prohibited “reverse” spin crossover in iron(ll) complexes

Figure S5. Magnetic plot xuT vs T for indicating compounds displaying “forward” and “reverse” SCOs.
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Figure S7.
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Breaking the rule: access to thermodynamically prohibited “reverse” spin crossover in iron(ll) complexes

Figure S8. The plots xuT vs T in fluid phase for pm2-n with indicated aliphatic chains illustrating
essentially the same behavior.
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CAPITULO 8

CONCLUSIONES FINALES

Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"" Hofmann-Like Coordination

Polymers Based on 2-Fluoropyrazine

En el capitulo dos se ha presentado el comportamiento SCO de una nueva serie de
compuestos 2D y 3D de Fe(ll) con estructuras de tipo Hofmann, obtenidos a partir del
autoensamblaje de iones de Fe(ll), el ligando ambidentado fluropiracina (Fpz) y las
unidades de construccion [M"(CN)s> (M" = Ni, Pd, Pt) y [AU'(CN)2]. Los compuestos
constituidos por los aniones puente [M'(CN)s> son polimeros de coordinacion
bidimensionales de férmula molecular {Fe(Fpz)2[M"(CN)4]} (M" = Ni, Pd, Pt) (FpzM). Los
derivados FpzPd y FpzPt presentan una transicion de espin termo- y fotoinducida
cooperativa acompafiada de un cambio de color amarillo palido (HS) a rojo oscuro (LS), a
diferencia del derivado FpzNi que permanece en el estado HS incluso a presiones
hidrostéaticas cercanas a 0.7 GPa. El andlisis de las temperaturas criticas T12 refleja una
clara desestabilizacion del estado LS segun la tendencia FpzPt > FpzPd > FpzNi. La
ausencia de cambio de estado de espin en el derivado FpzNi se asocia al
empaquetamiento singular de las capas onduladas en su estado HS. La red metal-organica
tridimensional {Fe(Fpz)[Pt(CN)4}-1/2H.0O (FpzPt3D), obtenida mediante una ruta sintética
alternativa, es una versiéon distorsionada del compuesto modelo tipo Hofmann
{Fe(pz)[Pt(CN)4]}. Este derivado es HS en todo el rango de temperaturas estudiado y
presenta una estabilidad térmica baja atribuida a tensiones estructurales. Por el contrario, el
compuesto tridimensional {Fe(Fpz)[Au(CN)z]z} (FpzAu) constituido por dos redes 3D
idénticas interpenetradas presenta un comportamiento SCO muy cooperativo y asimétrico

con una histéresis térmica por encima de los 40 K de anchura.
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Switchable Spin-Crossover Hofmann-Type 3D Coordination Polymers Based on Tri-

and tetratopic Ligands

En el capitulo tres se presenta la formacion de nuevas redes metalorganicas SCO
de tipo Hofmann sintetizadas a partir de la combinacion de Fe(ll) y [M'(CN)2] (M' = Ag, Au)
con dos nuevos ligandos puente, uno tridentado y otro tetradentado, que presentan modos
de coordinacién trigonal (LN%) y cuadrado (LN4). Utilizando métodos de difusion lenta en
presencia de moléculas huésped adecuadas se han obtenido seis nuevos compuestos
isoestructurales con férmula molecular general {Fe(LN3)[M'(CN)2]2}-G [M'= Ag (1-G), Au
(2:G), G = PhCN, PhNOz2, 0-PhCl2] empleando el ligando LN3. La estructura cristalina del
derivado PhNO:2 pone de manifiesto que LN actia como ligando bis-monodentado,
condicion impuesta muy probablemente por la métrica de las capas {Fe[M'(CN)z]2}n,
actuando como un pilar conectando centros de Fe(ll) de capas consecutivas, y generando
una red tridimensional de elevada porosidad. Dos redes idénticas se interpenetran en el
mismo espacio manteniendose unidas a través de interacciones intermoleculares y
metalofilicas M'---M' débiles. Los seis clatratos presentan transiciones de espin termo- y
foto-inducidas de primer orden. A diferencia de LN3, el ligando LN* en condiciones similares
actla saturando sus cuatro posiciones de coordinacion para dar el compuesto
{Fe(LNY[Ag'(CN)2J[Ag2'(CN)s}-H20 (3-H20) en el que ademas se generan especies
[Ag2'(CN)3] in-situ, las cuales son necesarias para la congruencia geométrica de la red 3D
triplemente interpenetrada formada. En este sistema los planos estan formados por
especies {Fe[Ag'(CN)2][Ag2'(CN)s]}n que se apilan unidos por la coordinaciéon de LN* con los
iones Fe(ll) y Ag(l) (de las especies [Ag2'(CN)s]) pertenecientes a planos adyacentes. La
inercia quimica de [AU'(CN)2]" para dar una especie equivalente a [Ag2'(CN)s]- impide la
formacién de un compuesto isostructural al de Ag(l). Este hecho confirma la existencia de
incompatibilidades estructurales en [Ag(CN)z2], que [Ag'(CN)2] “resuelve” generando
[Ag2'(CN)s]" y coordinando los grupos piridina de LN*. De forma similar a los derivados de
LN el compuesto 3-H20 presenta una transicion de espin termo-inducida completa y efecto
LIESST casi completo (74%).
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Influence of Host-Guest and Host-Host Interactions on the Spin-Crossover 3D
Hofmann-type Clathrates {Fe'(pina)[M(CN)2]2}-xMeOH (M' = Ag, Au)

En el capitulo cuatro se describe la sintesis, caracterizacion estructural y
propiedades magnéticas de dos nuevas redes metal-organicas porosas 3D isostructurales
con férmula general {Fe(pina)[M'(CN)2]2}-xMeOH (M' = Ag (1-xMeOH), Au (2:xMeOH), x ~
5), siendo pina N-(piridin-4-il)-isonicotinamida, un ligando lineal puente bismonodentado del
tipo piridina funcionalizado con un grupo amida. La estructura de ambos compuestos esta
constituida por dos redes 3D equivalentes interpenetradas que interaccionan entre si
mediante interacciones argentofilicas (o aurofilicas) y puentes de hidrogeno C=0---HC a
través de interacciones interligando puente. A pesar de la doble interpenetracién de las
redes el compuesto presenta espacio vacio accesible capaz de adsorber un maximo de 5
moléculas de metanol, las cuales definen una subred de puentes de hidrégeno que se
extienden por los canales definidos por la doble red. En la forma solvatada, los derivados
1.xMeOH y 2:xMeOH presentan comportamiento SCO cooperativos, térmicamente
inducidos, que presentan la singularidad de transcurrir en dos y cuatro etapas,
respectivamente, y caracterizados por la presencia de histéresis térmica. La pérdida de las
moléculas de metanol transforma el comportamiento cooperativo en gradual e incompleto.
La desorcion de las moléculas de disolvente tiene lugar sin destruccion de los cristales lo
que ha permitido seguir el proceso por difraccion de rayos X y correlacionar las

modificaciones estructurales y de SCO.

Very Long-Lived Photogenerated High-Spin Phase of a Multistable Spin-Crossover

Molecular Material

En el capitulo cinco se ha demostrado que el comportamiento singular SCO termo- y
fotoinducido del complejo mononuclear [Fe(nBu-im)s(tren)](PFs)2 esta directamente
relacionado con la inestabilidad de las cadenas butilo unidas a los anillos imidazol. En
estudios realizados anteriormente en nuestro grupo se describié la presencia de dos
transiciones de espin muy cooperativas en este complejo, caracterizadas por dos fases LS
diferentes (LS1 y LS2). Las dos fases estan controladas por la cinética de una transicion de
fase cristalogréafica en la que los grupos butilo junto con los aniones PFs juegan un papel
fundamental. Las fases LS:1 y LSz presentan organizaciones diferentes de las unidades PFe
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y los grupos alquilicos butilo. Este comportamiento, previamente analizado por medidas de
susceptibilidad magnética en funcion de la temperatura, ha sido reinvestigado y confirmado

en este capitulo mediante espectroscopia UV-vis sobre monocristal.

Ademas, la combinacion de las técnicas de espectrocopia de absorcion éptica sobre
monocristales, difraccion de rayos-X de monocristal con radiacion sincrotron y medidas de
SQUID revelan que los grupos butilo también estan involucrados en las relajaciones
inusualmente lentas cuando los estados metaestables HS* termo- y fotoinducido se relajan
al estado fundamental LS1. Dependiendo de la temperatura de irradiacion, se ha observado
la formacion de dos estados fotoexcitados HS ligeramente diferentes: el estado HS:%™, cuya
estructura se ha determinado al irradiar el complejo a 25 K, y el estado HS:1?", cuya
estructura se obtiene al irradiar la fase LS1 a 90 K. Las conformaciones de las tres cadenas
de butilo que definen el ligando tripodal del complejo son idénticas para los estados HS1%" y
LS:, mientras que dos de las cadenas en el estado HS:4" adoptan una conformacion
completamente diferente. Durante el proceso de relajacion a 90 K de la fase HS:?™ se
observa la reorentacion de las cadenas butilo a través de transiciones orden/desorden.
Aparentemente, esta reorientacion de las cadenas butilo es el principal responsable de la
observacion de tiempos inusualmente largos de relajacion después de fotoexcitar el sistema
por encima de 70 K. Curiosamente, el estado HS%e"°h que puede generarse via blogueo
térmico desde temperatura ambiente, presenta una estructura cristalina idéntica al estado
HS12", El periodo de relajacion para ambos estados isoestructurales es del mismo orden de

magnitud.

Es importante subrayar que, a excepcion de un pequefio nimero de analogos Fe-Co
de “Azul de Prussia”, existen solo dos sistemas SCO puros que presentan temperaturas
Tuesst por encima de 100 K, ademéas de unos pocos complejos de Fe(ll) que tienen una
Tuesst sobre 90 — 100 K. A diferencia de los ejemplos mencionados, [Fe(nBu-
im)s(tren)](PFe)2 representa una plataforma excelente para investigar la sinergia entre dos
transiciones de fase, una consustancial al SCO y la otra asociada a la inestabilidad
conformacional de las cadenas alquilicas del ligando. Dicha inestabilidad proporciona una
oportunidad para poblar cuantitativamente el estado metastable HS:?™ irradiando a
temperaturas tan elevadas como 80-90 K gracias al mecanismo extraordinariamente lento
de reconversion estructural asociado con la discordancia de las cadenas butilo entre el

estado excitado HS12" y el fundamental LS.
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Discrimination between two memory channels by molecular alloying in a doubly

bistable spin crossover material

En el capitulo seis se muestra la relacion entre la transicion de fase cristalografica y
la observacion de dos comportamientos SCO cooperativos diferentes (referidos como
canales de conmutacion) en el compuesto [Fe(nBu-im)s(tren)](PFs)2. La estrategia sintética
utilizada esta basada en la preparacion de dos tipos de aleaciones isomorfas diferentes: i)
los centros activos Fe(ll) son sustituidos por iones Zn(ll) y Ni(ll) para obtener los
compuestos con férmula molecular [Fe1xMx(nBu-im)s(tren)](PFe)2 (M = Ni, Zn); ii) los contra-
aniones PF¢ son sustitidos parcial o totalmente por el anion ligeramente mas grande AsFe
para generar la familia de derivados [Fe(nBu-im)s(tren)](P1xAsxFes)2. En el primer caso, la
sustitucion del centro metalico favorece la disposicion de las cadenas butilo y de los
aniones PF¢ caracteristica de la fase LS: en ambos estados de espin (HS, LS),
estabilizando asi la transicion de espin cooperativa ubicada a temperaturas bajas (canal A).
En el segundo caso, la sustitucion progresiva de aniones PFe por AsFe lleva a la
estabilizacion de la transicion de espin cooperativa desplazada hacia temperaturas mas
elevadas (canal B) favorecida por la organizacion mas desordenada de las cadenas butilo y

de los aniones tipica de la fase LSz.

En este capitulo se demuestra, por primera vez, que es posible desacoplar dos
eventos sincronizados que combinan SCO y transicion de fase cristalografica mediante
modificacién quimica eligiendo adecuadamente la sustitucion isomérfica apropiada (ion
metdlico o el contra-anidn) que discrimine selectivamente entre dos comportamientos SCO
separados caracterizados por las fases LS: y LSz. El disefio de materiales inteligentes
totalmente controlables capaces de responder a estimulos externos de manera deseada
supone uno de los retos mas ambiciosos en el campo de investigacién de ciencia de los
materiales. Los resultados presentados en este capitulo refuerzan la idea de que los
materiales moleculares biestables que exhiben sinergeticamente la interaccién entre dos o
mas transiciones de fase en un mismo dominio cristalino son particularmente adecuados
para este fin.
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Breaking the rule: access to thermodynamically prohibited “reverse” spin crossover

in iron(ll) complexes

En el capitulo siete se describe una nueva serie de complejos SCO de Fe(ll)
amfifilicos contituidos por ligandos tridentados ionogénicos, con nucleos de coordinacion
[N2Q], funcionalizados con cadenas alquilicas lipofilicas, las cuales tienen la capacidad de
inducir polimorfismo lipidico y/o transiciones de fase (incluyendo procesos de fusion),
hechos que pueden afectar de manera drastica a las propiedades SCO. En un trabajo
anterior desarrollado en nuestro grupo de investigacién se demostré que se puede lograr un
control razonable de los pardmetros caracteristicos SCO (temperaturas criticas, Tie, Y
anchuras de histéresis, AT) seleccionando adecuadamente la longitud de la cadena
alquilica en una familia de complejos SCO de Fe(ll) derivados de la condensacion de la 2-
piridina alquilcetona con una benzohidrazida trialquilada. En este capitulo se ha demostrado
que la sustitucion de la unidad de piridina por la 2-pirimidina etilcetona permite la
generacién de una nueva familia de complejos amfifilicos de Fe(ll) SCO. A diferencia de los
complejos definidos por alquilpiridinas, en esta nueva serie se observa cémo la longitud de
las cadenas alquilicas conectadas a las unidades de benzohidrazida afectan de forman
notable al empaquetamiento molecular y a las propiedades magnéticas de los nuevos
compuestos de bajo punto de fusion, definiéndose dos sub-grupos bien diferenciados. Los
complejos funcionalizados con cadenas alquilicas cortas (atomos de carbono entre 4 y 8)
presentan un comportamientos SCO muy cooperativos acoplados intimamente a una
transformacion solido < liquido. De forma sorprendente, los compuestos sustituidos por
cadenas carbonadas mas largas (atomos de carbono entre 10 y 14) muestran, al calentar,
una transformacion HS — LS termodinamicamente prohibida durante el proceso de fusion
gue implica una conversién de iones Fe(ll) cercana al 50%. La modificacion de las
propiedades magnéticas al superar un umbral minimo de longitud de cadena alquilica se
asocia al cambio de organizacion de los complejos en el estado sélido. Concretamente,
debido a la disposicion a nivel local de los centros de coordinacion de Fe(ll) de moléculas
adyacentes pertenecientes a una mismas capa. A pesar de no poder obtener una
informacién detallada de la estructura de los complejos funcionalizados con cadenas largas,
los difractogramas correspondientes obtenidos a temperatura ambiente muestran un
empaquetamiento menos efectivo en comparacion con los derivados funcionalizados con

cadenas alquilicas mas cortas.
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CAPITULO 8

CONCLUSIONS

Strong Cooperative Spin Crossover in 2D and 3D Fe'-M"" Hofmann-Like Coordination

Polymers Based on 2-Fluoropyrazine

Chapter two presents the SCO behavior of a new series of 2D and 3D Hofmann-like
Fe'' compounds obtained from the self assembly of Fe'" ions, fluoropyrazine (Fpz), and
[M(CN)4]? (M" = Ni, Pd, Pt) and [Au'(CN)2]" building blocks. The compounds based on
[M'(CN)4]> building blocks are stable 2D coordination polymers with formula
{Fe(Fpz)2[M"(CN)4]} (M" = Ni, Pd, Pt) (FpzM). The FpzPd and FpzPt derivatives undergo
strong cooperative thermal- and light-induced SCO behavior accompanied by drastic color
changes from light-yellow (HS) to deep-red (LS), in contrast to the FpzNi derivate that is HS
at all temperatures even at a pressure of 0.7 GPa. From T12 values destabilization of the LS
state follows the trend FpzPt > FpzPd > FpzNi. The lack of SCO in the Ni derivate has
tentatively been associated with dense packing of the corrugated layers. The 3D metal
organic framework {Fe(Fpz)[Pt(CN)4}-1/2H20 (FpzPt3D), obtained from different synthetic
conditions, is a distorted version of the well-known Hofmann-like compound
{Fe(pz)[Pt(CN)4]}. It displays unusual low thermal stability tentatively ascribed to structural
strain and is HS at all temperatures. By contrast, the 3D compound {Fe(Fpz)[Au(CN)z]2}
(FpzAu) constituted of two identical interpenetrated 3D frameworks displays very

cooperative and asymmetric SCO with a stable hysteresis larger than 40 K.

Switchable Spin-Crossover Hofmann-Type 3D Coordination Polymers Based on Tri-
and tetratopic Ligands

Chapter three introduces two new ligands with unusual coordination denticities,
trigonal (LN®) and square (LN4), and are included in the library of SCO Hofmann-type metal-
organic frameworks derived from [M'(CN)z2] (M' = Ag, Au). Using slow diffusion methods in

presence of appropriate guest molecules, LN affords six new isostructural clathrate
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compounds generically formulated as {Fe(LN%)[M'(CN)]2}-Guest [M'= Ag (1-Guest), Au
(2-Guest), Guest = PhCN, PhNOz2, 0-PhClz]. The structure of the PhNO: derivative shows
that LN3 works as a bis-monodentate ligand to satisfy, most likely, the metrics imposed by
the {Fe[M'(CN)2]2}n layers, thereby acting as a pillar between the layers, thus affording an
open 3D framework. Two identical frameworks interpenetrate in the same space and hold
together through short intermolecular interactions including weak M'--M' metallophilic
interactions. The six clathrates exhibit thermal- and light-induced SCO properties.
Concerning the ligand LN*, one should expect the coordination to four Fe" and generation of
a complicated framework mediated by the [M'(CN)2]- bridges; however, the occurrence of
geometric incompatibilities is apparent, which are solved for the Ag' derivative by virtue of its
much more labile coordination sphere. Consequently, the structure of
{Fe(LN*)[AQ'(CN)2][Ag2'(CN)z]}-H20 (3-H20) is made up of extended
{Fe[Ad'(CN)2][Ag2'(CN)s]}n layers pillared by two opposite pyridine rings of LN4, which act as
axial ligands of Fe', while the remaining two pyridine rings coordinate the Ag' centers of the
in situ generated [Ag2'(CN)s] units. The much more inert of Au' prevents the formation of this
uncommon triple-interpenetrated network. The higher characteristic T12 value of the SCO in
3:H20 derivative is consistent with the incomplete photogeneration of the HS state at low

temperatures.

Influence of Host-Guest and Host-Host Interactions on the Spin-Crossover 3D
Hofmann-type Clathrates {Fe'(pina)[M'(CN)z2]2}-xMeOH (M' = Ag, Au)

Chapter four describes the synthesis, structural characterization and magnetic
properties of two new isostructural porous 3D compounds with general formula
{Fe(pina)[M'(CN)z]2}-xMeOH (M' = Ag (1-xMeOH), Au (2-xMeOH), x ~ 5), where pina is N-
(pyridin-4-yl)-isonicotinamide, a bis-monodentate pyridine-like pillar ligand functionalized
with an amide group. The structure of both compounds is constituted of two equivalent 3D
frameworks interpenetrated held together through argentophilic (or aurophilic) interactions
and interligand C=0---HC H-bonds. Despite the two-fold interpenetration of the frameworks,
they display accessible void volume capable of docking a maximum of 5 molecules of
methanol defining an infinite network of hydrogen bonds which extend along the channels
defined by the two interpenetrated frameworks. In the solvated form, the 1.xMeOH and
2-xMeOH undergo two- and four-step hysteretic thermally induced SCO, respectively. The

252



Capitulo 8

loss of the solvent molecules transforms the cooperative behaviors into gradual and
incomplete SCO. Interestingly, the solvent desorption from 1-xMeOH (2-xMeOH) takes
place via single-crystal-to-single-crystal transformation to give 1 (2), thereby allowing to

correlate the structural modifications and the SCO.

Very Long-Lived Photogenerated High-Spin Phase of a Multistable Spin-Crossover
Molecular Material

Chapter five shows that the singular thermal and light induced SCO behavior of the
mononuclear compound [Fe(nBu-im)s(tren)](PFs)z is essentially linked to structural instability
of the butyl tails attached to the imidazole rings. A previous study reported by our research
group described the occurrence of two different strong cooperative thermal SCO transitions
characterized by two LS phases (LS1 and LS) for this compound. The two LS phases are
controlled by the kinetics of crystallographic phase transitions, where conformational
changes in the butyl tails play a key role together with the PFe¢ anions. Indeed, the LS: and
LS. states are characterized by two distinct arrangements of the butyls chains and PFe
anions. This behavior, previously analyzed by our magnetic data, is reinvestigated and

confirmed by single crystal UV-vis spectroscopy in this chapter.

Furthermore, a combination of single-crystal UV-vis spectroscopy, single-crystal X-
ray synchroton studies and SQUID measurements reveals that the butyl tails are also
involved in the unusual long relaxation times when thermal- and photo-generated
metastable HS* relaxes back to the fundamental LS: state. Depending on the irradiation
temperature, it is possible to reach two different photoexcited HS states: HS11'" state, whose
structure was determined under irradiation at 25 K, and the HS:2" state, whose structure
was determined under irradiation of LS: at 90 K. The conformations of the butyl chains of
the ligand are identical in HS:%™ and in LS: state, whereas two of the HS1?™ butyl chains
adopt a different conformation. During the relaxation process at 90 K, reorientations of the
butyl chains occur through order/disorder transitions. We believe that these reorientations of
the butyl chains are responsible for the unexpected longer relaxation time for the HS12™ than
for the HS1™ phase. Interestingly, the structure of the HSaench state, generated via thermal
guenching from room temperature, is identical to that of HS:%™ and, hence, the relaxation
time of those structurally identical states are of the same order of magnitude.
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It is worth noting that, with the exception of a few Fe-Co charge transfer Prussian blue
analogues, there are only two SCO systems with TiLesst above 100 K, while a few other
Fe(ll) SCO complexes present a Tuesst around 90 - 100 K. Unlike precious examples,
[Fe(nBu-im)s(tren)](PFs)2 is an excellent platform to investigate the interplay between SCO
and conformational instability associated to the ligand. This instability affords the unusual
opportunity to fully populate the metastable HS:12™ state, irradiating at as hight temperature
80 — 90 K, thanks to the long time of structural reconversion arising from the mismatch

between the excited and fundamental configurations.

Discrimination between two memory channels by molecular alloying in a doubly

bistable spin crossover material

Chapter six unveils the relationship between the crystallographic phase transition and
the occurrence of two different cooperative thermal SCO behaviors (so called memory
channels) in compound [Fe(nBu-im)s(tren)](PFe)2. The followed strategy involves the
preparation of two different isomorphic molecular alloys: i) the active Fe(ll) centers are
substituted with the Zn(ll) and Ni(ll) ions to give compounds [Fe1xMx(nBu-im)s(tren)](PFe)2
(M = Ni, Zn); ii) the PFes counter-anions are partially or totally substituted with the more
voluminous anion AsFe to give [Fe(nBu-im)s(tren)](P1-xAsxFe)2 derivatives. In the former
case metal, substitution selectively favours the arrangement of the butyl tails and PFe
anions characteristic of the phase LSi in both spin states (HS, LS), thus promoting a low
temperature hysteretic SCO transition (channel A). In the latter case, substitution of the PFe~
anion with AsFe~ promotes a high temperature hysteretic SCO transition (channel B)
favoured by the more disordered arrangement of the butyl tails and anions characteristic of

the LS state, thereby affording a high temperature hysteretic transition.

In this chapter we demonstrate, for the first time, that decoupling of two synchronous
cooperative events such as a SCO and an intrinsic structural phase transition can be
chemically achieved by choosing the appropriate isomorphous substitution (metal ion or
anion in the present case) to selectively discriminate between two separated hysteretic SCO
behaviours. The design of fully controllable smart materials able to respond to external
stimuli in a desired way is a challenging target in materials science. The herein reported
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results supports the idea that bistable molecular materials exhibiting synergetic interplay
between two or more phase transitions in the same crystal are particularly well-suited to this

end.

Breaking the rule: access to thermodynamically prohibited “reverse” spin crossover

in iron(ll) complexes

Chapter seven describes a new series of amphiphilic Fe(ll) SCO complexes derived
from tridentate ionogenic ligands, with [N2O] coordination core, functionalized with lipophilic
alkyl chains, which are prone to lipid polymorphism and phase transition (including melting),
facts that can dramatically affect the SCO properties. In a previous work, reported by our
group, it was demonstrated that a full control of the SCO characteristic parameters (critical
temperature, T12, and hysteresis width, AT) can be reached by selecting the length of the
alkyl chains in a family of Fe(ll) SCO complexes derived from the condensation of 2-pyridine
alkylketone with a tri-alkylated benzohydrazide. In this chapter, we have demonstrated the
replacement of the pyridine moiety with a 2-pyrimidine ethylketone affords a new family of
related amphiphilic Fe(ll) SCO complexes. Unlike their pyridine ketone counterparts, the
molecular packing and hence the SCO properties are critically affected by the length of the
alkyl chains attached to the benzohydrazide moiety in this novel low-melting-point series of
compounds, defining two well-separated sub-groups. Complexes functionalized with short
alkyl tails (ranging from 4 to 8 carbon atoms) undergo regular hysteretic SCO behavior
intimately coupled by a solid < liquid transformation. Surprisingly, compounds
functionalized with larger carbon chains (ranging from 10 to 14 carbon atoms) show, upon
heating, a thermodynamically prohibited HS — LS SCO transformation during the melting
process which involves up to the 50% conversion of Fe(ll) ions. The occurrence of this
anomalous behavior, once overcome a certain threshold chain length, is ascribed to a
different arrangement of the complexes in solid state. More precisely, due to the distinct
local disposition of Fe(ll) coordination centers of adjacent molecules inside the same layers.
Despite the absence of precise structural data of the long tail functionalized complexes,
room temperature X-ray powder diffraction patterns have shown a looser packing in

comparison with shorter alkyl chains derivatives.
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ABSTRACT: Self-assembling iron(II), 2-fluoropyrazine (Fpz), i
and [MY(CN),]>~ (M" = Nj, Pd, Pt) or [Au'(CN),]” building > !
blocks have afforded a new series of two- (2D) and three- 3 ey
dimensional (3D) Hofmann-like spin crossover (SCO) coordi- - 2% *
nation polymers with strong cooperative magnetic, calorimetric,
and optical properties. The iron(Il) ions, lying on inversion
centers, define elongated octahedrons equatorially surrounded by
four equivalent centrosymmetric p,-[M"(CN),]*~ groups. The  os|
axial positions are occupied by two terminal Fpz ligands affording e ]
significantly corrugated 2D layers {Fe(Fpz),([M"(CN),]}. The oo e L
Pt and Pd derivatives undergo thermal- and light-induced SCO

characterized by T/, temperatures centered at 155.5 and 116 K

and hysteresis loops 22 K wide, while the Ni derivative is high spin at all temperatures, even at pressures of 0.7 GPa. The great
stability of the high-spin state in the Ni derivative has tentatively been ascribed to the tight packing of the layers, which contrasts
with that of Pt and Pd derivatives in the high- and low-spin states. The synthesis and structure of the 3D frameworks formulated
{Fe(Fpz)[Pt(CN),]}-1/2H,0 and {Fe(Fpz)[Au(CN),],}, where Fpz acts as bridging ligand, which is also discussed. The former
is high spin at all temperatures, while the latter displays very strong cooperative SCO centered at 243 K accompanied by a
hysteresis loop 42.5 K wide. The crystal structures and SCO properties are compared with those of related complexes derived
from pyrazine, 3-fluoropyridine, and pyridine.

»

% T/ em'Kmol

M INTRODUCTION

Iron(II) spin crossover (SCO) complexes are a well-known
class of switchable molecular materials.' They switch between
the electronic low-spin (LS) and high-spin (HS) states in a
reversible, controllable, and detectable manner through the
action of external stimuli, ie., temperature, light, pressure,
analytes, and electric and magnetic fields. The switch occurs
with concomitant changes in the magnetic, optical, electric, and
structural properties. In some cases the changes are strongly
cooperative and confer to the material a bistable character, i.e.,
hysteresis. These features have fueled much activity in the field
and created important expectancies in view of potential
applications in molecular spintronics, sensors, and memories.

Hofmann-like SCO compounds are one of the most

which saturate its coordination sphere with two axial NH;
molecules.” Schwarzenbach® and later Iwamoto® and co-
workers synthesized the first heterobimetallic 2D {M-
(NH;),[M'(CN),]} derivatives and three-dimensional (3D)
{M(L)[M'(CN),]} homologues, generically referred as Hof-
mann clathrates due to their ability to adsorb small aromatic
molecules. In 1996 Kitazawa and co-workers reported the first
Hofmann-like 2D SCO coordination polymer {Fe-
(pyridine),[Ni(CN),]}.” This compound displays a coopera-
tive thermal-induced SCO accompanied by drastic changes of
the magnetic and optical (color) properties. Later, our group
extended this idea to the homologous [Pd(CN),]*” and
[Pt(CN),]>~ SCO derivatives, the new 3D porous {Fe-
(pyrazine)[M"(CN),]} (M" = Ni, Pd, Pt),® and the 2D and

important sources of bistable SCO materials and have
stimulated much research in the last 15 years. The prototypal
Hofmann-like compound, {Ni(NH,),[Ni(CN),]}, was re-
ported by Hofmann and Kiispert in 1897.% Its structure was
described in the 1950s by Powell and Rainer as a pile of two-
dimensional (2D) layers constituted of square-planar [Ni-
(CN),]*" centers equatorially linked to octahedral Ni(II) sites,

v ACS Publica‘tions © 2016 American Chemical Society

3D {FeL [M'(CN),],} related families of SCO coordination
polymers (L = monodentate or bis-monodentate ligand; M' =
Cu, Ag, Au).” Systematic replacement of pyridine and pyrazine
with related monodentate and bismonodentate L ligands
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afforded an important number of coordination polymers with
interesting thermo-, piezo-, photo-, and chemoswitchable
cooperative SCO behaviors, which combine with a rich variety
of additional relevant properties such as reversible ligand
exchange in the solid state, polymorphism, metallophilic
interactions, or porosity and inclusion chemistry. Furthermore,
the amenability to being processed as thin films and
nanocrystals has converted the porous {Fe(L)[Pt"(CN),]}
derivatives in excellent platforms to systematically investigate
the SCO behavior at nanoscale. The structure and properties of
these thermo-, piezo-, photo-, and chemoswitchable SCO
iron(I)—metallocyanate-based coordination polymers have
been recently reviewed."’

Despite the short time elapsed since this review, interest in
these materials has been continuously growing. For example, in
the series of {Fe(pyrazine)[M"(CN),]}, the quality of
continuous and nanopatterned thin films of {Fe(pyrazine)-
[P"(CN),]} has been assessed by means of atomic force
microscopy and surface plasmon resonance'' as well as by
synchrotron X-ray diffraction.'> The cooperative SCO proper-
ties of {Fe(pyrazine)[M"(CN),]} nanocrystals were modulated
through chemical pressure, induced by different polymeric
coatings (M" = Pt),"”* and through correlative effects between
size decrease and increase of stiffness in ultrasmall (ca. 2 nm)
nanoparticles (M" = Ni)."* Interest has also been focused on
the modulation of the critical temperatures and cooperativity of
the SCO induced by guests. In this respect, precise control of
the critical SCO temperature has been achieved through the
combined effects of oxidative I, adsorption, on the Pt sites,
and chemical migration of the iodine centers."” Modulation of
cooperativeness has been described for clathrate systems
constituted of thiourea (M = Pd, Pt),'® maleic anhydride
(M" = Pt),"” and five-membered aromatic rings (furan,
thiophene, pyrrole; M™ = Pt)'® as guest molecules. In addition,
the effect of the spin state on the adsorption of CO,,"" the
stabilization of the LS state upon SO, adsorption,”® and the
adsorption of H, and its catalytic ortho—para conversion in the
pores”' have been recently investigated. The effect of host—
guest interactions and its influence on the SCO behavior has
also been a subject of interest from a theoretical point of
view.'#1%2%22 Application of specific physical techniques have
uncovered new important properties of {Fe(pyrazine)-
[M"(CN),]}. For example, combination of neutron spectros-
copy and NMR solid-state studies has demonstrated, for M" =
Pt, that the pyrazine pillars act as switchable molecular rotators
whose frequency depends on the spin state of the iron(II)
center and on the presence of guests.”’ Synchrotron powder
diffraction on microcrystalline samples of M" = Pt showed
complete photoconversion of the LS state to the metastable HS
state and subsequent relaxation at 10 K.>* Photoconversion
between the LS and the HS states at ca. 290 K irradiating inside
the hysteresis loop has been analyzed though differential
scanning calorimetry (DSC)> and single-crystal X-ray
diffraction.*®

The synthesis of new 2D and 3D Hofmann-like coordination
polymers has also attracted much interest in the last years. On
one hand, replacement of pyrazine with longer rod-like ditopic
ligands, L, has allowed us to investigate new series of 3D
{Fe(L)[M"(CN),]} SCO homologues with enhanced porous
capacity.”” Similarly, the use of monodentate ligands con-
veniently functionalized has afforded 2D {Fe(L),[Pt"(CN),]}
SCO compounds featuring interdigitated interlayer structures
with tailored host—host and host—guest interactions.”® On the

other hand, interesting inclusion chemistry and cooperative
SCO behaviors have been described for the series of related 2D
and 3D Hofmann-like compounds based on the [M'(CN),]~
(M! = Ag and Au) bridging ligands.>

In this context Gural’skiy and co-workers recently reported a
new family of 2D Hofmann-like coordination polymers
{Fe(L),[M"(CN),]} (M" = Ni, Pd, Pt) based on 2-substituted
pyrazine ligands.”® Cooperative SCO was observed for the 6
complexes derived from 2-chloropyrazine and 2-methyl-
pyrazine complexes. Coincidently, with the aforementioned
work, we focused our attention on the synthesis of Fe'' SCO
Hofmann-like coordination polymers based on 2-fluoropyrazine
(Fpz). Here, we report on the synthesis, crystal structure,
magnetic, photomagnetic, and calorimetric properties of
{Fe(Fpz),[M"(CN),]} (M" = Ni (FpzNi), Pd (FpzPd), Pt
(FpzPt)), {Fe(Fpz)[M"(CN),]}-1/2H,0 (FpzPt3D), and
{Fe(Epe)[Au(CN),]} (FprAu).

B RESULTS

Magnetic Properties. The thermal dependence of the y T
product measured at 2 K/min (yy is the molar magnetic
susceptibility and T temperature) for FpzNi, FpzPd, and FpzPt
is shown in Figure la. The yT value about 3.84 cm® K mol™
indicates that the three derivatives are HS at 300 K. It remains
practically constant down to 151 and 118 K for FpzPt and
FpzPd. Upon further cooling, y\T drops abruptly to a value of
0.16 cm® K mol™ at 137 K (FpzPt) and 0.22 cm® K mol™ at
100 K (FpzPd), indicating that these derivatives undergo a
complete spin transition characterized by equilibrium temper-
atures T}, ~ 144.5 (FpzPt) and 105 K (FpzPd). The yT vs T
plot in the heating mode shows the occurrence of a 22 K wide
hysteresis loop with T}, ~ 166.5 (FpzPt) and 127 K (FpzPd).
Consequently, these spin transitions are strongly cooperative.
The magnetic behavior of FpzNi is characteristic of an Fe' ion
in the HS state; the slight decrease of T below 100 K can be
ascribed to the effect of zero-field splitting and/or very weak
magnetic coupling. This HS behavior persists even at pressures
as high as 0.7 GPa (see Figure SI in SI). A similar thermal
dependence of yyT at ambient pressure has been observed for
FpzPt3D (see Figure S2 in SI).

Photogeneration of the metastable HS* state at low
temperature, the so-called light-induced excited spin state
trapping experiment (LIESST),* was carried out on micro-
crystalline samples of FpzPt (1.7 mg) and FpzPd (2.1 mg)
spread over a 16 mm® surface, fastened with permanent
adhesive (Figure 1b and lc). The samples were cooled down to
10 K, where T ~ 0.10 cm® K mol™", and then irradiated with
green (FpzPt, A = 532 nm) or red (FpzPd, 1 = 633 nm) light,
attaining a yyT saturation value of ca. 1.80 (FpzPt) and 2.1S
cm® K mol™" (FpzPd) in ca. 3 h. The light was then switched
off and temperature increased at a rate of 0.3 K min~". In the
10—39 K temperature range T increased up to a maximum
value of ca. 2.26 (FpzPt) and 3.21 cm® K mol™" (FpzPd) at 39
K, which reflects the thermal population of the different
microstates arising from the zero-field splitting of the HS* (S =
2) state and/or antiferromagnetic coupling. This suggests that
the light-induced population of the HS* state is ca. 57% and
85% at 10 K for FpzPt and FpzPd, respectively. For FpzPd,
T drops slowly to attain a value of 3.04 cm® K mol™" at 60 K
and then rapidly decreases and reaches a value of about 0.24
cm® K mol™ at ca. 72 K, indicating complete HS* — LS
relaxation. By contrast, yT drops rapidly to 0.16 cm® K mol™
at 58 K. The Tyjgsr temperature®’ determined from the
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Figure 1. (a) yyT vs T plots for FpzNi, FpzPd, and FpzPt
(temperature scan rate 2 K min™"). LIESST effect for compounds
FpzPd (b) and FpzPt (c) (see text for experimental details).

maximum variation of yyT in the HS — LS relaxation is 56.3
and 65.5 K for FpzPt and FpzPd, respectively. These values
reflect the relative stabilization of the LS state with respect to
the HS state in each compound, and it is a consequence of the
so-called inverse energy-gap law, i.e., the metastability of the
photogenerated HS* species decreases as the stability of the LS
increases.”

The magnetic properties of compound FpzAu measured at 1
K/min are displayed in Figure 2. At 300 K yyT is ca. 3.6 and
remains practically constant down to 208 K. Below this
temperature T displays a steep and complete spin transition
(rmT = 0 at 180 K) characterized by a small plateau at ca. 91%
of the HS — LS transformation (centered at 187 K) and T}, =
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Figure 2. y\ T vs T plots for compound FpzAu (see text; temperature
scan rate 1 K min™").

196 K. Upon heating yy/T does not match the cooling mode.
Indeed, a more marked plateau occurs at 23% of LS — HS
transformation, and T{/2 = 262 K shows the occurrence of a
hysteresis 66 K wide. In order to check the hysteresis stability,
the same cooling—heating cycle was repeated three times more
at the same scan temperature rate. In the second cycle, the
cooling mode shows that the spin transition takes place at T?,
= 221 K, 25 K higher than observed for the first cycle, while
small differences are observed in the heating mode ( Tf/2 =263
K). The third and fourth cycles give essentially the same
transition as the second one. Consequently, the stable
hysteresis loop is 42 K wide, which indeed reflects a strong
cooperative behavior. It deserves to be noted that these
measurements were performed on single crystals and that after
the cycles the crystals are self-destroyed becoming powder.
Precipitated microcrystalline samples of FpzAu behave in a
similar way (see Figure S3 and Table S1 in SI). However, they
show the following relevant differences with respect to the
single-crystal ones: (i) they display approximately 10% of
residual paramagnetism; (i) the first and second cycles show
T%/;_ values ca. 14 K smaller (larger hysteresis) while essentially
coincide for the third and fourth cycles; (iii) the small step
observed in the T vs T plot for the single-crystal samples is
not observed for the precipitated ones. The different texture of
these samples and/or the presence of residual paramagnetism
are two reasonable speculative explanations for this observation.

Calorimetric Properties. Quantitative differential scanning
calorimetry (DSC) measurements were carried out at a
temperature scan rate of 10 K/min for FpzPt and FpzAu
(T, values for FpzPd are out of the temperature range of our
DSC). The anomalous variation of the molar specific heat AC,
versus T for the cooling and heating modes is displayed in
Figure 3. The average enthalpy AH and entropy AS variations
are gathered in Table 1 together with the critical temperatures
obtained from the maximum/minimum values of ACP. The
critical temperatures obtained from these DSC data agree
reasonably well with those deduced from the magnetism
measurements for FpzPt and FpzAu. The large AS and AH
values are consistent with those reported for related Hofmann-
like coordination polymers undergoing strong cooperative spin
transitions. '

Crystal Structure. Structures of the 2D Complexes FpzM.
The crystal structure was measured at 200 K for FpzNi, FpzPd,
and FpzPt and at 98.5 and 120 K for FpzPd and FpzPt,
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Figure 3. Anomalous heat capacity (DSC) for FpzPt (left) and FpzAu (right). Red blue and green curves in FpzAu refer to the first, second, and

third cooling—heating cycles (temperature scan rate 10 K min™").

Table 1. Thermodynamic Data Obtained from Calorimetric
DSC Measurements for the SCO of FpzPt and FpzAu

FpzAu
FpzPt  first cycle  second cycle  third cycle
T, (K) 1425 193.1 2215 2234
Ti, (K) 165.7 260.4 261.0 261.0
AT (K) 22 66 39.5 37.6
AS™ (J K™ mol™) 712 734 73.7 75.1
AH™ (IJ mol™) 10.95 16.57 17.34 18.14

respectively. These compounds are isostructural (see Figure S4
in SI) and, in the temperature interval investigated, show the
orthorhombic Pmna space group. Crystallographic data, bond
distances, and angles are given in Tables 2 and 3. Figure 4a
displays an ORTEP view of a fragment of the structure showing
the asymmetric unit with the numbering atom scheme
representative for the three compounds. The Fe'' atom lies at
an inversion center which defines an elongated octahedral
coordination site [Fe"Ng]. The equatorial positions are
occupied by the nitrogen atoms of four equivalent centrosym-
metric square-planar [M(CN),]*~ groups. The Fe—N,, bond
distances [Fe—N(2),, = 2.145(3) A (FpzNi), 2.138(2) A
(FpzPd), and 2.135(3) A (FpzPt) at 200 K] are shorter than
the axial positions, which are occupied by the nitrogen atoms of
the Fpz ligands [Fe—N(1),, = 2.240(4) A (FpzNi), 2.229(3) A
(FpzPd), and 2225(4) A (FpzPt)]. The M"—~C and C-N
bond distances are in the range 1.855—1.998 and 1.137—1.157
A, respectively. The Fe—N average bond length of about 2.170
A is consistent with the Fel' in the HS state, in agreement with
the magnetic data at this temperature.

At 98.5 (FpzPd) or 120 K (FpzPt) the Fe—N(1),, are
shortened by 0.242 (FpzPd) and 0.235 (FpzPt) A while the
decrease of the Fe—N(2)., bond lengths is slightly smaller,
0.195 (FpzPd) and 0.194 (FpzPt) A. The total average
variation of about 0.21 A is consistent with complete
transformation of the [Fe"Ng] core from the HS state to the
LS state, a fact confirmed by the magnetic data. The sum of
deviations from the ideal octahedron of the 12 “cis” N—Fe—N
angles (3 = £2,10; — 901) shows that the coordination center
is weakly distorted in the HS state with )’ values in the range
15—19° and do not change significantly in the LS state.

The [M(CN),]*” groups link four equivalent Fe', thereby
generating 2D [Fe,M",(CN),], grids which are markedly
corrugated (Figure 4b). The equatorial [FeN, ] plane defines
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an angle of 36.9° (FpzNi), 35.7° (FpzPd), and 33.1° (FpzPt)
with respect to the [M(CN),]*” plane at 200 K and decreases
down to 26.1° and 20.3° for the Pd and Pt derivatives at 98.5
and 120 K, respectively (Figure 4c). The layers stack in such a
way that the metallic atoms of a layer, which lie in the (100)
plane, project on the center of the [Fe—CN—M], square
windows defined by adjacent layers. The separation between
consecutive planes is 7.213(6) (FpzNi), 7.388(S) (FpzPd), and
7.523(7) A (FpzPt) at 200 K and 7.385(6) (FpzPd) and
7.496(6) A (FpzPt) at 98.5 and 120 K respectively. The
protruding Fpz ligands of consecutive layers interdigitate,
defining almost face-to-face superposition along the [100]
direction with centroid-to-centroid distances indicating the
occurrence of weak 7 stacking: 3.642 (FpzNi), 3.726 (FpzPd),
and 3.727 A (FpzPt) at 200 K and 3.632 (FpzPd) and 3.629 A
(FpzPt) at 98.5 and 120 K, respectively (Figure 4c).
Interestingly, due to the singular disposition of consecutive
layers, the uncoordinated N atom of the Fpz of one layer points
directly toward the unsaturated axial coordination positions of
the [M(CN),]*~ groups of the adjacent layers, with the
distance being particularly short for FpzNi (d(Ni-~N(3)) is
2.981(5) A). Other very short contacts between layers are
defined by the atoms N(3) and F with the C(S) atom of the
CN group (d(N(3)--C(5)) = 3.292(6) A) and the C(4) atom
(d(F--C(4)) = 3.130(7) A), respectively. These short contacts
are remarkably larger for Pd and Pt, and interestingly, the M---
N(3) contact increases by ca. 0.3 A when moving from the HS
to the LS state (see Table 4). Most likely, this is a consequence
of the aforementioned change of dihedral angle between the
equatorial FeN, and the [M(CN),]*" planes.

Structure of the 3D Complex FpzPt3D. Compound
FpzPt3D shows the monoclinic P2/m unit cell in the
temperature range 120—200 K (Tables 2 and 3). Figure Sa
displays an ORTEP view of a fragment of the structure showing
the asymmetric unit together with atom numbering. The Fe'!
and Pt" atoms lie at an inversion center. The former defines a
slightly elongated octahedral coordination [Fe''N] site with
axial and equatorial Fe—N bond distances Fe—N(1) = 2.175(9)
A and Fe—N(2) = 2.133(5) A, respectively. The latter defines
square-planar [Pt(CN),]*” units with usual Pt—C and C—N
bond distances [Pt—C(3) = 1.978(5) A and C—N = 1.154(8)
A]. The average Fe—N bond length, 2.147 A, clearly indicates
that this compound is HS at 120 K, in agreement with the
magnetic properties.

DOI: 10.1021/acs.inorgchem.6b01901
Inorg. Chem. 2016, 55, 10654—10665
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Table 3. Selected Bond Lengths [Angstroms] and Angles [degrees] of of FpzM (M = Ni, Pd, Pt), FpzPt3D, and FpzAu

FpzNi FpzPd FpzPt FpzPt3D FpzAu
T (K) 200 98.5 200 120 200 120 120 250
Fe—N(1) 2.240(4) 1.987(4) 2229(3) 1.990(4) 2.225(4) 2.175(9) 2.046(9) 2.235(7)
Fe—N(2) 2.145(3) 1.943(3) 2.138(2) 1.941(3) 2.135(3) 2.133(5) 2.04(2) 2.131(6)
Fe—N(3) 2.07(2) 2.142(6)
Ni—C($) 1.855(3)
Pd—C(5) 1.998(3) 1.992(3)
Pt—C(5) 1.989(4) 1.986(3)
Pt—C(3) 1.978(5)
Au—C(2) 1.78(5) 1.990(7)
Au—C(3) 2.05(2) 1.981(8)
N(1)—Fe-N(2) 87.71(11) 88.39(11) 88.27(8) 88.54(12) 88.37(11) 88.1(2) 90.00 90.00
N(1)—Fe—N(3) 90.00 90.00
N(2)—Fe—N(3) 87.0(6) 86.9(3)
C(2)-Au—C(3) 176.1(11) 179.8(3)
Fe—N, 2177 1.958 2.168 1.957 2.165 2.147 2.052 2.169
z 19.12 15.28 16.04 15.28 14.76 18 12 12.4
a) b) a)
HI  @N3 «F
‘-IWC:‘ Tez E‘ 9 B« g . @
o S} o BRI
LA , ..‘-_. \
- A . - N & ¥ o
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Figure 4. (a) ORTEP representation of a molecular fragment of FpzM
(M = Nij, Pd, Pt) (thermal ellipsoids are given at 50% probability for M
= Ni at 200 K). (b) View of a layer along the [001] direction. (c)
Crystal packing view along the [100] direction. Hydrogen atoms have
omitted for simplicity in b and c.

As described for the FpzM series, 2D [Fe,M",(CN),],, grids
are generated by coordination of the equatorial Fe' sites by
four equivalent [Pt(CN),] units, thus generating an infinite
stack. However, at variance with FpzM the [Fe,M",(CN),],
2D layers are almost planar and the Fpz ligands act as pillars

Figure S. (a) ORTEP representation of a molecular fragment of
FpzPt3D (thermal ellipsoids are given at 30% probability). (b) Crystal
packing view along the [010] direction showing only one of the two
equivalent positions for the F atom (hydrogen atoms have been
omitted for simplicity).

linking adjacent layers through the Fe'' centers in a similar way
as described for the 3D Hofmann clathrate system {Fe(pz)-
[M(CN),]} (Figure Sb). Indeed, the structure of FpzPt3D is a
slightly distorted version of {Fe(pz)[Pt(CN),]} since the
equatorial plane of the [Fe''N] sites is not strictly in the same
plane of the [Pt(CN),]*” sites. In spite of this, the angle
defined between these sites, 13.7° is ca. 59% smaller than that
observed for compound FpzPt. The F atom displays static
disorder with an occupation factor of 0.5. The water molecules
are located at the middle of the channels, showing positional
disorder (see Figure SS in SI).

Structure of the 3D FpzAu Complex. The compound
FpzAu was investigated at 250 and 120 K. At both
temperatures the unit cell corresponds to the orthorhombic
Cmca space group (Tables 2 and 3). The Fe" lies in an
inversion center and defines an elongated [FeNg] octahedron

Table 4. Interlayer Short Contacts of FpzM (M = Ni, Pd, Pt)

FpzNi FpzPd FpzPt
short contact 200 K 200 K 98.5 K 200 K 120 K
M-N3' 2.981(5) 3.206(4) 3.514(5) 3.358(6) 3.670(5)
C5-N3! 3.292(6) 3.485(4) 3.482(8) 3.545(7) 3.532(5)
F--C4' 3.130(7) 3.281(S) 3.270(6) 3.327(7) 3.352(7)
10659 DOI: 10.1021/acs.inorgchem.6b01901
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Figure 6. (a) ORTEP representation of a molecular fragment of FpzAu (thermal ellipsoids are given at 50% probability). (b) Crystal packing view
along the [010] direction showing only one of the four equivalent positions for the F atom (hydrogen atoms have been omitted for simplicity). (c)

View illustrating the two interpenetrated 3D frameworks.

whose axial positions are occupied by two equivalent Fpz
ligands, while the equatorial positions are occupied by four
equivalent [Au(CN),]™ groups (Figure 6a). It is worth noting
that due to symmetry reasons the fluorine atom is occupation-
ally disordered (occupation factor of 0.25). At 250 K, the axial
bond lengths, Fe—N(1) = 2.235(7) A, are remarkably longer
than the equatorial ones (Fe—N(2) = 2.131(6) A and Fe—N(3)
= 2.142(6) A). As in the precedent examples the angular
distortion of the coordination center is small () = 12.4°) and
the Fe—NCAu linkage is not linear since it forms an average
angle of 156.8° and changes very little with the spin state
change. The average Fe—N bond length of 2.169 A is consistent
with HS state of the Fe" fully populated, in agreement with the
magnetic properties at the same temperature. However, at 120
K the axial (Fe—N(1)) and equatorial (Fe—N(2), Fe—N(3))
bond lengths decrease down to 2.046(9) and 2.04(2) A and
2.07(2) A, respectively. The average decrease of the axial bond
length, 0.19 A, is ca. 20% smaller than observed for the FpzM,
while the average decrease of the equatorial bond lengths, 0.08
A, is ca. 58% smaller than expected. Despite the satisfactory R
value obtained for this structure at 120 K, and as
aforementioned, the single crystals deteriorate markedly during
the SCO. This is particularly reflected in the strong distortion
of the thermal ellipsoids of the C2 atoms in the LS.

The four [Au(CN),]~ groups equatorially coordinated to the
Fe' site act as bis-monodentate bridging ligands linking four
equivalent Fe sites, thus generating 2D {[FeAu(CN)],}, grids
which lie in the plane (011). In a similar way as described for
FpzPt3D, the grids stack along the [100] direction and are
pillared through the Fpz ligands, which act as bridges linking
the Fe'' sites (Figure 6b). However, at variance with FpzPt3D,
the [Au(CN),]” group defines a much more expanded 3D
framework which allows the mutual interpenetration of two
identical 3D coordination polymers (Figure 6c).

B DISCUSSION

This work was undertaken to investigate the coordination
abilities of the Fpz ligand to form new 3D Hofmann-like SCO
materials based on [M"(CN),]*~ and [M'(CN),]~ (M" = Nj,
Pd, Pt; M' = Ag, Au) building blocks. A priori, the steric
hindrance and electron withdrawing induced by the F atom
should debilitate the capability of Fpz to act as a bridging ligand
and, consequently, favor the formation of 2D frameworks. The
results obtained with [M"(CN),]*” confirm in part this
conjecture. Three light-yellow 2D coordination polymers,
FpzM (M" = Nj, Pd, Pt), are obtained by direct precipitation
and slow diffusion in H-shaped containers. However, the
presence of the F atom in the pyrazine ring does not fully
deactivate the capability of Fpz to act as a bismonodentate
ligand. Indeed, slow diffusion of the components using the
layering method forms exclusively the red porous 3D
Hofmann-like coordination polymer FpzPt3D (the homolo-
gous Pd compound is also formed in the same conditions but
with much lower yield). By contrast, whatever the synthetic
method used the yellow 2D system is obtained when M = Ni.

The three FpzM (M" = Ni, Pd, Pt) derivatives display
significantly corrugated 2D layers, a fact that contrasts with the
much less corrugated layers defined by the h0m010§0us ClpzNi
structure reported by Gural'skiy and co-workers™® or related
3X-pyridine (X = F, Cl) 2D derivatives formulated XpyM (Pd,
Pt) previously reported by our group.”® Similarly, the HS
compound FpzPt3D displays almost flat {Fe[Pt(CN),]},
layers, which in this case are pillared by the axial linkers Fpz.
In the latter, the F atom shows positional disorder due to
symmetry reasons, and consequently, the Fe—N(1) (Fpz) axial
bond length is averaged. Paradoxically, this bond length is ca.
0.05—0.04 A shorter than that observed for FpzPt and the
homologous 3D compound {Fe(pz)[Pt(CN),]} in the HS
state. In spite of this FpzPt3D remains HS at all temperatures.

DOI: 10.1021/acs.inorgchem.6b01901
Inorg. Chem. 2016, 55, 10654—10665
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A reasonable conjecture to explain this fact could be related to
the low thermal stability shown by FpzPt3D. This compound
includes ca. 0.5 disordered water molecules in the channels that
desorb at 350 K, a temperature at which the Fpz ligand starts to
be lost (see Figure S6 in SI). By contrast, the 2D FpzPt and 3D
{Fe(pz)[Pt(CN),]} homologues are clearly more stable since
no lost of Fpz/pz occurs up to 395/480 K (see Figure S6 in SI).
Although it is always speculative to give an explanation in these
circumstances, the lack of SCO and low thermal stability of
FpzPt3D might reflect a much more strained structure. By
contrast, the lack of thermal SCO in FpzNi could be related to
the tight crystal packing and very short interlayer contacts
observed in the HS state, which presumably prevents the
change to a more packed LS structure even at pressures of 0.7
GPa.

Furthermore, an important feature of the two SCO
complexes FpzPd and FpzPt is the drastic change of color
from light-yellow (HS) to dark-red (LS) upon SCO.

FpzAu invariably affords a 3D coordination polymer
whatever the synthetic method employed. This structure
resembles that of FpzPt3D, but obviously the latter is more
reticulated due to the different connectivity of [M"(CN),]*~
and [M'(CN),]" building blocks. Consequently, FpzAu affords
a more open and presumably less strained framework. In this
respect, the thermal stability of this framework is notably higher
(ca. 480 K, see Figure S6 in SI) than that of FpzPt3D. In
FpzPt3D the two metallic building blocks act as 4-connected
nodes and must match their coordination angles as close to 90°
as possible. By contrast, the FpzAu structure is more relaxed
since there is only one type of 4-connected node, namely, the
Fe' linked to other equivalent sites through four [Au(CN),]~
linkers defining infinite {Fe,[Au(CN),],}, grids. Although the
equatorial angles in the [FeN] coordination center deviate
only 3.1° from 90° the Fe=N—C—Au—C-N linkages deviate
23.2° from linearity, and consequently, the Fe, units define
thombuses. As in FpzPt3D, the {Fe,[Au(CN),],}, grids are
similarly connected through Fpz bridges. The F atom is
averaged in two positions defining Fe—N(Fpz) bonds similar to
that found for FpzPt, which is ca. 0.06 A longer than those
found for FpzPt3D. The void space generated by the resulting
less dense 3D framework enables interpenetration of an
identical framework. This situation has been previously
reported by our group for the homologous compound
{Fe(pz)[Ag(CN),],} and more recently by Ni and Tong et
al. for [Fe(2,5-bpp){Au(CN),},]-xSolvent (2,5-bpp = 2,5-
bis(pyrid-4-yl)pyridine),””* Kepert et al. for [Fe(bipytz)
(Au(CN),),] (bipytz = 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine),””
and more recently by Gural'skiy et al. for {Fe(pz)[Au(CN),],}
(hereafter HpzAu).**

Following the same synthetic method described for FpzAu,
mixtures of Fe'’/Fpz solutions with solutions of [Ag'(CN),]~
gave in all cases dark-gray precipitates. After many attempts we
concluded that the homologous compound FpzAg is not a
stable species.

Table S gathers the spin transition temperatures for the series
of complexes here investigated and related pyridine
(HpyM),”*** 3Fpyridine (FpyM),*>> and pyrazine {Fe-
(pz)[M(CN),],} (M" = Ni, Pd, Pt, x = 4, z = 1;°° and M' =
At x =2,z =2) (HpzM) derivatives. From the critical
temperatures observed for the title FpzM 2D compounds, it is
safe to state that the LS state is destabilized when moving from
Pt to Ni derivative. However, rationalizing of this trend is not
obvious, as it seems to depend on the particular studied system.
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Table S. Characteristic Temperatures of the SCO for the
Related Compounds HpyM, FpyM, and FpzM (see text)

compound T, (K) T, (K) AT (K) nD ref
HpyNi 186 195 9 2D 7
HpyPd 208 213 s 2D 8
HpyPt 208 216 8 2D 8
HpyAu 2D 348
FpyNi 205.8 2344 28.6 2D 3S
FpyPd 2136 248.4 348 2D 35
FpyPt 214 239.5 25.5 2D 3S
FpyAu 123.9° 108.8° 15.1° 2D 34
HpzNi 287 307 20 3D 36
HpzPd 286 310 24 3D 36
HpzPt 285 309 24 3D 36
HpzAu 349 367 18 3D 33
FpzNi HS HS HS 2D this work
FpzPd 105 127 22 2D this work
FpzPt 144.5 166.5 22 2D this work
FpzAu 221.5 264.5 43 3D this work

“T{, = 982 K, T{3, = 118.6 K, and T}, = 147 K. ®This compound is
HS at all temperatures. “This compound displays two steps with T n=
147 K.

For example, the opposite trend has been observed for the
related series of 2D compounds ClpzM (M = Ni, Pd, Pt).**
Another relevant observation is the increase of cooperativeness
regarding HpyM (M = Nj, Pd, Pt). This is, presumably, due to
the presence of short interlayer contacts facilitated by the
presence of the fluorine atom in the pyridine and pyrazine rings
in the series FpyM and FpzM (M = Nj, Pd, Pt). It is worth
noting that when comparing HpyM and FpyM series the
increase in cooperativeness is essentially reflected in the
increase of the characteristic T{/Z transition temperatures.
The clear destabilization of the LS state in the 2D FpzM (M =
Ni, Pd, Pt) series can be ascribed to the weaker ligand field
induced by the ligand pz with respect to the ligands py and Fpy.
As far as the gold derivatives are concerned, the strong
cooperative behavior and much higher T/, temperatures reflect
the change of dimensionality from 2D to 3D.

The light-induced excited spin state trapping (LIESST) effect
has been investigated for the three derivatives undergoing
thermal-induced SCO. As a consequence of the characteristic
high-spin transition temperature, relaxation of the photo-
generated HS* state in FpzAu is very rapid, even at 10 K, and
no LIESST effect could be recorded in our magnetometer set
up. This is consistent with the rapid HS* — LS relaxation (ca.
1S min) observed at 10 K for the 3D compound {Fe(pz)[Pt-
(CN),],}nH,0 which undergoes a cooperative SCO charac-
terized by a hysteresis ca. 25 K wide centered at about 290 K.**
Despite the average T),, not being too high for FpzPt, only
57% of HS* population was produced at 10 K. In contrast, a
practically complete transformation to the HS* was achieved.
The Tygssr values, 56.3 and 65.5 K, respectively, compare well
with that obtained for the related 2D Hofmann-like compound
ClpyPd, which undergoes a two-step cooperative spin
transition with characteristic temperatures centered at 162
and 145 K7

B CONCLUSION

The SCO behavior of a new series of 2D and 3D Hofmann-like
Fe'' compounds obtained from self-assembling of Fe',
fluoropyrazine (Fpz), and [M"(CN),]>~ (M" = Nj, Pd, Pt)

DOI: 10.1021/acs.inorgchem.6b01901
Inorg. Chem. 2016, 55, 10654—10665
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and [Au'(CN),]” building blocks has been investigated. The
compounds based on [M"(CN),]*~ building blocks are stable
2D coordination polymers, FpzM. The Pd and Pt derivatives
undergo strong cooperative thermal- and light-induced SCO
behavior accompanied by drastic color changes from light-
yellow (HS) to deep-red (LS), in contrast to the Ni derivative
that is HS at all temperatures even at a pressure of 0.7 GPa.
From T/, values destabilization of the LS state follows the
trend Pt > Pd > Ni. The lack of SCO in the Ni derivative has
tentatively been associated with dense packing of the
corrugated layers. The 3D metal organic framework FpzPt3D,
obtained from different synthetic conditions, is a distorted
version of the well-known Hofmann-like compound {Fe(pz)-
[Pt(CN),]}. It displays unusual low thermal stability tentatively
ascribed to structural strain and is HS at all temperatures. By
contrast, the 3D compound FpzAu constituted of two identical
interpenetrated 3D frameworks displays very cooperative SCO
with a stable hysteresis larger than 40 K.

B EXPERIMENTAL SECTION

All chemicals were purchased from commercial suppliers and used
without further purification. Elemental and thermogravimetric analyses
were performed, respectively, on LECO CHNS-932 and Mettler
Toledo TGA/SDTA 851e (working in the 290—800 K temperature
range under a nitrogen atmosphere with a rate of 10 K min™")
analyzers. IR spectra were recorded at 293 K by using a Nicolet 5700
FTIR spectrometer with the samples prepared as KBr discs. Powder X-
ray measurements where performed on a PANalytical Empyrean X-ray
powder diffractometer (monochromatic Cu Ko radiation).

Synthesis of {Fe(Fpz),IM(CN),]}. Microcrystalline samples of
FpzM (M = Nj, Pd, Pt) were obtained in Ar atmosphere by adding
dropwise, under vigorous stirring, an aqueous solution of K,[M-
(CN),]-3H,0 (0.4 mmol, S mL) to an aqueous solution containing
Fe(BF,),-6H,0 (0.4 mmol, 3 mL) and fluoropyrazine (0.8 mmol, 3
mL). The resulting yellowish solid was stirred for 15 min, filtered,
washed with water, and dried in air (yield ca. 80%). Suitable single
crystals for X-ray studies were prepared by slow diffusion methods
using a H-shaped tube. In one side of the H tube were dissolved 0.15
mmol (41.7 mg) of FeSO,7H,0 and 03 mmol (294 mg) of
fluoropyrazine in 1 mL of water, while the opposite side contained 1
mL of a solution (0.15 mol) of K,[M(CN),]-3H,0 [36.2 mg (Ni);
51.5 mg (Pd) and 64.7 mg (Pt)]. The H vessel was carefully filled with
water and sealed. Yellow single crystals of the title compounds appear
in 2 weeks (yield ca. 20%). EDX analysis (energy-dispersive X-ray
analysis) confirmed the stoichiometric relationship between metallic
coordination centers: [Fe:Ni] = [1:1], [Fe:Pd] = [1:1], and [Fe:Pt] =
[1:1]. The CN bond stretching mode features intense IR bands at
V(CN) = 2157 cm™ (shoulder) and 2145 cm™ (sharp)] for FpzNi,
2161 cm™ (sharp) for FpzPd, and 2168 cm™ (shoulder) and 2158
cm™" (sharp) for FpzPt. Anal. Calcd for C;,HsF,FeN;Ni: C, 34.75; H,
1.46; N, 27.02. Found: C, 33.98; H, 1.52; N, 27.4S5. Anal. Calcd for
CHFFeNgPd: C, 31.16; H, 1.31; N, 24.23. Found: C, 31.01; H,
1.35; N, 23.98. Anal. Calcd for C,,HsF,FeNgPt: C, 26.15; H, 1.10; N,
20.33. Found: C, 26.38; H, 1.15; N, 20.98.

Synthesis of {Fe(Fpz)[Pt(CN),]}-1/2H,0. Compound FpzPt3D
was produced by slow diffusion method, more precisely by layering in
standard test tubes. The layering sequence was as follows: the bottom
layer contains a mixture of Mohr’s salt (0.2 mmol, 76 mg),
fluoropyrazine (0.4 mmol, 40 mg), and a few crystals of ascorbic
acid in 3 mL of water. Then an interphase containing a mixture of
water:isopropanol (S mL, 1:1) was added. Finally, a solution of
K,[Pt(CN),]-3H,0 (0.2 mmol, 86.3 mg) in water:isopropanol (S mL,
1:4) was gently poured on top of the interphase. The tube was sealed,
and red single crystals appeared in 3—4 weeks (yield ca. 30—40%).
EDX analysis confirms the stoichiometric relationship between
metallic coordination centers: [Fe:Pt] [1:1]. The CN bond
stretching mode features an intense IR band at v(CN) = 2168
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cm™!. Anal. Calcd fo CgH3FFeN(O,sPt: C, 20.84; H, 0.66; N, 18.23.
Found: C, 20.68; H, 0.70; N, 18.60.

Synthesis of {Fe(Fpz)[Au(CN),],}. Microcrystalline samples of
FpzAu were prepared in Ar atmosphere by adding dropwise, under
vigorous stirring, an aqueous solution of K[Au(CN),] (0.4 mmol, S
mL) to an aqueous solution containing Fe(BF,),-6H,0 (0.4 mmol, 3
mL) and fluoropyrazine (0.4 mmol, 3 mL). The resulting yellowish
solid was stirred for 15 min, filtered, washed with water, and dried in
air (yield ca. 85%). Suitable single crystals for X-ray studies were
prepared by layering of the components as follows: the bottom layer
contained a mixture of FeCl,-4H,0 (0.2 mmol, 39.8 mg),
fluoropyrazine (0.2 mmol, 19.6 mg), and a few crystals of ascorbic
acid in 3 mL of water. Then an interphase was generated adding 10
mL of a H,0:MeOH (3:1) mixture. Finally, a solution of K[Au(CN),]
(0.4 mmol, 2 mL) in a H,0:MeOH (1:2) mixture was gently poured
on top of the interphase. EDX analysis confirms the stoichiometric
relationship between metallic coordination centers: [Fe:Au] = [1:2].
The CN bond stretching mode features an intense IR band at (CN)
2175 cm™' and a shoulder at 2159 cm™'. Anal. Caled fo
CgH;Au,FFeNg: C, 14.74; H, 0.46; N, 12.89. Found: C, 14.92; H,
0.50; N, 13.05.

Single-Crystal X-ray Diffraction. Single-crystal X-ray data were
collected on an Oxford Diffraction Supernova. In all cases Mo Ka
radiation (4 = 0.71073 A) was used. A data scaling and empirical or
multiscan absorption correction was performed. The structures were
solved by direct methods using SHELXS-2014 and refined by full-
matrix least-squares on F* using SHELXL-2014.>° Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were placed in
calculated positions refined using idealized geometries (riding model)
and assigned fixed isotropic displacement parameters.

Magnetic and Calorimetric Measurements. Variable-temper-
ature magnetic susceptibility data (15—20 mg) were recorded with a
Quantum Design MPMS2 SQUID susceptometer equipped witha 7 T
magnet, operating at 1 T and at temperatures 2—400 K. Variable-
temperature magnetic measurements under pressure were performed
on FpzNi using a hydrostatic pressure cell made of hardened beryllium
bronze with silicon oil as pressure transmitting medium and operating
over the pressure range 10° Pa < P < 1.2 GPa (accuracy ca. +£0.025
GPa). The compound was packed in a cylindrically shaped sample
holder (1 mm in diameter and 5—7 mm in length) (8—10 mg) made
up of very thin aluminum foil. The pressure was calibrated using the
transition temperature of superconducting lead of high purity,
99.999%.* Experimental susceptibilities were corrected for diamag-
netism of the constituent atoms by use of Pascal’s constants.

Differential scanning calorimetry (DSC) measurements were
performed on dry samples of the title compounds using a Mettler
Toledo DSC 821e DSC calorimeter. Low temperatures were obtained
with an aluminum block which was attached to the sample holder,
refrigerated with a flow of liquid nitrogen, and stabilized at a
temperature of 110 K. The sample holder was kept in a drybox under a
flow of dry nitrogen gas to avoid water condensation. The
measurements were carried out using about 10 mg of crystalline
samples sealed in aluminum pans with a mechanical crimp. An overall
accuracy of 0.2 K in the temperature and 2% in the heat capacity is
estimated. The uncertainty increases for determination of the
anomalous enthalpy and entropy due to subtraction of an unknown
baseline.
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ABSTRACT: Fe!' spin-crossover (SCO) coordination polymers of
the Hofmann type have become an archetypal class of responsive
materials. Almost invariably, the construction of their architectures
has been based on the use of monotopic and linear ditopic pyridine-
like ligands. In the search for new Hofmann-type architectures with
SCO properties, here we analyze the possibilities of bridging ligands
with higher connectivity degree. More precisely, the synthesis and
structure of {Fe(LN3)[M!(CN),],}-(Guest) (Guest = nitro-
benzene, benzonitrile, o-dichlorobenzene; M' = Ag, Au) and
{Fe"(LN)[Ag,(CN),][Ag(CN),]}-H,O are described, where LN?
and LM are the tritopic and tetratopic ligands 1,3,5-tris(pyridin-4-
ylethynyl)benzene and 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene.
This new series of Hofmann clathrates displays thermo- and

#, T/ em’ K mol”

photoinduced SCO behaviors.

H INTRODUCTION

Iron(II) spin-crossover (SCO) complexes are remarkable types
of responsive molecular materials that can be reversibly
switched between the electronic high-spin (HS) and low-spin
(LS) states in response to environmental stimuli, such as
temperature, pressure, light irradiation, and analytes." The LS
< HS switch is manifested by reversible, controllable, and
detectable changes in the physicochemical properties (optical,
magnetic, electrical, and structural), making these functional
molecular materials excellent prototypes of sensors, switches,
and memories.”

Within the so-called polymeric approach to the synthesis of
Fe"! SCO compounds, Hofmann-type coordination polymers
have been gaining considerable attention in the past decade
and now they constitute an archetypal family in the SCO area.®
They are a class of two- and three-dimensional cyanide-bridged
bimetallic compounds formulated as {Fe"(L),[M"(CN),]},,
where M! is Ni, Pd, or Pt and L can be an N-donor
monodentate (x = 2) or bis-monodentate rodlike (x = 1)
ligand. The structure is invariably constituted of parallel stacks
of two-dimensional {Fe"[M"(CN),]}, square grids in which
Fe is equatorially coordinated to four [M"(CN),]*~ planar
units through the N atom while the axial positions are
occupied by two L ligands, defining two-dimensional (2D)* or
three-dimensional (3D)° coordination polymers when L is a
terminal monodentate or a bis-monodentate bridging ligand,

v ACS Publica‘tions © 2018 American Chemical Society

respectively. The latter connects the M" centers of consecutive
layers, thus generating bifunctional porous fsc (RCSR
database) frameworks in which SCO properties and host—
guest chemistry interplay in a synergetic way.sr_h’6
Coordination polymers with the formula
{Fe''(L),[M'(CN),],},, where M' = Cu, Ag, Au, are usually
included in the family of Hofmann-type compounds. The Fe'
sites can be structurally described in the same terms as for
{Fe"(L),[M"(CN),]},. However, the linear bis-monodentate
rodlike [M'(CN),]~ bridges produce more open frameworks
with pcu topology, which usually favor double, triple, and even
quadruple interpenetration of the frameworks.>> At variance
with {Fe'(L),[M"(CN),]},, which only form 2D frameworks,
monodentate L ligands can also form 3D frameworks with
more varied topologies (e.g, nbo and cds among others).”
Usually, the {Fe(L),[M'(CN),],}, frameworks interact with
each other through short M'-M' metallophilic contacts.
Furthermore, the susceptibility of M'—(Cu,Ag) to expand the
coordination sphere or generate oligomers (e.g.,, [Ag,(CN);]7)
also adds interesting features to this subfamily of compounds.
Hofmann-type Fe' SCO coordination polymers have
afforded excellent examples of thermo- and piezohysteretic
behaviors, multistep cooperative transitions, relevant examples
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Scheme 1. Organic Bridging Ligands Used in This Work

Table 1. Crystallographic Parameters for 1:-PhNO,, 2:PhNO,, and 3-H,0

1-PhNO, 2:PhNO, 3-H,0

120 K 250 K 100 K 250 K 120 K 250 K
empirical formula C3;H,0Ag,FeNO, C;;H,0Au,FeNgO, CyoH,3AgsFeN,O
M, 880.20 1058.39 008.08
cryst syst orthorhombic orthorhombic triclinic
space group Pbcn Pbcn P1
a (A) 36.5834(10) 36.806(2) 36.7927(12) 36.931(2) 7.9977(S) 7.9807(5)
b (A) 15.2354(4) 15.8826(5) 15.1716(5) 15.6980(4) 9.5996(9) 9.8952(6)
¢ (A) 13.2204(3) 13.4475(5) 13.1200(4) 13.3384(4) 13.5845(5) 13.8305(8)
a (deg) 89.642(5) 89.434(4)
B (deg) 80.717(5) 80.842(5)
7 (deg) 71.166(7) 71.898(5)
v (A%) 7368.6(3) 7861.0(5) 7323.6(4) 7732.8(4) 973.00(12) 1024.00(11)
VA 8 8 8 8 1 1
F(000) 3472 3984 490
D, (mg cm™) 1.587 1.487 1.920 1.818 1.720 1.661
#(Mo Ka) (mm™) 1.484 1.391 8.427 7.982 1.895 1.804
total no. of rflns (I > 20(I)) 7681 5381 7739 6638 3694 3496
R (I > 26(I)) 0.0681 0.0672 0.0383 0.0463 0.0609 0.0670
R, (I > 26()) 0.1453 0.1674 0.0905 0.0859 0.1569 0.1776
S 1.068 1.014 1.033 1.066 1.046 1.050

of porous systems where the SCO behavior can be tuned by
guest molecules favoring selective host—guest interactions,
catalytic activity, and/or solid-state transformations.” In
addition, these compounds are excellent platforms to
investigate the SCO properties at the nanoscale (nanocrystals,
thin films)*™” and their potential application as prototypes of
spintronic and micromechanical devices.'” Thus, the design
and synthesis of new Hofmann-type Fe"' SCO compounds are
essential steps for discovering new, interesting properties and
applications. In this respect, almost all Hofmann-type Fe'' SCO
compounds so far investigated have been prepared from mono-
and ditopic L ligands. Indeed, as far as we know, the only
exception corresponds to the porous coordination polymers
{Fe(TPT),,3[M'(CN),],}n(Guest), where TPT is 2,4,6-
tris(4-pyridyl)-1,3,5-triazine, a tritopic ligand with Dy,
S}nnmetry.”

As a further step in this study, herein we report on the
synthesis and characterization of two unprecedented series of
Fe"' SCO coordination polymers based on the tritopic and
tetratopic ligands L™ = 1,3,5-tris(pyridin-4-ylethynyl)benzene
and LN* = 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene
(Scheme 1) and ditopic [M'(CN),]” inorganic bridges. The
L™ ligand is an expanded version of the previously investigated
TPT ligand, while the topology of the LN ligand is investigated
for the first time in the family of Hofmann clathrates. More

precisely, we will present the crystal structures and magnetic
and photomagnetic properties of {Fe(L™*)[M!(CN),],}-
(Guest) (M' = Ag (1-Guest), M' = Au (2-Guest); Guest =
CHX (X = NO,, CN), 0-CH,Cl)) and {Fe!'(LM)-
[Ag,(CN);][Ag(CN),]}-H,0 (3-H,0).

B RESULTS

Synthesis. The synthesis of the title compounds was
conditioned by the high insolubility of the ligands L™ and LN*
and the resulting coordination polymers. Thus, in order to get
reasonably good microcrystalline samples and single crystals of
1:Guest, 2*Guest, and 3*H,O, the synthesis was carried out by
slow diffusion of the components (see also the Experimental
Section). The presence of guest molecules was an additional
key condition for the synthesis of complexes with L™*. Thus,
we found that the use of an H-type diffusion system made up
of four connected vessels resulted in the most appropriate
strategy. In such a configuration, methanolic solutions of Fel!
and [M(CN),]” were poured separately into the peripheral
vessels, while L™ was placed as a solid (due to its insolubility)
at the bottom of the vessel next to the Fe'! solution, and a large
excess of Guest was placed in the remainder vessel.
Alternatively, to slow the diffusion, it is also possible to add
the Fe'' and [M(CN),]™ salts as solids at the bottom of the
corresponding tubes. Finally, the four vessels were filled with

12196 DOI: 10.1021/acs.inorgchem.8b01842
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Table 2. Selected Bond Lengths (A) for 1°PhNO,, 2:.PhNO,, and 3-H,0

1-PhNO, 2:PhNO, 3-H,0

120 K 250 K 100 K 250 K 120 K 250 K
Fe—N1 2.033(4) 2.217(6) 2.048(5) 2.220(5) 2.045(4) 2.241(4)
Fe—N2 2.046(4) 2.228(5) 2.061(5) 2.217(5) 1.955(4) 2.117(5)
Fe—N3 1.968(4) 2.166(5) 1.975(5) 2.157(6) 1.957(4) 2.141(5)
Fe—N4 1.969(4) 2.145(5) 1.994(8) 2.148(5)
Fe—NS 1.971(5) 2.151(5) 1.982(5) 2.149(6)
Fe—N6 1.973(8) 2.151(S) 1.986(5) 2.154(6)
Agl—C28 2.043(5) 2.031(6)
Agl—-C29 2.044(5) 2.049(6)
Ag2—C30 2.053(6) 2.052(6)
Ag2—C31 2.059(6) 2.060(6)
Aul-C28 1.986(6) 1.987(7)
Aul-C29 1.970(6) 1.982(7)
Au2—C30 1.989(7) 1.989(7)
Au2—C31 1.983(6) 1.977(6)
Aul—Au2 3.268(1) 3.270(1)
Agl—-N4 2.435(4) 2.470(6)
Agl-N35 2.119(5) 2.095(7)
Agl-Cl18 2.068(5) 2.054(6)
Agl-C19 2.119(5) 2.095(7)
Ag2—C20 2.058(5) 2.060(6)
Agl—-Ag2 3.275(1) 3.247(1)

H20 }
W 20 C21 (a) I-gHS .\_;s (b) {C)
H18 ":‘17 H13 \
C197{C 18 ~aL15
i mt*a?

C11
H11

Figure 1. (a) Coordination center of 1°-PhNO, at 120 K showing the atom labeling of the asymmetric unit (the atom labeling for the Au derivative
(2'PhNO,) is the same). (b) Fragment of the zigzag chain running along [100]. (c) {Fe,[M'(CN),],} corrugated 2D grids.

methanol and sealed (Figure S1). The most appropriate guest
molecules turned out to be the following benzene derivatives:
PhNO,, 0-PhCl,, and PhCN. In contrast, the use of five-
membered rings as guests, i.e. pyrrole, furan, and thiophene,
was unsuccessful and no product was formed. PXRD patterns
for the 1:Guest and 2-Guest series are practically identical,
demonstrating their isostructural nature (Figure S2). Despite
the high crystallinity of these compounds, adequate single

crystals to get reasonably good structural X-ray diffraction
analyses were achieved only for 1'PhNO, and 2-PhNO,.
Given that L™ is soluble in CHCl, and that the structure of
3-H,O cannot accept guest molecules (vide infra), a three-
vessel modification was employed (see Figure S1). At variance
with 3-H,0, self-assembly of Fe',, LN* and [Au(CN),]™ does
not give any type of complex even in the presence of guest
molecules. This may be due to metric and/or geometric

DOI: 10.1021/acs.inorgchem.8b01842
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Figure 2. Perspective views of a fragment of the 3D framework of 1-PhNO, at 120 K: a single framework running along the [001] (a) and [010]
(b) directions and the same perspectives showing the double-interpenetrated frameworks loaded with PhANO, (¢, d).

incompatibilities between connectors and nodes and the fact
that the Au atom cannot expand the coordination sphere as Ag
does in the case of 3*H,O (vide infra).

The thermogravimetric analysis (TGA) for 1-Guest, 2-
Guest, and 3-H,O confirmed the amount of guest molecules
(Figure S3). The TGA for fresh samples of 1-PhNO, and 2-
PhNO, shows, prior to the loss of the PhANO, molecule, a
quite small weight loss (ca. 0.5 and 0.3%, respectively) on
starting from room temperature, which could be tentatively
associated with the presence of a quite small amount of
methanol. Because the amount of these molecules is less than
ca. 1/8 CH;0H and these species are very labile, we have
considered that, under vacuum conditions of the SQUID
magnetometer or even under ambient storage conditions, these
molecules spontaneously desolvate, as suggested by the
structure analysis and the magnetic properties (vide infra).
The average yields for 1-Guest and 2:Guest were ca. 15—20%,
and that of 3-H,0 was 10—15%.

Structure. The crystal structure was determined by single-
crystal X-ray analysis at 120 and 250 K for 1-PhNO, and 3-
H,O0 and at 100 and 250 K for 2:-PhNO,. Compounds 1
PhNO, and 2‘PhNO, crystallize in the orthorhombic Pbcn
space group, while compound 3-H,O crystallizes in the triclinic
P1 space group. Relevant crystallographic parameters are
shown in Table 1. Selected significant bond lengths and angles
are given in Table 2 and Table S1, respectively.

Structures of 1-PhNO, and 2-PhNO,. Given that 1-PhNO,
and 2'PhNO, are isostructural, we will describe their structures
simultaneously. There is a crystallographically unique Fe' site
that is situated in the center of a slightly elongated [FeNj]
octahedron. Figure 1 displays the coordination sphere of the
Fe' with the atom labeling of the asymmetric unit, which is the
same for 1'PhNO, and 2°PhNO,. The axial positions (Fe—N1
and Fe—N2), occupied by the pyridine moieties of the ligand
L™}, are about 3% longer than the equatorial positions. The
four equatorial positions are occupied by two crystallo-

graphically distinct [M'(CN),]™ groups (Agl/2 and Aul/2).
The average ([FeN4]) bond lengths are 1.993(5) [2.176(5)] A
for 1-PhNO, at 120 K [250 K] and 2.008(5) A [2.174(6)] A
for 2°PhNO, at 100 K [250 K]. The difference values AR
between high- and low-temperature forms equal to 0.183 A (1
PhNO,) and 0.166 A (2:PhNO,) are in agreement with the
magnetic data and are consistent with the occurrence of a
practically complete SCO transition for 1-PhNO, and 90%
conversion at 100 K for 2*PhNO,. It is worth stressing at this
point that, when single crystals of the latter compound are
selected directly from the mother liquor and cooled to 120 K,
the crystal parameters and Fe—N bond lengths are similar to
those obtained at 250 K and are consistent with the results
obtained from the magnetic data measured in solution: namely,
that 2-PhNO, remains in the HS state (vide infra) (see Table
S2). Consistent with the TGA, this notable difference suggests
the presence of very small amounts of strongly disordered
labile methanol molecules included in the structure (ca. less
than 0.2 molecule) at 120 K. Indeed, there is some
nonassigned electron density within the cavities of the
structure. An analysis using PLATON shows the occurrence
of a void volume of 2 X 67 A3 centered at (0.0, 0.72, 0.25)
close (ca. 2.7 A) to the uncoordinated N7 atom. No such
behavior was observed for the single-crystal study of 1'PhNO,.

The sums of deviations from the ideal octahedron of the 12
“cis” N—Fe—N angles (¥ = Y;2216, — 90I) are respectively
17.3° [26.8°] and 24.1° [25.3°] for 1-PhNO, and 2-PhNO, at
120 K [250 K], confirming that the [FeNg] site is weakly
distorted, whatever the spin state of the Fe'' centers. The
average Fe—N—C(M') angles separate from 180° by 15.4°
(250 K) and 10.2° (120 K) for Fe—N—C(Ag) and 16.8° (250
K) and 11.7° (100 K) for Fe—N—C(Au). Similarly, the average
M'-C—N angles deviate from linearity by 6.5° (250 K) and
10.6° (120 K) for [Ag(CN),]” and 4.6° (250 K) and 7.4°
(100 K) for [Au(CN),]".
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Figure 3. Coordination center of 3-H,O at 120 K showing the atom labeling of the asymmetric unit (a). Perspective views of a fragment of the 3D
framework of 3H,0 at 120 K: two perspectives of the same fragment of a single framework emphasizing the coordination mode of LN* and
[Ag,(CN);] bridges (b) and the connection of the formed layers via [Ag(CN),]” ligands (c).

The L™ ligand is not completely flat. Indeed, the mean
planes defined by the pyridine moieties containing N1, N7,
and N2 define angles with respect to the mean plane
containing the benzene ring equal to 4.7° (4.2°), 18.9°
(26.9°), and 5.4° (13.6°) for 1'PhNO, at 120 (250) K and
4.6° (4.2°), 18.9° (29.1°), and S5.1° (6.8°) for 2:PhNO, at 100
(250) K, respectively. It is noteworthy to stress the strong
dependence of the angles defined by N2 and N7 on the spin
state of the Fe'. Furthermore, the pyridine—benzene
connectors deviate slightly from linearity (by S—6°). The
pyridyl group containing the N7 atom does not coordinate
either the Fe' or M' ion and is strongly disordered.
Consequently, L* acts as a ditopic ligand, thereby defining
zigzag chains running along [100]. In addition, the
[M'(CN),]" linkers radiate almost perpendicularly to the
[100] direction connecting the Fe' centers of four adjacent
zigzag chains. Alternatively, the structure can be seen as a
parallel stack of slightly corrugated 2D grids {Fe,[M'(CN),],}
connected by L3, The distances between two Fe'! centers of
consecutive layers connected by L™? are 18.466(1) A at 120 K
for 1'PhNO, and 18.396(2) A at 100 K for 2:PhNO,. The
resulting 3D network generates enough empty room so as to
favor interpenetration of two identical networks (Figure 2).
The frameworks interact with each other through weak
metallophilic M"--M" interactions (see Table 2) but, more
importantly, through the L™ ligands, which stack along the ¢
direction, generating a large number of intermolecular C--C &
short contacts smaller than the sum of the van der Waals radii
(ca. 3.7 A). These contacts increase in number and intensity
when the compound moves from the HS state to the LS state

(see Figures S4 and SS and Table S3). Despite this fact, the
interpenetrating frameworks generate room for inclusion of
one PhNO, molecule, which are located between the LN
ligands (Figure 2) and define strong 7 interactions with one of
the pyridine rings coordinated to the Fe'' centers, while the
other coordinated pyridine group also interacts via 7 with the
central benzene ring of a L™ ligand belonging to the adjacent
framework (see Figures S4 and SS).

Structure of 3-H,0. Figure 3 displays a fragment of the
structure of 3+H,O at 120 K together with the atom labeling of
the asymmetric unit. There is one crystallographically unique
[FeNg] site which lies in an inversion center defining a slightly
elongated octahedron. The axial bond lengths are occupied by
the pyridine moieties of the L* ligand (Fe—N1), while the
four equatorial positions are occupied by [Ag(CN),]” and
[Ag,(CN);]™ units through the Fe—N2 and Fe—N3 bonds.
The ([FeNg]) values equal to 1.986(4) and 2.166(4) A at 120
and 250 K, respectively, indicate that the Fe'' centers are
essentially in the LS and HS spin states according to the
magnetic data. In this case the angular distortions of the
[FeNg] octahedron, Y''2°% = 6.9(2)° and Y >*°¥ = 5.0(2)°, are
remarkably smaller than those in the case of 1'-PhNO, and 2-
PhNO,.

The L™ ligand is essentially flat, but the pyridine moiety
bearing the N1 atom is rotated 27.1° with respect to the plane
defined by the central benzene ring, which also lies in an
inversion center. The Ag site in the [Ag(CN),]™ unit is strictly
linear. In contrast, the Ag site in the in situ generated
[Ag,(CN);]™ species expands the coordination sphere to 3,
affording a distorted-trigonal geometry. The trigonal geometry
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Figure 4. Magnetic and photomagnetic properties of 1:Guest, 2-Guest, and 3-H,0: irradiation at 10 K (red triangles); thermal dependence of y\ T
upon heating at 0.3 K/min (blue circles) and heating/cooling at 1 K/min (black circles); thermal variation of yyT for crystals of 2-PhNO, soaked

in mother liquor (open circles).

is generated through coordination of the N4 atom belonging to
L™, Consequently, LN* acts as a tetratopic ligand connecting
the Fe' and the Ag' of the [Ag,(CN);]™ units, defining an
irregular 2D grid with triangular and hexagonal windows.
These layers are connected through the linear [Ag(CN),]”
bridges, thus defining a quite open 3D framework. Alter-
natively, the structure can be described as constituted by an
infinite stack of undulated {Fe,[Ag(CN),],[Ag,(CN);],},
layers pillared by LN*. The space generated by the undulated
rectangular windows allows interpenetration of two additional
identical frameworks, thus filling the void space and affording a
triple-interpenetrated system where there is only free room for
one H,O per formula unit (see Figure S6a). A simplified
version of the structure showing the topology of the resulting
(2-¢)(3-c)2(4-c)(6-c) 4-nodal net analyzed with ToposPro12 is
given in Figure S6b.

Magnetic and Photomagnetic Properties. The thermal
dependence of the yyT product (yy is the molar magnetic
susceptibility and T is the temperature) was measured at 1 K
min~" using a magnetic field of 1 T in the temperature region
10—300 K for compounds 1:Guest, 2*Guest, and 3°H,0. The
corresponding y\T versus T curves are shown in Figure 4. At
300 K, the yyT value was found in the interval 3.70—3.76 cm®
K mol™! for 1-Guest and 2:Guest and 3.34 cm® K mol™ for 3¢
H,O0. These values are typical for an § = 2 ground state with
noticeable orbital contribution, as usually observed for the Fe'
ion in the HS state. For 1*Guest and 2*Guest, y\T is nearly
constant in the temperature interval 300—210 K. Upon further
cooling, y,T decreases abruptly, attaining values in the interval
0.10—0.25 cm® K mol™" at 50 K, indicating that the LS state (S
= 0) is practically fully populated. The equilibrium temper-
atures of the SCO, at which the molar fractions of the HS and
the LS species are equal to 75 = yyg = 0.5 (AGy,, = 0), have
T, ), values equal to 156 K (1-PhCN), 145 K (2-PhCN), 166 K
(1-PhNO,), 143 K (2-PhNO,), 180 K (1-0PhCL,), and 187 K
(2+0PhCl,).

As mentioned in the structural analysis, an apparent
inconsistency in the degree of spin-state conversion was
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found when the yyT product and the average Fe—N bond
distance of 2*PhNO, at 120 K were correlated. This was
associated with the clathration of a variable small amount of
loosely attached methanol molecules, which spontaneously
desorb at higher temperatures. To clarify this, the thermal
variation of yyT was recorded for a crystalline sample of 2-
PhNO, soaked in mother liquor. The results included in
Figure 4 (open circles) demonstrates that under these
conditions 2:°PhNO, remains in the HS state at all temper-
atures.

Compound 3°H,O experiments a similar SCO behavior
starting at higher temperature (ca. 250 K), but the yyT
product decreases more gradually. Indeed, the yyuT value
changes from 3.34 to 0.56 cm® K mol™ (ys & 0.17) in the
temperature interval 250—150 K. Furthermore, a subsequent
smoother decrease of yyT is observed in the temperature
range 150—50 K, attaining a value of 0.26 cm® K mol™" at 50 K
(yus ~ 0.08). The SCO can also be considered complete and
characterized by a T, value of ca. 187 K.

Photogeneration of the metastable HS* state at low
temperature, the so-called light-induced excited spin state
trapping (LIESST) experiment,'® was carried out at 10 K on
irradiation of microcrystalline samples (0.80 mg) of 1-Guest
and 2-Guest with red light (4 633 nm), in the time required to
attain saturation (Figure 4 and Figure S7). Under these
conditions, the samples saturate in 3 h, with values of yyT in
the interval 2.97—2.21 cm® K mol™". Subsequently, the light
irradiation was switched off and the temperature increased at a
rate of 0.3 K min~". Then, y T keeps on increasing to reach a
maximum of 3.72—3.54 cm® K mol™' in the temperature
interval 37—50 K. This increase in yyT corresponds to the
thermal population of different microstates originating from
the zero-field splitting of the S = 2 HS* spin state. At higher
temperatures, y,;T decreases rapidly until it joins the thermal
SCO curve in the 65—84 K temperature range, indicating that
the metastable HS* state has completely relaxed to the stable
LS state. In contrast, after saturation yyT values experience
just a slight increase to attain a maximum of ca. 2.47 cm® K
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mol™" at 14 K for 3-H,0. This less stable HS* state relaxes
back to the LS state at significantly lower temperatures. The
characteristic T g5y temperatures, * obtained from dyyT/9T
in the 10—77 K interval, are 63.6 K (1'-PhCN), 70.5 K (2+
PhCN), 61.0 K (1'-PhNO,), 66.0 K (2-PhNO,), 60.5 K (1+
oPhCL,), 60.0 K (2:0PhCL,), and 37 K (3-H,0).

B DISCUSSION

The objective of the present work was to investigate new
cyanido-bridged bimetallic Fe"-M' SCO coordination poly-
mers. We focused our attention on L™ and L™ tri- and
tetratopic ligands, respectively. As mentioned above, it is
relevant to stress that the isostructural doubly interpenetrated
frameworks 1-Guest and 2+Guest could only be obtained in
the presence of appropriate guest molecules such as PhNO,, o-
PhCl,, and PhCN, which apparently act as templates during
the self-assembly process. In addition, this template function
was critically dependent on the size of the guest molecule.
Despite being L™* being topologically identical with the
ligand TPT, they form in combination with Fe'’ and
[MY(CN),]~ (M Ag, Au) complexes with different
stoichiometries and radically distinct {Fe[M'(CN),],}, frame-
works."" The complexes {Fe(TPT),;3[M'(CN),],}n(Guest)
(M" = Ag, Au) generate two interlocking 3D networks with an
NbO-type topology defined by the [N=C-M'-C=N]~
linkers. The ¢ axis of the network coincides with one of the
diagonals of the NbO units, which in turn runs along the C;
axis passing through the TPT ligands (see Figure 5). Indeed,

N=C-M'-C=N

Fe,

e
~

TPT,

Figure 5. Fragment of the {Fe(TPT),;[M'(CN),],} framework
displaying the NbO-type topology defined by blue bars connecting
the Fe'' centers (red spheres). The [M'(CN),]” units are the
undulating gray segments linking the Fe'' centers. The orange line
denotes the diagonal and C; axis of the structure passing through the
TPT ligands.

the TPT ligand is perfectly complementary with the voids
generated by the pseudohexagonal circuits {Fe[M'(CN),]},
(chair conformation) and acts as an additional tritopic bridge
between the Fe'' centers. Obviously, extension of the linker
between the pyridine and triazine moieties of the TPT ligand
with alkaline spacers to afford a ligand having the same metrics
as L™® would provoke a severe misfit of the resulting ligand
with respect to the size of the {Fe[M'(CN),]}¢ circuits. As a
consequence, the framework {Fe[M'(CN),],}, cannot gen-
erate the intricate 3D NbO-type structure observed for the
TPT system; in contrast, it readapts to form an infinite stack of
2D corrugated layered structures pillared by L™ to afford 1+
Guest and 2*Guest frameworks. Apparently, there is no stable
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structural arrangement compatible with L™ acting as a tritopic
ligand.

In contrast to LM}, self-assembly of Fe!, LN* and
[M'(CN),]™ only gave positive results for M' = Ag, affording
3-H,O0 in low yield. During the slow diffusion process, part of
the [Ag'(CN),]” groups dissociate to generate in situ the
relatively uncommon oligomeric species [Ag',(CN);]~, which
has been described for a few related SCO compounds.'® This
fact together with the particular configuration of the pyridine
rings in L* favors the expansion of the coordination number
of the two equivalent Ag' centers of [Ag,(CN);]™ to 3
(pseudotrigonal), thereby provoking strong distortion from
linearity in this species and marked corrugation in the resulting
2D {Fe[Ag(CN),][Ag,(CN);]}, layers. These layers stack
along the [100] direction and are firmly attached to each other
through L™, which act as double pillars linking two Fe' and
Ag' (pseudotrigonal) pairs of adjacent layers, forming an open
3D framework. Furthermore, the wide rectangular {Fe,[Ag-
(CN),],[Ag,(CN);],} windows facilitate interpenetration of
two other identical frameworks in such a way that there is no
room for inclusion of guest molecules. Indeed, only a loosely
attached molecule of water is retained. The much more inert
nature of the Au' coordination sphere does not enable
generating similar species, and consequently, the homologous
gold compound of 3+H,O cannot form.

As far as the SCO equilibrium temperatures (T/,) are
concerned, a moderate increase in T, is observed for 1-Guest
in the sequence PhCN (156 K) < PhNO, (166 K) < 0-PhCl,
(180 K). A possible explanation for this trend could be related
to the slightly different sizes and shapes of these molecules.
Their different accommodation requirements in the available
space most likely favors distinct distributions of the
intermolecular interactions which enhance the stabilization of
the LS. This is also valid, to a first approximation, for 2:Guest
(PhCN (145 K) ~ PhNO, (143 K) < o-PhCl, (187 K)),
although it is not obvious to explain why T/, for the PhNO,
derivative is virtually the same as that for the PhCN derivative.
In this respect, it is well known the high sensitivity of T/, to
very small changes in free energy between of the HS and LS
states, AGHL,ée is well-known, which in turn reflects the high
sensitivity of the SCO centers to chemical pressure.
Consequently, stabilization/destabilization of the LS (HS)
state, and hence the value T)/,, depends on a delicate balance
between electronic and structural factors that often are difficult
(if not impossible) to evaluate/discuss without a notable dose
of speculation.

The general trend of the Ty pggr values is consistent with the
empirical inverse-energy-gap law: " i.e., the metastability of the
photogenerated HS* species decreases as the stability of the LS
increases. This is particularly true for the T} /,—Typeer'+ values
of homologous pairs 1-Guest—2-Guest (Guest PhCN,
PhNO,), although in the case of Guest = 0-PhCl, the smaller
difference in T, is reflected in virtually similar Tjpger values
(the same can be observed when 2:PhCN and 2-PhNO, are
compared). It is important to remark that all the T} /,— Ty gt
pairs in the 1-Guest—2-Guest series are located close to the
correlation line Tyygssr = Ty — 0.3T) 5, with Ty = 100 K being
typical for less rigid coordination centers [Fe''N(] constituted
of monodentate ligands and being consistent with their
isostructural nature.'* In contrast, despite the fact that
[Fe'Ng] centers are similar for 3-H,O, its corresponding
T, /,—Trsst pair is well below this line. This may reflect the
distinct structural nature of the latter, which displays a densely
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packed triply interpenetrated 3D rigid structure versus a less
densely packed and probably less rigid doubly interpenetrated
3D structure in 1°‘Guest and 2-Guest.

It is a general fact when series of isostructural Ag' and Au'
SCO complexes are compared that (T}/,)*8 > (T, /,)*". This is
usually rationalized in terms of lower donor ability associated
with the greater electron-withdrawing ability of the cyanide
group due to a more covalent NC—Au interaction. This
general trend applies for the isostructural 1-Guest and 2-Guest
compounds when Guest is PhANO, and PhCN, but it does not
apply for 0-PhCl,. In line with what is mentioned above, the
presumed extra space required by o-PhCl, together with the
more rigid nature of the Au' framework, in comparison with
the Ag' framework, may favor an extra chemical pressure which
results in a higher than expected T, value. This conjecture is
supported by the greater number of short intermolecular
contacts observed for 2*PhNO, in comparison with 1:PhNO,.

Bl CONCLUSION

Two new ligands with unusual coordination denticities,
trigonal (L™*) and square (L™*), have been included in the
library of SCO Hofmann-type metal—organic frameworks
derived from [M'(CN),]™ (M' = Ag, Au). Using slow diffusion
methods in presence of appropriate guest molecules, L3
affords six new isostructural clathrate compounds generically
formulated as 1°‘Guest and 2:Guest with Guest = PhCN,
PhNO,, 0-PhCl,. The structure of the PhANO, derivative shows
that L™* works as a bis-monodentate ligand to satisfy, most
likely, the metrics imposed by the {Fe[M'(CN),],}, layers,
thereby acting as a pillar between the layers, thus affording an
open 3D framework. Two identical frameworks interpenetrate
in the same space and hold together through short
intermolecular interactions including weak M'+M' metal-
lophilic interactions. The six clathrates exhibit thermal- and
light-induced SCO properties. Concerning the ligand L™, one
should expect coordination of four Fe" and generation of a
complicated framework via [M'(CN),]7; however, the
occurrence of geometric incompatibilities is apparent, which
are solved for the Ag' derivative by virtue of its much more
labile coordination sphere. Consequently, the structure of 3¢
H,O is made up of extended {Fe[Ag'(CN),][Ag,'(CN),]},
layers pillared by two opposite pyridine rings of L™?, which act
as axial ligands of Fe'', while the remaining two pyridine rings
coordinate the Ag' centers of the in situ generated
[Ag,'(CN);]™ units. The much more inert nature of Au'
prevents the formation of this uncommon triple-interpene-
trated network. The higher characteristic T/, value of the
SCO is consistent with the incomplete photogeneration of the
LS state at low temperatures.

B EXPERIMENTAL SECTION

Materials. Fe(BF,),-6H,0, K[Ag(CN),], K[Au(CN),], and
organic precursors were purchased from commercial sources and
used as received.

Synthesis of Ligands. 4-Ethynylpyridine and the ligands L™* and
LN* were prepared by the published methods."”

Synthesis of {Fe"(L"*)[M'(CN),],}-Guest (M' = Ag (1-Guest),
Au (2:Guest)). Crystals of 1°Guest and 2:Guest were obtained in the
same manner by slow diffusion of methanolic solutions of four
reagents placed in a modified H-shaped vessel with four arms. Each
reagent was deposited in one of the arms, in the following order:
Fe(BF,),-6H,0 (0.0787 mmol, 26.6 mg), L* (0.0787 mmol, 30 mg),
Guest (=PhNO,, PhCN, o-PhCl; 2 mL, large excess), and
K[Ag(CN),] (0.1574 mmol, 31.5 mg) (1)/K[Au(CN),] (0.1574

mmol, 47.3 mg) (2). Finally, the vessel was filled completely with
methanol and sealed. In all cases, yellow crystals appeared within 2
weeks, in low yield (ca. 20%). EDX analysis (energy dispersive X-ray
analysis) confirmed the stoichiometric relationship between metallic
coordination centers: for 1-Guest, Fe:Ag = 1:2; for 2:Guest, Fe:Au =
1:2.

Complex 1-Guest. Anal. Calcd for Cy;H,Ag,FeN;O, (880.20): C,
50.49; H, 2.29; N, 12.73. Found: C, 50.38; H, 2.32; N, 12.58. Calcd
for C3,H,4Ag,FeN,Cl, (904.09): C, 49.16; H, 2.12; N, 10.85. Found:
C, 50.18; H, 2.22; N, 10.98. Calcd for CygH,oAg,FeNy (860.22): C,
53.06; H, 2.34; N, 13.03. Found: C, 52.58; H, 2.32; N, 12.68. IR
(em™): v(C=C) 2219 (m), v(C=N) 2163 (s), v(C=N) 1613
(vs), v(pyridine ring) 1418 (s), 825 (s). The symmetric and
asymmetric stretching modes of the NO, group in PhNO, were
unambiguously assigned to 1,(NO,) 1525 (vs) and 1,(NO,) 1344
(vs). No singular signals could be associated with PhCN and o0-PhClL,.

Complex 2-Guest. Anal. Calcd for Cy,H,oAu,FeNgO, (1058.39):
C, 41.99; H, 1.90; N, 10.59. Found: C, 41.78; H, 1.98; N, 10.43.
Caled for CyH,oAu,FeN,Cl, (1082.29): C, 41.06; H, 1.77; N, 9.06.
Found: C, 42.03; H, 1.85; N, 10.43. Calcd for CssH,pAu,FeNg
(1038.41): C, 43.95; H, 1.94; N, 10.79. Found: C, 43.58; H, 2.01;
N, 10.68. IR (cm™): »(C=C) 2220 (m), v(C=N) 2170 (s), v(C=
N) 1610 (vs), v(pyridine ring) 1420 (s), 820 (s). The symmetric and
asymmetric stretching modes of the NO, group in PhNO, were
unambiguously assigned to ,(NO,) 1520 (vs) and 1,(NO,) 1340
(vs). No singular signals could be associated with 0-PhCl, and PhCN.

Synthesis of {Fe"(L"*)[Ag,(CN);]1[Ag(CN),]}-H,0 (3:H,0).
Crystals of 3-H,O were obtained by slow diffusion of solutions of
three reagents placed in a modified H-shaped vessel with three arms,
the arm in the middle being broader than the peripheral arms. This
feature was introduced due to the high insolubility of LN* (a high
volume of solvent was needed to dissolve the appropriated amount of
ligand). The peripheral vessel arms contained Fe(BF,),-6H,0
(0.05925 mmol, 20 mg) and K[Ag(CN),] (0.1185 mmol, 23.7
mg), respectively; the central vessel arm contained a solution of LN*
(0.05925 mmol, 28.6 mg, dissolved in 7 mL of CHCL,). Finally, the
tube was filled completely with methanol and sealed. Orange single
crystals of 3-H,0 appeared within 4 weeks, in low yield (ca. 20%).

EDX analysis (energy dispersive X-ray analysis) confirmed the
stoichiometric relationship between metallic coordination centers: for
3-H,0, Fe:Ag = 1:3.

Complex 3-H,0. Anal. Calcd for C3oH,Ag;FeN,O (1010.10): C,
46.37; H, 2.00; N, 12.48. Found: C, 46.59; H, 2.10; N, 12.73. IR
(em™): ¥(C=C) 2212 (w), ¥(C=N) 2150 (m), v(C=N) 1604
(vs), v(pyridine rings) 1419 (s), 813 (s).

Physical Characterization. Variable-temperature magnetic sus-
ceptibility measurements were performed on samples (20—30 mg)
consisting of crystals, using a Quantum Design MPMS2 SQUID
susceptometer equipped with a 5.5 T magnet, operating at 1 T and at
temperatures in the range 300—1.8 K. Experimental susceptibilities
were corrected for diamagnetism of the constituent atoms by the use
of Pascal’s constants. Thermogravimetric analysis was performed on a
Mettler Toledo TGA/SDTA 85le instrument in the 290—800 K
temperature range under a nitrogen atmosphere with a rate of 10 K
min~".

Single-Crystal X-ray Diffraction. Single-crystal X-ray data were
collected with an Oxford Diffraction Supernova diffractometer. In all
cases, Mo Ka radiation (4 = 0.71073 A) was used. Data scaling and
empirical or multiscan absorption corrections were performed. The
structures were solved by direct methods with SHELXT or SIR2004
and refined by full-matrix least-squares techniques on F* with
SHELXL."® Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were placed in calculated positions and refined in
idealized geometries (riding model) with fixed isotropic displacement
parameters.
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ABSTRACT: The synthesis, structural characterization and magnetic properties of
two new isostructural porous 3D compounds with the general formula
{Fe'(pina)[M'(CN),],}-xMeOH (x = 0-5; pina = N-(pyridin-4-yl)-
isonicotinamide; M' = Ag' and x ~ 5 (1xMeOH); M' = Au' and x ~ 5 (2
xMeOH)) are presented. The single-crystal X-ray diffraction analyses have revealed
that the structure of 1-xMeOH (or 2-xMeOH) presents two equivalent doubly
interpenetrated 3D frameworks stabilized by both argentophilic (or aurophilic)
interactions and interligand C=O---HC H-bonds. Despite the interpenetration of
the networks, these compounds display accessible void volume capable of hosting
up to five molecules of methanol which interact with the host pina ligand and
establish an infinite lattice of hydrogen bonds along the structural channels.
Interestingly, the magnetic studies have shown that solvated complexes 1:xMeOH
and 2-xMeOH display two- and four-step hysteretic thermally driven spin
transitions, respectively. However, when these compounds lose the methanol molecules, the magnetic behavior changes
drastically giving place to gradual spin conversions evidencing the relevant influence of the guest molecules on the spin-
crossover properties. Importantly, since the solvent desorption takes place following a single-crystal-to-single-crystal
transformation, empty structures 1 and 2 (x = 0) could be also determined allowing us to evaluate the correlation between
the structural changes and the modification of the magnetic properties triggered by the loss of methanol molecules.

 Without MeOH|

200 260 300

B INTRODUCTION 2 decades, many scientific groups have focused a special
attention on two-dimensional (2D) and three-dimensional
(3D) systems and, especially, on complexes presenting the
Hofmann-like clathrate topology {FelI(L),[M"(CN),]} (x =1
or 2; M = Pt', Pd", or Ni"), probably due to their attracting
SCO properties,” host—guest chemistry,”® and the possibility
of obtaining them as nanoparticles’ ' or thin films.">"
Hence, when L is a monotopic ligand, these compounds
display 2D structures formed by planes that are pillared
presenting poor, if any, porosity.'* Conversely, if L is a ditopic
bridging ligand, then the resulting complexes exhibit 3D
topologies and use to be porous structures.

Another well-known synthetic approach deals with introduc-
ing dicyanometalates anions ([Ag'(CN),]™ or [Au'(CN),]7)
instead of the [M"(CN),]*~ ones giving place to compounds
of the type {Fe!'(L)[M!(CN),],}.” In this case, the high void
space volume of the 3D generated structures is occupied by
interpenetrating two (or more) networks. The first examples of

The spin crossover (SCO) is a molecular phenomenon
observed for first row d*—d’ transition metal complexes that
involves the reversible conversion between the low spin (LS)
and the high spin (HS) electronic states. This spin-state
switching, that has been mostly studied for Fe" complexes, can
be induced by the application of external perturbations
(temperature or pressure changes, light, or guest molecules
adsorption)'~* and, importantly, leads to the modification of
many physical parameters, i.e., the magnetic response,
dielectric constant, color, or volume of the material. Indeed,
this fascinating external perturbation-physical change coupling
makes of this kind of complexes promising materials for their
further practical applications.

The versatility offered by the coordination chemistry when
designing and synthesizing new SCO materials provides the
possibility of accessing to multitude of different structural
topologies and dimensionalities.”® This rational way of

synthesis is crucial because the control of the degree of this kind of compounds were published in 2002 by our group,
connectivity between SCO centers is directly related to the
cooperativity of the system and therefore is the key to Received: April 24, 2019
modulate and predict the spin transition properties. In the last Published: July 16, 2019
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(b) 1:xMeOH

oHol

Figure 1. (a) Structure of the ligand pina. (b) Single crystals of compound {Fe"(pina)[Ag'(CN),],}-*MeOH (left) and {Fe"(pina)[Au'(CN),],}-
xMeOH (right) in mother liquor (1-xMeOH and 2-xMeOH, x ~ S) and desolvated dry product (1 and 2, x = 0).
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Figure 2. Ranges of 20 = S—35° (right) and 260 = 6—7.5° (left) of the X-ray powder diffraction patterns for 1 (blue line) and 2 (red line), collected
at room temperature. Simulated spectra of solvated (1'xMeOH sim (110 K) and 2-xMeOH sim (120 K)) and empty (1 sim (250 K) and 2 sim

(225 K)) are also shown for comparison.

being M' = Ag' and L = pyrazine (pz), 4,4 -bipyridine (4,4'-
bipy), or bis- pyrldll ethylene (bpe) which acted as ditopic
bridging ligands."® The magnetic measurements showed that
the pyrazine derivative is in the LS state in the studied
temperature range, whereas the 4,4'-bipy based complex is HS
in all range of temperatures although an incomplete SCO can
be induced by applying an external pressure of at least 4.6 kbar.
Besides, the bpe derivative displays an incomplete SCO curve
with a wide hysteresis (95 K) at room pressure.

This family of compounds has been enlarged in the past
decade by the use of a number of bridging hgands such as
bpac,'®"” bpmp,'® bpben,'”*° pz,”"** 4,4"-bipy,® bipytz/
bipydz,*>** 2,5-bpp,”* 4-abpt,”® Fpz,*” and naphty.28 Interest-
ingly, despite their interpenetrated nature, most of these
frameworks are able to host guest molecules showing an
interplay between the host—guest chemistry and the SCO
behavior. Moreover, in some of them,***® the adsorption of
guest molecules induces the apparition of hysteretic multi-
steeped spin transitions which are relatively rare but very
interesting since they allow for the possibility to act as a
multiswitching system. According to these studies, the
multistep phenomenon stems from strong and directional H-
bonds generated between the trapped solvents and the pillar
ligand that may provoke symmetry breaking during the SCO.

Here, we report on the synthesis, crystal structures, and
magnetic behavior of two new doubly interpenetrated 3D
Hofmann-type clathrates formulated as {Fe'(pina)-
[M!(CN),],}-«MeOH [being x a value between 0 and $;
pina = N-(pyridin-4-yl)isonicotinamide (Figure la); M' = Ag'
and ¥ ~ 5 (1'xMeOH) or M' = Au' and x ~ § (2:xMeOH)]
and its desolvated forms 1 and 2 (x = 0). The novelty of the
pina bridging ligand, which was previously used to design other

SCO-active® (and -inactive)®® Fe!' complexes, is that both
carbonyl and —NH moieties of the amide group are susceptible
of interacting via H-bonding with the adsorbed guest
molecules. Indeed, our magnetic characterizations show a
strong impact of the presence of intrapore methanol guest
molecules on the SCO properties and, in particular, reveal the
generation of hysteretic multistep spin transitions presumably
related to the presence of host—guest H-bonding interactions.

Bl RESULTS

Synthesis. The slow diffusion of Fe(BF,),-6H,0, pina
ligand, and the corresponding K[M'(CN),] salt (M' = Ag' or
Au') in methanol solutions yielded, after 2 weeks, single
crystals corresponding to compounds {Fe''(pina)-
[Ag'(CN),],}-xaMeOH (1-xMeOH) or {Fe'(pina)-
[Au'(CN),],}-aMeOH (2:4MeOH) with x =~ 5. Out of the
mother liquor, the included ca. 5 molecules of methanol
undergo rapid desorption provoking loss of crystallinity and
apparent change of color from orange to almost black and from
yellow to dark orange for samples 1-xMeOH and 2:xMeOH,
respectively (Figure 1b), giving rise to desolvated counterparts
1 and 2. Figure 2 displays the X-ray powder diffraction patterns
of 1 and 2 recorded at 298 K (blue and red spectra,
respectively) together with the simulated ones from single-
crystal X-ray diffraction data for 1'xMeOH, 2:xMeOH, 1, and
2 (vide infra) also depicted for comparison. Although the
powder samples of 1 and 2 present low crystallinity, the
similarity of the spectra confirms that both compounds are
essentially isostructural since the most intense peaks are clearly
reproduced for both derivatives, in particular those in the
intervals of 6—7° and 15-20°. Moreover, they are also
comparable to the simulated patterns of the compounds before
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Figure 3. yyT versus T plots for (a) 1:xMeOH and 1 and (b) 2:xMeOH, 2, and 2-xMeOH reads. Red and blue triangles correspond to the cooling
and heating modes for the solvated compounds, orange circles correspond the solvent free derivatives, and gray circles correspond to the
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Figure 4. Aging of the desolvated compounds (a) 1 and (b) 2 monitored through time evolution of the yyT versus T plots.

(1-xMeOH sim [110 K] and 2:xMeOH sim [120 K]) and
after (1 sim [250 K] and 2 sim [225 K]) desorption of the
methanol molecules. Indeed, in spite of the slight differences
observed between the simulated patterns of the solvated and
desolvated samples, it is not straightforward to assess which is
more similar to the experimental spectra. Nevertheless, the
slight downshift of about 0.15° observed for most of the
simulated peaks in the desolvated samples (1 sim [250 K] and
2 sim [225 K]), and especially for the peak centered around 26
6.5° (Figure 2 left), seems to match better with the
desolvated experimental ones. This shift is clearly related to an
increase of the unit cell volume due to a LS — HS transition
(vide infra) whose structural changes facilitate the labilization
and concomitant desorption of the included methanol
molecules. The complete desorption of the methanol
molecules in 1 and 2 was confirmed by thermogravimetric
analysis of samples freshly taken (ca. 15 min) from the mother
solution since no loss of mass was observed between 298 K
and 500—550 K where the decomposition of the samples starts
(Figure S1).

Magnetic Properties. The solvated compounds 1-
xMeOH and 2:xMeOH were measured soaked with their
mother liquor to prevent the desorption of the methanol
molecules. Afterward, the same samples were removed from
the solution to allow the desorption of MeOH to give 1 and 2.
The thermal dependence of the yyT product (where yy is the
molar magnetic susceptibility and T is temperature) for 1
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xMeOH and 2-xMeOH and their desolvated forms (1 and 2),
measured at 1 K min™' in the cooling and heating mode, is
depicted in Figure 3.

At 290 K, 1-xMeOH shows a y T value of 3.0 cm® K mol™,
although it is consistent with an octahedral Fe" ion in the HS
state, this value can be considered lower than that typically
observed (3.3—3.8 cm® K mol™"). This slightly low yyT may
be attributed to an overestimation of the considered mass
which should also vary with the solvent content. This value
remains practically constant down to 245 K when a relatively
sharp drop of yT in two steps takes place reaching a value of
0.1 cm® K mol™" at 150 K. This behavior is consistent with a
complete HS <> LS thermal spin transition. The yyT versus T
curve in the heating mode does not match that of the cooling
mode defining a narrow hysteresis loop ~5 K wide. The critical
temperatures (T.) of 1:xMeOH are T (1) = 215 K, T,(l) =
179 K for the cooling mode, and T,,(1) = 220 K, T,(1) = 185
K for the heating mode (Figure 3a).

Compound 2:xMeOH displays a T value of ca. 3.50 cm®
K mol™ at room temperature indicating that 100% of Fe' ions
are in the HS state (S = 2) but with slightly higher orbital
contributions than 1-xMeOH (Figure 3b). This value remains
constant until 210 K when the yy,T product decreases abruptly,
first reaching a tiny plateau at 194 K which corresponds to 25%
LS/75%HS state and, later, a second wider plateau between
185 and 150 K consolidating a S0%LS/50%HS mixed spin
state. Further cooling of the sample unveils two additional
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Table 1. Crystallographic Parameters for the Studied Compounds at Different Temperatures

compound 1-xMeOH
T (K) 110

empirical formula

CyoHyFeAg,N;0¢

1
250

C,sHgFeAg,N,0

M, 735.09 574.88

crystal system

space group P2,/n P2,/m

a (A) 16.4143(9) 10.585(2)

b (A) 10.2435(5) 10.588(2)

¢ (A) 17.1163(8) 13.659(2)
104.701(5) 96.70(2)

V (A% 2783.7(2) 1520.4(4)

z 4 2

D, (mg cm™) 1.754 1.256

F(000) 1464 552

#(Mo Ka) (mm™) 1.953 1.757

2:xMeOH 2
120 225
CissHiosFeAu,N;O, ¢ C,sHyFeAu,N,0
768.59 753.07

monoclinic

P2,/n P2,/m
16.3264(4) 10.327(2)
10.1192(2) 10.3245(14)
17.0738(4) 13.491(2)
105.493(2) 93.689(11)
271827(11) 1435.4(3)
4 2
1.878 1.742
1394 680
11.310 10.706

Figure 5. (a) ORTEP representation of the Fe' environment displaying the numbering of the asymmetric unit for 1 xMeOH. (b) Fragment of the
two 3D interpenetrated networks denoted in beige and blue. (c) View of the C=0--HC hydrogen-bonding (red and white dashed) and

metallophyllic interactions (blue and white dashed).

steps giving an almost complete SCO curve. The steps are
separated by a narrow plateau centered at a yT value of ca.
1.40 cm® K mol™ at 142 K which involves and additional y, T
drop of ca. 15% reaching a & 65LS/35HS state. In the heating
mode, the steeped spin transitions for the last three steps are
shifted to higher temperatures generating thermal hysteresis of
2, 16, and 17 K, for the second, third, and fourth step,
respectively. The critical temperatures, extracted from the
0(yuT)/OT versus T plot (Figure S2), are T (1) = 199 K,
To(l) = 191 K, T4(1) = 144 K, T,,(1) = 137 K for the
cooling mode, and T, (1) = 199 K, T,(1) = 193 K, T5(1) =
160 K, T.,(1) = 154 K for the heating mode.

As observed in Figure 3, freshly prepared 1 and 2 samples
display substantial changes in the magnetic properties. At 300
K, the yyT values for 1 and 2, 3.00 and 3.3 cm® K mol™,
respectively, are similar to those of the corresponding solvated
forms. However, upon cooling down, an almost complete but
much more gradual HS — LS spin state conversion without
marked steps takes place. The yyT attains values of 0.4 cm® K
mol™ (1, Ty} =204 K) and 0.2 cm® K mol™ (2, T 5} =225
K) at 50 K. The T versus T plots in the heating mode do not
match those observed in the cooling mode, thereby generating
a hysteresis of 3 K (T/,1 = 204 K) and 9 K (T,1 = 234 K)
for 1 and 2, respectively. Interestingly, evolution of these yyT
versus T plots was observed during a period of 2 weeks. As
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shown in Figure 4, the SCO behavior becomes extremely
gradual and incomplete with high percentages of HS and LS
centers at low and high temperatures, respectively. Compar-
ison of the PXRD patterns of 2 freshly prepared and 2 weeks
later shows that the most characteristic reflections of the
structure can be identified in both patterns, namely, [0 0 1] at
20 = 6.5° (d = 13.56 A) associated with the first-order
reflection of planes containing the {Fe,[Au(CN),],} layers
(vide infra) and the subsequent second- (260 = 13.04°%; d = 6.78
A), third- (20 = 19.61°; d = 4.52 A), and fourth-order (20 =
26.25% d = 339 A) planes. This indicates that the main
features of the structure remain in aged sample 2 (see Figure
S3).

After immersing 1 in pure methanol for 1 month, the almost
black crystals (Figure 1) recover neither the orange color nor
the original spin transition properties of 1'xMeOH indicating
the irreversibility of the desolvation process. In contrast, and
despite being isostructural, in the same conditions, the dark
orange crystals of 2 become bright yellow (Figure S4) and
essentially recover the HS <> LS thermal spin transition likely
due to the readsorption of MeOH molecules yielding 2-
xMeOH reads. Effectively, 2:xMeOH reads shows the four-
step spin transition of genuine solvated 2:xMeOH although
presenting a ~10 K down shift of the critical temperatures as
well as an increase by S K of the hysteresis width (T,,(]) = 189
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K, To(l) = 181 K, Ty(1) = 134 K, and T.4(1) = 126 K for the
cooling mode, and T, (1) = 194 K, T,(1) = 189 K, T5(1) =
156 K, and T,,(1) = 150 K for the heating mode (see gray line
in Figure 3b).

Single Crystal X-ray Diffraction (SCXRD). Given the
lability of the MeOH molecules in compounds 1-xMeOH and
2:xMeOH, the crystals were picked directly from the mother
liquor, immersed in oil and immediately placed on the
goniometer at 110 and 120 K, respectively, and subsequently
their LS crystal structures measured. Then, based on their
magnetic behavior and trying to avoid any desorption of
MeOH preserving the quality of the single crystals, the
structures of the corresponding HS states were measured at the
lowest possible temperatures, namely, 250 and 225 K,
respectively. As we will see, the resulting structures
corresponded to those of desolvated 1 and 2 forms. The
relevant structural parameters are shown in Table 1.

Compounds 1:xMeOH and 2:xMeOH crystallize in the
monoclinic P2,/n space group. Tables S1 and S2 contain a list
of significant bond lengths and angles, respectively. Both
solvated complexes are isostructural and will be described
simultaneously. The Fe" defines slightly elongated [Fe''N]
octahedral sites with the axial positions occupied by the pina
ligand and the equatorial positions by the CN moiety of two
crystallographically distinct [M'(CN),]™ anions (Figure Sa).
The average axial Fe—N,, bond length, 1.996 A (1:xMeOH)
and 1.998 A (2-xMeOH), are slightly larger than the equatorial
Fe—N,, one, 1.929 A (1-xMeOH) and 1.928 A (2:xMeOH).
These values are typical for the Fe' ion in the LS state in
agreement with the magnetic properties.

The two crystallographically distinct [M'(CN),]™ groups are
essentially linear and connect two adjacent Fe'' centers
defining a stack of almost planar 2D {Fe"'[M'(CN),]},, grids.
The layers are pillared by the axial pina ligands, thus defining a
3D framework with typical pcu topology. Although the two
pyridine rings of the pina ligand are ordered, the asymmetric
amide moiety that connects both rings is disordered and has
been modeled in two positions with 50% occupational
distribution (Figure SS). The open nature of the framework
allows the interpenetration of a second equivalent network
(Figure Sb) in such a way that the pina ligands of one
framework threads the {Fe,[M'(CN),],} windows of the
other framework. In addition to argentophyllic [Ag--Ag =
3.080 A, 1'’xMeOH] or aurophyllic [Au--Au = 3.131 A, 2-
xMeOH] short contacts, there have been observed reciprocal
C=0--HC interactions [C=0(1)--C(11) = 3.260(14) A
and C=0(1)--C(12) = 3.37(2) A] for 1'xMeOH and [C=
O(1a)-C(11) = 3.33(2) A and C=0(1b)---C(12) = 3.28(2)
A] for 2:xMeOH established between the C=0 moiety and
the pyridinic hydrogen atoms of adjacent pina ligands
belonging to different frameworks (see Figure Sc).

The free space of the structure is filled with solvent
molecules but the results denote the mentioned marked lability
of the MeOH molecules even at low temperatures (Figures 6
and S6). Regarding compound 1:xMeOH, five methanol
molecules per Fe' are located in defined positions with
occupancies ranging from 0.5 to 1 (although for practical
reasons the structure has been modeled with an occupancy
equal to 1 for all methanol molecules), whereas for 2-xMeOH,
due to their even larger lability, only one discrete methanol
molecule with an occupancy of 0.5 could be observed. This
latter methanol molecule interacts with the —~NH moiety of the
pina ligand via H-bonding (2.84(4) A). However, in the case
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Figure 6. Top view of the two interpenetrated networks displaying
the MeOH guest molecules. The red and white dashed lines represent
the C=0---HC connections between the interpenetrated frameworks.

of complex 1'xMeOH, an infinite virtual intricate H-bonding
lattice is generated throughout the channels of the structure:
three of the five guest methanol molecules interact directly
with the amide group of the pina ligand [two of them are
connected to the —NH moiety (N(7)-+-0(2) = 2.92(3) A and
N(7)-+0(3) = 3.22(3) A) and the other is connected with the
carbonyl group (O(4)-~-O(1)=C = 3.14(2) A)]. Besides, all
methanol molecules are interconnected in such a way that they
establish intra- and internetwork communications between
pina ligands through H-bond interactions (Figure S6). The
distances of the strongest H-bonds found are summarized in
Table 2, and the most relevant interatomic distances and
angles are showed in Tables SI and S2.

In order to characterize the HS state taking into account the
lability of the MeOH molecules, we measured the crystals at
temperatures as low as possible according to their magnetic
curves (Figure 3), namely, at 250 K for 1-xMeOH and 225 K

Table 2. Selected H-Bond Lengths (A) Found in
Compounds 1'xMeOH, 2:xMeOH, 1, and 2

1-xMeOH 2:xMeOH 1 2
H-bond (110 K) (120 K) (250 K) (225 K)
01-04 3.14(2)
02-03" 3.35(2)
02-06" 2.73(3)
03-04 3.73(3)
03-05" 2.82(3)
04-05 3.50(3)
05-06 2.69(3)
02-N7 2.92(3) 2.84(4)
03-N7" 3.22(3)
01-Cl11° 3.260(14)
01-C12¢ 3.37(2)
Ola—C11¢ 3.33(2)
0o1b—C12¢ 3.28(2)
01-C4° 3.51(6)
01-C5° 3.60(6)
o1-c4/ 3.47(5)
01-Cs/ 3.48(5)

Cx+3/2,y—1/2,—2+3/2.P—x +3/2,y + 1/2.“—x + 1, —y + 2,
—z+ 1. %x+2, -y, =z —x+2, -y +1, —z x4 1, -y +1, -z
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Figure 7. Two operative hydrogen bonding C=0---HC interactions established between consecutive pina ligands of different interpenetrated
frameworks in 1 and 2: (a) Reciprocal interactions generated between pina ligands with parallel pyridine groups; (b) nonreciprocal interactions

arisen from the two orthogonal possible orientations of the pyridine rings.

for 2:-xMeOH. Upon increasing the temperature both
compounds display a crystallographic transformation from
the P2,/n (monoclinic) to the P2,/m (monoclinic) space
group. As we will see below, this change of symmetry seems to
be most likely driven by a complete loss of solvent molecules.

Although the crystal structure is essentially very similar to
that described above for the LS state, it presents several
important differences: (i) The Fe—N average distance
increases by 0.198 A for 1 and 0.111 A for 2, indicating that
whereas the former presents a practically complete LS — HS
spin transition, only 50—60% of the Fe' ions switch to the HS
state for the latter. (i) Unlike the LS structures, the pyridine
rings and the amide moiety of the pina ligand are disordered in
two different orientations with respect to the b axis (Figure
S7). (iii) Although the C=0---HC contacts are kept in the
framework, they are significantly weaker (C=0(1)--C(4) =
3.51(6) A and C=0(1)--C(5) = 3.60(6) A for 1; C=0(1)---
C(4) = 3.47(5) A and C=0(1)--C(5) = 3.48(5) A for 2).
(iv) Due to the positional disorder of the pina ligand, the C=
O--HC interactions are not only reciprocally established
between adjacent pina pairs as previously shown for 1-xMeOH
and 2:xMeOH in Figure Sc and schematized in Figure 7a but
also between a given pina ligand and two different neighboring
pina ligands (red dashed lines in Figure 7b). (v) The
argentophyllic and aurophyllic interactions are weakened
(3.110 and 3.155 A). (vi) The lack of meaningful residual
electronic density within the cavities of the structure suggests
that no solvent molecules, x &~ 0, remain within the structural
cavities.

B DISCUSSION

The reaction between Fe', [Ag'(CN),]™ or [Au'(CN),]”, and
the ditopic pina ligand has originated two new porous 3D
Hofmann clathrates with general formula {Fe''(pina)-
[M!/(CN),],}-«MeOH (M' = Ag' or Au'). On the basis of
the magnetic and structural data, the samples soaked in the
mother liquor are consistent with a value of x &~ § (1-xMeOH
and 2:xMeOH). The yyT versus T plots reveal that both
solvated complexes undergo cooperative spin transitions
featuring two and four steps for 1-xMeOH and 2:xMeOH
derivatives, respectively. However, the labile MeOH molecules
spontaneously desorb affording 1 and 2 when they are out of

the mother liquor. This fact provokes subtle structural
modifications accompanied by dramatic changes in the
magnetic properties. Interestingly, the methanol desorption
process occurs following a single-crystal-to-single-crystal trans-
formation allowing us to determine the structures for both the
solvated and desolvated counterparts and giving the possibility
to relate them with their corresponding SCO properties. The
higher cooperativity observed for the stepped SCO in the
methanol containing derivatives is likely associated to the
efficient transmission of the structural changes occurred during
the SCO in the Fe' environments. This cooperativity may be
promoted by both the intricate H-bonding lattice generated by
the MeOH molecules along the structural channels and by the
reciprocal interframework C=0---HC interactions established
between pina ligands. Contrarily, when the methanol
molecules are desorbed the communication between the Fe'
ions is disrupted thereby affording gradual SCO curves. This
decrease in cooperativity demonstrates the efficiency of the
host—guest and host—host H-bonging interactions in these
systems. Related results were recently reported on analogue
compounds. For example, complex {Fe'!(bipydz)-
[Au'(CN),],}-4EtOH (bipydz = 3,6-bis(4-pyridyl)-1,2-dia-
zine), which presents a four-step hysteretic SCO similar to
that of 2:xMeOH, switches to a gradual one-step spin
transition behavior when it desorbs the ethanol guest
molecules.”® In the same line, whereas compound [Fe''(4-
abpt)[Ag'(CN),],}-2DMF-EtOH (4-abpt = 4-amino-3,5-bis-
(4-pyridyl)-1,2,4-triazole) displays also a SCO in four steps, its
solvent-free counterpart loses completely this property
showing a constant T corresponding to a $50% HS/LS Fe''
ions mixture.”® In addition, compound {Fe'(dpni)-
[Ag(CN),],}-4CH,CN (dpni = N,N’-di-(4-pyridyl)-1,4,5,8-
naphthalene tetracarboxydiimide) shows an evident decrease
of cooperativity and change of SCO nature (from a complete
two steps to an incomplete single step sgin transition) when
reversibly desorbs acetonitrile molecules.”’ All these examples
highlight the close relationship between the host—guest
interactions (and particularly, the H-bonding contacts) and
the occurrence of a multistep SCO behavior.

The high lability of the methanol molecules observed for as-
synthesized 1'xMeOH and 2:xMeOH compounds, even at
temperatures as low as 250 K, did not allow us to characterize
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the intermediate structures associated to the plateaus observed
in the magnetic curves of the solvated complexes. However,
despite the nominal differences in MeOH content between the
single crystals used for the crystal analysis and the methanol
soaked microcrystalline samples used in magnetism, the
average Fe—N bond length inferred from the crystal structures
at 110/120 K correlates reasonably well with the fully
populated LS state expected from the magnetic curves.
When heating up the crystals to 250/225 K, the absence of
meaningful electronic density within the pores in both
structures confirms the desorption of the MeOH molecules
yielding the desolvated frameworks 1 and 2. The variations of
the average Fe—N bond length (AR) observed for 1 and 2 with
respect to the LS structures are AR = 0.198 and 0.111 A,
respectively. On the basis of the fact that the typical AR value
for a complete LS < HS transformation is ca. 0.2 A, these
values are consistent with ca. 99% and 55% transformation
from the LS to the HS state and correlate reasonably well with
the values of yT at the same temperature, which correspond
to ca. 86 and 53% for 1 and 2, respectively. The slight
discrepancies can be ascribed to the time dependence of the
magneto-structural properties observed for both compounds
(although more marked for 2) activated upon the loss of the
solvent molecules. Consequently, the HS fraction at 225/250
K markedly depends on the elapsed time (especially within the
first hours after the desorption) and provokes misfits between
the magnetic and the crystallographic results due to aging.
Unfortunately, the rapid deterioration of the desolvated
crystals quality prevented us from analyzing the aged
structures. A similar time-dependent process of the SCO
behavior was previously reported for the double inter-
penetrated coordination polymer
{Fe"(TPT),,5[Ag'(CN),],}-nSolv (TPT = [(2,4,6,-tris(4-
pyridyl)-1,3,5-triazine]) with NbO structure type.”” In the
latter case, aging was associated with subtle structural
reorganization/relaxation of the structure denoted by a
noticeable decrease, 25%, of the unit cell volume, which was
tentatively related to the flexible nature of the [Ag(CN),]”
moiety, together with mutual displacement and/or compres-
sion of the interpenetrated frameworks. The compression
mechanism was demonstrated for the double interpenetrated
3D coordination polymer {(Znl,);(TPT),}-6CsH;NO, where
desorption/sorption of the nitrobenzene molecules involves
reversible distortion of the interpenetrated frameworks.”” A
similar hypothesis can be drawn for both desolvated derivatives
1 and 2. However, it is clear that the aging process does not
occur exactly in the same way in both compounds since 2
readsorbs reversibly the methanol molecules with subsequent
recovering of the magnetic properties. The small difference in
SCO critical temperature, T/, of about 10 K between the as-
synthesized (2:xMeOH) and readsorbed (2:xMeOH reads)
samples may arise from small differences in methanol content.
Taking into account the isostructural character of both
compounds, it is in principle surprising that, in the same
conditions, 1 cannot recover the original SCO properties
indicating that no methanol is readsorbed. A pure speculative
explanation could be based on the higher flexibility of the
[Ag(CN),]” moiety, namely, its easy tendency to depart from
linearity. This flexibility can conduct to structural differences
characterized by much slower recovering kinetics, which
cannot be expected for 2 due to the much more rigid nature
of the [Au(CN),]™ moiety.

B CONCLUSION

Herein, we have shown that functionalization of a 3D double
interpenetrated porous Hofmann-type coordination polymer
with a pillar ligand such pina, bearing an amide group, favors
the interplay between host—guest and host—host interactions
which have dramatic consequences on the SCO properties of
the material. Similar host—guest effects were already observed
for a series of iron(II) 1D coordination polymers with the
general formula [Fe''L1(pina)]-xsolvent with L1 being a
tetradentate N,0,>~ coordinating Schiff-base-like ligand.”
The spin crossover properties of these compounds turned
out to be highly dependent on the solvent content which in
turn was intimately interacting with the pina ligand via H-
bonding. Similarly, the not-SCO-active 2D compound
[Fe"(NCS),(pina),]-2(CH;CN) not only presents H-bonds
between the amide moieties and the acetonitrile molecules but
also between the pina ligands through C=0---HN contacts.>
Here, we have implemented, for the first time, the bridging
pina ligand to build a 3D structure that exhibits accessible void
volume, ca. 40%, where methanol molecules can be trapped
affording an infinite lattice of H-bonds. Besides, we have
proved the readsorption of the MeOH molecules, thus
recovering the original SCO properties of the Au derivative.
This result opens the door to investigate the adsorption of
other protic and aprotic guest molecules in order to modulate
the steeped SCO characteristics. Furthermore, the double
interpenetrated structure is also stabilized by strong interligand
C=0--HC interactions which are very common in biologic
systems™! but as far as we know are uncommon for 3D SCO
porous compounds.

B EXPERIMENTAL SECTION

Materials. All precursor reagents were obtained from commercial
sources.

Synthesis of Ligand N-(Pyridin-4-yl)isonicotinamide (pina).
First, 2 g of isonicotinic acid (16.24 mmol) and 160 mL of THF were
gently stirred obtaining a white suspension. Hereafter, 1.64 g of
trimethylamine (16.24 mmol, 2.26 mL) was added in one portion,
and the resulting mixture was stirred over 10 min. After cooling down
to 0 °C using an ice-bath, 1.95 g of ethyl chloroformate (18 mmol,
1.71 mL) was added dropwise, keeping the mixture under vigorously
stirring for 30 min. Then, to the ice-cooled white suspension was
gradually added 1.27 g of 4-aminopyridine (13.52 mmol) previously
dissolved in 40 mL of THF, and the mixture was stirred at 0 °C for 1
h. Finally, the solution was allowed to warm up to room temperature
under continuously stirring overnight, registering an apparently
change of color from white to yellowish. THF solvent was removed
under reduce pressure, collecting a white-yellowish powder, which
was washed with K,CO; aqueous solution (10% w/w) [3 X 10 mL),
cold water [2 X 10 mL] and Et,O [2 X 20 mL]. The resulting white
powder was dried completely in a desiccator for S days (yield = 75%).
H NMR (DMSO-dy) = 7.74 (2H, dd), 7.88 (2H, dd), 8.47 (2H, dd),
8.78 (2H, dd).

Synthesis of Complexes 1-xMeOH and 2:xMeOH. A slow
diffusion method using a modified H-shape container with 3 tubes
was used for growing single-crystals of the double interpenetrated
networks {Fe'(pina)[Ag'(CN),],}-xMeOH (1:xMeOH) and
{Fe"(pina)[Au'(CN),],}-*MeOH (2:xMeOH). The peripheral
tubes were filled with 0.1 mmol (33.7 mg) of Fe(BF,),"6H,0 and
0.2 mmol of K[M'(CN),] (39.8 mg [M" = Ag'], 58.0 mg [M' = Au']),
respectively, and finally the center arm was filled with 0.1 mmol (20
mg) of the pina ligand. Afterward, each individual tube was carefully
filled with MeOH and sealed with parafilm. After 2 weeks, orange (1*
xMeOH) and yellow (2:xMeOH) platelet crystals suitable for single-
crystal X-ray analysis appeared within the H tube. Elemental Analysis:
calculated for 1 [C,sHyAg,FeN,0O (574.9) (%)]: C 31.34; H 1.58; N
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17.06. Found (%): C 31.18; H 1.65; N 16.58. Calculated for 2
[CsHoAu,FeN,O (753.1) (%): C 23.92; H 1.20; N 13.02. Found
(%): C 24.12; H 1.22; N 12.93.

Physical Measurements. Variable-temperature magnetic sus-
ceptibility data were recorded with a Quantum Design MPMS2
SQUID magnetometer equipped with a 7 T magnet, operating at 1 T
and at temperatures of 1.8—400 K. Experimental susceptibilities were
corrected for diamagnetism of the constituent atoms by the use of
Pascal’s constants. Powder X-ray measurements where performed on
a PANalytical Empyrean X-ray powder diffractometer (monochro-
matic Cu Ka radiation). Thermogravimetric analysis was performed
on a Mettler Toledo TGA/SDTA 8S5le, in the 290—900 K
temperature range under nitrogen atmosphere with a rate of 10 K
min .

Single-Crystal X-ray Diffraction. Single-crystal X-ray data were
collected on an Oxford Diffraction Supernova diffractometer using
graphite monochromated Mo Ka radiation (4 = 071073 A). A
multiscan absorption correction was performed. The structures were
solved by direct methods using SHELXS-2014 and refined by full-
matrix least-squares on F* using SHELXL-2014.% Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were placed in
calculated positions refined using idealized geometries (riding model)
and assigned fixed isotropic displacement parameters. CCDC
1910594 (1-xMeOH), 1910592 (2:xMeOH), 1910593 (1), and
1910591 (2) contain the supplementary crystallographic data for this
article. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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ABSTRACT: The spin-crossover compound [Fe(n-Bu-
im);(tren)](PF4), shows an unusual long relaxation time of
20 h after light-induced excited spin state trapping when
irradiating at 80 K. This is more than 40 times longer than
when irradiating at 10 K. Optical absorption spectroscopy,
magnetometry, and X-ray diffraction using synchrotron
radiation were used to characterize and explain the different
relaxation behaviors of this compound after irradiation below
and above 70 K. Rearrangement of the butyl chains of the
ligands occurring during the relaxation after irradiation above
70 K is thought to be responsible for the unusually long
relaxation time at this temperature.

B INTRODUCTION

Responsive switchable materials have always attracted wide-
spread attention because they afford excellent study examples
for the understanding of mechanisms involved in phase
transitions and Provide opportunities for future and emerging
technologies.'~

Some of the most investigated switchable molecular
materials are pseudo-octahedral iron(II) spin-crossover
(SCO) complexes. They reversibly switch between the high-
spin (HS, tzg4egz) and low-spin (LS, tzgéego) electronic states by
the action of external stimuli (temperature, pressure, light, and
analytes). Given the antibonding nature of the e, orbitals, the
HS « LS conversion is accompanied by changes in Fe—ligand
bond lengths and angles, which confer bistability (memory) to
the magnetic, optical, dielectric, structural, and mechanical
properties, when elastic interactions between the SCO centers
favor strong cooperativity in the crystal*™® This appealing
feature can be combined with other relevant properties such as
luminescence, electronic transport, chirality, or host—guest
chemistry in a synergetic fashion, thereby transferring their
intrinsic bistable nature to the second property, thus resulting
in multifunctional materials that can be processed at different
levels, from bulk to single molecules.”*

These important attributes have created solid expectancies
for the generation of sensors, actuators, and spintronic devices

ACS Publ]ca‘tions © 2018 American Chemical Society 12870
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based on the on—off switching properties of the SCO
materials.””'* In this context, light is a desirable channel for
triggering the HS <> LS switch since it may improve flexibility
and storage density in such devices.' ™ In fact, it is possible to
achieve a quantitative LS — HS conversion in Fe'' SCO
complexes by irradiating the sample in the UV—vis or near-IR
regions at low temperature, typically at 10 K. This
phenomenon is known as light-induced excited spin state
trapping (LIESST).'> The lifetime of the photogenerated
metastable HS state is inversely proportional to the thermal
SCO temperature, T/, at which the molar HS and LS
fractions are equal to 0.5 and the Gibbs free energy difference
AGy, is equal to 0.'®'7 The kinetic stability of the
photogenerated HS state can be roughly estimated following
a precise protocol that determines the characteristic temper-
ature Tppgsr at which the photogenerated HS state relaxes to
the LS state within a few minutes.'® The goal is to correlate
Tygsst — T3/, data with relevant structural parameters that
may help chemical design aiming at increasing T'gssr toward
room temperature. The FeNg core, determined by the nature
of the ligands, plays a crucial role in the magnitude of Tygssr-
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In pure SCO compounds Tygssr values are usually in the
interval 20—100 K.

On the other hand crystallographic studies are crucial to
provide knowledge of the structural rearrangements occurring
during the spin transition.'” Different kinds of phase
transitions can accompany the spin crossover, for example,
order—disorder transitions ori%_inating from the counter-
anions,”®™%° the solvent,”*™*’ or some part of the
Iigand.22'28730

[Fe(n-Bu-im)stren](PF4), [(n-Bu-im);(tren) = n-
butylimidazoltris(2-ethylamino)amine] has a complex behavior
previously studied by magnetic measurements. Two different
thermal spin transitions have been observed depending on the
sweeping rate of the temperature.”’ For a scan rate of 4 K/min,
the SCO between the HS and the LS phase (called LS,) is
characterized by an average critical temperature of 122 K with
a hysteresis loop of 14 K, while for a slower scan rate of 0.1 K/
min the SCO between the HS phase and a different LS phase
(called LS,) is characterized by an average critical temperature
of 156 K and a hysteresis loop of 41 K. For intermediate scan
rates, coalescence of the two hysteric behaviors is observed.
The phase transition occurring between the HS and LS states
involves several conformational changes of the butyl chains of
the substituent of the ligand. Besides the usual HS to LS FeNy
coordination sphere rearrangements, the HS and LS,
structures only differ by moderate structural modifications.
The HS and LS, structures, on the other hand, strongly differ
from each other in the orientation of several butyl groups and
of the counteranions. In other words, the two different LS
phases, LS, and LS,, present remarkable structural differences.
Consequently, the crystal packing is different due to different
C--F contacts between the complex and the PFs~ groups. In
the HS phase, only one discrete C---F interaction is produced,
whereas in the case of the LS, and LS, phases, many
interactions are present.

Herein, the scan rate dependence of the thermal spin
transition of [Fe(n-Bu-im);tren](PF), is confirmed, and the
LIESST behavior of the LS, and LS, phases is investigated by
single-crystal optical absorption spectroscopy measurements
and X-ray diffraction. Irradiating LS, below 70 K quantitatively
photogenerates an HS state, which relaxes within half an hour
at 80 K. Unexpectedly, irradiating LS, at the relatively high
temperature of 80 K quantitatively photogenerates another HS
state, which relaxes unusually slowly, in around 20 h. The
structures of both HS states were characterized by single-
crystal diffraction, and the structural rearrangements explaining
the long relaxation after irradiation above 70 K were monitored
by synchrotron single-crystal X-ray diffraction.

B EXPERIMENTAL METHODS

Single-Crystal Optical Absorption Spectroscopy. Single
crystals of [Fe(n-Bu-im);(tren)](PF4), were mounted on a copper
plate with a previously drilled hole of approximately 150 um in
diameter. One crystal was deposited in the middle of the hole and
fixed with silver paste to ensure a good thermal conductivity. The
sample was then introduced into a closed cycle cryostat (Janis-
Sumimoto SHI-4.5), which operates between 4 and 300 K and is
equipped with a programmable temperature controller (Lakeshore
model 331). The cryostat was introduced into a double-beam
spectrometer (Varian Cary 5000).

In all experiments, an LS reference spectrum was first collected at
10 K. Then the sample was irradiated with a 690 nm laser, which
corresponds to the tail of the LS band centered at 669 nm, during 10

12871

min at 10 mW/mm? and a reference HS spectrum was recorded
likewise at 10 K. The HS fraction (yys) was obtained using eq 1.

Yus = (ODy5 — OD;)/(OD;g — ODyq) (1)
where OD/ is the optical density of the LS state, ODyg is the optical
density of the HS state at 10 K, and ODy is the optical density at a
given temperature. The optical density is corrected from an eventual
baseline jump or shift by taking the difference between the OD at 600
nm and the OD at 750 nm, where there is no noticeable absorption in
the two states.

In the case of the LIESST experiment, after irradiation at 10 K, the
temperature was quickly raised to the desired temperature for the
relaxation measurement (at about 20 K/min), and spectra were then
recorded in appropriate time intervals during the relaxation. In the
case of the LIESST experiment at 80—100 K, the irradiation and the
relaxation were performed at the same temperature. In these cases J;5
is calculated using eq 1 but replacing OD; by OD, , which is the
optical density at a given time during the relaxation.

Synchrotron-Based X-ray Diffraction. The thermal and photo-
induced spin transitions were studied using X-ray diffraction at the
Swiss Norwegian Beamline at the European Synchrotron Radiation
Facility in Grenoble (France). The same diffractometer equipped with
a 2D PILATUS2M detector was used for single-crystal and powder
diffraction experiments. The temperature was controlled using an
Oxford Cryostream 700. All the samples (single crystals and powders)
were placed in Mitegen Kapton loops.

For single crystals, 360° phi-rotations of 6 min each were collected.
Data were integrated with CryAlis Pro.”” Further X-ray data analyses
were carried out using the Olex* Crystallography Software®® and
Shelxl.** For the relaxation experiment, the samples were irradiated at
90 K with a DPSS 690 nm laser during around 10 min at 10 mW/
mm?.

For powders, the powder was obtained by carefully crushing a few
single crystals of [Fe(n-Bu-im);(tren)](PF4),. For the thermal
transition, the scan rate was 4 K/min. The relaxation was followed
by recording diffraction patterns every 22 s. The 2D data were
integrated using the SNBL-homemade software BUBBLE.*® Further
X-ray data analyses were carried out using the Topas academic
software.*

Home-Lab X-ray Diffraction. The single-crystal diffraction data
for the 10 K thermally quenched and 125 K thermally quenched states
were collected with an Oxford Diffraction SuperNova diffractometer
equipped with an Atlas CCD detector, using either a helium open-
flow cryosystem (Oxford Diffraction Helijet), or a nitrogen cryo-
stream cooling device, depending on the temperature. The unit-cell
determination and data reduction were performed using the CryAlis
Pro®” program suite on the full data set. An analytical absorption
correction was carried out. The crystal structures were refined on F>
by weighted full-matrix least-squares methods using the SHELXL97
program.**

The 25 K diffraction data was collected using a Nonius Kappa
CCD diffractometer equipped with a Helix He cryosystem. In a first
step, the small-size (100 #m) single-crystal sample was quickly cooled
to 120 K, then slowly down to 25 K in the LS, state. A complete data
set on the LS state was recorded at 25 K. The sample was then
irradiated with a laser at 532 nm (laser power of 10 mW, enlarging the
beam to ensure a homogeneous irradiation) for 1 h while
continuously rotating the crystal, and a complete data set on the
HS state was then recorded. The diffraction data were integrated and
reduced using the HKL package.”” An empirical absorption correction
was applied. The crystal structures were refined on F* by weighted
full-matrix least-squares methods using the SHELXL97 program.54

Magnetic Measurements. Magnetic susceptibility measurements
were carried out on a Quantum Design MPMS2 SQUID
susceptometer equipped with a 5.5 T magnet, operating at 1 T and
from 300 to 1.8 K. Irradiations were performed at 690 nm.
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B RESULTS AND DISCUSSION

Thermal Spin Transition. Crystals of around 20 + 1 ym
thickness were used for all the measurements. The dependence
of the thermal spin transition behavior with the scan rate of the
temperature observed by Real et al®' was confirmed by
absorption spectroscopy measurements (see Figure S1 in the
Supporting Information for more details) and powder
diffraction measurements (Figure S2). By looking more
carefully at the 3D plots of the powder diffraction measure-
ments, it is possible to observe that the transition is mainly
associated with an intensity change of the HS and LS peaks
without large shifts of the peaks in both heating and cooling.
This can be associated with a nucleation and growth
phenomenon.*® Furthermore, the HS — LS, thermal
relaxation was followed by optical spectroscopy at different
temperatures around the HS—LS, thermal transition. This
confirmed that the relaxation rate decreases with the
temperature, which is in line with a first-order phase
transition.” The relaxation is strongly sigmoidal due to the
kinetics of the crystallographic phase transition, reflecting the
nucleation and growth mechanism (Figure S3).

Kinetics of the HS — LS, Relaxation. HS — LS,
Relaxation after Irradiation of the LS; Phase at 10 K
Followed by Absorption Spectroscopy. The LS, phase was
obtained using a cooling rate of 4 K/min. The absorption
spectrum collected after irradiation at 10 K corresponds to a
pure HS state (Figure S4a). Considering the Typgsr(HS) value
of 79.8 K (Figure S14a), we selected six temperatures for the
relaxation: 80, 77.5, 75, 72.5, 70, 65, and 60 K. For all the
temperatures, a plateau is present in the relaxation curves when
the HS fraction is around 0.5 (Figure 1 and Figure S7). This
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Figure 1. Evolution of the normalized photoinduced HS fraction as a
function of time at various temperatures for the HS — LS, relaxation
after irradiation of the LS, phase. All the experiments start from a
quantitative population of the HS state at 10 K followed by a
relaxation at the indicated temperature.

can be due to a specific structural reorganization, which could
be, for example, an ordering of the HS and/or LS states.*’
Evidently, the mean-field approach is not appropriate in this
case. Instead, average relaxation rate constants were taken from
the time necessary to relax to yyg = 0.5. The linear evolution of
In ky, vs 1/T indicates that the relaxation from the
photoinduced HS state to the ground state LS, is quasi
thermally activated (Figure SSa). An activation energy of 10.2
kJ/mol (850 cm™) was extracted from the slope of the
Arrhenius plot. This indicates that we are in a transition regime
between low-temperature tunneling and classical behavior.*'
HS — LS; Relaxation after Irradiation of the LS; Phase
around T, essr Followed by Magnetometry and Absorption

Spectroscopy. As shown in Figure 2a, the obtained relaxation
curves at 80 K by optical spectroscopy after irradiation at 10
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Figure 2. Evolution of the normalized photoinduced HS fraction as a
function of time at 80 K for the HS — LS, relaxation after irradiation
of the LS, phase at various temperatures. (a) Optical spectroscopy
data. (b) Magnetic data. All the experiments start from a quantitative
population of the HS state by irradiation at the indicated temperature
followed by a relaxation at 80 K.

and 80 K of the LS, phase differ tremendously: irradiating at
80 K leads to a relaxation time close to 20 h—more than 40
times that of the relaxation time observed when irradiating at
10 K (Figure 2a)—with a very long nucleation process of
around 14 h. The relaxation curve is very sigmoidal, with a kink
observed at an HS fraction of around 0.4.

Using magnetometry, we recorded the HS — LS, relaxation
at 80 K after irradiation at different temperatures. We observed
that the relaxation gets longer after irradiation above 70 K
(Figure 2b).

Experiments were also performed by absorption spectros-
copy with irradiation and relaxation at 80, 87, 90, and 100 K
(Figure S8b). At 87 K, the process is considerably faster (total
relaxation time 11 h, nucleation time 4 h), and a second step is
observed after approximately S h when the HS fraction is
around 0.6. At 90 and 100 K the plateau can be still observed,
and the relaxation becomes faster when the temperature
increases.

In summary, irradiation at temperatures above 70 K of the
LS, phase leads to unexpectedly long HS — LS, relaxation
times. The relaxation curves show a plateau for the HS fraction
of around 0.4, and a small change in the irradiation and
relaxation temperature can drastically change the relaxation
time.

Structural Studies. In order to understand the different
relaxation behaviors for the LIESST HS state generated below
and above 70 K from the LS, phase, structural investigations
were carried out using single-crystal X-ray diffraction. In
particular the butyl chains of the ligands, which adopt different
conformations in the already characterized LS,, LS,, and HS
states, were closely examined.

DOI: 10.1021/jacs.8b06042
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Figure 3. Relaxation curve obtained by single-crystal X-ray diffraction using synchrotron radiation at 90 K after irradiation at the same temperature
of the LS, phase. The HS fraction curve (black) is derived from the crystallographic Fe—N distances. The structure of the complex is shown at
three different relaxation times on this curve, with displacement ellipsoids depicted at the 40% probability level. An order/disorder phase transition
takes place in two different butyl groups of the ligand, chains A and B, during the relaxation from HS,"™ to LS,. For each chain, two different
positions of the butyl group are observed, represented with different colors. The occupancy factor defines the proportion of the chain being in the
given position. The evolutions with time of the occupancy factors for chain A and chain B are shown below the relaxation curve.

An LS, structure was obtained at 25 K,** which is similar to
the one reported at 110 K.*' The sample was then irradiated
with a 532 nm laser for 1 h while continuously rotating the
crystal, and an HS structure was obtained (Table S1). The HS
structure of the irradiated sample at 25 K, which we will call
HS, "™, presents a complete ordering of all the alkyl
substituents, in the same conformation as in the LS, state.
There is no noticeable change in the geometry of the ligands
between the LS; and HS, "™ structures, except some structural
rearrangements induced by the different Fe—N bond lengths
between the two spin states (Figure S9, superposition).

Using a liquid-nitrogen cooler, an LS, structure was
recorded around 90 K, which is very similar to the LS,
structure determined at 25 K (Figure S10, superposition).43
The sample was then irradiated at 690 nm with 10 mW/mm?
during 10 min, and the structure of the metastable HS excited
state that we will call HS,*"" was subsequently determined. The
structures of HS,"™ and HS,*" differ: in HS,*", one of the
butyl chains is disordered and another butyl chain is in a
different conformation compared to the structure of LS, or
HS, "™ (Figure S11, superposition).

The HS,*™ — LS, relaxation was also monitored by single-
crystal X-ray diffraction at 90 K after photoexcitation. The time
evolution of the HS fraction was calculated through Vegard’s
law on the Fe—N bond length (eq 2).

r(Fe—N)(t) = MFe—N),¢
hs() = ———————
T(Fe_N)HS - r(Fe_N)Ls (2)

where r(g,_n)(t) is the average Fe—N distance at the time ,
T(Fe-N)ys 15 the average Fe—N distance of the HS state at 90 K

(obtained under continuous irradiation), and r(g,_xy, is the

average Fe—N distance of the LS, state at 90 K. The
corresponding used Fe—N bond length and unit-cell
parameters obtained for all the structures taken during the
relaxation are summarized in Table S3. The relaxation curve
obtained by single-crystal diffraction is compared to the
relaxation curves obtained by absorption spectroscopy in
Figure S8c. The relaxation time indicates a temperature of
around 90 K.

The structures during the relaxation are shown in Figure 3
alongside the obtained relaxation curve. In the photoinduced
HS,*" state, the butyl chain of one ligand is disordered (chain
A) with two randomly distributed orientations (red and violet
chains). The other butyl chains (B and C) are ordered. After
cutting off the laser irradiation, the relaxation proceeds very
slowly for approximately 1 h. During this nucleation time,
disorder grows on chain B (green and orange chains). As the
relaxation becomes faster, chain A orders in one of its initial
orientations (red). Chain B also starts to order, flipping its
initial orientation (from the initial orange chain to the final
green one). Clearly, this order/disorder phase transition that
takes place in two different butyl groups of the ligands is
directly related with the kink observed in the middle of the
relaxation and with the long relaxation time. The rearrange-
ments of the structure create different interaction patterns
between the butyl groups and the counteranions, especially
through the H (butyl)—F(PF¢~) bonds (Tables S4 and SS).

DOI: 10.1021/jacs.8b06042
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positions adopted by chains A, B, and C. Two-colored disks indicate that the chain is disordered over both positions. For the quenched phases, a
small disorder on chain B is sometimes observed, depending on the temperature, but only the main conformation of the chain has been indicated

(see Table S7a).

Alternatively, the unexpectedly long time scale of the HS,*"
— LS, relaxation was also monitored by magnetic measure-
ments (Figure S15) and synchrotron-based X-ray powder
diffraction (Figure S16). The time scales of the relaxation
obtained by both techniques are on the same order of
magnitude as the one observed on single crystals. However, the
nucleation time decreases and the relaxation speeds up
compared to single-crystal XRD (Table S6 summarizes the
different relaxation times obtained by the different measure-
ments).

The differences observed between the different measure-
ment techniques can be attributed to the sample preparation.
Indeed, the crushing of the crystals to produce powdered
samples affects the crystal quality. We have also observed that
the exact shape of the relaxation curve differs slightly from
crystal to crystal. Two relaxation cycles on the same crystal
gave reproducible results (Figure S17 and Figure S8d).
However, as shown in Figure S8d, we observed different
relaxation curves on the same crystal after irradiation at 90 K
when going back to room temperature and cooling again to 90
K between the irradiations. Cycling to room temperature
induces cracks and defects in the crystals, which reduces the
size of the domains and cancels the long nucleation time
during which chain B is slowly disordering. As a consequence,
the relaxation time is shortened and the relaxation curve
depends on the size/quality of the crystals.

Finally, quenching of the HS phase by quickly lowering the
temperature gave an HS®*"® phase whose structure is similar
to HS,?™. The relaxation of this quenched phase was studied
by magnetic measurements, and the relaxation time is on the
same order of magnitude as the photoexcited HS,*™ phase
(Figure S18). This is expected, as the same rearrangement of
the butyl chains has to occur during the relaxation.

In Figure 4, the structural diagram of the different HS and
LS states, whose structures are elucidated, is presented. This
system is a very nice example of how multistability can
influence the spin-crossover properties. Two low-spin states

are observed for different cooling rates. Two HS states are also
observed at low temperature, one that can be reached by
irradiation below 70 K and one that can be reached either by
irradiation above 70 K or by quenching of the room-
temperature HS state. The reorganization of the butyl side
chains between these states governs the LIESST relaxation
kinetics.

Kinetics of the HS — LS, Relaxation. HS — LS,
Relaxation after Irradiation of the LS, Phase at 10 K
Followed by Absorption Spectroscopy. The LS, phase was
obtained using a cooling rate of 0.1 K/min. The spectrum
collected after irradiation at 10 K corresponds to a pure HS
state (Figure S4b). Considering the Ty ggsr(HS,) value of S0 K
(Figure S14b), six temperatures for the relaxation were
selected: 55, 50, 45, 40, 35, and 30 K. The relaxation curves
show a slightly sigmoidal behavior (Figure 5). Therefore, they
were fitted within the framework of the mean-field model,**
with the relaxation rate constant k;y; depending not only on
the temperature but also on the LS fraction (eq 3) in such a

30K
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Figure S. Evolution of the normalized photoinduced HS fraction as a
function of time at various temperatures for the HS — LS, relaxation
after irradiation of the LS, phase. All the experiments start from a
quantitative population of the HS state at 10 K followed by a
relaxation at the indicated temperature.
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way that in the differential equation of dyys/df, a new term
that accounts for the cooperative effects is introduced (eq 4).

ki (T, yg) = ki (T) fyg = 0)e™s ®3)

s
dt 4)

In eq 3 Ay is the relaxation rate constant and E, the
activation energy at the beginning of the relaxation, and « is
the acceleration factor. kfj; was obtained from the slope of the
relaxation curve considering only the first relaxation points,
that is, between t = 0 and t &~ 1000 s. The apparent E, value
was then calculated from the slope of an Arrhenius plot (Figure
SSb). The resulting value for E, of 3.3 kJ/mol (276 cm™) is
rather small and indicates that in the temperature interval from
30 to SS K the system is only just above the low-temperature
tunneling regime. This is also born out by the slight curvature
of the Arrhenius plot. The above value of E, has subsequently
been introduced into eq 3 in order to obtain the value of a via
least-squares numerical fitting. The calculated value of a is 1.5
at 35 K (Figure S6) and corresponds to a moderately
cooperative relaxation curve. It should be noted that toward
the end of the relaxation curve, the experimental data deviate
quite strongly from the calculated mean-field curve. Such a
behavior, with a long tail, is indicative of a comparatively large
inhomogeneous distribution of activation energies.**

Opverall, the HS — LS relaxation after irradiation of the LS,
phase (irradiation at 10 K) is faster than the HS — LS
relaxation after irradiation of the LS, phase (irradiation at 10
K). This can be directly correlated with the thermal transition
temperature, which is higher for LS, (see Figure S1).

HS — LS, Relaxation after Irradiation of the LS, Phase
around Ty sy, Studied by Magnetometry. Contrary to what
we observed with the LS, phase, irradiating at higher
temperature does not significantly change the relaxation time
for a given relaxation temperature. The relaxation curves
measured at 45 K overlap wherever the irradiation is
performed at 10 or 45 K (Figure S19a). As expected, the
lifetime of the irradiated HS, is short at 55 K, and no complete
conversion could be reached (Figure S19b). This suggests that
for LS, the photogenerated state is the same, whatever the
irradiation temperature.

_ 0 —E,/kgT a(1-y,)
_kHLe e Hs Yus

Bl CONCLUSIONS

The two different thermal transitions previously observed by
Real et al. with the [Fe(n-Bu-im),(tren)](PFs), compound
have been confirmed by single-crystal optical absorption
spectroscopy. The HS — LS relaxation after irradiation has
been studied for both LS phases after excitation at 10 K. In
each case, we observed a sigmoidal behavior characteristic of
cooperative effects, with a plateau observed only in the HS —
LS, relaxation. The larger E, values obtained for the HS — LS,
relaxation compared to the HS — LS, relaxation (10.2 kJ/mol
compared to 3.3 kJ/mol) agrees with the slower dynamics
found for the HS — LS, relaxation and the thermal
stabilization of the LS, observed during the thermal spin
transition.

For the LS, phase, we observed two relaxation behaviors
depending on the irradiation temperature. Irradiation above 70
K led to an unexpected long relaxation time compared to
irradiating below 70 K. This was explained by the existence of
two different photogenerated HS states: the HS,"™ state,
whose structure was determined under irradiation of LS, at 25

K, and the HS,*™ state, whose structure was determined under
irradiation of LS, at 90 K. The conformations of the butyl
chains of the ligand are identical in the HS,"™ and the LS,
state, whereas two of the HS,*™ butyl chains adopt a different
conformation. Alongside the relaxation, followed by single-
crystal X-ray diffraction, reorientations of the butyl chains
occur through order/disorder transitions. We believe that these
reorientations of the butyl chains are responsible for the long
relaxation time after excitation above 70 K.

Interestingly, an HS™"" state can also be reached via
thermal quenching, with a structure identical to the HS*".
The relaxation time of those structurally identical states are on
the same order of magnitude.

With the exception of a few Fe—Co charge transfer systems
with a cyanide bridge (Prussian blue analogues) there are only
two SCO pure systems that have a Tygggr above 100 K,
while other SCO complexes of Fe(Il) present a Tpyggsr of
around 90—100 K. However, in the present study, a new type
of spin-crossover compound is presented: a spin-crossover
compound with Tjger = 80 K that can be completely
populated back to the HS; by irradiating at 80 K with a
surprisingly high kinetic stability of the photogenerated state.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.8b06042.

Additional magnetic, diffraction, and spectroscopic data
(PDEF)

X-ray crystallographic data (CIF)

X-ray crystallographic data (CIF)

B AUTHOR INFORMATION
Corresponding Authors
*Jose.A.Real@uv.es

*Celine.besnard @unige.ch

ORCID

José Antonio Real: 0000-0002-2302-561X
Céline Besnard: 0000-0001-5699-9675

Notes

The authors declare no competing financial interest.

1On leave from Taras Shevchenko National University,
Department of Chemistry, Volodymyrska Str. 64, Kyiv
01601, Ukraine.

CCDC files 1848626—1848629, 1848631, and 1857201
contain the supplementary crystallographic data for this
paper. The data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/structures. Table S8a indicates to which structure
corresponds each deposited cif. These files and additional cif
files (see Table S8b) are also available as Supporting
Information.

B ACKNOWLEDGMENTS

We are grateful to the Swiss-Norwegian Beamlines (ESRF,
Grenoble) for the provision of synchrotron beamtime.
Financial support from the Swiss National Science Foundation
(Grant No 200020_152780), the French PIA project
“Lorraine Université d’Excellence”, reference ANR-15-IDEX-
04-LUE, and the CPER, The Spanish Ministerio de Economia
y Competitividad (MINECO) (Grants CTQ2016-78341-P

DOI: 10.1021/jacs.8b06042
J. Am. Chem. Soc. 2018, 140, 1287012876



Journal of the American Chemical Society

and MDM-2015-0538), Generalitat Valenciana (Grant
PROMETEQ/2016/147), an EU Framework Program for
Research and Innovation (RISE project number 734322) are
gratefully acknowledged. We are also grateful to Yu Wang for
the structures at 25 K of the LS, and HS,"™ phases.

M REFERENCES

(1) Sato, O. Nat. Chem. 2016, 8 (7), 644—656.

(2) Bennemann, K. H. J. Phys.: Condens. Matter 2011, 23 (7),
073202.

(3) Koshihara, S.-Y. J. Phys.: Conf. Ser. 2008, 21 (1), 7.

(4) Konig, E. Struct. Bonding (Berlin, Ger.) 1991, 76, S1—152.

(5) Giitlich, P.; Goodwin, H. A., Eds. Spin Crossover in Transition
Metal Compounds I In Topics in Current Chemistry, Vol. 233;
Springer-Verlag, 2004.

(6) Halcrow, M. A., Ed. Spin-Crossover Materials: Properties and
Applications; John Wiley & Sons Ltd., 2013.

(7) Molnar, G; Rat, S.; Salmon, L.; Nicolazzi, W.; Bousseksou, A.
Adv. Mater. (Weinheim, Ger.) 2018, Ahead of Print.301703862

(8) Senthil Kumar, K.; Ruben, M. Coord. Chem. Rev. 2017, 346,
176—-20S.

(9) Kahn, O.; Martinez, C. J. Science (Washington, DC, U. S.) 1998,
279 (5347), 44—48.

(10) Prins, F.; Monrabal-Capilla, M.; Osorio, E. A; Coronado, E.;
van der Zant, H. S. J. Adv. Mater. 2011, 23 (13), 1545—1549.

(11) Ohba, M.; Yoneda, K.; Agusti, G.; Munoz, M. C.; Gaspar, A. B.;
Real, J. A,; Yamasaki, M.; Ando, H.; Nakao, Y.; Sakaki, S.; Kitagawa, S.
Angew. Chem., Int. Ed. 2009, 48 (26), 4767—4771.

(12) Salmon, L.; Molnar, G.; Zitouni, D.; Quintero, C.; Bergaud, C.;
Micheau, J.-C.; Bousseksou, A. J. Mater. Chem. 2010, 20 (26), 5499—
5503.

(13) Matsuda, M.; Kiyoshima, K.; Uchida, R.; Kinoshita, N.; Tajima,
H. Thin Solid Films 2013, 531, 451—453.

(14) Shepherd, H. J.; Gural'skiy, L y. A,; Quintero, C. M.; Tricard,
S.; Salmon, L.; Molnar, G.; Bousseksou, A. Nat. Commun. 2013, 4,
3607/1-3607/9.

(15) Decurtins, S.; Giitlich, P.; Kohler, C. P.; Spiering, H.; Hauser,
A. Chem. Phys. Lett. 1984, 10S (1), 1—4.

(16) Hauser, A; Vef, A;; Adler, P. J. Chem. Phys. 1991, 95 (12),
8710—-17.

(17) Hauser, A. Comments Inorg. Chem. 1995, 17 (1), 17—40.

(18) Letard, J.-F. J. Mater. Chem. 2006, 16 (26), 2550—2559.

(19) Collet, E.; Guionneau, P. C. R. Chim. 2018, DOI: 10.1016/
j.crci.2018.02.003.

(20) Matouzenko, G. S.; Luneau, D.; Molnar, G.; Ould-Moussa, N.;
Zein, S.; Borshch, S. A; Bousseksou, A.; Averseng, F. Eur. J. Inorg.
Chem. 2006, 2006 (13), 2671—2682.

(21) Konig, E; Ritter, G.; Kulshreshtha, S. K.; Nelson, S. M. Inorg.
Chem. 1982, 21 (8), 3022—3029.

(22) Matouzenko, G. S.; Bousseksou, A.; Borshch, S. A.; Perrin, M.;
Zein, S.; Salmon, L.; Molnar, G.; Lecocq, S. Inorg. Chem. 2004, 43
(1), 227-236.

(23) Money, V. A,; Elhaik, J.; Radosavljevic Evans, I; Halcrow, M.
A.; Howard, J. A. K. Dalton Trans 2004, 1, 65—69.

(24) Chernyshov, D.; Hostettler, M.; Tornroos, K. W.; Biirgi, H.-B.
Angew. Chem., Int. Ed. 2003, 42 (32), 3825—3830.

(25) Kéonig, E.; Ritter, G.; Kulshreshtha, S. K.; Waigel, J.; Sacconi, L.
Inorg. Chem. 1984, 23 (9), 1241—1246.

(26) Wu, C.-C.; Jung, J.; Gantzel, P. K; Giitlich, P.; Hendrickson, D.
N. Inorg. Chem. 1997, 36 (23), 5339—5347.

(27) Hostettler, M.; Térnroos, K. W.; Chernyshov, D.; Vangdal, B.;
Biirgi, H.-B. Angew. Chem. 2004, 116 (35), 4689—4695.

(28) Miyazaki, Y.; Nakamoto, T.; Ikeuchi, S.; Saito, K.; Inaba, A;
Sorai, M.; Tojo, T.; Atake, T.; Matouzenko, G. S.; Zein, S.; Borshch,
S. A. J. Phys. Chem. B 2007, 111 (43), 12508—12517.

(29) Kusz, J.; Zubko, M.; Neder, R. B.; Giitlich, P. Acta Crystallogr.,
Sect. B: Struct. Sci. 2012, 68 (1), 40—56.

12876

(30) Sheu, C.-E.; Pillet, S; Lin, Y.-C,; Chen, S.-M.; Hsu, L J;
Lecomte, C.; Wang, Y. Inorg. Chem. 2008, 47 (23), 10866—10874.

(31) Seredyuk, M.; Muiioz, M. C.; Castro, M.; Romero-Morcillo, T.;
Gaspar, A. B;; Real, J. A. Chem. - Eur. ]. 2013, 19 (21), 6591—6596.

(32) https://www.rigaku.com/en/products/smc/crysalis.

(33) Dolomanov, O. V.; Blake, A. J.; Champness, N. R.; Schroder,
M. J. Appl. Crystallogr. 2003, 36 (5), 1283—1284.

(34) Sheldrick, G. Acta Crystallogr,, Sect. C: Struct. Chem. 2018, 71
(1), 3-8.

(35) http://www.esrf.eu/home/UsersAndScience/Experiments/
CRG/BMO01/bm01/image.htm/snbl-tool-box.html.

(36) Coelho, A. AJ. Appl. Crystallogr. 2018, S1, 210—218.

(37) Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data
collected in oscillation mode. In Methods in Enzymology; Academic
Press, 1997; Vol. 276, pp 307—326.

(38) Pillet, S.; Legrand, V.; Souhassou, M.; Lecomte, C. Phys. Rev. B:
Condens. Matter Mater. Phys. 2006, 74 (14), 140101.

(39) Landau, L. D; Lifshitz, E. M., Eds. Statistical Physics Part 1;
Pergamon, 1994.

(40) Mariette, C.; Trzop, E; Zerdane, S.; Fertey, P.; Zhang, D.;
Valverde-Munoz, F. J.; Real, J.-A.; Collet, E. Acta Crystallogr., Sect. B:
Struct. Sci,, Cryst. Eng. Mater. 2017, 73 (4), 660—668.

(41) Hauser, A.; Enachescu, C.; Daku, M. L; Vargas, A.; Amstutz, N.
Coord. Chem. Rev. 2006, 250 (13—14), 1642—1652.

(42) A rapid cooling of the sample freezes the HS state at low
temperature, and the lack of control of the temperature of a helijet-
type cooling device above 60 K hampered obtaining the LS, phase at
10 K. We therefore used another cooling device with the lowest
possible temperature of 25 K.

(43) The nominal temperature indicated by the cryostream was 80
K. However, the sample temperature was lower and was determined
to be around 90 K by comparison with the spectroscopic
measurements.

(44) Hauser, A,; Jefti¢, J; Romstedt, H.; Hinek, R.; Spiering, H.
Coord. Chem. Rev. 1999, 190—192, 471—491.

(45) Marcén, S.; Lecren, L.; Capes, L.; Goodwin, H. A.; Létard, J. F.
Chem. Phys. Lett. 2002, 358 (1), 87-95.

(46) Costa, J. S.; Balde, C.; Carbonera, C.; Denux, D.; Wattiaux, A.;
Desplanches, C.; Ader, J.-P.; Giitlich, P.; Létard, J.-F. Inorg. Chem.
2007, 46 (10), 4114—4119.

DOI: 10.1021/jacs.8b06042
J. Am. Chem. Soc. 2018, 140, 1287012876






<
o
‘0
X
‘0
o0
)
=
S
o
g
o0
N
Lag)
=
S
]
L
k=]
<
S
=
3
o
a
=
=
1)
N
-
§
e
=
N
N
=
S
]
L
<=
)
=
=
&
)
2
s
<
@
2
153
153
Q
<
=
L
=3
o

$
Q
=i
5%
2
3
B
£
=}
o
=
=)
<
o
=
o
g
Q
g
g
=)
o]
=
=]
Z
=
5]
=2
=
2
=
£
<
s
=]
=]
g
g
=)
o]
123
2
]
<
2
]
<
o)
=
=]
=
=
L
]
=
153
2
z
o
2
£
<
2
=
=

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue

Discrimination between two memory channels by
molecular alloying in a doubly bistable spin
crossover materialf

\ '.) Check for updates ‘
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Francisco Javier Valverde-Mufioz,* Maksym Seredyuk, *3 Manuel Meneses-
Sanchez,® M. Carmen Mufioz, (£¢ Carlos Bartual-Murgui® and José A. Real {8*@

A multistable spin crossover (SCO) molecular alloy system [Fe; M,(nBu-im)s(tren)l(P;_,As,Fe), (M = Zn",
Ni";  (nBu-im)s(tren) = tris(n-butyl-imidazol(2-ethylamino))amine) has been synthesized and
characterized. By controlling the composition of this isomorphous series, two cooperative thermally
induced SCO events featuring distinct critical temperatures (T.) and hysteresis widths (AT., memory) can
be selected at will. The pristine derivative 100As (x = 0, y = 1) displays a strong cooperative two-step
SCO and two reversible structural phase transitions (PTs). The low temperature PT'" and the SCO occur
synchronously involving conformational changes of the ligand's n-butyl arms and two different
arrangements of the AsFg~ anions [T: = 174 K (AT: = 17 K), T2 = 191 K (AT? = 23 K) (scan rate
2 K minY]. The high-temperature PT"T takes place in the high-spin state domain and essentially
involves rearrangement of the AsF¢~ anions [T2' = 275 K (ATET = 16 K)]. This behavior strongly contrasts
with that of the homologous 100P [x = 0, y = 0] derivative where two separate cooperative one-step
SCO can be selected by controlling the kinetics of the coupled PT'T at ambient pressure: (i) one at low
temperatures, T, = 122 K (AT, = 9 K), for temperature scan rates (>1 K min~%) (memory channel A) where
the structural modifications associated with PT'S are inhibited; (i) the other centered at T. =155 K
(AT, = 41 K) for slower temperature scan rates =0.1 K min~! (memory channel B). These two SCO
regimes of the 100P derivative transform reversibly into the two-step SCO of 100As upon application of
hydrostatic pressure (ca. 0.1 GPa) denoting the subtle effect of internal chemical pressure on the SCO
behavior. Precise control of AsFg~ < PFg™ substitution, and hence of the PT'T kinetics, selectively
selects the memory channel B of 100P when x = 0 and y = 0.7. Meanwhile, substitution of Fe"' with Zn"
or Ni' [x = 0.2, y = 0] favors the low temperature memory channel A at any scan rate. This intriguing
interplay between PT, SCO and isomorphous substitution was monitored by single crystal and powder X-
ray diffractometries, and magnetic and calorimetric measurements.
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Accepted 20th February 2019

DOI: 10.1039/c8sc05256e
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Introduction

Responsive switchable materials attract great attention due to
affording excellent study examples for understanding the
mechanisms of phase transitions (PTs) and provide application
prospects for future and emerging technologies." Some of the
most investigated switchable molecular materials are pseudo-
octahedral Fe spin-crossover (SCO) complexes, reversibly
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Universitat de Valéncia, Valencia, Spain. E-mail: jose.a.real@uv.es
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+ Electronic supplementary information (ESI) available. CCDC 1879896-1879901
and 1892385. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c8sc05256¢

This journal is © The Royal Society of Chemistry 2019

altering the high-spin (HS, t;,e;) and low-spin (LS,
t5,€q) electronic states by the action of physicochemical stimuli
(temperature, pressure, light and chemical substrates). The LS-
HS conversion involves an electron transfer between the e, and
tyg orbitals strongly coupled with structural changes in the
coordination core of the Fe"" centres, which essentially affect
Fe-ligand bond lengths and angles, and in turn the molecular
conformation. In favourable cases these changes propagate
cooperatively in the crystal, conferring bistability (memory) to
the magnetic, optical, dielectric, structural and mechanical
properties.”

New developments in this area are crucial not only for eluci-
dating background mechanisms behind observed properties and
understanding the fundamental aspects of the SCO behaviour,
but also for opening new perspectives in the field, such as the use
of SCO compounds for creation of fully controllable “smart”
materials responding to external stimuli in a desired way.> For
example, SCO can be combined with other relevant functions

Chem. Sci, 2019, 10, 3807-3816 | 3807
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Chemical Science

such as fluorescence,** electroluminescence,* electronic trans-
port> and non-linear optical response® thereby transferring its
intrinsic bistable nature to the second property resulting in
multifunctional materials that can be processed at different
levels, from bulk to nanoscale.”

The control of the SCO characteristics, i.e. critical tempera-
ture and hysteresis width, remains one of the key focuses in the
field. Tackling this problem by chemical methods requires
engineering both the coordination site of the SCO centres and
the cohesive elastic interactions between them through supra-
molecular and/or polymeric approaches. Furthermore, the
strong sensitivity of the SCO behaviour to subtle changes in the
elastic interactions makes it possible to control the SCO
through crystal lattice rearrangements. In this respect,
isomorphous substitution of SCO metal centres/complexes with
non-SCO metal ions®*/non-SCO complexes® is an effective means
to modulate the SCO behaviour. For example, substantial
dilution with passive Ni" or Zn"-based complexes breaks
cooperativity between SCO centres and brings on a considerable
downward shift of the SCO equilibrium/critical temperature Ty,
/T, while low concentrations of the dopant can fine tune the
SCO behavior.? Metal dilution is a particular case of a more
general concept of a solid solution of molecules, also known as
molecular alloys, consisting in precise control of the stoichi-
ometry of mixed ionic or molecular components during the
synthetic step. This offers an unrivalled tool for optimization of
desired magnetic, optical or electrical properties, as demon-
strated by examples from adjacent fields,' and for a few SCO
systems.** Another relevant strategy, yet little explored, is based
on the possibility of controlling the SCO properties by a PT." It
has been demonstrated for several systems that changes in the
interaction binding between the components of the crystal due
to a solid-solid or solid-liquid/liquid crystal PT may be suffi-
cient for altering the spin state.****?

In this context, the complex [Fe(nBu-im);(tren)](PFe), ((nBu-
im);(tren) = tris(n-butyl-imidazol(2-ethylamino))amine) affords
an uncommon example of thermal hysteretic SCO behaviour
deeply influenced by a synchronous symmetric crystallographic
PT, leading to a reorganization of the crystal lattice due to
significant conformational changes of the alkyl groups and

View Article Online

Edge Article

displacement and rotation of the PFs~ anions, taking place
during the LS < HS conversion.'”” Playing with the slow
kinetics featuring this PT, two well separate hysteretic thermally
induced SCO behaviors (two memory channels) were found."*”
Thus, high-temperature sweep rates (=2 K min~") quench the
crystallographic PT thereby stabilizing channel A, which is
characterized by a cooperative SCO, between the phases HS"
and LS', centred at 122 K with a hysteresis 14 K wide. In
contrast, low temperature-sweep rates (<0.1 K min~") stabilize
channel B, characterized by a much more cooperative SCO,
between the HS" and LS” phases, centred at ca. 155.5 K featuring
a hysteresis loop 41 K wide (see Scheme 1). The phases display
different arrangement 1 and arrangement 2 of the flexible butyl
groups and of the anions. Furthermore, the LS phase affords
an uncommon very long-lived photogenerated HS"* phase after
light irradiation at 80 K. The very slow relaxation kinetics is
controlled by conformational rearrangements of the butyl
groups during the HS'* — LS' transformation.'"

In order to understand more in depth the correlation
between SCO and structural PTs in 100P and find reliable
chemical means to discriminate between the two thermal
memory channels, we have investigated the isostructural
compound [Fe(nBu-im)s(tren)](AsFs), (100As) and the solid
solutions [Fe;_M,(nBu-im);(tren)](P;_,As,Fs), (see Scheme 1).
Herein, we show that the SCO behavior of 100P (x = 0; y = 0) is
highly sensitive to application of external hydrostatic low
pressure and, consequently, the resulting SCO behavior is
similar to that of 100As (x = 0; y = 1) which also displays double
bistability due to SCO and PTs but at higher temperatures.
Furthermore, modulating the internal “chemical pressure”
built up by partial substitution of Fe" with M" (xM, x < 100 and y
=0, M = Zn, Ni) or P with As (yAs, x = 0 and y < 100) leads to
effective discrimination of the two memory channels resulting
from the interplay of the SCO and a PT in the pure 100P.

Results

SCO properties of 100As

The magnetic behaviour of 100As, recorded at 1 K min™"

between 10 and 300 K, is shown in Fig. 1a in the form of yy T vs.

HS? % of As,x=0 label
35 Channel A 0% 100P = 00As
3 12% 12As
22% 22As % (P1,As,Fo)
T 25, 38% 38As N\
g 46% 46As q
x 2 56% 56As <,” N N=
€ 63% 63As CH /@ 1
2 15 71% T1As S oy N}\\.‘N NT n-Cde
L] Channel B 36% 86As (/ Bt A=t
100% 100As Catly
05 % of M, y =0
| Ls? CHU B e Z =FeqM
o 21%, Zn 21Zn o
80 100 120 140 160 180 200 17%,Ni 17Ni
TiK 100%, Ni 100Ni

Scheme 1 Description of the SCO behavior of 100P. [Fe;_M,(nBu-im)s(tren)l(P1_,As, Fe), system (M = Ni, Zn).
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Fig. 1 Spin crossover behaviour of 100As: (a) magnetic and photo-
magnetic properties; (b) differential scanning calorimetry (DSC); and
(c) quenching of the HS state. Blue and red filled circles correspond to
the cooling and heating modes, respectively. Gray lines correspond to
the heat flow measured by DSC.

T (xm is the molar magnetic susceptibility and T is the
temperature). At 300 K, the xyT value is close to 3.68 cm® K
mol * as expected for an Fe" compound in the HS state (S = 2).

This journal is © The Royal Society of Chemistry 2019
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On cooling a gradual decrease of the xuT value down to 3.56
cm? K mol " is followed by a limited but abrupt jump up to 3.80
em® K mol™'. This bistable behaviour is associated with
a reversible crystallographic PT within the HS phase [HS' <
HS?] (vide infra).

The shaped hysteresis is centred at 7¢' = 276 K with the
loop width AT:" = 17 K. Further cooling does not reveal any
marked evolution of x,T down to 188 K, where an abrupt two-
step decrease down to zero value is detected (S = 0) with a well-
defined plateau of the ascending curve at 50% conversion
upon subsequent heating. The two steps centred at Ta = 175 K
and T2 = 193 K are characterised by a hysteresis loop AT = 14
K and AT? = 23 K wide, respectively. In opposite to 100P, no
remarkable kinetic effects were observed for the range of
temperature-sweeping rates 4-0.5 K min~" in the magnetic
response of 100As (Fig. S11). However, when cooling from 300
K to 80 K in ca. 15 s (=900 K min~") partial thermal trapping
of the sample was observed (Fig. 1c). At 80 K the xT value of
the trapped sample is ca. 1 cm® K mol™ " and upon heating at
0.3 Kmin ™" it increases to reach a maximum value of 2.37 cm*®
K mol* at 120 K, which corresponds to ca. 62% of the Fe'
centres in the HS state. Then, at higher temperatures the
compound relaxes back to the LS state and upon further
heating it reaches the HS state. As a hypothesis and by simi-
larity with 100P the trapped state could be a mixture of the
states LS' and HS" and the LS state attained after relaxation
should correspond to the LS> phase (vide infra).

Quantitative photo-generation of the metastable HS* state at
low temperature, the so-called light induced excited spin state
trapping (LIESST) experiment,** was carried out at 10 K by
irradiating a microcrystalline sample (0.75 mg) of 100As with
red light (A = 633 nm) for over 3 h. Further heating of the
sample in the photo-stationary HS* state in the dark at 0.3
K min~"' uncovers a two-step LIESST relaxation process with
Triesst: = 45 K and Ty s = 57 K (Fig. 1a) relevant to the two-
step thermal SCO.

Differential scanning calorimetry (DSC) measurements
were carried out for 100As in the cooling and heating modes to
support the magnetic bistability data and quantify the ther-
modynamic parameters associated with the SCO and PT. The
corresponding anomalous variation of the heat capacity AC,
vs. T plots is depicted in Fig. 1b overlaid with the magnetic
data. Upon cooling/heating three processes are detected at
critical temperatures Ty = 174 K (ATs = 17 K), Te = 191 K
(AT? = 23 K) and T¢" = 275 K (AT:" = 16 K) confirming the
reversibility of the two-step SCO process and of the PT. The
enthalpy and entropy changes of the PT averaged over both
runs, AH*T = 3.94 k] mol™* and AS*" = 14.29 ] K™ mol !,
account for the substantial rearrangements associated with
order/disorder events of the butyl groups and the anions (vide
infra). The averaged enthalpy and entropy for the two low
temperature peaks, AHgco = 10.3 k] mol " and ASsco = 59.5 ]
K" mol ', respectively, exceed values reported for each of the
two transitions LS < HS in 100P [AHgoo(LS' < HS') =
5.2 k] mol " and ASgco(LS' < HS') = 41.6 ] K" mol
AHgco(LS® < HS') = 6.8 k] mol " and ASsco(LS® < HS') =
39.5 J K~ ' mol '].1*

Chem. Sci, 2019, 10, 3807-3816 | 3809
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SCO properties of 100P under pressure

The SCO properties of 100P (channel A and channel B) and
100As differ in critical temperatures, hysteresis width and more
notably in nature (one or two step). The observed 30 K upward
shift of the average critical temperature when replacing PFes~
with AsFs~ suggests the introduction of additional chemical
pressure in 100As as a result of the slightly larger ionic radius of
As. To support this hypothesis, we have investigated the effect of
small applied hydrostatic pressure on the SCO behaviour of
100P. At ambient pressure, in the cooling mode (1 K min™%),
100P displays essentially the behaviour of channel A. At a pres-
sure of 0.11 GPa the SCO shifts upwards by 100 K, and,
surprisingly, it becomes two-step with critical temperatures
centred at Te = 221 K and 72 = 251 K, characterised by
a hysteresis loop AT! =13 K and AT? = 39 K, respectively, and
a well-defined intermediate plateau on heating as shown in
Fig. 2. This SCO is practically that of 100As at ambient pressure.
Increasing pressure up to 0.14 GPa shifts the transition to
higher temperatures (T: = 245 K, ATe = 13 K and 72 = 285 K,
AT? = 36 K). Interestingly, these results demonstrate very
similar effects on the SCO of the complex cation whatever the
nature of the applied pressure, ie. external or “internal”
generated by PFs~ < AsF, anion substitution. A second rele-
vant finding is the hypersensitivity of 100P towards imposed
external pressure with dependence d(7.)/dp = 1000 K/GPa,
where (T.) = (Tex + Tep)/2, although the regularly observed
value lies in the range of 150-200 K/GPa (ref. 14) (Fig. S27).

Study of [Fe; ,M,(nBu-im);(tren)](P,_,As,Fs), molecular
alloys

The high sensitivity of the SCO properties of 100P to external
hydrostatic pressure, also apparent when internal “chemical
pressure” increases when replacing PFs~ with AsFs ™, promp-
ted us to study solid solutions based on anion (PFs~ — AsFg )
and metal (Fe"' — M") substitution. A series of solid solutions
were prepared in the same way as 100P and 100As but con-
taining mixtures of PFs~ and AsFs anions in a calculated

357 10°Pa
S
-
=254 ¢ ¢ #
5 2.
E ¢ $
< M I ! /
E . Te
51.5- ¢ 10.11GPas?ss
L .3
0 T T T T T 1
80 120 160 _200 240 280 320
TIK

Fig. 2 Temperature dependence of xuT vs. T for 100P at different
pressure values.
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ratio. It was found that the PXRD profiles of 22As-56As, as well
as of 21Zn and 17Ni, are indistinguishable from that of 100P
(Fig. 3). On the other hand, for 71As, a shift/coalescence of
diffraction peaks is observed in the high angle range, in
addition to the change of peak intensity, although in the low
angle range the diffraction patterns perfectly match that of
100P. These findings are consistent with the evolution of the
magnetic properties on isostructural substitution in the
aforementioned series.

Gradual substitution of PF,~ with AsFs~ anions continu-
ously reshapes the original SCO behaviour of 100P stabilizing
a phase which compares well with channel B. This is illus-
trated in Fig. 4b-g where the SCO of pristine 100P, recorded at
scan rate 2 K min™", is also included for comparison (grey
line). For 22As, channel A is prevailing and a low temperature
hysteresis is still observed but an increase of the relaxation
rate favouring channel B is obvious (Fig. 4b). Increasing the
concentration of AsFs~ in 29As, 38As, 46As and 56As
progressively accelerates relaxation and suppresses channel A
in favour of channel B, which finally in 71As produces a single-
step hysteresis loop centred at T. = 171 K with AT, = 34 K.
Further increase of AsF,~ affords compound 86As that gives
rise to a narrow two-step SCO similar to that of the pristine
100As (Fig. S37). It is worth mentioning that the PT within the
HS phase HS' < HS” increases in amplitude and decreases in
temperature as the amount of AsFs~ increases in the molec-
ular alloy (see Fig. S4+).

Interestingly, stabilization of channel A is achieved by partial
substitution above a certain threshold value of Fe" with Zn" or
Ni", i.e. y = 0.21 for Zn" or y = 0.17 for Ni"". The resulting
isostructural solid solutions 21Zn or 17Ni display one step
cooperative SCO with critical temperatures centred at T, = 117
and 121 K, characterized by AT. = 7 and 3 K wide hysteresis
loops, respectively, at any rate down to 0.5 K min " (Fig. 4h, for
17Ni see also Fig. S5f). The pure compound 100Ni shows
a constant susceptibility value of T = 1.2 cm® K mol " in the

: A p
W 100As M "M_JIJ IL}‘IUU '.FU” _JJLM.‘-"L‘IL}L}!U.}R

71As

56As

14 16 18 20 22 24

26 [ deg.

4 6 8 10 12

Fig. 3 X-ray powder diffraction patterns of indicated diluted
compounds at RT.
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(a) SCO behaviour of 100P, (red and blue curves measured at 4 K min~* and 0.25 K min~

100 120 140 160 180 200
K TiK

* respectively). (b—f) Influence of successive

replacement of PFg~ with AsF¢g~ on the SCO properties. The red curve corresponds to heating, blue curve to cooling, and grey curve to the SCO

of 100P measured at 2 K min~*

temperature range 50-300 K without any irregularities
(Fig. S6t).

It is worth noting that despite the clear kinetic stabilization
of channel B for 71As, thermal quenching allows trapping the
sample into the hidden channel A. For example, after cooling
71As from 300 K to 80 at ca. 800 K min~"' the xyT value is
essentially that of the Fe' in the LS state (0.22 cm® K mol ") (see
Fig. 5). Then, when heating at 0.3 K min~", xuT increases to
attain a value of 3.20 cm® K mol ™" at 127 K, indicating that the
compound is essentially HS. Upon further heating the system
first relaxes back to a LS phase and later attains the thermo-
dynamically stable HS state.

HS1

fast cooling

HS1+LS1

T/em’ K mol”
Ty
il

80 100 120 140 160 180 200 220
TIK
Fig. 5 Thermal quenching of the HS state for 71As. Blue and red filled

circles correspond to the cooling and heating modes, respectively.

This journal is © The Royal Society of Chemistry 2019

. (g and h) Effective separation of the two channels.

Structural analysis

Structure of 100As. Compound 100As is essentially a struc-
tural analogue of 100P. Based on the magnetic behaviour (see
Fig. 1a and b), the crystal structure of 100As was investigated at
120K, 230 K and 300 K where, respectively, the LS? HS' and HS?
phases are stable. The transformation between these three
phases involves two consecutive crystallographic PTs associated
with important structural reorganisation, which involves
remarkable volume change without symmetry changes (space
group P1, Table S1t). However, after many attempts, it was
impossible to achieve a full structural analysis of the LS* phase
because single crystals shatter during the HS' — LS* trans-
formation. The same reason prevented us from structurally
characterising the plateau centred at 190 K in the heating
branch of the LS*> — HS" transition. The unit cell consists of two
crystallographically identical complex cations of opposite
chirality and four AsFs~ counterions (two crystallographically
distinct sites, denoted as As1 and As2) balancing the charge.
The Fe' ion is wrapped by three n-butyl-1H-imidazol-2-ylimino
moieties, defining a pseudo-octahedral [FeNg] coordination
environment (Fig. 6a), with Fe-N average bond lengths typical
for the HS state and does not change substantially due to the PT:
2.199(4) A and 2.190(7) A at 230 K (HS') and 300 K (HS?),
respectively (Fig. 6b, Table S27).

Upside-down arranged complex molecules are self-organized
in bilayer assemblies extending in the ab plane whereas the
AsFs~ anions occupy both surfaces and the inner space of the
bilayer (Fig. 7). At 230 K (HS' phase), the inner space anions
(As1F; ) are substantially shifted from the centre whereas the axes
of anions are inclined with respect to the layer plane; the anions
are ordered as well as butyl substituents of the complex cations,
arrangement 1 in Fig. 7. On passing the temperature of the PT, the

Chem. Sci, 2019, 10, 3807-3816 | 3811
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Fig. 6

(a) Projection of the cation of 100As with the atom numbering scheme at 230 K. Displacement ellipsoids are shown at the 30% probability

level. Hydrogen atoms are omitted for clarity. (b) Minimized overlay of the complex cation in the HS! (red) and HS? (grey) phases.

anisotropic change of the lattice decreases the lattice parameter ¢
by 0.44 A that is reflected by the shrinking of the interlayer
distance from 22.01 A at 230 K down to 21.85 A at 300 K.
Furthermore, the PT promotes arrangement 2 (HS> phase), for
which inner space anions As1F, "~ are located closer to the centre
of the interspace between layers with their axes almost perpen-
dicular to the layer plane (Fig. 7). Substantial disorder of the
anions and butyl groups suggests that increasing entropy of the
system is the driving force of the PT. Clearly, the transition is not
related to the SCO as the coordination sphere of the Fe" remains
practically intact, although the rearranged anions and butyl
groups change the pattern of intermolecular contacts CH:--F in
the lattice. For example, in the HS' phase one discrete interaction
C24---F2(As1) = 3.087(4) A is below the van der Waals radii (3.17
A),"® in contrast to the HS? phase where no viable C-+-F contacts
are operative. Furthermore, the percentage of weak intermolec-
ular contacts C---F, N---H and C---H substantially changes due to

Arrangement 1

T
HS1 (230 K)

the PT too, see Table S4.F This lattice dynamics in close proximity
to the metal centre seems to noticeably affect the ligand field
strength/g-factor and produce detectable magnetic bistability.'®

It is worth recalling that similar structural rearrangement
was observed for 100P. For cooling rates higher than
0.5 K min ™", 100P displays arrangement 1 in the LS state (LS"
phase) through channel A, while above 76" = 127 K it adopts
arrangement 2 (LS® phase) from channel B. Finally, on further
heating it recovers arrangement 1 once the system reaches the
HS state (HS" phase) just above T{ = 176 K (Fig. 3). It deserves to
be noted the increase of disorder in the alkyl chains when both
compounds adopt arrangement 2, see comparison of the colour
mapped complex cation in pairs LS'-LS* and HS'-HS> in
Fig. S7,1 which is supposed to be the driving force of the
observed PTs.

On cooling 100As, a second transition occurs as deduced
from the magnetic data (Fig. 1a), however, the crystal rapidly

Arrangement 2

HS2 (300 K)

Fig. 7 Supramolecular bilayer organization of the complex molecules showing the location of the two crystallographically distinct AsFg™/PFg™
anions [blue As2F¢ /P2F¢~ and red AslFs /P1F¢~ octahedrons], illustrating arrangement 1 and arrangement 2.

3812 | Chem. Sci,, 2019, 10, 3807-3816
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and irreversibly deteriorates due to the SCO and therefore it was
impossible to collect crystallographic data of the LS* phase at
120 K or of the intermediate plateau at 190 K.

Structure of 71As and 100Ni. The impossibility of obtaining
sufficient structural information about the nature of the LS
state of 100As prompted us to try more robust single crystals
from the xAsFs~ : (100 — x)PF, solid solutions. It was expected
to obtain direct information not only about the type of
arrangement adopted by the LS state in this solid solution,
which could be extrapolated to 100As, but also to obtain
structural information about the HS state, in particular that of
the metastable quenched HS' at 120 K (see Fig. 5). Indeed,
robust single crystals of 71AsFs ™~ : 29PF,~ (71As) appropriate for
single crystal X-ray analysis were prepared. A single crystal of
71As was firstly measured at 230 K (see Tables S1 and S21) where
the structure presents, as expected, arrangement 1 and the Fe"
centres are in the HS state (average Fe-N distance = 2.196 A).
The whole cation complex is virtually identical to that of 100As
including the conformation of the butyl groups. Afterwards, the
same crystal was slowly cooled from 230 K to 120 K to avoid any
thermal quenching, and then the temperature was increased up
to 157 K to place the system in the middle of the LS branch of
the hysteresis and measured at this temperature (see Fig. 5).
The corresponding structure exhibits arrangement 2 for the
counterions with the butyl groups showing strong configura-
tional differences with respect to the structure at 230 K (Fig. 8a).
According to the magnetic properties, the Fe-N average
distance, 1.964 A, shows the occurrence of a complete HS" —
LS? phase transformation (Table S27).

Another single crystal of 71As was cooled directly from 300 K
to 120 K and the structure of the HS'9 phase was analysed (see
Tables S1 and S27). Despite the crystals being rather robust, we
observed their deterioration during the measurement process
due to relaxation from the quenched HS' to the LS* phase at
120 K. Consequently, in order to get reasonably good crystal
data, initial partial data collection for the resolution of the
structure was recorded. Indeed, this relaxation was slow enough
to allow the acquisition of the required data (stable for ca. 45

HS' (

' ALs? (157 K)

View Article Online
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min) to determine the structure before the collapse of the
crystal. The analysis of the structure is consistent with the
magnetic data and, based on the Fe-N average bond length,
only ca. 5% of the Fe"" centres have relaxed to the LS” state. The
metastable quenched HS'? retains arrangement 1 of the parent
HS' phase and the [Fe(nBu-im);(tren)]** cation is essentially the
same except for the butyl [Im-C7-C8-C9-C10] which adopts
a divergent configuration (see Fig. 8b).

The crystal structure of 100Ni, solved at 110 K, closely
resembles that of 100P in LS phase,*” i.e. shows arrangement 1
(Fig. S8, Tables S1 and S37).

Concluding remarks

The underlying reason for the observed rich magnetic behav-
iour of the systems 100P and 100As lies in their ability to exhibit
ordered arrangement 1 and less ordered arrangement 2 in
addition to the SCO transition between the HS and LS spin
states. Both systems exhibit SCO behaviour synchronized with
a structural PT featuring very slow kinetics compared with that
of the SCO. Playing with this kinetics, the bistability domains of
both transitions can overlap in temperature or can occur
separately so that 100P and 100As can potentially form phases
LS', HS" and LS?, HS> and display transitions between them.
Indeed, for 100P the phase bistability is operative in a temper-
ature region overlapping with the SCO bistability giving the
transition HS' — LS. Additionally, a narrow temperature
window exists where the transition HS* — LS* occurs without
change of the lattice arrangement. Moreover, the transition LS*
— LS? is operative without change of the spin state but with
a change of the lattice arrangement. The experimental data
show the possibility of such transitions also for 100As and,
additionally, at higher temperature another structural rear-
rangement HS' — HS? occurs within the HS state.

Thus, both systems can exhibit “ordered” LS* and HS" pha-
ses and “disordered” LS> and HS” phases. For 100As we observe
all four phases, for 100P all except the HS?, which is shifted so
much in temperature that it does not occur below the melting

(b)

_HS' (230 K)

HS™ (120 K)

Fig. 8 Overlay of the complex cation in 71As: (a) combination of the HS! (red, 230 K) and LS? (green, 157 K) and HS (blue, 120 K) phases; (b)
combination of the HS (red, 230 K) and HS (blue, 120 K) phases showing the different configuration of the [Im-C7-C8-C9-C10] moiety.

This journal is © The Royal Society of Chemistry 2019
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temperature of 100P. The transition to the arrangement 2 phase
occurs because the disordered n-butyl chains increase the
entropy and decrease the Gibbs free energy of the system. The
more prone tendency of 100As to disorder can be associated
with the small volume expansion of the lattice induced by the
PF,~ — AsF,  substitution and evidenced by the much faster
kinetics featuring the LS®> < HS' transition. The slightly larger
AsF,~ anions separate the SCO complex cations, thereby facil-
itating their n-butyl groups to become disordered and favoring
the phases LS> and HS>. This is corroborated by the transition
HS' © HS? (not coupled with the SCO) and by the fact that this
transition is not observed for 100P.

The shift of the SCO and phase bistabilities of the PT on
passing from 100P to 100As might be rationalized considering
the “chemical pressure” (CP) of the anions as a qualitative
measure of average intermolecular interactions and electro-
static pressure in the lattices. Indeed, external pressure applied
to 100P progressively shifts the HS' < LS” transition toward
higher temperature and, more importantly, changes the
hysteresis loop, which becomes two-step similarly to 100As. It is
worth mentioning that the positive CP generated by application
of “external” hydrostatic pressure increases the intermolecular
contacts and stabilises the LS state by reducing the unit cell
volume. In contrast, similar positive “internal” CP is generated
upon PFs~ — AsF,~ substitution, which involves an increase of
the unit cell volume in 42.44 A®. To explain this apparent
paradox we compared the crystal structures of 100P and 100As
at the same temperature (230 K) making use of the Hirshfeld
surface analysis.'”” This analysis shows that the percentage of
C---F contacts doubles when replacing PFs~ with AsFs~ (more
moderate increase of contacts is also observed for F---H and C--
H) (Fig. S9, Table S47). This can be rationalised from the esti-
mated void space, 46.54 and 43.83 A%, available for 100P and
100As, respectively.’” Interestingly, the smaller empty space
found for 100As shows that void space does not increase in
parallel with the unit cell volume increase. This is the reason
why the number of F---C contacts is larger for 100As, a fact in
line with the observed increase of CP in 100As.

The similar chemical nature of both compounds makes
them well suited for the study of the isomorphous series with
varying ratio between the both. At a fixed scan rate of 2 K min ™"
the kinetics of transitions HS* — LS* and HS' — LS? (memory
channels A and B, respectively) is dramatically affected by
changing the PF, :AsF, ratio. This is reflected in the
changing contribution of the two channels to the shape of the
observed hysteresis loops. Progressively increasing the amount
of AsFs~ favours the SCO with structural rearrangement and
makes the observation of the process HS* — LS' impossible on
passing a threshold concentration. Thus, for 71As the coales-
cence of the two hysteretic spin transitions vanishes affording
a rectangular well-shaped hysteresis loop, which corresponds to
the transition HS' — LS” where the structural rearrangement is
realized.

Opposite to the [Fe(nBu-im)s(tren)](P,_,As,Fe), substituted
systems, where included AsF,  anions create “positive” internal
pressure and shift SCO upward in temperature, metal substi-
tution in [Fe; M, (nBu-im);(tren)](PFe), (21Zn or 17Ni) can be

3814 | Chem. Sci., 2019, 10, 3807-3816
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considered as creating “negative” internal pressure, stabilizing
low temperature SCO. Indeed, as follows from the experimental
data, dilution with Zn" or Ni" ions, both more voluminous than
the LS Fe" ion, predictably favours the SCO transition to the
more voluminous LS' phase and disfavours compact LS> (cell
volume 1994.7(5) and 1950.8(15) A% respectively)"*” and makes
the low temperature transition LS' < HS' the only option for
the system. Thus, metal dilution with the Ni"! or Zn" stabilizes
the voluminous arrangement 1 in both spin states and effec-
tively suppresses the transition to arrangement 2.

In summary, we have reported an isomorphically substituted
series of unusual Fe" SCO complexes displaying two memory
channels. We found that metal substitution with Ni" or Zn"
selectively favours arrangement 1 in both spin states, thus
promoting a low temperature hysteretic SCO transition
(channel A). On the other hand, substitution of its PFs~ anion
with AsF~ promotes a high temperature hysteretic SCO tran-
sition (channel B) as a result of favoured transformation to
disordered arrangement 2 in the LS state, and thus the high
temperature hysteretic transition is preferred.

For the first time, we demonstrate that decoupling of two
synchronous cooperative events such as SCO and intrinsic
structural phase transitions can be chemically achieved by
choosing the appropriate isomorphous substitution (metal ion
or anion in the present case) to selectively discriminate between
two separate hysteretic SCO behaviours. The design of fully
controllable smart materials able to respond to external stimuli
in a desired way is a challenging target in materials science. The
results here reported support the idea that bistable molecular
materials exhibiting synergetic interplay between two or more
phase transitions in the same crystal are particularly well suited
to this end.

Experimental
Materials

Synthesis of precursors. All chemicals were purchased from
commercial sources and used without further purification. 1-
Butyl-1H-imidazole-2-carbaldehyde and the complexes were
synthesized according to the reported procedures.'*”

[Fe(nBu-im)stren](AsFs), (100As). A filtered solution of
FeCl,-4H,0 (0.043 g, 0.21 mmol) in absolute ethanol (5 mL) was
added dropwise to a boiling solution of 1-butyl-1H-imidazole-2-
carbaldehyde (0.10 g, 0.65 mmol), tris(2-ethanolamine)amin
(tren) (0.031 g, 0.21 mmol) and [TBA]AsF, (0.17 g, 0.43 mmol)
in 5 mL of absolute ethanol. The resulting dark red-purple
solution was stirred for 5 min. After keeping the solution for
several days at 25 °C in a thermostat bath, well-shaped red-
brown crystals of the product were formed and isolated. Caled
for CsoHagAs,Fi,FeN,: C, 36.68; H, 5.01; N, 14.10. Found: C,
36.39; H, 5.35; N, 14.25.

Synthesis of substituted compounds. The series [Fe(nBu-
im);(tren)](P;_,As,Fs), was synthesized in analogy to 100P and
100As by adding the appropriate mixture of [TBAJAsF, and [TBA]
PF, salts to the freshly prepared ethanolic solution of the
complex cation [Fe(nBu-im)stren]*'. Energy-dispersive X-ray
spectroscopy (EDXS) was used to confirm the P and As

This journal is ©
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stoichiometry of the formed crystals: 100P (100% P, 0% As);
12As (88% P, 12% As); 22As (78% P, 22% As); 38As (62% P, 38%
As); 46As (54% P, 46% As); 56As (44% P, 56% As); 63As (37% P,
63% As); 71As (29% P, 71% As); 86As (14% P, 86% As); 100As
(0% P, 100% As). The successive replacement PFs~ <> AsFs~ was
semi-quantitatively monitored following their characteristic IR
modes: v;(PFs ) = 839 cm ™" (vs), 7,(PFs ) =557 cm ™ ', v4(AsF, )
=700 cm™ " (vs) (see Fig. $107).

Similarly, the solid solutions [Fe; _ M, (nBu-im);(tren)](PFs),
(M = zn", Ni") were confirmed via EDXS analysis: 17Ni (83% Fe,
17% Ni), 21Zn (79% Fe, 21% Zn).

Physical characterization

Magnetic measurements. Variable-temperature magnetic
susceptibility data for bulk crystalline/microcrystalline samples
[Fe;_.M,(nBu-im);(tren)](P;_,AsFe), (ca. 20 mg) were recorded
with a Quantum Design MPMS2 SQUID susceptometer equip-
ped with a 7 T magnet, operating at 1 T and at temperatures 10-
400 K. Experimental susceptibilities were corrected for
diamagnetism of the constituent atoms by the use of Pascal's
constants. The LIESST experiments were performed at 10 K in
a commercial sample holder (Quantum Design Fiber Optic
Sample Holder), wherein a quartz bucket containing 0.75 mg of
microcrystals of 100As was held against the end of a quartz fiber
coupled with a red laser (633 nm). The raw data were corrected
for a background arising from the sample holder. The resulting
magnetic signal was calibrated by scaling to match the obtained
high temperature values with those of the bulk sample.
Magnetic measurements under pressure were performed on
100P using a hydrostatic pressure cell made of hardened
beryllium bronze with silicon oil as the pressure transmitting
medium and operating over the pressure range 10° to 10° Pa.'®
The compound, 10 mg, was packed in a cylindrically shaped
sample holder (1 mm in diameter and 5-7 mm in length) made
up of very thin aluminum foil. The pressure was calibrated
using the transition temperature of superconducting lead of
high purity 99.999%."

Calorimetric measurements. Differential scanning calorim-
etry measurements were performed using a Mettler Toledo DSC
821e calorimeter. Low temperatures were obtained with an
aluminium block attached to the sample holder, refrigerated
with a flow of liquid nitrogen and stabilized at a temperature of
110 K. The sample holder was kept in a dry box under a flow of
dry nitrogen gas to avoid water condensation. The measure-
ments were carried out using around 12 mg of microcrystalline
100As sealed in aluminium pans with a mechanical crimp.
Temperature and heat flow calibrations were made with stan-
dard samples of indium by using its melting transition (429.6 K,
28.45 J g '). An overall accuracy of +0.2 K in temperature and
+2% in the heat capacity is estimated. The uncertainty
increases for the determination of the anomalous enthalpy and
entropy due to the subtraction of an unknown baseline.

Powder X-ray diffraction measurements (PXRD). PXRD
measurements where performed on a PANalytical Empyrean X-
ray powder diffractometer (monochromatic CuKe radiation).

This journal is © The

View Article Online
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Single crystal X-ray diffraction. Single-crystal X-ray data were
collected with an Oxford diffraction supernova single crystal
diffractometer using graphite monochromated MoK, radiation
(A = 0.71073 A). A multi-scan absorption correction was per-
formed. The structures were solved by direct methods using
SHELXS-2014 and refined by full-matrix least squares on F*
using SHELXL-2014.*° Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in calculated
positions refined using idealized geometries (riding model) and
assigned fixed isotropic displacement parameters. CCDC files
CCDC 1879896-1879901 contain the supplementary crystallo-
graphic data for 100As (230 K), 100As (300 K), 71As (230 K), 71As
(120 K), 71As (157 K), 100Ni (110 K), and CCDC 1892385 for 100P
(230 K).t
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Breaking the rule: access to thermodynamically prohibited
“reverse” spin crossover in iron(ll) complexes

Francisco Javier Valverde-Mufioz,® Maksym Seredyuk,*® M. Carmen Mufioz,” and José A. Real*®

Abstract: Modulation of the spin-crossover (SCO) behaviour by
phase transitions in amphiphilic Fe" complexes with aliphatic chains
is a relevant strategy to find new cooperative behaviors and potential
applications. In this context, we report on a series of charge neutral
[Fe"(L"),] meltable complexes based on Schiff bases L" = pm2-n or
pyH-n derived from condensation of 2-pyrimidinyl ethyl ketone or
pyridine aldehyde, respectively, with aromatic hydrazide
functionalized with three aliphatic chains C,Hzn.1. In the solid-state
[Fe"(pm2-n),] show two different crystal packing motifs depending on
n. However, upon heating, the compounds melt into an isotropic
phase and, due to releasing the solid-state effects, reveal identical
SCO behaviour for all the compounds with the SCO transition
midpoint temperature Ty, = 354 K. In contrast, in solid state, for short
chain compounds (n = 4, 6, 8), Ty is far above 400 K in solid state,
therefore they show an abrupt jump of the susceptibility on passing to
the liquid phase. Cooling back shapes regular LS-to-HS (“forward”)
spin transition hysteresis loop with the centre shifting down on n
growth. For the long chain compounds (n = 10, 12, 14), the solid state
Ty is at ca. 275 K, i.e. below the liquid value. Due to this, the long
chain compounds on going to liquid phase show thermodynamically
prohibited HS-to-LS (“reverse”) spin transition of up to 50 % of Fe"
ions, while the centre of the shaped hysteresis shifts up with
increasing n. This finding is unprecedented and provides a method of

guiding the spin transition direction and its location in temperature.

Introduction

The search for responsive materials with switching properties is a
very active research area having prospects for future and emerging
technologies.™) One of the most investigated switchable molecular
materials are pseudo-octahedral Fe'" spin-crossover (SCO)
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complexes, reversibly switching between the low-spin (LS, tx,°e,°) and
high-spin (HS, t,s*e.?) electronic states by action of physicochemical
stimuli (temperature, pressure, light, chemical substrates etc.).? The
LS-to-HS conversion on temperature rise is observed for the absolute
majority of the SCO compounds in solution and in solid state.® ° The
reason for this regular or “forward” SCO is that the process is an
entropy-driven event due to noticeable metal-to-ligand bond lengths
elongation on passing to the HS state and consequent increasing
freedom degree of the systems. In the fluid phase the SCO process
follows the Boltzmann population of the excited HS state, whereas in
solid state, the intermolecular bonding and electrostatic interactions
come into play that drastically changes completeness, cooperativity,
and occurrence in temperature up to the stabilization of the LS or HS
states. The adopted lattice type, the chemical nature of the ligand and
the ligand substituents are among the most important factors

influencing the SCO behavior.!

Particularly, aliphatic substituents in amphiphile SCO compounds
are known to promote formation of two-dimensional lamellar packing
with  microphase separation to

head-groups and aliphatic

sublattices.”! The latter acts mostly as a buffer diminishing
communication between SCO centers and deteriorating cooperativity
with some exceptions®® but, on the other hand, aliphatic-based Fe'"
compounds can form liquid crystalline phases due to the low melting
character.” That is, aliphatic compounds can exhibit “solid” SCO up
to the melting point and, additionally, after melting to liquid crystalline
phase can exhibit “liquid” SCO with partially or completely eliminated
solid-state effects. If the manifestation of the two SCOs is different at
the melting point, a jump-like change of the susceptibility is
observed.” Most of the meltable systems reported up to now,
however, or suffer irreversibility on passing phase transition (PT)
point,* & or their melting to liquid crystalline does not substantially
change the SCO,™" 9 so that on melting/solidifying only a minor
variation of the susceptibility is observed.

Further development of the concept of meltable SCO material
lead us to understanding of essential criteria to achieve effective
synchronicity between phase transition and SCO. We assumed that
the compound should be: i) mononuclear Fe(Il) complex with aromatic
planar substituents for -1 interactions; ii) neutral to avoid buffering
action of anions; iii) with optimal number of aliphatic substituents
imparting controllable melting character to the compound; iv) meltable
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Scheme 1. Synthetic procedure followed for the preparation of the series pyN-n (m =1, 2, 4, 5, 14; n = 4, 8, 10, 12, 14, 16), pm2-n (n = 4, 6, 8, 10, 12, 14) and

pyH-n (n =6, 8).

directly to isotropic phase omitting ordered liquid crystalline phases.
Following this line we reported on a series of aliphatic Fe" neutral
complexes pyN-n, derivatives of deprotonable Schiff base with the
donor set NNO, obtained by condensation of aromatic hydrazide with
three aliphatic C,Hzn1 groups (a) and 2-pyridinyl ketones with
aliphatic substituent CyHzns1 (D) (see Scheme 1). The complexes
exhibit abrupt and perfectly reversible “forward” SCO upon melting to
isotropic liquid, so that their magnetic curves resemble regularly
observed hysteretic SCO transition of solid state compounds.*® We
found, that the hysteresis width of the phase transition is a function of
n, while the temperature of melting/solidification point is dependent on
N. As a continuation of the work we report here new thermally
isotropisable Fe" complexes, derivatives of 2-pyrimidinyl ethyl ketone
or 2-pyridine aldehyde, pm2-n or pyH-n, respectively (Scheme 1).

We found that on melting the complexes can display “forward” and
additionally rare “reverse” SCO of Fe'" ions as a function of n. The
“reverse” SCO is unexpected since it contradicts the fact that
increasing temperature should favor the less ordered HS state of Fe'".
The thermally induced “reverse” HS-to-LS transition on temperature
rise is known for aliphatic Co'" complexes undergoing solid-solid
transitions,*! and also observed for a few Fe" complexes on passing
solid-solid®*2 or solid-liquid crystal phase transition.”™ 7¢l However,
the “reverse” SCO on heating is minor for all Fe" compounds reported
up to now due to substantial entropy loose on passing back the LS
state which disfavors such a transition. This observation even raised
the question on the origin of the effect, because the magnitude of the
change might be attributed as well to the changing geometry of the
coordination polyhedron and the corresponding g value associated
with a crystal-to-crystal phase transition.*> 12 A strong correlation of

the spin state on the adopted phase in the complexes reported here,
however, demonstrates that the thermodynamically prohibited
“reverse” SCO can be a realistic scenario for Fe" compounds too and

involve substantial fraction of the Fe" SCO centers.

Results and Discussion
Magnetic properties

The magnetic behaviour of compounds pm2-n, recorded at 0.5 K
min™ is shown in figure 1 in the form of xuT vs T (xwT is molar
susceptibility, T is temperature). Compound pm2-4is LS (xuT = 0) in
the whole temperature range while pm2-6 and pm2-8 undergo abrupt
conversion from the LS state to paramagnetic state on melting and
reach xuT of 2.7 cm® K mol™ at 400 K for both compounds. Cooling
down the samples leads to abrupt drop of the xuT back to zero at the
solidification point. The shaped hysteresis is centered at TcF = 366 K
with the loop width AT," = 28 K for pm2-6, and 352 K and 29 K,
respectively, for pm2-8 (F stands for “forward” SCO). Since both
samples melt into a fluid phase, the SCO after melting is gradual as it
obeys simple Boltzmann distribution.??

Compounds with longer chains behave differently. The
homologue pm2-10 shows gradual increase of xvT alternating with
two abrupt drops on heating (Figure 1). Cooling down restores the
initial gradual curve with a minor “reverse” SCO hysteresis loop at Tc?
=287 K, ATR = 12 K and a major loop at TcR = 346 K, AT\R =26 K (R
stands for “reverse” SCO). Compound pm2-12, behaves similarly to
pm2-10 but in the low temperature region it shows two minor

anomalies of xuT centered at 288 and 320 K related to unidentified
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Figure 1. Temperature dependence of xwT vs T for annealed indicated
compounds at 0.5 K min™t. The insets show mismatch of cooling (blue) and
heating (red) curves.

solid-solid phase transitions (Figure 1). The main reverse SCO
hysteresis loop is located at TcR = 351 K, ATyR = 21 K. On contrary,
the compound pm2-14 does not suffer interfering solid-solid phase
transitions in the low temperature region and therefore shows
complete regular SCO centered at Ty, = 275 K with a 1 K wide
hysteresis. Upon further heating a “reverse” SCO occurs with TR =
355 K, ATy = 17 K. For the three compounds a trend towards rise
“reverse” SCO midpoint temperature is observed with the highest

value for pm2-14.

The percentage of Fe' ions undergoing the phase transition driven
SCO was evaluated for compounds pm2-n as a difference between
xmT values of cooling and heating curves at temperature Tc" or TcR,
accounting that the complete SCO LS-to-HS corresponds to AxuT =
3.52 cm® K mol™ (as measured for pm2-14 with complete SCO before

melting). The calculated values are collected in Table 1.

The “forward” and “reverse” SCO in the studied compounds are
sensitive to scan rate as higher rates greatly distort hysteresis loops
due to the quenching of samples on cooling and subsequent
relaxation on heating (Figure S6), which reflects the occurrence of a
kinetically hindered crystallization process of the compounds. On the
other hand, both “forward” and “reverse” SCOs are robust as follows
from tests performed on samples pm2-6 and pm2-10 over ten
heating-cooling cycles (Figure S9). It is well-know, that due to
brittleness, the molecular SCO compounds suffer the self-grinding
effect resulting in deterioration of SCO characteristics (completeness,

WILEY-VCH

abruptness, hysteresis width), which is the major obstacle for a real
physical application."¥ In the case of pm2-6 or pm2-10 no sign of
fatigue is observed, supposedly as a result of “self-healing” due to
complete reversibility of changes on passing the melting/solidification

point.

Worth to note, that the pm2-n series is not the only NNO-ligand
based system displaying a switch from “forward” to “reverse” SCO on
changing the aliphatic chain length. We found that compound pyH-6
displays phase transition driven “forward” SCO at the melting point
with TcF = 340 K and AT, = 1 K (Figure S5). For longer chains a
gradual SCO in solid is observed which is interrupted on heating by a
“reverse” SCO with TcR = 346 K and AT.R = 8 K for pyH-8, and TcR =
351 K and ATyR = 3 K for pyH-10 (Figure S5). It should be said,
however, that the effect of the “reverse” SCO is weaker for pyH-n in
comparison to the pm2-n series, apparently because of a little
difference between midpoint SCO temperatures in solid and fluid

phase.

Table 1. Parameters of the hysteresis loops and thermodynamic parameters
evaluated form the DSC profiles.

% of Fe'

- AH,
Compound ~ 1& AT SCO unds;ice)[ng kd AKS’HJ
P K K type phase mol- 1
transition 1 mol
driven SCO
pm2-6 366 28 forward 60 46,9 128,1
pm2-8 352 29 forward 50 46.6 132.3
287 12 reverse 10 4.8 16.7
pm2-10
346 26 reverse 43 54.0 156.1
pm2-12 351 21 reverse 33 71,4 2034
pm2-14 355 17 reverse 50 66,3 186,8
pyH-6 340 1 forward 58 4,0 11,7
pyH-8 346 reverse 15,1
pyH-10 351 4 reverse 6 8,4

Calorimetric measurements

Differential scanning calorimetry (DSC) experiments collected at
0.5 K min reveal the presence of exothermic/endothermic processes
on the cooling/warming paths, respectively, peaked at similar
temperatures to those observed for the magnetic data of the
compounds at 0.5 K min? (Table 1, Figure S7). The evaluated
variations of enthalpy (AH) and entropy (AS) far exceed the
corresponding typical values for strong cooperative SCO transitions
(that is, AH = 20 kJ mol? and AS = 100 kJ mol%).l4 The
thermodynamic values observed for the title compounds confirme
occurance of high-energetic processes of melting synchronized with
the SCO.
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head-groups

aliphatic chains

Figure 2. (Left) Molecular structure of pm2-6 at 30% probability ellipsoids. Short inter-molecular contacts below sum of the van der Waals radii are shown as dashed
lines. Symmetry codes: (i) —x,—y,—z; (i) =X, 1-y, —z; (iii) —1 + X, y, z. Displacement ellipsoids are drawn at the 30% probability level. The hydrogen atoms are omitted
for clarity. (Right) Projection of the crystal lattice pm2-6 along [100]. Highlighted is the supramolecular dimer of complex molecules with the shortest Fe:--Fe
separation. IL stands for inter-layer distance d'-. Symmetry codes: (i) —x,~y,~z; (i) =X, 1~y, —z.

Structural characterization: and

powder X-ray diffraction

single-crystal

To structurally characterize the solid state structure of the as-
synthesized and annealed compounds, the single crystal X-ray
diffraction and powder X-ray diffraction studies were done. The study
of pm2-6 reveals that the Fe'-center is located in a distorted
octahedral N4O; coordination environment generated by the two
deprotonated ligand molecules (Figure 2; Tables S1 and S2). At 120
K, the average bond lengths, <Fe-N> = 1.901(3) A and <Fe-0> =
1.962(3) A, are within the region reported for LS Fe" complexes of
similar type.l% ¥ Because of the asymmetric substitution of the ligand,
the coordination part remains undecorated enabling effective
displaced -1 stacking between coplanar pyrimidine rings of
neighbour molecules in a dimer, the basic supramolecular fragment
of the structure; the closest C3:--C4 and C4---C3' contacts below the
sum of the van der Waals radii are 3.313 A, Fe---Fe' separation is
7.986 A (i: —x, -y, —z) (Figure 2). The dimers are bound by inter-dimer
contacts C12---C34", C12.--C35" and O4...C35" (ji: —x, 1-y, —z), with
separation 3.390, 3.388 and 3.143 A, serially, into a 1D
supramolecular chain along [010]; the closest Fe---Fe' is 10.987 A.
Worth noting, that a similar pyridine-based complex with a methyl
instead of ethyl substituent of ketone consists of uniform
supramolecular chains with Fe---Fe separation of 7.676 A% This
points out @ hampering of a closer approach of neighbour dimers due
to the ethyl groups. The supramolecular chains are stacked in layers
within [110] with the closest inter-chain separation coinciding with cell

parameter a = 8.8252(3) A. Finally, the layers are stacked into a lipid-
like structure formed by alternating layers of head-groups and
interlayer space filled by hexyl chains with methylene groups in trans
and gauche conformations. Some chains are severely disordered
(Figure 2).

Powder X-ray diffraction (PXRD) characterization of the as-
synthesized compounds confirms the formation of highly crystalline
lamellar structures (Figure 3a). For pm2-6, a good coincidence with
the theoretical profile calculated from single crystals data is observed
(Figure S2). At 400 K, all samples become fluid and display
featureless XRD profiles corresponding to the isotropic phase
(Figures 3b, S3).

Upon cooling the samples solidify and partially recover the crystal-
like character of the PXRD profiles (Figure 3c). The XRD profiles
render well separated lamellar peaks up to the 6™ order revealing
retention of a long-range periodicity of annealed samples. The
number of carbon atoms (n) plotted against the corresponding
interlayer distance d', calculated from Miller’s index peaks (10) (pm2-
6 and pm-8) or (20) (pm2-10, pm2-12, pm2-14) show a linear
regression (Figure S4), thereby confirming their similar structural
arrangement. However, similarly to the magnetic data, additional
analysis of the profiles points out two subgroups of compounds. The
diffractograms of annealed pm2-6 and pm2-8 manifest a broad peak
with the barycentre at 20 = 11.5°, d-spacing = 7.7 A, corresponding to
the Fe---Fe stacking periodicity within sublattice formed by head-
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Figure 3. XRD profiles of pm2-n with indicated aliphatic chains: (a) as-
synthesized at RT; (b) at 400 K; (c) after cooling at RT. SP stands for stacking
periodicity; AH — for alkyl halo.

groups. This is an indication of retained uniform 1D supramolecular
chains similarly to the reported crystalline and annealed pyridine-
based systems (7.676 A) also exhibiting “forward” SCO.1% For
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annealed pm2-10, pm2-12 and pm2-14, this stacking periodicity peak
appears at 8.1°, d-spacing = 10.9 A, presumably reflecting formation
of supramolecular chains with a larger separation Fe-:-Fe, similar the
observed between dimers of the pm2-6. Another common feature of
all profiles is the presence of a broad peak with the barycentres at 26
~21.5°, d-spacing = 4.12 A (pm2-6, pm2-8) or 26 = 21°, d-spacing =
4.21 A (pm2-10, pm2-12, pm2-14), a signature of the aliphatic
sublattice.*”!

On the basis of the obtained experimental data we postulate
different packing motifs for short and long chain compounds differently
which contribute to on the macroscopic properties of solid samples.
Indeed, lower n promotes formation of an aliphatic sublattice that
stabilize dense packing with short Fe---Fe distances stabilizing the LS
state of the Fe' ions, while longer aliphatic chains fortuitously
antagonises the dense packing of head-groups and stabilize the HS
state.

Infrared spectroscopy

To elucidate the conformation of aliphatic chains, the IR
absorptions spectra of the pm2-n compounds were evaluated.™*® For
chains with significant presence of gauche methylene units, the
characteristic values of C—H groups lie in the regions 2924-2928 and
2854-2856 cm™ for vay and vsm absorption bands, respectively. For
all-trans extended chains, the bands are in the regions 2915-2920
and 2846-2850 cm™, respectively. On this basis, for pm2-6 and pm2-
8 the va, at ca. 2925 cm™ and vey at ca. 2856 cm™ suggest
significant gauche population of aliphatic chains that corroborates the
single crystal data of pm2-6 (Figure 4). On the other hand, the peak
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Figure 4. A fragment of the IR absorbance spectra of annealed pm2-n with
indicated aliphatic chains showing the position of characteristic C—H absorption
bands.



frequencies at ca. 2922 and ca. 2850 cm™ are suggesting that the
majority of methylene units of aliphatic chains of pm2-10, pm2-12,
pm2-14 are in the trans conformation. Obviously, on passing from
pm2-8 to pm2-10 we observe a change in conformation of aliphatic
chains that impact their packing as follows from the changed position

of aliphatic halo.

Conclusions

In summary, this report gives an excellent example of how the
dependence of SCO properties on the adapted structure or state of
matter aggregation can be exploited to control the SCO direction
(“forward” or “reverse”) and its occurrence in temperature. As
discussed by Halcrow et al., in solid state the lattice packing and
caused therefore molecular deformation together with chemical
pressure of the surrounding shift the intrinsic midpoint SCO value Ty,
by AT(latt) in temperature.'¥ We have discovered that within the
series of the reported here compounds pm2-n the packing effect can
vary from positive to negative with respect to the intrinsic SCO
midpoint value Ty, observed under unconstrained conditions in fluid
phase. Despite the precise study of the local structure of annealed
pm2-n or pyH-n is a non-trivial task accounting their poorly ordered
soft nature, the XRD and IR give the scent of the gross and local
packing features in solid. As follows from the experimental data, after
passing a threshold chain length n, which is 10 for pm2-n and 8 for
pyH-n, aliphatic chains form a sublattice with the most of the
methylene groups in trans conformation while shorter chains form
sublattice with substantial fraction of gauche methylene groups.
Different conformation of the chains is influencing their packing and in
turn also the packing of covalently tethered head-groups. It was
elucidated that shorter Fe---Fe distances are observed for short
chains and larger distances for longer chains. The changed head-
groups packing changes also the lattice contribution to the ligand field
stenght by affecting the incorporated Fe' ions. This shifts the solid
SCO transition midpoint below or above the corresponding value in
fluid phase. On melting/solidification a jump-like change of the
susceptibility is observed, while the hysteresis is reflecting the
structural phase transition solid<liquid.

We have demonstrated that up to 50% of Fe" ions can be
converted back to the LS state on heating, but, actually, there is no
fundamental reason why the “reverse” SCO cannot be observed as a
guantitative process with 100% HS-to-LS transition on temperature
elevation. The approach reported here demonstrates that this is the
question of the sufficient difference between midpoint SCO values on
both sides of the phase transition. Further experimental efforts in this

regard are underway.
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Experimental Section

Synthesis of precursors and complexes: All chemicals were purchased
from commercial suppliers and used without further purification. The long
chain 3,4,5-triakoxybenzohydrazides and 2-pyrimidinyl ethyl ketone were
synthesized according to the reported procedures. % The complexes were
obtained by condensation of 1 eq. of the corresponding hydrazide and 1.1
eq of ketone in abs. EtOH overnight in the presence of a two drop of glacial
acetic acid and by subsequent complexation with 0.5 eq. of Fe(BFa)2:6H20
to give a violet cationic complex. Then a green solution was obtained after
deprotonation with 1 eq. of NEts. The neutral complexes were isolated by
slow cooling the solution to ambient temperature and subsequent filtering
off the formed crystalline dark green precipitate.

Magnetic measurements: Variable-temperature magnetic susceptibility
data (10 mg) were recorded on thermally treated samples (already heated
up to 400 K) at the rate 0.5 K min-*with a Quantum Design MPMS2 SQUID
susceptometer equipped with a 7 T magnet, operating at 1 T and at
temperatures 10-400 K.

Calorimetric measurements: DSC measurements were performed on
already heated samples on a Mettler Toledo TGA/SDTA 821e, in the 200—
400 K temperature range under a nitrogen atmosphere with a rate of 0.5
K min-1, The DSC data were analyzed with Netzsch Proteus software with
an overall accuracy of 0.2 K in the temperature and 2% in the heat flow.

Powder X-ray diffraction measurements (PXRD): X-ray measurements
where performed on a PANalytical Empyrean X-ray powder diffractometer
(monochromatic Cu Kq radiation). Each plot is superposition of three scans
collected at the rate 5.6° min~. The interlayer distances were calculated
according Bragg's equation.

Single-crystal X-ray diffraction: Single-crystal X-ray data of pm2-6 were
collected on a Nonius Kappa-CCD single crystal diffractometer using
graphite mono-chromated MoKa radiation (. = 0.71073 A). A multi-scan
absorption correction was performed. The structures were solved by direct
methods using SHELXS-2014 and refined by full-matrix least squares on
F2 using SHELXL-2014.2% Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in calculated positions
refined using idealized geometries (riding model) and assigned fixed
isotropic displacement parameters.
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